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Preface
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part I: literature survey captured in a report:
‘Structural behaviour of self-anchored suspension bridges: Literature Survey
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supervisor at Iv-Infra, Mr. Walter Langedijk for providing me information, help and guidance
throughout the entire final thesis project. His experience helped me a lot with generating ideas
and tackling this thesis project.
Further more I would like to thank the other examining board members for offering guidance,
help and discussing the progress of my final thesis:

Prof. Ir. F.S.K. Bijlaard Delft University of Technology

Dr. A. Romeijn Delft University of Technology
Dr.ir. C. van der Veen Delft University of Technology
Ir. L.J.M. Houben Delft University of Technology

David van Goolen

Delft University of Technology
Faculty of Civil Engineering
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Summary

Since 1870, only about 25 highway bridges have been executed as a self-anchored suspension
bridge. The rise of the cable stayed bridge since 1955 made this suspension type an obsolete
alternative for a long period of time. The largest existing main span for a self-anchored
suspension bridge is 300 metres and dates from 1999. Main difficulties for this bridge type to
reach spans over 300 metres can be blamed on erection problems and the buckling stability of
the girder. Erecting the deck structure prior to the main cable makes this bridge technically
and economically less attractive than for instance the cable stayed bridge.
A dimensional inventory has shown that the deck slenderness is limited to about A = 1/95 and
the sag ratio varies between 1/5-1/8. The deck slenderness is related to the required bending
stiffness to have sufficient resistance against buckling. Also the relatively high sag ratios,
compared to conventional suspension bridges, are mainly chosen to reduce the normal force
in the deck that is imposed by the main cable.
A parameter study into the structural behaviour has revealed that the most important bridge
parameters are the bending stiffness Elge.x of the deck and the axial stiffness EAmain cable Of the
main cable. A well chosen ratio between the Elgeck and EA main cable Influences the maximum
bending moments and the deflections in the girder. In the pre-design process of a suspension
bridge type it is favourable to consider:

-A slender stiffening girder, to reduce the maximum bending moment in the girder

-A stiff main cable, to increase the global stiffness of the bridge and to reduce the

maximum bending moment in the girder

-A high sag to span ratio, to reduce the normal force in the deck and the maximum

bending moment in the deck.
A study to the static strength, stiffness, frequency behaviour and the buckling stability of the
box girder, revealed that a deck slenderness of the box girder of A = 1/100 and even more
slender is very well feasible.
Exploring the main span possibilities of this bridge type, this study has shown that a span
length of 500 metres is very well possible and even beyond that. The on before hand
expected limitation on the global buckling stability of the girder has turned out to be feasible.
With an increasing main span the buckling phenomena does become more critical but still of
acceptable level.
A difference is visible in buckling of the main span and the side span. The upward buckling
mode of the side span is decisive over the downward buckling mode of the main span. But at
least up to 500 metres a deck slenderness of A = 1/100 and beyond that is very well possible
regarding all important design criteria.
The most limiting factor for the self-anchored suspension bridge, to reach a large main span
and apply a very slender deck, is the erection stage. The number of temporary supports in the
main span determines a decisive stress condition for erecting the deck. Erecting with
temporary stays is an option but remains a laborious method.
It is almost inevitable that for the erection stage some significant provisions have to be made
in the cross section of the deck regarding the shear and bending conditions or else a much less
slender deck should be applied.

So it has been shown that it is structural feasible to reach more competitive main span lengths
up to at least 500 metres but that the erection stage can determine decisive conditions for
designing the deck.
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Introduction

The total research of this M.Sc. study is presented in two parts to fulfil the requirements of the
degree of Master of Science obtained at Delft University, faculty of Civil Engineering.

This document presents part II; the main study of my final thesis project. The objective of
part II is to research the structural behaviour of a self-anchored suspension bridge. A
reference model is designed and used to investigate the influence of the main bridge
parameters on the structural behaviour of a self-anchored suspension bridge.

The first chapter presents the basic assumptions that are made to design a reference model for
the self-anchored suspension bridge. This reference design is modelled in a FEM-program to
investigate and calculate the force distribution and deformations.

Chapter 2 gives the verification of the reference design on the main design criteria like static
strength, stiffness and the buckling stability of the girder.

First results are given of a parameter study in chapter 3. The results of the parameter study are
used to determine an optimization of the reference design.

Chapter 4 explores and explains the effects of an increasing span length of a self-anchored
suspension bridge all important design aspects.

vi
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1 Reference design

To be able to research a bridge behaviour, by change of the main bridge parameters, a
reference model is made first. For this reference model the main characteristics of a self-
anchored suspension bridge are captured. This part will explain the basic assumption for this
model, determination of the main bridge structural components like stiffening girder, main
cable, hangers and pylon. Also a description is given of the method of FE-modelling of the
bridge structure..

1.1 Basic assumptions
This part gives the basic assumptions that are made for the pre-design process in this research.

1.1.1 City bridge of Nijmegen

In November 2006, the city council of Nijmegen asked for a feasibility study for a suspension
bridge to cross the river Waal. This feasibility study should at least include cost estimation,
risk analyses, esthetical aspects, technical and economical considerations and is contracted out
to the engineering office Iv-Infra. This report intends to cover a part of this total study,
namely technical conditions of a self-anchored suspension bridge but with a general approach.
Figure 1 gives an overview of the new trace of the new city bridge in Nijmegen city.

o P,
)8 e -

& e . ) 3
Figure 1 Trace city bridge Nijmegen

The total width of the river and river banks is succeeding 1000 metres. The width of the river
is an average of 325 metres, see Figure 2.

River Riverbank
325 ' 200 ' 125 100 %0 0 65 e0

1025
Figure 2 Cross section Waal river near Nijmegen

As explained before this report focuses on the structural behaviour and exploring the span
possibilities of a self-anchored suspension bridge. The most important design demands for
this city bridge are incorporated for the research under consideration. In that way the results
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of this MSc study can be used and interpreted for the city bridge of Nijmegen and also for
self-anchored suspension bridges in general.
Most important design criteria are:

e Vertical navigation clearance underneath the bridge deck is 9.10 metres

e Horizontal navigation clearance is 265 metres

e Traffic on the bridge consists of:
= Local highway traffic with a design speed of 70

km/h
= public transport like busses
= bicycles

= pedestrians
e Highway traffic lanes 2*2. And future expansion to 2*3 lanes
e Bicycles and pedestrian lanes in both ways and physically separated from the highway
traffic.
e Design life of the bridge is 100 years.

The number of lanes and type of traffic is determining the loading scheme and the severity of
the loads. It also determines the required deck width. This will be explained later on.

The horizontally required clearance determines the smallest free span length. This design
aspect will be used in the exploration of the span possibilities, and will be dealt with further
on in this report.

Figure 3 shows a simplification of the situation' at the Waal in Nijmegen. From that given

situation a level of the bridge deck is chosen of 15 meters above ground level.
Level of underside bridge deck

p ————

Height of pylon under the deck
Moategvende sfa

H5.47T 15m waterstend +14.70

= ¥ 10.75 =
N . v —~
AR S e e

L~
Hactgevends laagste waterstand +6.00 j
| Gemlddatds hoogta bodem Waai + 2.50 |
=

-

Figure 3 Situation at Waal River

1.1.2 Stiffening girder

Type of girder
For the deck, a steel box girder is used. The box will have a certain width w, height h and
thicknesses of web t,, and flanges tf, see Figure 4

tt,

++t
w
| |
w

Figure 4 Box girder with equivalent flange thicknesses to account for longitudinal stiffeners

! Design criteria of City bridge Nijmegen, June 2006.
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In reality a box girder contains more structural details like:

e Longitudinal stiffeners:
Are needed on the flanges and on the webs. They are required to improve the stability
of the relatively thin steel plates to prevent local buckling of the plate elements.
Besides that the longitudinal stiffeners are required to transfer and resist the
concentrated wheel loading on the deck.

e Transverse stiffeners:
Are located at intermediate cross frames to improve the cross section against torsion
and distortion and to support the longitudinal stiffeners of the deck.

e Cross beams:
The cross beams support the longitudinal stiffeners and reduce the span length of these
stiffeners. The combination of the deck and longitudinal stiffeners act as a beam under
bending between two cross beams.

e Cross bracings/frames/diaphragms:
Prevent the cross section to distort and are designed to resist wind loads, to brace the
compression flanges and distribute vertical self weight and live loads.

Only the first detail, longitudinal stiffeners, will be taken into account in the modelling of the
box girder because only these elements contribute to the bending stiffness of the cross
section.

System for stiffening girder

As for the largest built self-anchored suspension bridges like the Konohana and Yeong Grand
bridge, see literature survey §2.6, a continuous stiffening girder is chosen for the reference
model in this research. No hinges at the pylon or at mid span are therefore applied. A system
without hinges is in general more stiff than a system with one or more hinges. To achieve the
largest span possible, a system should be chosen with the best stiffness behaviour: a
continuous stiffening girder.

Material
For the structural elements like the deck and pylon, a steel grade S355 is used in this research
which has the following properties:

Yield strength f, = 355 N/mm’

Modulus of elasticity E = 210000 N/mm”

Plate thicknesses

The longitudinal stiffeners on the deck plate and bottom flange of the box girder contribute to
the bending stiffness of the cross section, but not seriously to the torsional stiffness and shear
resistance of the cross section. The longitudinal stiffeners of the top flange, bottom flange and
the web are taken into consideration by assuming them as part of the area of the flange and
web. So an equivalent plate thickness will be used including the area of those stiffeners. The
following designation is used is this research:

t plate : for plate thickness which does not include required plate area for
longitudinal stiffeners.

t eq plate for equivalent plate thicknesses including the area for longitudinal
stiffeners.

For instance for the calculation of shear stresses and effective width of the cross section, the
net plate thickness t piae 15 used.
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For the minimum required plate thicknesses the NEN-EN 1993-2:2003 part c1.2.2 states:
Deck plate thickness in the carriageway t > 16 for an asphalt layer > 40 mm.
Thickness of stiffeners: t g > 6 mm.

Furthermore it is stated in the NEN-EN 1993-2:2003 that the minimal required plate
thicknesses for deck plates and stiffeners are:
Table C.1: Dimensions of bridge deck with longitudinal stiffeners

open section stiffeners | hollow section stiffeners
thickness of deck plate tp tp = 14 mm tp 2 14 mum
spacing er ; between stiffeners ers ~ 400 mm 600 mm < e;s < 900 mm
edge distance ez of first stiffener er = ers £z Zerg
spacing of cross beams equn €pgesy = 2700 mm 2500 mm < e, 5. < 3500 mm
ratio of depth of stiffener to depth of crossbeam | hogghoe.s = 0.5 hesrheoss < 0.4
hE'.I.ﬁ-'Ih([OSib
plate thickness ., tg = 10 mum 6 mm < tyr < 10 mm
plate thickness of web of cross beam ty qpesy top cogssp = 10 mm 10 mm = ty eres S 20 mm
plate thickness of flange of cross beam ti g trergesy = 10 mm 15 rgesp = 10 mm

So with an assumed asphalt layer of 50 mm the following minimum required plate thicknesses
are used:

t flange top 2 16 mm
t flange bottom > 10 mm
t web, crossbeam > 10 mm
t stiffeners 2 6 mm

To account for the required longitudinal stiffeners, the area of the stiffeners Ay is estimated”
by a percentage of the area Agange 0f the flanges and web Ayep:

A it top flange = 65% * A top flange
A stiff . bottom flange = 35% * A bottom flange
A stiff. web = 15%* A web

These ratio are determined from an existing box girder applied in a recent suspension bridge,
see Appendix 6 Design orthotropic steel box of the New Carquinez Bridge.

It clearly shows that the top compression flange needs much more stiffeners for it has to
account for local buckling effects and to be able to resist the local wheel loading of the traffic.
For the bottom flange less it is visible that less stiffeners are applied because no local wheel
loading can occur on this flange. These findings are correspond to the expectation that the
deck plate requires more stiffeners than the bottom flange and the estimated percentages will
be used from now on to determine the area for longitudinal stiffeners.

The area of the longitudinal stiffeners of web and flanges are taken into account as an
additional thickness to the web and flanges, called t cquivatent. SO:

t eq. flange top = 1.65 * t flange top =165*16 = 26.4 mm
t eq. flange bottom 1.35*t flange bottom =135*10 = 13.5 mm
t eq. web = 1.15 * t wep =1.15*%10 = 11.5 mm

For ease of calculation a simple ratio between thickness of top- and bottom flange is chosen:

t flange top - 2%t flange bottom

? This estimation is retreived from a similar box girder of the same dimensions: Thimmardy.E. et.al., New
Carquinez bridge. North America’s Newest suspension bridge. Steel bridge 2004 Millau.
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For a conservative approach, the following equivalent plate thicknesses are chosen:
Chosen equivalent thicknesses are :

t eq. flange top =40 mm
t eq. flange bottom =20 mm
t eq. web =15 mm

Cross section classification
The Eurocode NEN-EN-1993-1-1 distincts several classifications for steel cross sections. A
box girder, with dimensions given in this research, is likely to be classified as class 3 or 4 on
which the Eurocode states a definition:
-Class 3 cross-sections are those in which the stress in the extreme compression fibre of the
steel member assuming an elastic distribution of stresses can reach the yield strength, but
local buckling is liable to prevent development of the plastic moment resistance.
-Class 4 cross-sections are those in which local buckling will occur before the attainment of
yield stress in one or more parts of the cross-section.

Classification 4 is not applicable because the flanges and webs of box girder are locally
stabilized by longitudinal stiffeners. The box girder is assumed to have a cross section
classification 3.

So assumed is that the normal force in box girder is resisted by the total area of the cross
section, no effective cross section is taken into account for the normal force.

Bearing system of girder

The bearing system of the stiffening girder should ensure vertical, horizontal (transverse and
longitudinal) fixation. For simplification of the bearing system no temperature influence is
considered because it is assumed that the extra provisions needed for temperature influence
does not influence the considered aspects of the global structural behaviour of the bridge in
this research scope. Therefore a simple symmetrical bearing system is chosen. The total
bearing system consists of several slide- and fixed bearings.

In transverse direction all bearings are horizontally fixed. In longitudinal direction only one
pair is horizontally fixed, the rest allows for horizontal movement. The deck is horizontally
fixed at one of the pylons, as is generally” done for suspension bridges.

In vertical direction all bearings are fixed. Next figure shows a scheme of the bearing system.

s el
A I “
\. ¢ -
I, o ,

-

. e

Figure 5 Bearing system

* Gimsing, N.J., Cable supported Bridges, Wiley&Sons, 1998
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Deck width
The deck width is depending on the required number of traffic lanes for the city bridge of
Nijmegen. This bridge has to accommodate:

e 2*2 traffic lanes. And a future expansion for 2*3 traffic lanes

e Pedestrian and bicycle lanes

o ] ) Vo=120 |[Vo90
The Dutch ROA (guidelines design highways) km/h km/h

states the following requirements for clearances |a. Lane 35 3,25
and width of lanes: b. dividing line 0,15 0,15
c. side line 0,2 0,2
d. safety strip 0,6 0,3
e. hard shoulder 3,25 3,25
. side strip 0,5 0,5
m. object distance 1,5 1

Figure 6 Width of lanes [m]

Applying this, results in a total deck width of 35.6 metres.

¥ |

o P b— b i— I T I T I T A

Dém 46m 06 m 11.7m 06m 117 m 0.6 1m d46m 06m
pedestrian & lane 1 lane 2 lane 3 median  lane 4 lane 5 lane & pedestrian &
cyclist strip cyclist

Figure 7 Total deck width

For the deck system, a square box girder is chosen and the width is chosen according the
required deck width as shown in Figure 7. In this case a width of 35.6 metres is required.

| e P o SRR SR
ji-e@ere@@@-il
b i — =] | = L= - i

Figure 8 Box girder

In reality a box girder would have a shape similar to that of in Figure 9. In here the webs are
placed inclined for aero dynamical reasons. Assuming a square box girder, like in Figure 8, is
a valid procedure regarding the mechanical properties like axial, bending and torsional
stiffness.

Figure 9 Box girder shape




Self-anchored suspension bridges: Part 11

1.1.3 Loading scheme

For analysing the structural behaviour and exploring the span possibilities only the main
loadings are taken into account. These are vertical loadings such as:
e Permanent loading

0 Self weight gaccording to EN-1991-1-1:2002)
Y steel = 78.5 KN/m

O Asphalt layer of 40 mm

Y hot rolled asphalt =23 kN/m3

Assumed application of hot rolled asphalt, the permanent load caused by asphalt
load is: 0.040 * 23 = 0.92 kN/m”.
e Variable loading
0 Traffic loading uniform distributed (highway traffic, pedestrian, bicycles)
0 Traffic loading concentrated axle loads

According to NEN-EN 1991-3 load Location Tandem system UDL system
model 1 is used to define the vertical Axle 1oads G (kN) | Gix (oF grd) (kKN/m2)
loads of traffic. The next table defines Lane Number 1 300 3
the concentrated loads and the uniform Lane Number 2 200 2,5
. . Lane Number 3 100 25
distributed loads. Other lanes 0 25
Remaining area 0 2,5
(ark)

Table 1 Concentrated and uniform distributed loads

The given values for Qix and g,k include a dynamic amplification. For pedestrian and cycle
actions the density of the uniformly distributed load is: qg = 5 kN/m*

This value for pedestrian load is conservative because NEN-EN-1991-3 part 5.3.2 states that
a reduced value can be applied for bridges with individuals exceeding 10 metres.

Furthermore NEN-EN 1991-3 part 4.3.2 states that:

No more than one tandem system should be used considered per lane; only complete tandem
system shall be considered.

In Figure 10 the total loading scheme is illustrated for the complete width of the girder. The
load model shown in Figure 10 represents the situation to be used for the design of the bridge
components like main cable, hangers, girder and pylon. This because the largest reaction
forces exist for the cable plane.

600 kN
400 k¥
Main cable Main cahle
9 kNm"2 200 kN
A s
5 kN/m*2 2.5 KN/ 5 kMN/m"2
l L l &Ili 'iHL”HuH LT I TR I T R Ui T T I i1 qiTy l L l

Dém 46m 06 m 117 m 06 m 117 m 0é6m 46m 0ém
pedestrian & lane 1 lane 2 lane 3 median  lane 4 lane 5 lane 6 pedestrian &
cyclist strip cyclist

Figure 10 Traffic loading scheme in transverse direction of the deck
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1.1.4 Dimensions

A span length of 150 metres is chosen as a starting point for the so called reference model.
With this chosen main span of 150 metres it is possible to investigate later on the influence of
an increasing span length to about 500 metres on the mechanical properties of the stiffening
girder. Based on the literature survey, see the appendix of the literature survey, on self-
anchored suspension bridges, a few dimensional ratio’s are kept fixed:

e Main span to side span = 2.4

e Main span to hanger distance = 24
Other ratio’s like girder slenderness, and sag to span ratio are part of the research and which
will be varied.
The required vertical clearance of 9.10 metres remains fixed. So the pylon height under the
deck remains fixed on 15 metres.

1.1.5 Cable configuration
For the configuration of the main cable, a

parabolic shape is chosen. In reality a cable has I05 Caluiuiatint dieiiat 9
a catenary shape when it is loaded by its self fzﬂ A \ I j/\
weight. The catenary shape is well -

approximated with a parabolic line. Therefore a L, { L,
parabolic shape is assumed for the main cable
in main- and side span.

Figure 11 Parabolic shape cable
2

The sag of the cable in the mid of the side span f, is determined by*: L= llz—z
1

The literature study has shown that that sag of the main span varies between 1/5 to 1/8 of the

main span.

Furthermore a vertical hanger configuration is chosen. Until now, only one self-anchored

suspension bridge has been built with inclined hangers in the longitudinal direction of the

bridge. So a vertical configuration is considered more as standard design.

Longitudinal inclined hangers have some advantages and disadvantages. The global stiffness

of the bridge is increased but more problem are expected with respect to erection of the bridge

and fatigue in the hangers.

1.1.6 Pylon frame

The pylon frame can have different appearances. Similar 5 I,
to the cable stayed- and conventional suspension

bridges, H- and A- frames can be used in self-anchored
suspension bridges. In this research not much attention
goes out to the design of a pylon frame, so a standard H-  |fmm=|| === "'
frame is chosen with a steel box cross section. In that -
way the relevant mechanical properties as bending- and
axial stiffness can be assigned easily. ———

Figure 12 H- frame pylon Figure 13 Cross section pylon

4 Ulstrup, C., Rating and preliminary analysis of suspension bridges. Journal of structural engineering, Vol. 119,
No.9. September 1993.
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1.1.7 Self weight

A suspension bridge is modelled according to its final desired geometry under self weight. In
many cases the main cable is given a pretension so that under dead load the bridge adopt it
final desired shape.

So the ideal FE model’ of a suspension bridge should represent this situation that on
application of the self weight load, the geometry of the bridge does not deviate from the
desired final shape of the bridge.

Furthermore, a general assumption in suspension bridge design is to have a reduced global
bending moment to about zero under self weight loading. This means that one wants to
achieve that the self weight load is completely supported by the main cable. This can be
approximately achieved by manipulating the initial tensile force in de the main cable. The
initial tensile force in the main cable can be found by trial and error until a situation is created
with minimum deck deflection and minimum bending stresses caused by the global bending
moment in the stiffening girder.

In the FEM program this initial tensile force on the main cable is done by applying a
temperature load that causes the cable to become shorter which is just a modelling tool to
apply a pretension on a structural member. Figure 14 shows the deflection due to self weight
only (deflection in mm). When the main cable is given a certain amount of pretensioning
(determined iteratively), the deflection of the girder is reduced to nearly zero, see Figure 15.

—57

-123
=57

348
—417

- 43|
-536
-521

272
— 1
-123

—5l4
—534
— 541
— i1
-581
- 536
—4g|
—417
345

—G34
-84

Omax = 641 mm

Figure 14 Deflection of girder [mm] due to self weight only
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Figure 15 Deflection of girder [mm] due to self weight after pretensioning the main cable

Also the bending moments reduce to nearly zero. Figure 16 shows the bending moment
distribution due to self weight only and Figure 17 shows the bending moments after
pretensioning of the main cable. Figure 17 clearly shows the reduced global bending moment
to zero and the resulting small local bending moment between the hangers.

> Ren, W. Roebling suspension bridge. 1:Finite element model and free vibration response, Journal of bridge
engineering, March/April 2004, pp 110-118.
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Because the global bending moment is reduced to nearly zero, the assumption that the
bending stresses in the girder are almost reduced to zero under self weight loading, is hereby
verified.

gty
1,

3
iy
o

1

2
BEA3
SE47

Mmax = 148370 kNm

Figure 16 Global bending moments [KNm] in girder due to self weight

Mmax = 6653 KNm

Figure 17 Bending moments [KNm] in girder due to self weight after pretensioning main cable

1.2 Three dimensional modelling

For modelling the bridge, the FEM program SCIA ESA-PT 6.0.185 version is used. Such a
program enables the designer to model a structure and to apply certain loads and loading
combinations from which the effects like member forces and deflections can be calculated.
There are several ways to model a structure, depending on the type of structure and design
phase. Structures and parts of structures can be modelled with beam-, plate-, solid and cable
elements, etcetera. With beam elements the model is built up with one dimensional line
elements. Plate elements are two dimensional and solid elements are three dimensional
elements.

With respect to the scope of this research, the bridge will be modelled with beam elements.
This enables to model the total bridge structure and calculate member forces due to certain
load cases and combinations.

The scope of the model is to be able to analyse the model statically and dynamically in a three
dimensional way and to be able to analyze the effects of symmetric and asymmetric loading
statically. Also an assessment will be made with respect to the geometric non linear effects of
a cable supported bridge, the so-called second order effects.

Figure 18 shows the FE-model of the bridge which will be used for this study.

10
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11:;3* i

Figure 18 Model with beam elements

Pylon

The pylon is modelled as a simple portal frame. The cross section consists of a steel box. At

the basement the pylon is rotational fixed to provide for longitudinal stiffness to structure. The

pylon is loaded by an axial compression force

and a bending moment due to horizontal force on

the pylon caused by the tensile force in the main

cables.

The pylon is fixed supported in transverse and

longitudinal direction of the bridge. For ease of

modelling, the deck, represented by the stiffening

girder, is vertically supported on the ‘outside

world’ at the pylon. One rotation fixed support

creates the effect of two supports on the e

stiffening girder. More detailed information is g

given further on in this paragraph which explains

the modelling of the stiffening girder. F

Modelling the pylon and bridge deck this way, — T B S—
xed pylon support in longitudinal

cancels out any influence of the girder support on and transverse diection

the pylon. This is assumed to be negligible.

Figure 19 Pylon frame
Main cable
Two different ways of modelling the main cable and hangers have been explored: cable
elements, and hinged truss elements (like a chain where every link is hinged connected). See
appendix 1 for the differences between these types of models for the main cable structure.
Based on the findings that no significant differences on mechanical behaviour for the two
alternatives where visible, one method to model the main cable is used from now on;
modelling with cable elements.
The main cable is modelled with cable elements. These are beam elements with a very low
bending stiffness. Also no shear forces exist for the cable. The cable element is subjected to
its own weight and accounts for the slackening effects in cables under self weight load.
An example is given to illustrate the effect of a cable element. Figure 20 shows on the top a
beam element with a certain span, on the bottom a cable element with the same span and
mechanical properties and self weight loading. The cable element displays a larger
deformation.

11
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g i
. . . . A _ . . Beam element

I ijﬁ—'\ N I .
| 7%
. MM Cable element

)
o

|
Figure 20 Deformation beam- and cable element

Another effect of a cable element which can be distinguished, is that the slack causes a
tension in the cable and therefore a horizontal reaction on the supports.

For modelling the cable, an equivalent modulus of elasticity has to be used to account for
elastic stretch and lengthening of the cable due to geometry change. These two effects reduce
the modulus of elasticity. The equivalent modulus of elasticity can be determined using the
formulae developed by H.J. Ernst. Euro code EN-19931-11 states for the effective modulus of
elasticity:

E E is the modulus of elasticity of the cable
E, =———— inwhich w is the unit weight
wl°E I is the horizontal span of the cable
1+ o is the stress in the cable due to self weight and
permanent loading

120°

Due to the relative small center to center distance of the hangers, the effect of elastic stretch
and lengthening due to change of geometry can be neglected. The cable spans a very short
distance between each hanger. So in this research the modulus of elasticity for the different
cable types is equal to the given modulus of elasticity for the several available cable systems,
see Figure 21.

High strength tension Eq [I/mo’]
stainless
component steel wires | -
steel wires
1 Spiral strand ropes 150+ 10 130+ 10
2 Full locked coil ropes 160+ 10 -
3 | Strand wire ropes with CWE | 1004 10 90+ 10
4 Strand wire ropes with CF 80+ 10 -
5 Bundle of parallel wires 05+5 -
i Bundle of parallel strands 195 +5 —

Figure 21 Modulus of elasticity of cable types
For the reference model a bundle of parallel wires is chosen on the first hand.

Cable type

For the reference design the same cable type is chosen for the main cable as well as for the
hangers. A cable fabricated with a bundle of parallel strands has the largest modulus of
elasticity compared to other cable types and is therefore chosen. And also for increasing span
lengths it becomes impossible to apply prefabricated locked coil.

12
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Stiffening girder

A single beam element is used to model the stiffening girder. In that way the mechanical
properties can easily be adopted. The girder is located in the middle of the two cable planes
and is connected to hangers by means of ‘rigid arms’.

A rigid arm is a connection between nodes with infinite stiffness which transfers all
deformations from one node to the other node.

An example is given in Figure 22 to illustrate the behaviour of a rigid arm. A simple model is
given of two horizontal beams that are connected with a vertical rigid arm. The top beam is
simply supported and the bottom beam in unsupported and connected with a rigid arm to the
top beam. The top beam is loaded with two load cases; a concentrated load and a torque at
mid span. For both situations it is shown that the rigid arm transfers the deformation to the
lower beam.

R S (N S N

~
Tg:w: %v

Figufe 22 Rigid érm |

22
a1

= AR -

— 381
- =351

On the left side is illustrated that the concentrated nodal force deflects the top beam and the
bottom beam follows the same vertical translation. On the right side the beam is loaded with a
bending moment causing the top beam to bend as illustrated. The unsupported bottom beam
follows this deflection by means of a rotation and translation.

So the rigid connection between the cable plane and the stiffening girder transfers the
deformation of the cable and hangers to the stiffening girder. For the analyses of the required
mechanical properties of the stiffening girder, reference is made to Figure 18 in which
application of rigid arms is visible.

Supports

Along the length of the bridge, the girder is
vertically supported on four locations: end
supports and at the pylons. All the supports
are vertically fixed and also rotation fixed
around the longitudinal direction of the @
bridge deck to create a support reaction

similar to a system of two supports.

The stiffening girder is vertically supported
on bearings at the pylon. The cross section of
the pylon will be a simple square box section.
In that the mechanical properties can be
easily assigned in the model.

Figure 23 Modelling support of stiffening girder at pylon

13
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Loads

To apply the before mentioned traffic loads in the model, it is translated to a resulting line
load which acts as a distributed line load along the longitudinal direction of the stiffening
girder. Because of the asymmetry of the traffic loads, the resulting line load has a certain
eccentricity to the gravity centre of the box girder and a value of qres traffic = 131.5 kIN/m based
on the information given in Figure 10, see also . Figure 24

q =131.5 kN/m
s

i Load Area
Uy an = 5 kN/m*
' ’ / Pedestrian and cyclist area
L\\ ) % A1 = 9 kN/m?

— Lane 1

| 1480 mm , Other lanes and remaining
35600 rurn O = 2,5 kKN/m? area

131,5 kN/m' Resulting Line load

Figure 24 Resulting line load on box girder from distributed traffic load

Also the axle three loads are reduced to a resulting concentrated load F;.s = 600 + 400 + 200 =
1200 kN with an eccentricity of 7.7metres. For pre-design reasons the concentrated loads are
left out of consideration because there global influence is not significant. For local design of
the orthotropic deck it becomes important to consider these local loading conditions for
design of longitudinal and transverse stiffeners.

1.3 Dimensioning

This part makes a first estimation of the required dimensions for the main bridge parts; girder,
pylon, main cable and hangers.

1.3.1 Design stress

Transverse stresses

For the stress verification a distinction should be made between the upper and lower flange.
The lower flange is loaded only in length longitudinal direction of the bridge and consists of
normal stresses caused by bending moments and axial forces. The upper flange is extra loaded
due to local traffic loading. This means there exists a number of stresses longitudinal as well
as in transverse direction. According to annex E of the Eurocode NEN-EN-1993-2 the
following combination needs to be taken into account.

14
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E.1 Combination rule for global and local load effects

(1} When considering the local strength of stiffeners of orthotropic decks effects from local wheel and
tyre loads acting on the stiffener and from global traffic loads acting on the bridge should be taken into
account, see Figure E.1.

(2} To take account the different sources of these loads the following combination rule may be applied to
determine the design values:

Opg = Ooca TWO0 04 (E.1)

Cry =WO, 410 (E2)

glab.d

where @3  design value of stress in the stringer due to combined effects of local load G, and global load
G;]ob
Olcd design value of stress in the stringer due to local wheel or tyre load from a single heavy
vehicle
C.ohe design value of stress in the stringer due to bridge loads comprising one or more heavy
verhicles

W combination factor
In which the combination factor g = 0.7 for main span over 40 metres or determined on the
basis of the weight distributions of several lorries.

In this study the calculation of stress is limited to an assessment of the global stresses.
Because the local stresses caused by wheel loading on the deck have to be taken into account,
a certain design stress level is chosen for the global stresses.

To account for longitudinal-, transverse stresses and fatigue, which is most of times the
governing design aspect on detail level, a design stress level of 200 N/mm? is assumed for the
structural steel used for the girder. This design stress level is used for determining the
required cross section of the structural members in the bridge. This design value for the stress
is used for determination of cross sections under static actions. Although a fatigue assessment
is still necessary, it is left out of consideration in this research.

Stress distribution
The stress distribution is assumed to develop linearly over web of the cross section with a
maximum stress in the outer fibres of the cross section.

The normal stresses are caused by two components; the normal stresses caused by a normal
force and the normal stresses caused by a bending moment. These two components can be
superposed to determine the

total normal stress that acts in - _
the outer fibres. This
maximum normal stress + —
(caused by the design value of N
the normal force and bending 4
moment) may not exceed the VAN /]
deSigH value of the yleld MNormal stress Normal stress Eesulting stress distribution by
Strength fy- caused by a normal causgd by superposition
force bending

Figure 25 Superposition of linear stress distribution over the web of the cross section

15
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The bending stress distribution over the top and bottom flanges will be calculated according
to the effective width
method in which a reduced 1p

L . € |
cross section is determined, ~+—F ~+—e&

Actr. The normal stresses can

be linearly distributed over
this reduced area of the cross
section of the top and
bottom flanges, see Figure

B

26. The effective width be is Non uniform stress Uniform distributed stress
determined according the distrubution flange over reduced cross section
Euro code.

Figure 26 Distribution stresses in flanges

So the stress distribution over the cross section of the box girder is:
-Normal force in the deck Ngq A otal
-Bending moments in the deck My gq A cffective

1.3.2 Estimation by hand calculation

Stiffening girder

The bending stiffness EI of the girder is one of the most important design factor. For the first
estimation of the dimension of the cross section of the box girder an average height
slenderness is chosen 1/70 * main span (based on data given in the literature survey of this
research). So the box girder height is: 1/70 * 150 = 2.1 metres

The girder is chosen to be of a continuous type which means that there are no hinges in the
girder.

Used plate thickness in for instance the girder of the Konohana bridge varied between 12-20
mm.

Chosen equivalent thicknesses for the reference model in this research (so including an
additional needed area for the application of longitudinal stiffeners on deck plate and bottom
flange) are as mentioned earlier, see §1.1.2:

t eq. flange top =40 mm f t; =40mm
t eq. flange bottom =20 mm h =21m
t eq. web =15 mm
q. we a
rr— t ty =20mm
w = 13mm
| |
W =356m

Figure 27 Cross section box girder
The mechanical properties of the box girder with these characteristics are given in Table 2

Table 2 Mechanical properties stiffening girder

A totaal 2.2 m"2
|y 212 mM4 * = The St. Venant torsional constant I, is based on a cross section with the area
I 245 mha of longitudinal stiffeners excluded. Because the longitudinal stiffeners have a
|Z* 533 ma negligible contribution to the torsional stiffness of a cross section.

t .
Self weight | 173 kN/m

16
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Compared to the applied box girder in for instance the Jiang Yin suspension bridge® the
presented mechanical properties in Table 2 have realistic values, see Figure 28 for the
mechanical properties of this stiffening girder.

319

=\

32.5

)

|-
|

e o b

|
|
|

= %

2

[

I
o

Section geometrical and material feature of the main member®

Substructures Jy (m*) I(m*) Liim*) m (t/m) E (MPa) Y

Steel box girder 4.82 93.32 1.844 18.0 210,000.0 03

Figure 28 Mechanical properties box girder Jiang Yin bridge

In the Appendix 4 Comparable box girders some more results on comparable bridge decks are
presented.

Cable

The main properties are expressed in the modulus of elasticity for different existing cable
types. Together with the cross sectional area A of the cable, these two properties determine
the axial stiffness EA of the cable.

An approximation of the cross section is determined by the largest normal force in the cable.
The horizontal component of the tension H in the cable, is constant along the main cable. In
the mid of the main span, only the H is acting in the cable because the cable is horizontal on
this location. The largest tensile force in cable acts directly on the side span side of the pylon:
the cable on this location has the largest angle with the horizontal. See Figure 29.

- ] KN

Ol1 side span = 41.9"_/"/') ..::'\""‘-':m Oly main span =37.5°
. :/'/.,;/ \.'::'\:?;--.\
. P d .'\\'5\':

.

Figure 29 Angle of main cable in side and main span

The horizontal component H on location is the same and also a vertical component V acts in
the cable. The largest normal force N,pie in cable is therefore determined by :

N_,.=VH>+V? and

* 12
_ 90 " 4 which

qg+o = uniformly distributed load
G = permanent load

% Cheng, J. et. al., Nonlinear aerostatic stability analysis of Jiang Yin suspension bridge. Engineering structures
24,2002, pp 773-78.
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Q = variable load
1 =length of the main span
f) = sag of the cable in main span

For the first approximation of the dimension of the cable the fatigue strength criterion is used.

¢ Fatigue strength criterinm

N NN N
s _ e aF _ "9
iJPF’ - A - AN - N G-E
And=o
f =1 .
/ \ N
JE:iii AQ ;. because %:i
|} g ) ‘:Ill'llg g

The following steps are taken to determine the cable dimensions:

: analyzing n =q/g

: assuming a maximum level of As

: finding the maximum stress caused by self-weight + permanent loading
: analyzing a cable diameter based on results step (3).

ratio between variable load and self weight.
= variable load
= self weight of the structure + permanent loading

VR LT

1
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n
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1

it ;:I: 05 10 I a0
Figure 30 Allowable cable stress

l:
According to NEN-EN 1991-3 part 4.6.2, in fatigue load model 1 the following values for the
axle loads Qj and uniformly distributed loads q; have to be used:

0.7 * Qix

03* qik
But the contribution of the concentrated axle force of 1200 kN is due to the length of the
bridge relatively small and therefore not included in this pre-design. Also the influence of the

18
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variable load Qjx is very small for the main cable, the hangers are more sensitive for these
loadings.

Variable load q = 0.3 *131.5 kN/m traffic load
Self weight g= 173 kN/m box girder
6 kN/m estimation cable weight, diameter d = 300mm
32.8 kN/m asphaltlayer of 40mm
0.3*131.5

. n=—7-—7—=0.19
Ratio 173+6+32.8

2:
Maximum level of Ac = 200 N/mm” is assumed, see Figure 30.

3:
Maximum allowable stress caused by self weight and permanent loading 6, is approximately
oy = 600 N/mm?®. (determined by use of the design graph in Figure 30)

4:
Total permanent load design value Gq=vg * (173 + 6 +32.8) = 1.35 * 211.8 = 285.9 kN/m
Design value of the horizontal component of tension in the cable

_gg*I* 285.9%*150°
GO g, 830
Maximum design value of the axial tension force in the main cable

Ny =\Hoo' +Vii =\Hoo' +(tana, *H, ;) = 18006 kN

= 26803 kN, so per cable acts 13402 kN

The required effective area is therefore 4 =% — 30000 mm’

effective;required

g
The effective required diameter of the cable is therefore: d capic requirea= 200 mm (leaving the
fill factor of the cable out of consideration). To be a bit conservative an effective diameter d
cable = 240 mm is chosen.

Hangers

The hanger distance is 6.25 metres. To determine the required cross section, it is assumed that
the self weight and permanent load of the girder is uniformly distributed over the hangers. So
each hanger carries 6.25 metres of the girder. As the hangers are more sensitive for the
variable axle loading Qj, a distribution of 50 percent in each hangers is assumed for pre-
design estimation.

The following steps are taken to determine the hanger dimensions:

1:

In fatigue load model 1 the values for the axle loads 0.7 * Qix and uniformly distributed loads
0.7 * qix are used:

Variable load q = 0.3*131.5 kN/m traffic load
Q= 0.7*1200 kN  axle loads
Self weight g = 173 kN/m box girder
6 kN/m estimation cable weight, with d =200mm
32.8 kN/m asphalt
Ratio 7 = 0.3*131.5+(0.7*0.5*1200)/6.25 _ 0.51
173+6+32.8

19



Self-anchored suspension bridges: Part 11

2:
Maximum level of Ac = 200 N/mm? is assumed

3:
Maximum allowable stress caused by self weight and permanent loading o, is approximately
6= 350 N/mm?. (determined by use of the design graph in Figure 30)

4:

Total permanent load design value Gq =y * (173 + 6 +32.8) = 1.35 * 211.8 = 285.9 kN/m
Design value of the vertical force in the hanger

N =6.25%285.9 =1787 kN per two hangers, so that is 894 kN per hanger

d,G,hanger

N
=29 = 2556 mm’

O-g
The required diameter of the hanger is therefore: d hanger required = S 1mm (leaving the fill factor
of the cable out of consideration). To be a bit conservative a diameter of the hanger of

dhanger = 55 mm is chosen.

effective;required

pylon:
The pylon should have an axial stiffness and a bending stiffness because it is loaded with a

large axial compression force caused by the vertical tension component of the main cable
And also a bending moment, caused by a horizontal deflection of the pylon, can act in the
pylon with a maximum at the base.

" :qw*zz:(1.35*211.8+1.5*131.5)*1502
e gy, 8*30

cable.
The normal force in the pylon is therefore:

= 45298 kN, so that is 22649 kN per

Ny Giopion = taney *H, o o +tana, *H, ;. , = 37700 kN

With an assumed design yield strength of 64 = 200 N/mm?, the minimum required cross
section of the pylon is:

_ Nd,G+Q,plen

required , pylon

= 188505 mm®. To account for a possible additional bending
Oy

moment, a cross section of 300000 mm? is chosen.

A minimum plate thickness is assumed of tyyion = 25 mm.
The pylon is represented by a square cross section and mechanical properties are:

bt = 25mm A tora 0.3 m"2
I, 0,45 mhM4
2000mrm 1, 0,45 mh4

+Hi =25mm
wr

2000mm
Figure 31 Schematization of cross section of the pylon
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This approach makes it easy to assign certain mechanical properties to the pylon and keeping
in mind that the same mechanical requirements can be achieved by a totally different cross
section, for instance with much more higher plate thickness and other dimensions. So the
emphasis lies on the mechanical requirements of the pylon and not the geometric properties.

1.3.3 Final dimensions reference model

Loading cases
e To determine the final dimensions of the structural components, the governing loading
conditions for strength and stiffness need to be determined. Several cross sections are
considered and the governing loading conditions for each cross will be determined.
For pre-design, only symmetric loading cases are considered where the traffic loading
is centrally positioned on the deck.

The three symmetrical load cases are considered:
e Loadcase 1: traffic load over full length

thert Ty vttt el

Figure 32 Load case 1

o Load case 2: traffic load over mid span

et T e

Figure 33 Load case 2

e Loadcase 3: traffic load over side span

worrill Dineeeeeseeul ki

Figure 34 Load case 3

e Several asymmetric traffic load cases will be discussed in §3.5, here an evaluation is
given of the consequences of asymmetric loading of the bridge. In case of asymmetric
loading, traffic load is eccentrically positioned on the deck, see Figure 24.

These load cases represent the different traffic conditions and will be combined with the self
weight of the bridge, permanent loading like asphalt layer, and the pretensioning of the main
cable.

Because of the little influence of the axle load on the global behaviour, these are left out of
consideration. The load is symmetrically applied, without eccentricity as a line load along the
length of the stiffening girder.
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Governing cross section for static strength and stiffness
The three considered load cases have three different effects for the moment distribution and
deflections along the length of the bridge. Later on four cross section of the girder are verified
on the stresses if they meet the static strength criteria. Those four cross sections are:

1. End support

2. Mid of side span

3. Support at pylon

4. Mid of main span

e

1 1
Cross section 1 Cross section 3 Cross section 4

Cross section 2
Figure 35 Considered cross section 1-4

In the next figure an illustration is given of the moment distribution caused by the three
different traffic load cases and due to self weight of the bridge including pretension of the
main cable as explained in §1.1.7.

traffic load case 1
— — traffic load case 2
- - - -traffic load case 3
self weight + pretension

Bending moment along girder

150000

100000 A

50000

0

-50000

Bending moment [kNm]

-100000 A

-150000
Position on bridge [m]

Figure 36 Bending moment along the deck

The following can be said about the bending moment distribution:
- Cross section 1 End support: The bending moment in the end support is zero, only the
normal force determines the level of stress in this cross section.

- Cross section 2 Mid of main span: Load case 2 traffic over the mid span is governing for
stress distribution in this cross section.

- Cross section 3 Support at pylon: Load case 1 traffic over the entire length of the bridge is
governing for this cross section and causes the largest bending moment along the length of the
bridge at the support location. Figure 36 shows that the hogging moment at the support
location of the girder near the pylon is quite large. In practice this kind of local problems at
supports can be solved by:
e Local application of additional plate thicknesses to reduce the stresses under the
design stress level.
e Adjustment of the internal forces by movement of the supports. For statically
undetermined systems, the load distribution due to traffic loading and therefore the
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stress distribution can be greatly affected by a displacement of the intermediate or end
supports.

- Cross section 4 Mid of main span: Load case 2 traffic over the mid span is governing for the
stress distribution in this cross section.

For the deflection of the girder clearly shows that load case 2 causes the largest deflection at
the mid of the main span. Load case 3, traffic load on side spans, gives an upward deflection
of the girder. So when the stiffness criteria are checked, the deflection of the main span has to
be within a specified limit.

traffic load case 1
Deflections along girder — — traffic load case 2
200 - - - -traffic load case 3
self weight + pretension
100 A _ —
- ~~
E 04 —
£ e ’
= - - 250 300
§-100 -
:
&= -200
[
a
-300
-400 -
-500 Position on bridge [m]

Figure 37 Deflections along the deck

Stress distribution

From the previous figures it can easily be seen that the longitudinal stresses caused by
bending and axial force in girder at pylon support location, are decisive. For ease of designing
only one cross section is considered, namely the mid of the main span. Designing for the
stress conditions at this location, determines the cross section to be used along the whole
length of the girder.

Tabel 3 Dimensions reference design

Reference design Girder t flange top eq 40 | mm
For the mid of the main span, t_flange_bottom_eq 20 |mm
a maximum allowable design t web_eq 15| mm
stress of 200 N/mm? is heigth 2100 | mm
chosen for pre design width 35600 | mm
purposes. After a hand

calculation of several bridge | Main cable diameter 160 | mm
components, the bridge Hangers diameter 55 | mm
dimensions and mechanical

properties for the reference Pylon width 2000 | mm
design are presented in Tabel depth 2000 | mm
3. total height 50000 | mm
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This reference model will be checked on the design criteria like; static strength, stiffness,
stability, and frequency behaviour. See Figure 38 for the final dimensions of the reference
model for the research that is described in this report.

s -+

f=30m

,,,,, m Msom

115m
p 62.5m - 150m ’

=t = -4

Figure 38 Final dimensions reference design
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2 Verification of reference design

The reference design has to meet certain design criteria according to the Eurocode. This
chapter explains the method for the verification of the reference design on static strength,
stiffness and stability. Secondly the reference is verified according to the described method.
Verification on stresses, deformation and stability of the reference is given in this chapter.

2.1 Method for verification on static strength, stiffness and stability

The design should be verified on certain criteria to satisfy on static strength as well as fatigue
strength, stiffness and stability. A verification of the design according to the Eurocode will be
made. This part explains the method for checking the design for the mentioned criteria like
strength, stiffness and stability. Also an assessment has to be done for the frequency
behaviour of the bridge. Fatigue strength is not considered in this M.Sc. study because it is
assumed that this will not govern the global design of bridge.

2.1.1 Static strength (ULS)

When checking the design on static strength, the level of stresses may not exceed certain
material related design values. Stresses are caused by normal forces, bending moments and a
combination of these two. Shear forces will be left out of scope because these will not govern
the global design. According to the Euro code, strength criteria have to be checked in the
ultimate limit state (ULS).

The level of stresses will be checked in the decisive cross section of the:

e Pylon combination of bending moment and normal force
e Girder combination of bending moment and normal force
e C(Cable only a normal force
e Hanger only a normal force

Design values
According to the Eurocode the following design values for the yield strength of the steel
themselves can be used.

Table 3.1: Hominal values of yield strength f, and ultimate tensile strength f, for
hot rolled structural steel

Homuinzl thickness of the elernent ¢ [num]
Srandard
and T = 40 nun 40 mm < § < B0 mm
steel grade -
£, i) £, [/mmm’] £, [M/mma] £, [/mmm’]
EN 100252
235 360 215 360
275 430 255 410
5 355 310 335 470
54350 Ho 550 410 530

Figure 39 Design values steel

For this research the rather standard steel grade S355 is used.
For the main cable and hangers different steel grades can be used, so called high strength
steel. The nominal tensile strength for steel round wires is 1770 N/mm?®.
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- steel wires round wires: nominal tensile grade: 1770 N/mm?®
Z-wires: nomuinal tensile grade: 1570 N/mm?

- stamnless steel wires: round wires: nomunal tensile grade: 1450 N/mm?

In the ULS, design values have to be applied for the permanent and variable actions that act
on the structure. According to the Eurocode EN-1990 the following partial load factors for
determining the design values are used:

For self weight and permanent loading: Ygjs,p = 1.35

For variable loading: Yai 1.5

Effective width and shear lag

In the elementary beam theory the longitudinal normal stresses induced in the flanges are
assumed to be uniformly distributed across the flange width. In case of wide flanges this
assumption is not correct. The stresses in wide flanges are non-uniformly distributed due to
shear deformation of the flange plates. This phenomenon is called shear lag.

Figure 40 Left: stress distribution without shear deformation. Right: Stress distribution with shear
deformation

When checking the stress level of the girder, the effect of shear lag should be taken into
account (shear lag in the pylon will not be considered).
Eurocode NEN-EN 1993-1-5 part 3.1 states that shear lag effects in the flanges may be

neglected when it satisfies:
bg < L./20 for ultimate limit state
in which bg is the deck width and L, is the length between points of zero bending moments

In this case the deck width of the box girder is 35.6 metres and the main span of the reference
model is 150 metres, so this criterion will never be satisfied. So shear lag effects in the flanges
of the box girder can not be neglected.

For the pylon the effective width effect with respect to shear lag is neglected and left out of
consideration.

The governing cross section depends on the effective width along the girder, the loading
conditions and the combination of normal force and bending.

Three cross sections (table 3.1 NEN-EN 1993-1-5) will be checked:

-sagging moment of main span B1
-sagging moment of side span B1
-hogging moment at support pylon B2
-end support B0
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The effective width for each cross section is:

besr = B*bo

B is B1, B2 or Bo depending on the
considered cross section. f3 is called
the effective width factor and is
determined according to table 3.1:

So for the top and bottom flange, an
effective width is determined for
several cross sections (mid of the side
span, at support location at pylon, mid
of the main span). In combination
with the acting normal stresses this
will result in a governing cross
section of the stiffening girder which
has to satisfy certain unity check on
strength.
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Table 3.1: Effective® width factor B

K location for verification | B — value
k=<0.02 p=1.0
1
agging bending p=p = ;
sagging bending e
0,02 <x<0,70 B=p, = !
hogging bending ) 14 60| k- — 1162
0K
) ) 1
sagging bending p=p=——
59K
> 0,70 1
hogging bending p=B,=
e e P86k
all K end support Ba = (0,554 0025/ k) By but fy < By
all k cantilever B = B, at support and at the end
. A
K=daobo/ L. with oy = {1+

in which A is the area of all longitudinal stiffeners within the width by and other

byt

symbols are as defined in Figure 3.1 and Figure 3.2,

Regarding the resistance of the normal force in the deck Ngq, the total area of the box girder
will contribute to this. So no effective width assessment is needed for the resistance of the

normal force in the deck

Verification

According tot NEN-EN-1993-1-1 in the ULS the strength verification in the box girder should

satisfy the following criteria:
For class 3 cross sections:

In absence of shear force, for class 3 cross —sections the maximum longitudinal stress shall

satisfy the criterion:
/s

Y mo

Op <

According to EN-1993-1-11 part 6 for cables, in the ULS, it shall be verified that:

igl

FRd

2.1.2 Stiffness (SLS)

The serviceability limit state concerns the functioning of the structure, comfort of people and
the appearance of the construction works. Stiffness criteria are expressed in certain

deformation tolerances.

e Vertical allowable deflection of girder.

e Horizontal allowable deformation of pylon.
Besides the criteria on displacements, also criteria exist on passenger comfort which are
expressed in limitations for vertical acceleration. This criteria is assumed to satisfy for
medium span bridges considered in this M.Sc. study.

Further on the following maximum deflection are assumed:
e maximum vertical deflection of 1/350*Ly4in span for the stiffening girder
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e maximum horizontal deflection of 1/300*Ly1,n for the pylon
No particular deflections limits could be found in the Eurocode, therefore the following
maximum deflections are assumed’ according to the bridge design of the Kanne self-anchored
suspension bridge.
So the vertical deflection of the mid of the main span may not exceed

1/350 * 150 = 0.43 m

The horizontal displacement of the pylon may not exceed
1/300 * 49.75 = 0.17 m

Design values SLS

Stiffness criteria are checked in the serviceability limit state (SLS) The partial factors for
determining the design value of the actions in SLS are equal to 1.

2.1.3 Stability (ULS)

Second order analyses (stability)

A second order analyses is performed because in cable supported structures geometrical non
linearity can be of importance. In general long span bridges such as cable stayed- and
suspension bridges exhibits geometric non linearity due to:

e The combination of axial compression forces and bending moments that act in the
stiffening girder and the pylon.

e The non linear behaviour caused by the cable. The relation between forces and the
resulting deformations are not linear. (e.g. an increased self weight load in the cable
results in a reduction of live load deflection ®°. The tensile force in the cable produces
a geometrically non-linear stiffness of the cable.)

e Geometry changes in the bridge structure caused by large displacements.

To make an assessment of the geometrical non linearity’s in a cable supported bridge, the so
called ‘n-value’ gives an indication. The n-value gives information about the consequences of
geometrical non-linearity. In bridge design a general guidance can be used with respect to this
n-value:

1<n<2 wrong design

2<n<3 design problems to be expected

n>3 proper design, however, geometrical non-linearity should be taken into
account

n > 50 consequences of geometrical non linearity can be neglected

Also the Eurocode gives an guidance with respect to the n-value. Eurocode NEN-EN 1993-1-
1 part 6.3.1.2 states:

NEd . . .
When —= < 0.04, the buckling effects may be ignored and only cross sectional checks

cr

apply.

Ner = is the elastic critical force for the relevant buckling mode based on the gross cross
sectional properties.

NEg = design value of the axial force

’ These stiffness criteria were also used for the Self-anchored suspension bridge in Kanne in Belgium.

¥ Gimsing, N.J., Cable supported Bridges, Wiley&Sons, 1998

? Gasparini,D. V. Gautam. Geometrically Nonlinear Static behaviour of Cable Structures. Journal of Structural
Engineering, October 2002, pp 1317-1329.
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Because Ncr =n* NEd , according to the Eurocode buckling can be ignored when the
n-value is: n > 25
Determination of n-value and Euler buckling force N,,
The amplification of the deflections can be determined by the difference between the
deflection calculated by a linear and a geometrical non-linear calculation.

= é in which

The amplification factor is:
n-1 0

0, = the deflection determined by a second order analyses (geometric non-linear)
0, = the deflection determined by a first order analyses (linear).
Rewriting the formula for the amplification factor leads to formula to determine the
é‘2
o 27 o 1
With this n-value the Euler buckling force N, is determined by: N, =n* N,
This means that the n-value represents the ratio between the design value of the axial force
and the Euler buckling force. An evaluation of the calculation of the Euler buckling force is
made further in this report when a stability check is done.
The next example explains and compares the calculation of the Euler buckling force with the

n-value and the theoretical buckling formula. As shown in Figure 41 both results correspond.
The second order deflections are calculated with the FE program ESA PT 6.0.185.

n-value: n =

N,, =200 k¥ Column properties:
ly =1.56*10° m*
E = 210000 N/mm?
%“ A =2.710° m’
L =10m
A\ n’El
\\ The theoretical Euler buckling force: N, = ——— = 324kN
} buc
10 LN \ \ Buckling force according to the n-value:
]ﬁ4 | 165
' 0, = 64mm

. ;j// 0, =165mm
S __ 6, 165
0,—-0, 165-64

N, =n*Ng =1.63%200=327kN

n =1.63

.

Figure 41 Example buckling force

According to the guidelines regarding the interpretation of the n-values, the presented
example on this page would mean an improper design because the n-value is < 3.

The same method is used to make an assessment of the second order effects in self-anchored
bridge in this M.Sc. study. Further on in this report a stability check is done for the stiffening
girder.
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Stability check according to the Eurocode
Because the stiffening girder is subjected to a normal force and a bending moment, the
buckling resistance should be assessed for a member in bending and compression. The Euro
code 1993-2:2003 states that members under combined bending and axial bending should
satisfy:

Ny B, +AM )

< 0.9 inwhich
ZNcr My,Rk
7M1 7/M1
Neq is the design value of the compression force

Myeq is the design value of the maximum moment about the y-y axis of the member
calculated with first order analyses and without using imperfections

AM, is the moment due to shift of the centroidal axis according to 6.2.10.3

Bm is the equivalent moment factor, see table A.2 of EN-1993-1-1

Xy is the reduction factors due to flexural buckling from 6.3.1

So for the stiffening girder (buckling of the pylon is not considered), only the global buckling
will be considered. Local buckling of the compression flanges is a matter of detailed design of
the box girder for the stiffeners longitudinal and transverse, cross beam, and cross frames. The
required cross sectional area for stiffeners is included in the equivalent plate thickness that is
chosen for the top- and bottom flanges of the box girder.

Buckling reduction factor y
For the verification of the unity check the buckling reduction factor y needs to be determined
by the following procedure:

Relative slenderness

Af,

A=
NCV

In which

Ncr =n * NEd
Nee = is the elastic critical force for the relevant buckling mode based on the gross
cross sectional properties.
Ngg = design value of the axial force
n = the amplification determined from deflection in the first order (linear) and
second order (geometric non-linear) analysis of the bridge model.

n % in which 6, is the deflection determined by a second order analyses (geometric

T 5, -6,
non linear )and 9, is the deflection determined by a first order analyses (linear).
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And now the buckling resistance factor according to the Eurocode is determined by:

¥ =;ﬂ but ¥y =10 {6.49)

DD — R
where =031+ ok —02)+7% ]

A= — for Class 1, 2 and 3 cross-sections

AT,
};i:

for Class 4 cross-sections

o 1 an umperfection factor

M. 15 the elastic cntical force for the relevant buckling mode based on the gross cross sectional
properties.

{(2)  The imperfection factor o corresponding to the appropriate buckling curve should be obtained from
Table 6.1 and Table 6.2.

Table 6.1: Imperfection factors for buckling curves

Buckling curve ag a [} c d
Imperfection factor o 0,13 021 0,34 0,49 0,76

As mentioned earlier, the box girder is assumed to be a class 3 cross section. And according to
the Euro code 1993-1-1, the buckling resistance factor iy for welded box section in general has
to be determined by buckling curve b.

So the verification for buckling stability will be done according to the Euro code 1993-1-
1:2003 part 5.2 Global analysis and 6.3 buckling resistance of members and EN-1993-2:2003
section 6.3.

2.1.4 Frequency analyses

In order to determine the response of the bridge to dynamical loadings like wind- and traffic
loading, it is necessary to evaluate the frequency behaviour. The frequency behaviour of the a
bridge can be characterised by their natural frequencies.

Dynamic wind actions can cause several response phenomena of the bridge deck like
galloping, vortex shedding and flutter. Dynamic loading depends on many factors'’ such as ,
weight of the bridge, dimensions, cross sectional shape, displacements, speed and acceleration
of bridge components etcetera. It is therefore a complex phenomena and in many cases of
possible bridge response to wind a wind tunnel research is required.

Because of the complexity of this topic, this M.Sc. study considers only the natural
frequencies of the bridge.

' Romeijn, A. Examples of examination questions for Cable stayed bridges. December 2005
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For the evaluation for risk for vortex shedding as well as for flutter response of the bridge, the
natural frequencies of bending and torsion frequencies are required data. The next formulas''
are used for determining the critical wind speed when vortex and flutter can be expected:

e C(ritical wind speed vortex shedding V,:

v =12* f*d,[m/s] for b/d, 210

crivortex
f = smallest value of the bending frequency f;, or torsional frequency f;
d4 = height of the girder
The bridge is stable when the next criteria is met:
Vcr > Vr
In which V. is a reference wind speed according to BS 5400.

e C(ritical wind speed flutter V¢
V

%
AL e

m = mass of bridge deck per unit of length
1
2 [kg/m]

In which r = , o
girder I, = polar moment of inertia

The bridge is stable against flutter when:

V> 1.3*V,

e Other instabilities mentioned by BS5400 like wake galloping and Stall flutter have to
be checked when:
b<4*d, in which b = deck width and d, = structural height of box girder.

The before mentioned formulas show that response analyses of the bridge requires the natural
bending- and torsional frequencies. These will be determined by the FEM using ESA PT
6.0.185

When an evaluation for flutter is made, a general rule of thumb is used that the ratio bending-
torsional frequency of 2.0 or more is recommended'?. This is accepted as a sufficient
difference between the bending frequency and the torsional frequency which results in better
resistance against flutter, see Figure 42.
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Figure 42 Critical wind speed flutter

""Romeijn, A. Examples of examination questions for Cable stayed bridges. December 2005
12 Chen, W. L.Duan. Bridge Engineering Handbook. CRC Press 2000.
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Determination of frequencies
For beams under bending a general formula' is known to determine bending frequencies for
several modes. The natural frequency f, for bending modes can be calculated with:

c, [E1
f"_27r ml’

The factor C, depends on the support conditions and the considered frequency mode. For the
first bending frequency holds:

A T T e

C,=9.87
Figure 43 First bending mode

Next a worked out example is given to compared the bending frequency of a simply supported
beam calculated by the before mentioned formula and the frequency calculated when the
beam is modelled in FE program ESA PT 6.0.185.

Beam properties HEA700A:
HEATO0A I, =143*10"m"

AN 7\ E  =210000 N/mm’
Figure 44 Frequency simply supported beam A = 191*10% m’
L =15m
e The theoretical bending
frequency:

C El
== =9.786 H.
/s 27\ ml? :

m = mass of the beam [kg]

e Bending frequency according to
ESA PT: 9.78 Hz

This example shows that the frequency calculation by ESA is a well approximation compared
to the theory. So for further frequency calculation of the bridge deck, the results calculated by
ESA PT 6.0.185 are used.

For verification of these results for the bridge deck, a simple approximation method is
developed by Raleigh- to determine the first bending frequency of a bridge deck.

An estimation of the first bending frequency can be done with a method developed by
Raleigh'*:

1.1 [g¢ 055
=—— [2—=——" hertz
Sy 27\ 0,

So results of a frequency calculation by ESA PT for the bridge deck will be quickly verified
by this formula to confirm if the given values are realistic. Damping effects of the structure
are left out of consideration.

13 Overspannend staal, Rotterdam: Stichting Kennisoverdracht SG, Deel 3: Construeren B, 1996.
'* Romeijn, A. Examples examination question: topic cable stayed bridges.
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2.2 Verification of reference design

This part gives the design verification according to the Eurocode as described in the previous
paragraph 2. This verification comprises static strength, stiffness and stability of the girder,
pylon, main cable and hangers.

2.2.1 Verification reference design on strength

Verification on strength is done for the ultimate limit state (ULS), meaning that the partial
factor for permanent loading is 1.35 and the partial factor for variable loading equals 1.5. The
total stress calculation is given in Appendix 7 Stress calculation in reference model.

Presented stresses are based on an effective cross section, see Appendix 2a Effective width at
main and side span and Appendix 2b Effective width at support for calculation of the effective
widths.

Girder
Four locations are checked for the girder.

e Mid of the main span:
Load case 2 (traffic over mid span) is governing for this cross section
The acting forces are in load case 2:

M_y,Ed,girder 164378 kNm
N_Ed 32827 kN
This combination of bending and axial force results in the following longitudinal
stresses:
Top flange 139 N/mm? in compression.

Unity check Op 139 139 _ 0.7<1 Satisfies

o,z 200 200

Bottom flange 197  N/mm? in tension.

Unity check O 197 197 0.99 <1 Satisfies

Gon 200 200

e Mid of the side span:
Load case 2 (traffic over mid span) is governing for this cross section
The acting forces are in load case 2:

M_y,Ed,girder 111377 kNm
N_Ed 32827 kN
Resulting stresses:
Top flange 207  N/mm’ in tension.
Unity check O _ 207 _207 1.04 <1 Does not satisfy
O,z 200 200
Bottom flange 330  N/mm’ in compression.

Unity check £ = 330 _ 330
O, 200 200
The stress in the box girder at this location exceeds the assumed design stress of
200 N/mm? but are still smaller than the yield strength of steel f, =355 N/mm?. This
location require more attention in the final design, for example some additional plate
thicknesses at this location can reduce the stresses to an acceptable design level.

=1.65<1 Does not satisfy
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Support at pylon
Load case 1 (traffic over full length) is governing for this cross section
The acting forces are in load case 1:

M_y,Ed,girder 193096 kNm
N_Ed 32491 kN
Resulting stresses:
Top flange 466  N/mm” in tension.
: 4 4 .
Unity check Tea_ 66 = 66 =2.33<1 Does not satisfy

O, 200 200

Bottom flange 783  N/mm’ in compression.
783 783

Unity check 224 = =
op 200 200

This cross section does not meet the strength criteria. But this can be locally solved by
application of extra plate thicknesses and adjustment of the supports.

=3.92 <1 Does not satisfy

End support
Load case 2 (traffic over mid span) is governing for this cross section
The acting forces are in load case 2:

M_y,Ed,girder 0 kNm
N_Ed 32827 kN
Resulting stresses:
Top flange 15 N/mm? in compression.
Unity check Ora _ 15 _ 15 =0.08 <1 Satisfies
O.r 200 200
Bottom flange 15 N/mm? in compression.

Unity check Op _ 15 _ 15

= = =0.08 <1 Satisfies
C.ra 200 200

One thing is notable about the stress distribution in the girder in the reference model,
compared to the stresses caused by bending the normal stresses caused by the compression
force are very low. From this it can be expected that buckling of the girder in this reference
design should not be an issue, see §2.2.3 for the stability check of the girder.

Cable
The governing acting normal force in the ULS is caused by loading case 2 (traffic over mid
span):
NEg =21547 kN
A main cable =20106 l’IlI’Il2
Unity check
F, 21547 *10° 2154710° 21547 *10° ]
= = = =0.91<1 Satisfi
FRd i f;t * Amainicable M Sa 1SHes
1.5y, 15 1.5
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Hangers
The governing acting normal force in the ULS is caused by loading case 1(traffic over full
length):

NEd,hanger = 1254 kN
A hanger = 2376 mm”
Unity check
F., 1254*10° 1254*10° 1254*10° .
F - F 7 A o =T770%2376 ~ 0.45 <1 Satisfies
1.5y, 1.5 1.5
Pylon

The acting normal force in the pylon is

N Ed, pylon — 28208 kN

My, Edpylon = 25040 kNm (caused by the deflection of pylon towards the midspan)
Resulting stresses:

Top flange 239 N/mm” in compression

Op _ 239 239

Unity check =0.67 <1 Satisfies
Cora Jfp 355
Bottom flange 40 N/mm? in compression
Unity check w40 _ 40 0.11<1 Satisfies
Cora Sy 355

Buckling of pylon

Buckling of the pylon should be considered because a compressive force is acting in the
pylon. The pylon is assumed to be fixed at the basement and spring supported at the top of the
pylon because it is resisted in longitudinal direction by the main cable which is supported on
top of the pylon.

NEqg
Fe
2E )
¥ A
_"."‘1"".'.-'_' * L3
! 15 N Ed pylon [kN] 28208
H cable main span
10 [kN] 16748
H cable side span [kN] | 16203
ET 1 O pylon [MM] 121
Length [m] 50
 [m’] 0.46
Table 4 Properties of pylon

—_ &

Figure 45 Mechanical scheme pylon
Figure 46 Buckling force of fixed column and translation spring

The spring stiffness'” is determined by K pring = AH In which AH is the difference between

pylon
the horizontal component of tensile force in main cable in the main and the side span.

15 Overspannend staal, Rotterdam: Stichting Kennisoverdracht SG, Deel 3: Construeren B, 1996.
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k. .1
With the beta factor S = %]pylon the ratio between the Euler buckling length and the

system length can be found by using the graph presented in Figure 46.
With the forces on the pylon given by Table 4 the buckling force of the pylon can be
determined:

ring = A _ 725000 _ 5 99106 N/m
8n 0.121
kspringlpylon _ 5.99 *106 *50

2.45

p= 3EI 3%210000%*10° *0.47 B
From Figure 46 the ratio between the Euler buckling length and the system length can be
found:

Ncr lsys ’ Zsys ?
3 = > = 0.7 50 lpuek = 59.8 metres
T EI lbuck
The Euler buckling force:
_m’El

N,

= 270MN >>Ngq=28MN

cr 2

buc

So the pylon is stable against global buckling.

2.2.2 Verification reference design on stiffness

Stiffness criteria are checked in the serviceability limit state, meaning that that the partial
factor for the loading are equal to 1.

Two deflections are verified, the vertical deflection of the girder at the mid of the main span
and the horizontal; displacement of the tower.

Load case 2 is governing for the vertical deflection of girder and displacement of the pylon:
O main span = 422 mm <1/350 * L mainspan <430 mm
Horizontal displacement of the pylon:

d pylon = 121 mm <1/300 * H pyion <170 mm

On stiffness criteria the reference design meets the requirements.
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2.2.3 Verification reference design on stability girder
A stability check has to be done for the stiffening girder because it is loaded with a large axial

compression force. A stiffening girder under
compression is prone to global buckling
effects. To make an assessment of the
buckling risk of the girder, the Euler buckling
force has to be determined.

— %
Ncr =n NEd
5,
2 51
The n-value represents a value that indicates

the risk for global buckling of the bridge
deck.

in which »n =

As mentioned earlier, an indication for the
stability of the bridge deck is the occurrence
of second order effects regarding the
deflections of the bridge deck.

At first sight, the reference model revealed
hardly any second order effects (which means
that the deflection calculated by a linear and
geometric non-linear analyses does not
deviate significantly). There is no
amplification of the deflection of the
stiffening girder visible in the second order
analyses under the given loading conditions.
Figure 47 shows that for the three considered
load combinations the second order effects
are hardly visible. This indicates that the
reference bridge model behaves very stiff and
that the deflections are relatively low to cause
major second order effects.

Deflections caused by self weight and traffic

Deflection [mi]

100

first order deflections

over full length

second order

-100
-200
-300

o

-400

50 \1 00 150 f 250 3

-500 -
-600

-700

Position on bridge [m]

Deflections caused by self weight and traffic

Deflection [mi]

400

200

-200 -

-400

-600

-800 -

-1000

over main span ——first order deflections

second order

50 100 150 /2%{ 250 300

AN /

Position on bridge [m]

Deflections caused by self weight and traffic

Deflection [mmi]

60

over the two side spans —first order deflections

second order

40
20 4

S~

-20 4
-40
-60

50/ 100 150 200 \ 250 / 300

-80 A

\_/ \_J

-100
-120 |
-140 -
-160

\/ \/

Position on bridge [m]

Figure 47 1st and 2nd order deflection
due to the three considered loading
combinations including pretension of
main cable

These results are similar to the design calculations of the self-anchored suspension bridges
Kanne'® bridge and the Nescio'’ bridge. Both calculation documents display the finding that
second order effects are hardly visible, both bridges have a similar main span of about

100 metres so is therefore comparable to the reference model in this research.

1o Alsemgeest,D. Rebuilding bridge Kanne, Suspension bridge-Static analyses- Check on strength, stiffness and

stability. Iv-Infra, October 2003

' Ichimaru, Y., Design and engineering of ‘Nescio’ bridge-Amsterdam Rhine canal. Arup
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Causes for the hardly visible second order effects could be that:

e The combination of axial forces and bending moments that act in the stiffening girder
and the pylon are not significant enough to cause visible second order effects in the
deflection of the stiffening girder. This reference model showed normal stresses in the
deck, caused by the deck compression force, of about 15 N/mm”. This is relatively
low.

e The stiffening effect of the girder. The illustration that is presented in Figure 48
indicates that regarding the reference model with a main span of 150 metres, the
stiffening effect'® of the bridge’s main girder is significantly large. Figure 48 shows
the relation between the non-dimensional maximum deflection v/l against 1 (v =
deflection and 1 = main span length). For different values of the girder bending
stiffness EI, a decreasing influence on
displacement is visible when the main
span(>2000 metres) is increased. For main
span smaller than 2000 metres, this figure 001 4
indicates that the stiffness of the girder has
a significant effect on the reduction of the 0008
deflection in the bridge.

For a main span of 150 metres this would
indicate that the stiffness of the deck has

large influence on the reduction of the B
deflections of the total bridge structure. M P

And therefore large geometry changes i
(which is in many cases a cause for 0002 |
geometric non linear behaviour) in the
bridge structure caused by large

displacements are not expected to exhibit in T
relatively small spans like 150 metres of the £ m)

reference model.

oz

L0006 4

Figure 48 Decreasing stiffening effect

So the combination of the relatively small deflections and stiff behaviour of the girder are
causes for the hardly visible second order effect for the reference model in this study.

Alternative approach to determine buckling force N.,

With the present normal stresses in the girder of the reference model of about 15 N/mm?, no
second order effects are visible. When an additional normal force is imposed on the stiffening
girder of the reference model of the bridge, second order effects do become visible. Figure 49
illustrates the additional normal force that is applied on the girder, in this case an additional
force is applied of about ten times the actual normal force in the girder.

AF Aﬂﬂmmﬂﬂﬂﬂmm AF
—- —

Figure 49 Additional normal force

'8 Clemente,P. G. Nicolosi, A. Raithel. Preliminary design of very long-span suspension bridges. Engineering
structures 22 (2000), 1699-1706.
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In this case an additional force of AF=400000 kN is applied, about ten times the design value
of the normal force in the deck Ng4. Now an assessment of the Euler buckling force can be
made with respect to the three considered load cases. A distinction is made between the main
and the side spans because the amplification of the deflections deviates from each other. From
this distinction the decisive Euler buckling force can be retrieved, the smallest buckling force
to cause buckling in the either the main span or the side span is the governing one.

For the reference model the design value of the normal force is Ngq4 depends on loading
combination as presented below:

e Euler buckling force N, with traffic over full length

500

-500

Deflection [mm]

-2000

-1000 -

-1500 -

Second order deflection with additional F

—— 1e order
—— 2e order

150 /%

250 300

position on bridge [m]

Figure 50 1st and 2nd order deflection with traffic full length

N deck = Ngg + AF = 432420 kN
Main span:

O1[mm] | 02[mm] | n-value
790 1608 1,97
Ner=1.97 * 432420 = 851867 kN

Side span
O1[mm] | 02[mm] | n-value
48 236 1.26

Ner = 1.26 * 432420 = 544849 kN

e Euler buckling force N, with traffic over mid span

1000

500

-500

Deflection [mm]

-1000

-1500

-2000

Second order deflection with additional F

—— 1e order
—— 2e order

150 /2%

T
250 300

position on bridge [m]

Figure 51 1st and 2nd order deflections with traffic mid span

N deck = Ngg + AF = 432524 kN
Main span:

Ot [mm] | 02[mm] | n-value
883 1882 1.88
Ner=1.88 * 432524 = 813145 kN

Side span:
Ot [mm] | 02[mm] | n-value
129 407 1,46

Ner = 1.46 * 432524 = 631485 kN

e Euler buckling force N, with traffic over the two side spans

Second order deflection with additional F

—— 1e order

—— 2e order

Deflection [mm]

-50

-100

-150

150 0

250 300

-200

-250

position on bridge [m]

N deck = Ngg + AF = 423315 kN
n span:

O1[mm] | 02[mm] | n-value
155 217 3.5
Ner=3.5 *423315 = 1481603 kN

Side span:
O1[mm] | 02[mm] | n-value
84 112 4

Ner =4 * 423315 =1693260 kN

Figure 52 1st and 2nd order deflections with traffic over side spans
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Difference in buckling of the main and side span
Buckling of the side span occurs at a lower buckling force than buckling of the main span. For
full length- as well as mid span traffic loading the side span is most sensitive to second order
effect. The ratio of the Euler bucking force of the main span and side span is about:

Ncr _sidespan 544849 0.64

Ncr _main.span 851849

The difference can be explained by the fact that Figure 50 shows that the buckling of the main
span is a downward buckling mode and would therefore encounter upward resistance by the
main cables and hangers. Buckling of the side span is an upward buckling mode and would
therefore encounter no resistance by the main cable and hangers.

The upward buckling of the side span occurs therefore apparently at a lower buckling force
N, and is decisive over buckling of the main span.

Conclusion regarding buckling

Decisive is buckling of the side span caused by load case 1 (traffic over full length) occurring
at a Euler buckling force of :

Ner = 544849 kN which is about 17 times larger than the actual normal force in the girder Ngq
(representing an n-value of n = 17 which represents a proper design according to the given
guidelines in §2.1.3) So no buckling instability is expected in the reference model, the
buckling resistance of the stiffening girder is sufficient.

The stability check according to the Eurocode:
NEd n ﬂm(My,Ed +AMy,Ed)

<0.9
ZNC‘)‘ My,Rk
Y mi Vi
M
N + P4 =0.477 < 0.9 Satisfies this criteria
ZNcr My,Rk
In which

NEd = 32420 kN
Nrk = N = 544849 kN

X = 0.484 (see Appendix 5a Stability check reference model for calculation stability
check)
Bm =1.27

AM, g4 = not applicable because the entire cross section is assumed to resist the acting
normal force in the cross section of the box girder.

Y1 =1
- *
I\/ly,Rk — fy Wﬁef‘f box girder side span; top

Overall conclusion is that the bridge girder is satisfies the stability check according to an
alternative approach and the Eurocode check. Therefore the conclusion can be made that the
stiffening girder in the reference model is stable against buckling.

Further research on the stability phenomena of the stiffening girder will be presented in the
parameter study. The stability will be researched as function of the bending stiffness of the
box girder.

Also an exploration is done to the buckling behaviour for an increasing main span, see §4.2.2.
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2.2.4 Frequency behaviour

An estimation of the first bending frequency can be done with a method developed by

Raleigh':

7 _ L1 [ g 05 _ 055
P27\ O AfOnm  0.641

In which
Omax = maximum deflection under self weight = 0.641 m, see Figure 14.
g = gravitational acceleration

=0.69 hertz

The results of the calculation of the first bending frequency for the reference model are
determined with ESA PT and the Raleigh method and are given in Table 5.

Table 5 First bending frequency comparison
Raleigh |ESA PT

1st Bending
frequency [Hz] 0,69 0,74

So the Raleigh method gives a good approximation of the results for the first bending
frequency given by ESA PT. The small difference between the two results are caused by the
fact that the Raleigh method is an quick approximation method and that the formula is based
on a simply supported beam. Because the bridge deck, in the bridge design under
consideration, is a continuous girder and is therefore more stiff than a simply supported
girder, the first bending frequency is in that case higher.

Further frequency calculations by ESA PT are assumed to be of realistic value.

Natural frequencies reference design

Table 6 gives the natural frequencies of the reference design.
Table 6 Natural frequencies reference design

ISt fbending [HZ] ISt ftorsion [HZ]
0,74 5,2

Because the first bending and torsional frequency are clearly well separated, no problems are
expected regarding flutter instability for instance. The ratio between the first bending and
torsional frequency is well above two.

' Romeijn, A. Examples examination question: topic cable stayed bridges.
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3 Parameter study into the structural behaviour

Introduction

This chapter presents the results of a parameter study and the influences on the structural
behaviour of a self anchored bridge. Objective of this part of the study is to gain insight in the
behaviour of a cable supported bridge and to study the effect and sensitivity of the mechanical
properties of girder, pylon and cable on the bridge’s behaviour:

e EIl girder
e Elpylon
e EA cable

e Sag to span ratio
This part of the final thesis will investigate the influence of before mentioned key bridge
parameters on the structural behaviour:

Global stiffness (deflections)

Reaction forces (normal force deck and vertical support reaction)

Bending moments at support and in the main span of the stiffening girder.

Stability of the girder (n-value deck): the n value of the deck gives information about
the consequences of geometrical non linearity. The following guidance can be used to
interpret the n-values:

e Frequency behaviour (lowest torsional and bending frequency)

The structural behaviour will be investigated under influence of the girder-, cable, pylon and
sag properties. Results are analysed and presented in tables and graphs to visualize the effects.

Load condition
Only load case 1(traffic over the entire length of the bridge) in combination with self weight,
permanent loading and pretensioning of the main cable is considered in this parametric study.

Results of the parameter study
Results of the parameter study are presented in graphs which illustrate the developments of:
e Bending moments in girder at support and main span
e Deflection of pylon and girder at mid of the main span.
e Frequencies, 1st bending and 1st torsional frequency
e The ratio of the bending moment carried by the deck and cable
These topics show the most significant effects under influence of the different design
parameters.
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3.1 Girder influence

In this part the structural height of the box girder is varied which
changes the bending stiffness (and also the torsional stiffness).
Based on realistic values of the slenderness of the girder, that has

been retrieved from literature survey, the structural height is varied
from 1/50 up to 1/100 of the length of the main span. A slenderness
of 1/50 means a structural height of 3 metres and 1/100 a height of

Self-anchored suspension bridges: Part 11

1.5 metres. The next table shows the girder height with
corresponding flexural stiffnesses and torsional stiffnesses.

Increasing the bending stiffness has a significant effect on the
moment distribution, see Figure 53. A larger stiffness of the girder 2400
means the bending moments increase significantly, with

approximately 95 %, see Figure 53. Figure 54 clearly shows that
with an increasing stiffness, the girder tends to carry a larger part of | 2700
the total bending moment and smaller part is carried by the main
cable, reducing the normal force.

*=Reference model

height
[mm]

IY
[m?*4]

L
[m"4]

1500

1,1085

2,78139

1600

1,26

3,15281

1700

1,4213

3,54602

1800

1,5925

3,96076

1900

1,7735

4,39681

2000

1,9643

4,85393

2100*

2,1651

5,33188

2200

2,3758

5,83044

2300

2,5964

6,34938

2,8269

6,88849

2500

3,0674

7,44755

2600

3,3179

8,02633

3,5785

8,62463

2800

3,849

9,24224

2900

4,1296

9,87896

3000

4,4203

10,5346

Table 7 Girder mechanical properties
The total bending moment in the main span presented in Figure 54 is determined by:
My;Ed;total = 2>k(Hmain cable;Ed>l< cable Sag) + My;Ed;deck

300000

Bending Moments
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——Main span
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—— Support
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100000 -
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Height [mm]

3500

% of total moment carried by deck

% My_total
3 ®

Lo N B O ®
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1500 2000

Height [mmf>°

3000

3500

Figure 53 Maximum bending moment in the girder
Figure 54 Contribution of the girder to bending moment

Looking at the stiffness, an increasing stiffness of the girder result in larger global stiffness
because the deflection reduces significantly. Figure 55 shows this tendency of a decreasing
deflection of the girder and displacement of the pylon. Girder and pylon deflection is reduced
with approximately 50%. An increasing global stiffness also results in higher bending and
torsional frequencies, see figure 40.
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Figure 55 Maximum deflection in the girder

Figure 56 Natural frequencies
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The stiffness of the girder has a clear visible influence on the stiffness, strength and frequency
behaviour of the bridge.

Regarding the reaction force, the normal force in the deck and resulting vertical reaction at the
end support, Figure 57 shows that both maximum reaction forces decrease with a stiffer deck.
With a stiffer deck, a larger part of the bending moment is carried by the girder which leads
to decreasing normal force in the cable.

——N deck
Reaction forces
40000 —— Vertical reaction
force at end support|
35000
30000
Z'25000
=
§ 20000
£ 15000
10000
5000
0 T T T T
1000 1500 2000 2500 3000 3500
Height [mm]

Figure 57 Reaction forces

3.1.1 Stress level in box girder
The stress level in the flanges of box girder is determined by:

N Ed M yiEd
o =T T
box eff ;top
N Ed M y;Ed
O-bottom == +
A w
box eff ;bottom

So the stress level in the flanges depend on the normal force Ngq in the girder, bending
moment My.gq in the girder, the section modulus Wegr and cross sectional area Ay of the
girder.

Figure 53 and Figure 57 show that choosing for a more slender girder results in significant
reduction of the bending moments My .gq and an increasing normal force Ngq in the girder. A
side effect is that the effective section modulus W also decreases with an increasing
slenderness of the girder. This development is expressed in the stress level in the flanges of
the box girder in the mid of the main span of the bridge, see Figure 58. This figure shows that
the development on the stresses as a function of the girder slenderness A (height/length main
span) remain quite constant.

. . —— Stress top flange
Stress level flanges box girder main span main span;
compression
350 —— Stress level bottom
flange main span;
300 - tension
&
‘E 250 |
2 200
° —_—
g 150
_—
g 100 +
50
0 T T T
0 1000 2000 3000 4000

Height box girder [mm]
Figure 58 Stresses in flanges of the box girder
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3.1.2 Stability of the stiffening girder

The resistance against buckling of the main girder is mainly determined by the bending
stiffness EI of the box girder. Two approaches will be set out in this part in order to compare
and verify the results of the calculation of the Euler buckling force of the stiffening girder.
Also an approach on the maximum girder slenderness will be given.

1. Additional normal force AF

First approach, as mentioned earlier, is that on the bridge deck an additional normal force
is applied to be able to analyze the second order deflections and determine the buckling
force, see Figure 59. The bridge model proved to be very stiff (see 2.2.3) and second order
effects only became visible by increasing the normal force on the deck, in this case by
applying an external additional force AF.

_>AF Aﬁﬁﬂﬂm}]hmmﬂfﬂ[mﬂmm 4_AF

Figure 59 Additional normal force applied on the girder

2. Spring model of bridge deck

The second approach is to model the bridge as supported by discrete springs with a certain
spring stiffness k [N/m], see Figure 60. This model is used to analyze the buckling effect
of the main span because the spring stiffness in the side is zero for an upward deflection.
In this model the girder is also loaded by a normal force Ngq4, similar to acting normal
force in the reference design; Ngg = 32420 kN.

NEdq NEgdg

r_"'{:}";“ e "'C:C‘":P-q
SRef XTI ReFT FT X XIT F I X XIRT T XX B

Spring stiffness k

»d
Ll |

62.5m 150 m 62.5m

v

A
\4
A

Figure 60 Spring supported bridge deck

According to Engesser’s® formula, the Euler buckling force for a girder supported by
springs depends on the spring stiffness (in this case the springs represent the hangers on
which the girder is supported) and the bending stiffness of the girder.

Engesser formula: N, =2+/cEl in which c is a bedding constant equal to the

spring stiffness divided by the individual distance between the springs (in this case the
c.t.c. distance between the hangers).

Spring stiffness k

A spring stiffness k is iteratively chosen for the springs that result in similar deflections of
the spring supported girder, under full length traffic loading of the main span, as in the
reference bridge model under the same loading condition. In case of an upward deflection
of the side span, the girder will not be resisted by the hangers, in that case the

spring stiffness k = 0 in the side span.

20 Overspannend staal, Rotterdam: Stichting Kennisoverdracht SG, Deel 3: Construeren B, 1996.
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As mentioned earlier only a traffic loading over the entire bridge length is considered, as
shown in 2.2.3 this is decisive for buckling of the stiffening girder. Figure 61 presents a graph
of the relation between the Euler buckling force of the main span of the bridge deck and the
stiffness of the deck (moment of inertia of the box girder ranging from a girder height of
1500-3000 mm, representing a range of deck slenderness A from 1/100 to 1/50) regarding the
two models. The deck slenderness is defined as A = construction depth h of the girder/main
span length 1.

Also the buckling force of the side span is plotted in the graph, which is governing over the
buckling force of the main span (see §2.2.3).

Euler buckling force Ncr main span; Additional F model
A Ncr main span; Spring model
N Ed deck
1600000 Ncr side span; Additional F model —

— 1400000

Z

3

= 1200000

8

§ 1000000

2 800000 |

x

g 600000 -

)

& 400000 -

=2

W 200000 -

O T : T T
0 1 2 3 4 5
Moment of inertia ly deck [m*4]
------- =Reference model,
A =1/100 A=1/70 A = 1/50
«aanas See also Figure 50: NEeqg = 32420 kN

Necr.main span = 851867 kN

Boundaries of considered deck slenderness A =1/100 — 1/50

Figure 61 Euler buckling force as a function of the stiffness of the deck

Both approaches display a similar development with respect to the Euler buckling force of the
main span of the stiffening girder. The Euler buckling is in all cases well above the acting
normal force in the deck Ngq4. So also in case of a more slender deck with a

slenderness A = 1/100, the resistance against buckling is still significant.
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The buckling behaviour of the main and side span presented in Figure 61 can also be
expressed in the so called n-values, see Table 8 n-values for main and side span based on the
computed bridge model.

Table 8 n-values for main and side span related to the moment of inertia of the box girder

n-value n-value
| ly.girder [mr4] | main span | side span
1,11 15,2 12,7
1,26 17,0 13,3
1,42 18,9 13,9
1,59 20,6 14,6
1,77 22,4 15,3
1,96 24,3 16,0
2,17 26,2 16,3 = reference desien
2,38 28,2 17,5
2,60 30,2 18,4
2,83 32,3 19,2
3,10 34,5 20,1
3,32 36,8 21,0
3,58 391 21,9
3,85 41,5 22,9
4,13 44 1 24,3
4,42 46,6 24,9

These n-values also clearly show that the side span exhibits more geometrical non-linear
effect, indicating that the side span is decisive for the buckling stability of the stiffening girder
and that the geometrical non-linearity’s decrease for both the main and the side span when the
stiffness of the deck is increasing.

Conclusion regarding the buckling stability

Figure 61 shows that the buckling stability of the girder requires attention in the design
process of a self-anchored suspension bridge. But a girder with a slenderness to about A =
1/100 is expected to have enough resistance against buckling. Extrapolating this graph for
even more slender girders, meaning a higher slenderness A =1/100..1/150 and further, a
limitation is expected with respect to the buckling resistance. Buckling than becomes critical
and a limiting design factor.

These results confirm the findings presented in the literature survey of this study which
showed that the slenderness of stiffening girders in existing self-anchored suspension bridges
is limited to about A = 1/100 (e.g. Konohana bridge, Japan). Compare this to the applied
stiffening girders in conventional suspension bridges where no buckling risk of the girder is
present, here girder slenderness of A = 1/200 — 1/300 are common.

48



Self-anchored suspension bridges: Part 11

3.1.3 Number of hinges

As mentioned earlier in the literature survey, the stiffening girder can either be executed as a
continuous girder or as a hinged girder. A continuous girder has no hinges along the length
and a hinged girder has two hinges, one at each support at the pylon, see Figure 62.

T

i

'.ll.-..: 1
suspended side span

no hinges '

-
|two hinges at the pylons

Figure 62 Hinged and unhinged girder

Figure 63 shows clearly that a continuous girder applied in the reference model. with no
hinges. is much stiffer. For deflection and frequency behaviour of the first torsional motion, a
continuous girder is much stiffer.

Deflection Azero finges Frequencies mzero hinges
B twin hinges 6 Etwn hinges
500
450 5
400 _
T 30 E 4
E 200 +— z
5 za0 — § 3
g 200 +— E,' ,
a 150 — w
s [ .
0 : 0 .
Deflection girder Deflection pylon le hending le torsional

Figure 63 Maximum deflection in the girder
Figure 64 Natural frequencies

From now on only a continuous girder is chosen. Based on the given results and bridges
already built like the Konohana and Yeoungjong Grand bridge, a continuous girder is chosen.
Results have shown that a continuous girder is displays smaller deflections and offers a better
resistance for a torsional frequency motion.
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3.2 Main Cable influence

Axial stiffness EA of the main cable is determined by two factors; the modulus of elasticity E
that changes with the different cable types, and the cross sectional area Ac,pe 0f the cable.
The influence of the hangers is left out of consideration in this part of the research, it is
assumed to have little influence on the global strength and stiffness of the bridge.

3.2.1 Cable type
Four cable types can be applied in cable supported bridges:

e Parallel wires E =205000 N/mm’
e Parallel strands E=190000 N/mm?’
e Full locked coil E=150000 N/mm’
e (able spiral strand E = 140000 N/mm’

The axial stiffness EA of the main cable is reduced with approximately 25% when choosing
for locked or spiral strands compared to parallel wires. A lower axial stiffness of the cable
means that larger bending moments will act in the girder, see Figure 65.The girder carries a
larger part of the total bending moment when the axial stiffness of the main cable is reduced,
see figure 43.

Bending moments — Meain span % of total moment carried by deck
300000 - —— Support 25
E 250000 - -
i =20
= 200000 £
° 215
£ £
o 150000 =
€ S 10 -
2 100000 has
5 ° |
S 50000 =
[
0 T T T . 0 T T T
130000 150000 170000 190000 210000 130000 150000 170000 190000 210000
E [N/mm*2] E [N/mmA2]

Figure 65 Maximum bending moment in the girder
Figure 66 Contribution of the girder to bending moment

Compared to the main cable when it is composed of spiral strands, the parallel wired cable
reduces the deflection with approximately 14 %. Little effects are visible on the frequency
behaviour.
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Figure 67 Maximum deflection in the girder
Figure 68 Natural frequencies
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3.2.2 Cable cross sectional area

Once a cable type is chosen, the axial stiffness of the main cable can be altered by means of
the cross sectional area A ... The next table shows the cable diameters with the
corresponding effective area that are applied.

Table 9 Cable area

diameter
[mm] 100 120 140 150| 160* 170 180 190 200 210 220 230 240

A eff.
main
cable
[mmA2] 7854111310 | 15394 | 17671 | 20106 | 22698 | 25447 | 28353 | 31416 | 34636 | 38013 | 41548 | 45239

*=Reference model

Increasing the cable’s diameter displays significant effects on the maximum bending moment.
Increasing the diameter to from 160 mm to 240 mm, the bending moment in the deck reduces
to nearly zero, see Figure 69. This means that nearly a 100% of the total moment is carried by
the main cable, which is clearly visible in figure 47.
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Figure 69 Maximum bending moment in the girder
Figure 70 Contribution of the girder to bending moment

Increasing the axial stiffness of the cable has favourable effects for the global stiffness, the
girder and pylon deflection both reduce. With respect to the frequency behaviour, the
increasing stiffness results in higher frequencies. Although there is a point where an
increment of the cable results in a decreasing torsional frequency. The reason for this can be
that the self weight of the cable rules out the stiffening effect of the cable.
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Figure 71 Maximum deflection in the girder

Figure 72 Natural frequencies
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Figure 73 Reaction forces

3.3 Sag influence

As mentioned before the most common sag to span ratio for self-anchored suspension bridges
are 1/5 to 1/9. With an increasing sag ratio, the bending moment in girder reduces with
approximately 50%, see Figure 74. The cable carries a larger part of the total bending
moment when the sag ratio is increased, see figure 52.

——main span

Bending moments % of total moment carried by girder

—— support

400000
— 350000
300000
250000 -

200000 -
150000
100000 -
50000
0

Bending moment [kNm
% of total moment

0,1 0,12 0,14 0,16 0,18 0,2 0,22

0,1 0,12 0,14 0,16 0,18 0,2 0,22]
Sag/L

Sag/L
Figure 74 Maximum bending moment in the girder
Figure 75 Contribution of the girder to bending moment

A larger sag ratio increases the stiffness of the bridge, the deflection decrease with about 28%.
The deflection of the pylon increases because the height of the pylon increases with a larger
sag ratio. So with an unchanged bending stiffness of the pylon, its deflection will increase
when the height is increased, see Figure 76.

The first torsional frequency motion is coupled with a longitudinal deflection of the pylon,
therefore the pylon’s stiffness will have effect on the torsional stiffness of the bridge. A larger
sag ratio means that the pylon becomes more flexible, so a larger sag ratio decreases the
torsional stiffness of the bridge which is visible in figure 54.
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Figure 76 Maximum deflection in the girder
Figure 77 Natural frequencies
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Regarding the reaction forces a larger sag
ratio decreases the contribution of the cable
to the total bending moment. The normal
force in the main cable decreases with a
larger sag ratio and so does the
compression in force in the girder.

Only the vertical reaction force at the end
support increases because the vertical
component of the main cable’s normal
force increases with a larger pylon height.

3.4 Pylon influence

Self-anchored suspension bridges: Part 11
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Figure 78 Reaction forces

This part presents the influence of the bending stiffness of the pylon in longitudinal direction
of the bridge. Looking at the presented results in Figure 79, no significant developments in
bending moments as function of the stiffness can be seen.
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Figure 79 Maximum bending moment in the girder

Figure 80 Contribution of the girder to bending moment
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Figure 81 Maximum deflection in the girder

Figure 82 Natural frequencies

Only the frequency of the first torsional motion increases. A torsional motion of the girder
exhibits with longitudinal motion of the pylon, therefore a stiffer pylon has a positive effect
on the torsional stiffness of the bridge. In that way the pylon offers more resistance against a

torsional motion of the girder, see figure 59.
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3.5 Asymmetric traffic loading

Until now only symmetric loading has been considered. This part evaluates the effects of an
asymmetric position of the traffic loading on the force distribution in the bridge. The traffic
loading is combined with the self weight of the bridge and other permanent loads on the
bridge including the pretensioning of the main cable.

3.5.1 Full loaded deck

First of a full loaded deck is considered which results in a certain eccentricity, see Figure 24.
This full loading conditions is in the model applied as line load of 131,5 kN/m with an

eccentricity of 1.48 metres. The effects of such a load condition is given in Table 10.
Table 10 Deck full loaded eccentricity

Traffic full
length
Symmetric [ Asymmetric
N deck [kN] 32420 32422
H cable 1 [kN] 16452 16743
H cable 2 [kN] 16542 16340
O cable plane 1
main span[mm] 361 372
O cable plane 2
main span[mm] 361 349
® pylon [mm] 91 93
My main [kNm] 152065 152061
My sup [kNm] 193096 193093
My pylon [kKNm] 21044 2152
M torsion KNm] 0 16194

Main effects of taking into account the asymmetric effect of a full loaded deck is a torsional
moment in the box girder at the support location at the pylon. Also the deck shows a rotation
of about 0.04 degrees.

3.5.2 Half loaded deck

The deck is in transverse direction loaded on one half of the bridge deck, see Figure 83
9 kN/m"2
5 kN/m"2 2.5 KNm"2

L llv}'lll[ O

| ' /

Figure 83 Half loaded bridge deck in transverse direction

This half loaded deck will be applied on the bridge model as a resulting line load of

75.5 kN/m with an eccentricity of 10.1 metres.

Three asymmetric loading positions will be considered (side span loading is not the decisive
load case concerning bending moments in-, and deflections of- the stiffening girder, see 1.3.3,
so no asymmetric loading of the side span is considered here). The traffic loading is combined
with the self weight of the bridge and other permanent loads on the bridge including the
pretensioning of the main cable.
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e One sided full length traffic loading

Table 11 Asymmetric loading traffic full length

Traffic full
length
Symmetric | Asymmetric
N deck [kN] 32420 28754
H cable 1 [kN] 16452 15310
H cable 2 [kN] 16542 13915
0 cable plane 1
main span[mm] 361 247
O cable plane 2
main span[mm] 361 166
5 pylon [mm] 91 44 |
My main [kNm] 152065 99166
My sup [kNm] 193096 126525
My pylon [kNm] 21044 12555
M torsion KNm] 0 56067

Self-anchored suspension bridges: Part 11

Figure 84 One sided full length loading

Figure 84 presents the considered loading scheme of an asymmetric traffic load over the full

length of the bridge. An asymmetric loading has the effect that one cable plane is loaded more
than the other cable plane. The normal force in the loaded cable plane is therefore higher than
the normal force in the unloaded cable plane but still smaller than in full loading symmetric
condition.

The bending moments in the girder as well as in the pylon base, are in case of asymmetric
loading much less than in full loading symmetric condition. Also the deflections are smaller
than in full loading condition. One of the most adverse effect of asymmetric loading is a
torsional moment in the deck.

A second effect of asymmetric loading is the rotation of the deck. Table 11 shows a difference
is visible in the deformation of the deck on the loaded side and unloaded side. This results in a

very limited rotation of the deck of about 0.13 degrees.

e One sided mid span traffic loading
Table 12 Asymmetric loading traffic mid span

Traffic mid
span
Symmetric [ Asymmetric
N deck [kN] 32825 28986
H cable 1 [kN] 16820 15400
H cable 2 [kN] 16820 14154
0 cable plane
1[mm] 422 283
0 cable plane l
2[mm] 422 202
® pylon [mm] 121 58
My main [kNm] 164378 106269
My sup [kNm] 163167 109369
My pylon [kNm] 26040 14955
M torsion 0 57799

Figure 85 One side mid span loaded
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Figure 85 presents the considered loading scheme of an asymmetric traffic load over the mid

span of the bridge. Again a redistribution of forces is visible, the loaded cable plane carries a

larger part of the vertical traffic loading and displays a higher normal force. The most adverse
effects are encountered in the torsional moment in the deck.

The rotation of the deck is due to the difference in deflection of the loaded and unloaded side

of the deck is about 0.13 degrees.

e Alternate full length traffic loading

Table 13 Alternate loading traffic full length

Traffic full
length
Symmetric Alternate
N deck [kN] 32420 28754
H cable 1 [kN] 16452 15169
H cable 2 [kN] 16542 14056
0 cable plane
1[mm] [mm] 361 250
O cable plane
2[mm] 361 165
0 pylon [mm] 91 39
My main [KNm] 152065 99155
My sup [KNm] 193096 126529
My pylon [KNm] 21044 11631
M torsion 0 59695

Figure 86 Alternate loading full length

Figure 86 presents the considered loading scheme of an alternating traffic load over the entire
length of the bridge. This means that on the mid span the traffic load is situated one the
opposite cable plan than the traffic load on the side spans. Table 13 presents the member
forces of this loading conditions. A comparable redistribution of cable forces is visible and
torsional moment in the deck.

The rotation of the deck is due to the difference in deflection of the loaded and unloaded side
of the deck is about 0.14 degrees, also very limited.

Conclusion regarding asymmetrical loading
A consideration of an asymmetrical application of the vertical traffic loading reveals that
more attention has to go out for the design of the girder at the support location at pylon. At
this location occurs the largest torsional moment in the girder.
The resulting stresses caused by torsion can be distincted in the St. Venant shear flow and
restrained warping stresses:
-St. Venant shear stress (maximum occurs in the web because the plate thickness is the
smaller than in the flanges):

M, 59695 *106

r= = =30.7 N/mm>
24 ¢, 2%*35600%2100%13

-Restrained warping stresses:
3*AM, 3%59695*10°

ow = = =52.9 N/mm’
JIL ¥4 {533%107 %2.15%10°
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These stresses require attention for the detailed design of the support conditions of the box
girder at the pylon location.

Asymmetrical loading causes also a rotation of the deck but is limited to about 0.14 degrees
which is assumed to be very limited and of acceptable level.

3.6 Conclusion results of the parameter study

This part has shown that many bridge parameters have a large influence on the force
distribution and deflections in a self-anchored suspension bridge.
It has been shown that the mechanical properties of the girder, cable and sag ratio govern the
design. These bridge parameters have large influence on the deflections and the maximum
bending moment in the stiffening girder. The stiffness of the pylon shows little influence on
the global behaviour.
Regarding the force distribution and deflection it is favourable to consider:
-A slender stiffening girder, to reduce the maximum bending moment in the girder. It
has been shown that even though the slenderness is reduced the stress level in the box
remain quite constant, see Figure 58.
-A stiff main cable, to increase the global stiffness of the bridge and to reduce the
maximum bending moment in the girder.
-A high sag to span ratio, to reduce the normal force in the deck and the maximum
bending moment in the deck.

3.7 Evaluation of the results

This part contains an evaluation and analyses of the results of the parameter study and
literature survey. It will give a motivation of the choices that are made to optimize the
reference design. The optimization is made with respect to the general performance of the
bridge but also with respect to the next topic of this research: increasing the span length.

3.7.1 Criteria

¢ Distribution of forces:
0 Bending moments in girder
The sagging moment in the main span and hogging moment at support near
pylons, is determining the design of the girder. Designing for bending moments is
always more difficult and material consuming than for designing a cross section
for normal force only. So reducing bending moments in the girder is favourable.
0 Normal force in cable.
The level of stresses determines the design of the cable and therefore the axial
stiffness.
e Stress conditions in the box girder:
The slenderness of the box girder influences the stiffness and therefore the bending
moment in the girder. Also the section modulus is determined by the slenderness which
determines the stress level in the cross section. Figure 58 shows the constant development
in stress with a decreasing slenderness of the deck. This development justifies the
possibility for choosing a more slender deck.
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e Deflection of girder and pylon

The deflection of the pylon and girder have to be within limits to meet certain stiffness
criteria.

e Frequencies

It is important to consider the level of frequencies. Low torsional frequencies means that
the bridge structure becomes more susceptible for flutter risk. Also the ratio between the
first bending and the first torsional frequency illustrates the risk for flutter. A ratio close to
one is not desirable, in general a ratio of 2 or more is advisable.

The results show that the ratios of the 1st bending to 1st torsional frequencies are in all
cases well above 2. So in this stadium this criterion plays a secondary role.

e QGirder stability

The compression loaded stiffening girder requires enough resistance against buckling. The
bending stiffness is dominating the buckling properties of the girder.

e Erection

For the erection of the main cable two methods are possible. Aerial spinning of cable
producing parallel wired cables and erection of a prefabricated locked coil or spiral strand
main cable. Especially with large span the last mentioned method becomes impossible.

e Material use/costs

The required mechanical properties of the main cable and girder can be translated to a
certain material use for the cross section. Designing cross section for bending moments is
always more material consuming that for normal forces. For the cross section of the girder
it is profitable to reduce the bending moments that act in the girder.

e Reaction forces

Regarding the reaction forces on the end support and compression force in deck it is
desirable to achieve an acceptable level in these forces.

e Examples from practice

Examples like the Konohana Bridge, Yeongjong Grand Bridge and Duisburg Bridge, with
a main span of respectively 300 metres, 300 metres and 285 metres, offer experience
which can contribute to certain choices in the design phase of a self-anchored suspension
bridge.

Optimization of the reference design is achieved by choosing mechanical requirements of the
girder, pylon, and cable, and a geometrical sag over main span length ratio which have the
most favourable effect on the before mentioned criteria.

3.7.2 Conclusions for optimized reference design

This part presents the chosen dimensions for all the structural elements and chosen ratio for
the optimized reference model. This model will be used for the next research topic in this
study, namely the exploration of the span length possibilities.

e Height of stiffening girder

Its is favourable for reducing the maximum bending, to choose a slender girder. Also for
the design of the cross section it results in less material use, larger bending moments
require heavier plate thicknesses and a larger amount of stiffeners. §3.1 has shown that
also the stress level does not increase and remain on an acceptable level when a more
slender girder is chosen. Therefore a slender girder is chosen of 1/95, this is similar to the
box girder of the Konohana bridge in Japan. The presented stability analyses in §3.1.2
shows that a more slender girder still possesses enough resistance against buckling.
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Although the section modulus is hereby greatly reduced, as shown in §3.1.1 the stress
level in the box girder remain on an acceptable level.
e Sag to span ratio
§3.3 clearly shows the importance of the sag ratio on the moment distribution. A high sag
ratio showed to be favourable for the bending moment distribution, deflections of the deck
and the normal force in the deck. Examples like the Konohana bridge and the Yeongjong
grand bridge show that such pylon heights are feasible. Therefore a sag ratio of 1/5 is
chosen.
e Cross section pylon
The results in 3.4 show clearly that the influence of the pylon stiffness, in longitudinal
direction of the bridge on the global behaviour, is negligible. So no changes are made in
the mechanical properties of the pylon.
e C(Cable type
Although the different cable show a large influence on moment distribution, the erection
method is decisive for the cable type choice. For large spans it becomes impossible to use
prefabricated locked coil cables and spiral strand cables. With large spans only fabricating
a cable by means of aerial spinning is possible. Therefore parallel wires are chosen with a
modulus of elasticity E = 205000 N/mm?.
e Cross section cable axial (stiffness)
The cable cross sectional area can be altered to meet static strength criteria of the cable
and girder and the deflection criteria of the girder and pylon. The axial stiffness EA of the
cable is an important parameter to influence the force distribution and stiffness of the
bridge. Increasing EA of the cable increases the stiffness and reduces the bending
moments in the girder significantly.
For the optimized reference model a cable diameter of 210 mm is chosen, in that way it
meets the static strength and stiffness criteria at the main span:

Obottom flange 139,6 N/mm* <200 N/mm? the design stress at midspan

deflection midspan 422 mm <430 mm maximum deflection of midspan

displacement pylon ~ 132mm < 170 mm maximum deflection of pylon
Unity check stability according to Eurocode:

N IHM . . . .
Ly P s =0.515<0.9 Satisfies. For calculation details see Appendix 5b
lNcr My,Rk

Stability check Optimized model.

This optimized model is used to investigate the increasing span length of the bridge on the
structural behaviour. Central issue is monitoring the required mechanical properties of the
stiffening girder by an increment of the span length.
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Conclusion optimized model
The optimized model for further research contains the following properties regarding

dimensions of the bridge components, see Table 14.
Table 14 Member dimensions optimized model

Girder t_flange_top_eq 40 mm
t_flange_bottom_eq 20 mm
t web_eq 15 mm
heigth 1600 mm
width 35600 mm
Main cable diameter 210 mm
Hangers Diameter 55 mm
Pylon width 2000 mm
depth 2000 mm
Total height 50000 mm

With the above mentioned properties the bridge satisfies the design criteria concerning static
strength, stiffness and stability. But now the reduction of the bending moments in the girder is
quite significant, see Figure 87. The bending moments in the girder are nearly reduced by 50
percent. Making it much more efficient and cheaper to design and produce.

—— Reference model

Bendig moments in girder

—— Optimized model
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Figure 87 Bending moments along the girder in reference model and optimized model
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4 Increasing span length

Now the influence of an increasing span length will be investigated. This chapter tries to find
a certain span limit for the self-anchored suspension bridge.

One of the main concerns with an increasing span is the design of the stiffening girder. The
increasing axial compressive force, bending moments and second order effects are
determining factors in the design of the stiffening girder. Other important aspect is the
erection phase of a self-anchored suspension bridge. The distance between the temporary
supports can easily govern the girder design regarding the required bending stiffness. Much
attention is needed for the design of a stiffening girder to meet the different requirements in
finished- and erection phase of the bridge.

In this part of the research the central question :
What are the effects of an increasing main span length on the required mechanical properties
of the stiffening girder?

So the scope is trying to find a limit in span possibilities related to mechanical required
properties of the stiffening girder. The considered required properties of the stiffening girder
will be the bending stiffness Elgirqer and the cross sectional area Apox.

4.1 Basic assumptions

To be able to increase the span in the reference model and analyzing the effect on the required
mechanical properties for the stiffening girder, all other dimensional and mechanical
properties should stay fixed. Only then a fair comparison of the results is allowed. Increasing
the span in the reference model is done by means of several scaling factors for cable sag, side
span, hanger distance, cable diameter, girder slenderness and pylon stiffness, which are fixed
in the following ratio:

e sag to span ratio f/l = 1/5

This ratio determines the horizontal component of the cable force and therefore the

compression force in the stiffening girder. Keeping this ratio fixed enables to discover the

influence of the increment of the compression force on the behaviour of the stiffening

girder.

e main span to side span ratio 1/, =2.4

This ratio is kept fixed to rule out any influence of main span to side span ratio on the

behaviour of the stiffening girder.

e diameter of main cable to main span ratio d/ =210/150=1.4

Theory shows that an increment of the span with I gives an exponential increase of the

horizontal cable component H. To maintain the same level of stresses in the cable, the

cross sectional area A should therefore be increased. Cross sectional area of a circular

cable is proportional to the square of the diameter. So an increment of the span length with

1 gives a linear increase of cable diameter d (self-weight of the cable per unit of length

remains constant under a fixed sag to span ratio, when diameter is unchanged). A fixed

diameter to span ratio keeps the level of stresses due to self weight effects constant.

e hanger distance to main span ratio = 1/24

This ratio is kept fixed to rule out any influence of the hanger distance on the behaviour of

the stiffening girder. The cross sectional area of the hangers is linearly scaled with an

increasing core to cores distance of the hangers.

e deck height to main span ratio (deck slenderness) h/l = 1/95

Based on data in the literature survey, a realistic deck slenderness is chosen. As mentioned

earlier a deck slenderness of 1/95*L is chosen.
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e The pylon height increases with a larger span . 5 f
because the sag to span ratio is kept fixed. An *4_" - , .
increasing pylon height requires more stiffness. : 0, = 2‘: ‘?[ LW, = %
Therefore the longitudinal stiffness is scaled N )
according to the next schematisation and -
formula: :
4 A

The ratio 13/1y pylon 18 kept fixed to have comparable stiffnesses of the pylon in the
longitudinal direction of the bridge for increasing span lengths.

e Step size 50 metres. The span length is increased with step sizes of 50 metres. With a
step size of 50 metres the span length is increased up to 500 metres. For each step an
evaluation is made on static strength, stiffness and stability criteria.

Based on the literature survey it is expected that a span length of more than 300 metres
is challenging for the self-anchored suspension bridge. Earlier presented research to
the buckling stability of the girder showed that this can be of importance. Secondly is
the erection phase. The distance between the temporary supports can also be a decisive
factor for the required mechanical properties of the girder and will we explored in this
part.

e Vertical clearance: The vertical clearance under the bridge deck is kept fixed to
15 metres. The pylon height under the bridge deck is therefore also fixed on 15 metres.

Load condition
Only load case 1(traffic over the entire length of the bridge) in combination with self weight,
permanent loading and pretensioning of the main cable is considered in this part of the study.

Monitoring developments

Increasing the span length of the bridge will cause several effects on static strength and
stiffness. Several effects are monitored to analyse the effects and to verify if the before
mentioned scaling assumptions are applicable and valid.

-Stresses in cable, girder and pylon
Ratio stress caused by bending to stress caused by normal force
-Second order effects
-deformation of girder and pylon
-reaction forces: vertical reaction force on end support and normal force in the deck of
the bridge.
-material use of cable, deck, pylon
-effects on erection of the bridge (number of temporary supports etc.)

62



Self-anchored suspension bridges: Part 11

4.2 Effects of increasing the span by scaling

Introduction

The following effects are visible when the span length of the optimized bridge model is
increased to 500 metres and bridge components are scaled according to the before mentioned
method, see Table 15 for the main results of member forces and deflections caused by self

weight, permanent loads and traffic over the full length of the bridge.
Table 15 Main results of increasing span

1st
L Ndeck Hcable Rz 8main pylon My'main My'support Ist fb 1st ft ftransverse

150 | 37682 | 19136 | 7679 | 336 87 83959 | 111176 | 0,72 | 4,43 | 5,21

200 | 54028 | 27361 | 11306 | 410 108 | 100200 | 139068 | 0,6 | 3,4 | 3,15

250 | 70944 | 35857 | 15048 | 468 127 | 115276 | 168634 | 0,52 | 2,81 2,1

300 | 88679 | 44773 | 18966 | 519 144 | 128073 | 198965 | 0,46 | 2,35 1,5

350 | 107413 | 54178 | 23091 | 567 161 | 139339 | 232275 | 04 2 1,12

400 | 127275 | 64153 | 27453 | 613 178 | 150087 | 270473 | 0,36 | 1,75 | 0,87

450 [ 148451 | 74784 | 32089 | 660 196 | 159235 | 314120 | 0,32 | 1,53 0,7

500 | 171108 | 86155 | 37037 | 706 214 | 167839 | 365235 | 0,29 | 1,36 | 0,57

Horizontal equilibrium shows that 2*Hapie = Ngeck, but Table 15 shows a little deviation
caused by the fact a very small part of the horizontal component of the cable force Heapie 18
resist as bending in the pylon’s base.

A quick stiffness check (Smax attowable = 1/350*Linain span) reveals that the scaled bridges up to
500 metres performs very constant regarding the

maximum allowable deflection of the main span. Unity check on deflection main span
Figure 88 shows the constant performance 100
regarding deflection of the main span, the unity
check varies between 0.9-0.98. In this case the
unity check regarding stiffness is determined by:
uC= 6max main span/ 8max allowable § 0301
So on stiffness criteria, increasing the main span
length up to 500 metres by means of the scaling R B 0 0 o w0
factors, satisfies and displays a constant Span length [m]

e

L)
o
©
[S]

k [max &/allowable 8]

performance.

Figure 88 Development on Unity check deflection main span

Because the scaling of the bridge model up to 500m proved to be very constant regarding the
global stiffness of the bridge, no adjustments are in made in the previous mentioned scaling
assumptions. Now a comparison and analyses is made regarding the developments on all
other important design criteria and design aspects with an increasing main span:

e Static strength
Stability of the stiffening girder
Frequency behaviour
Reaction forces
Material use
Effects on erection of the bridge
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4.2.1 Developments on static strength

To give a total view on strength criteria, the development of the level of the stresses in the box
girder, the main cable, the hangers and pylon are presented in this paragraph.

Stresses in box girder
A fixed girder slenderness of A = 1/95 is chosen for the several span lengths that are

considered. The mechanical properties of the box girder for each span length are given in
Table 16.
Table 16 Girder properties for the considered span lengths

Main | Slenderness | height | Aotal . . .
span [m] A [m] [m] Iy [m] [,m7] [ L[m]
150 1/95 1,6 2,18 1,26 241 3,15
200 1/95 2,1 2,2 2,17 246 5,33
250 1/95 2,63 2,22 34 251 8,2
300 1/95 3,16 2,23 4,9 256 11,62
350 1/95 3,68 2,25 6,68 261 15,52
400 1/95 4,21 2,26 8,78 266 20,07
450 1/95 4,74 2,28 11,1 271 24,77
500 1/95 5,26 2,29 13,77 276 30,09

In order to determine cross sectional requirements (e.g. plate thicknesses) of a box girder in
the design process, the compressive and tensile stresses that are present in the top and bottom
flanges are calculated. The stresses are caused by two components:

¢ Bending stresses, caused by the global bending moment in the girder.

e Normal stresses, caused by introduction of the compressive force in the girder by the

main cable.

The sum of these two components give the total stress. The actual stresses in the top- and
bottom flanges are presented in Figure 89 and Figure 90. For a total overview method of the
calculation of these stresses, reference is made to Appendix 7 Stress calculation in reference
model.

Stresses in compression flanges compression top flange main span Stresses in tensile flanges tensile bottom flange main span
compression bottom flange support ——tensile top flange support
700,00 400,00
——compression bottom flange side span| ’ ——tensile top flange side span
= 600,00 - 350,00 -
<
£ N ]
£ 500,00 t 300,00 \
Z
& £ 250,00
2 400,00 Z
H ® 200,00 -
<
g 30000 £ 15000
g :
-:E-,_ 200,00 H 100,00
o c
© 100,00 lf 50,00 A
0,00 T T T T :
0,00 T T T T T 1
100 200 300 40”0 600
0 100 200 300 400 500 600) -50,00

Main span [m] Main span [m]

Figure 89 Stresses in compression flanges

Figure 90 Stresses in tensile flanges
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The stresses in the compression flanges of the side and main span of the girder have a nearly
constant development according to Figure 89. This indicates that the chosen girder
dimensions for each considered span length are properly chosen.

The significant decrease of the compression stresses at the support location is caused by the
fact that the hogging moment (but also the sagging moment at main span) does not increase
that rapidly with an increase of the main span. In case of an unsupported main span, for
instance a simply supported beam, an increase of the main span length 1 will result in an
increase of the maximum sagging moment by 1°. As mentioned earlier the girder of a
suspension bridge is continuously stiff

. . D I £th bendi Sagging moment main span
supported by the hangers, so increasing evelopment of the max bending moment hogging moment support
the main span of the bridge with a 1400000 7 -norease ofmoment by 2
length 1 does not result in an increase of 1200000

1000000

the global bending moments of 1* but
much less, see Figure 91 where the
dotted line represents a development of

800000

600000

Bending moment [kNm]

the bending moment with an increase 4000004 //

5 | .
by 1 and the actual development of the 200000 —_—

. . . 0 T T T T T
maximum bending moments in the 0 00 20 300 400 s0 60
continuous spring supported deck in Main span [m]

main span of the bridge.
Figure 91 Development of the maximum bending moment in the girder
Figure 90 shows that also the stresses in the tensile flanges of the box girder display an overall

decrease on all locations. To explain this development an analyses is made on the stress
calculation. The total stress in a flange is calculated by:

top
Abox We/]';top
_ N Ed M y
O pottom = — A + w
box eff ;bottom

Besides the confined development of the bending moments other causes for this decrease in
tensile stresses in the flanges of the box girder are:

e The chosen girder properties for the considered span length up to 500 metres. For each
span the same slenderness A = 1/95 of the box girder is chosen. So the height of the
box girder is with each increment of the main span linearly increased. Section
properties like the moment of inertia I, and the section modulus W (for calculation
the stresses) increase also. The moment of inertia of a box girder is determined by:
Iy;total =1 +1

In which Ieiner 1s the dominating component which is proportionate to the square of
height h of the girder (see Table 16). This indicates that the section modulus of

y;eigen y;steiner *

1
elasticity Wegr increases approximately linearly according to: W, = —~ . This
T oe
y
combined with the fact that the bending moments do not increase that significant, the
bending stresses decrease with an increasing span length, see also Figure 90.
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e The contribution of the normal force to the total stresses in box girder.

A graph is presented in Figure 92
which clearly shows that with an

increasing span the stress caused by
the compressive force in the girder
become dominant over the bending

stresses. Therefore a decreasing
development is visible in tensile
stresses presented in Figure 90.
Compressive stresses become

dominant in the cross section of the

box girder for an increasing span.

Total stress [N/mm*2]
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Contribution of normal stresses compared to bending |® bending stresses
stresses O normal stresses
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Main span [m]

Figure 92 Contribution of the normal compressive stress
in the top flange in the main span

Even a point can be reached where compression stresses can occur in the normally tensile
bottom flange of the box girder in the main span, see Figure 90, at a main span of 400 metres.
This will have effect on the design of the bottom flange in the mid of the main span, if
compression stresses occur also here, than local instabilities have to be checked and it is likely
that more stiffeners have to be applied (as is the case for the compressive bottom flange at

support location at the pylon).

Overall conclusion is that the level of stresses are of acceptable levels, when the span is
increased, and that the normal stresses become dominant over the bending stresses.

Stresses in main cable and hangers

The applied main cable and hanger properties for each span length are given in Table 17.

Table 17 Main cable and hanger properties

Main dcable Acable dhanger Ahanger
span [m] [mm] [mm”2] [mm] [mm*2]
150 210 34636 55 2376
200 280 61575 64 3217
250 350 96211 71 3959
300 420 138544 78 4778
350 490 188574 84 5542
400 560 246301 90 6362
450 630 311725 95 7088
500 700 384845 100 7854

Tensile stress level

Tensile stresses in main cable and hangers —Tensile stress in main cable|

——Tensile stress in hangers

S

0 100

200 300 400 500 600|
Main span [m]

Figure 93 Stress level in main cable and hangers

The level of the tensile stress in the decisive hanger stays approximately on the same level but
for the main cable a decreasing stress level is clearly visible in Figure 93. This result indicates
that stiffness is the governing design criteria for suspension bridges, even for relative short
spans up to 500 metres. The amount of material required for the main cable becomes with an
increasing span length less efficient on strength, the additional required main cable area is
needed to satisfy stiffness criteria, see also Figure 87.
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Stresses in pylon
Without any provisions, an increasing main span would increase the bending moments at the
pylon drastically and can therefore become critical, see Figure 94.

In practice the bending moments can artificially

be reduced to zero by giving the pylon an Bening moment at pylon basement
outward displacement to counteract the inward 350000
displacement caused in finalized stage of the 2000001

250000 -

bridge. This method can result in a completely
vertical pylon with zero bending®' in the final

self-weight loading condition. Therefore it has no 100000
sense to further analyze the stress conditions in 50000 |
the pylon. °

200000 -

150000 -

Bending moment

0 100 200 300 400 500 600
Main span [m]

Figure 94 Bending moment at pylon base

4.2.2 Developments on buckling stability of the stiffening girder

With the same approach as described earlier, presented in Figure 95, the buckling force is
determined for the stiffening girder of the bridge. For each increment of the main span, with
step sizes of 50 metres, the buckling force is
determined. An additional force of . :
AF = 400000 kN has been applied in order to i.mﬂfﬂf“lmnrmmﬂ./[ﬂ]‘Tf]"hmq_ﬁl.:
obtain visible second order effect in the
deflection of the stiffening girder.

Figure 95 Additional F to determine buckling force

Figure 96 presents the results for buckling force calculation for each considered span length
up to 500 metres for a loading combination including self weight, permanent loading, traffic
load over the full length of the bridge and pretensioning of the main cable.

) e Ncr main span
Euler buckling force Ner side span
— N Ed
5000000
4500000
Z' 4000000 //
g 3500000 /
£ 3000000 /
2 2500000 —
S 2000000 /
= 1500000 ——
S 1000000
w - —
500000
0 ‘ ‘ : ‘ :
0 100 200 300 400 500 600
Main span length [m]

Figure 96 Development of the Euler buckling force deck as a function of an increasing main span

Again buckling of the side span remains governing over bucking of the main span of the
girder. The buckling force N, for the side span is well below the N, of the main span, even
for an increasing main span up to 500 metres.

! Gimsing, N.J., Cable supported Bridges, Wiley&Sons, 1998
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The reason for the increased Euler buckling force for an increasing span is the fact that height
of the box girder is linearly increased with the main span. This will increase the moment
inertia more than quadratic, see Table 16, and so the bending stiffness is increased with the
same proportion.

If the above presented graph is expressed in the so called n-value than it becomes visible that
buckling is getting more and more critical with an increasing span. When the n-value defined
as:

cr;main span

main_span ~ N
Ed

_ cr;side span
side_span

n and »

Ed

The n-value for each considered span lengths are given in Table 18.
Table 18 n-values for main and side span

Main span Side span n-value side
[m] n-value main span [m] span
150 19,8 63 12,9
200 19,2 83 9,9
250 19,7 104 8,3
300 20,4 125 7,3
350 21,2 146 6,6
400 22,3 167 6,2
450 23,8 188 5,9
500 25,8 208 5,8

With the earlier given general used guidelines with respect to interpreting the n-values:

1<n<2 wrong design

2<n<3 design problems to be expected

n>3 proper design, however, geometrical non-linearity should be taken into
account

n > 50 consequences of geometrical non linearity can be neglected

The following conclusions can be made:

¢ Buckling of the main span is a downward buckling mode and would therefore
encounters upward resistance by the main cables and hangers. Buckling of the
side span is an upward buckling mode and would therefore encounter no
resistance by the main cable and hangers.

The upward buckling of the side span occurs at a much lower buckling force
N.r and is decisive over buckling of the main span.

e The buckling stability of the side span girder becomes more and more a critical
design issue with an increasing span up to 500 metres. The so called n-values
given in Table 18 indicate that the consequences on geometrical non-linearity
have become more evident with an increasing main span. But given the
guideline regarding the interpretation of the n-value, the considered span
lengths are still considered to be of proper design because the n-value is in all
cases well above 3.

e The given approach to research the buckling stability of the girder presented in
this part has shown that buckling of the main span is not decisive. In this
approach a stiffening girder is chosen with the same slenderness along the
complete length of the bridge. With n-values of 20 or more (see Table 18),
regarding buckling of the main span, a much more slender girder could be
chosen for the main span. This can be of great contribution to the reduction of
material use.
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So with respect to the buckling stability of the stiffening girder, a self-anchored suspension
bridge is possible up to a main span of 500 and maybe even beyond that. Assuming a
limitation for the girder slenderness of about A = 1/100 regarding the buckling stability of the
deck is point of discussion.

4.2.3 Frequency behaviour

A good indication for the resistance against flutter is the development of the ratio between the
torsional and bending frequency.

With an increasing main span both bending and torsional frequency decrease significantly but
the ratio between these frequencies stay well above the general accepted level of 2, see Table

19. When this ratio is above 2 than the structure should have enough resistance against flutter
instability.

Table 19 Frequency ratio for each span length

Main 1st 1st
span fbending ftorsion Ratio * This main span length is the same as the Yeoungjong Grand Bridge.
[m] [Hz] [Hz] filfy The natural frequencies for this bridge are:
150 0,72 4,43 6,2 15t focnding - 0454 Hz
200 0.6 34 57 15t fioreion = 1.223 Hz
’ ’ ’ The frequencies calculated in this research are nearly the same, only
250 0,52 2,81 5,4 for the torsional frequency there is a deviation visisble. This is caused
300* 0,46 2,35 5,1 by the fact that in in the Yeoungjong bridge a truss girder was applied
350 04 2 50 which has in general a lower torsional stiffness than box girders (used
400 0 236 175 4’9 in this research).
450 0,32 1,53 4.8
500 0,29 1,36 4,7
—\Vcr;vortex
Critical wind speed flutter and vortex — Verfutter
A decreasing ratio between the bending el
and torsional frequency indicates that the  |E 400
bridge structure becomes more sensitive : ool
for flutter. This is visualized in Figure 97 |z 2501
. 200
where the development of the critical Z 5]
wind speed for flutter and vortex is g0
plotted for the given bending and _=-=-=-=-=-=-===="
torsional frequencies in Table 19. 0 100 200 300 400 500 600
Main span length [m]

- = =V reference = 30 m/s
Figure 97 Critical wind speed for flutter and vortex as a
function of the main span

The critical wind speeds as presented Figure 97 are determined by:
e Vortex critical wind speed:  V =12* f*d,

crivortex

For vortex it should be verified that Vr.vortex > V reference

e Flutter critical wind speed: — 4% [ xpx 1_& « | M
cr; flutter t f; p * b3
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For vortex it should be verified that Vergutter > 1.3 * V reference

V reference 18 given also by the Eurocode NEN-EN-1991-2-4 Annex A. For the Netherlands
counts:
Vieference = 30 m/s

Figure 97 shows that the flutter phenomena becomes the governing dynamic response
phenomena when the main span length is getting larger. But for vortex shedding as well as
flutter, a self-anchored suspension bridge up to 500 metres should be stable, the critical wind
speed of both vibration motions is well above the reference wind speed Veference-

Wake galloping and Stall flutter are not considered because the following criterion is not met:
b<4*d, in which b = deck width and d, = structural height of box girder.

So the bridges up to 500 metres considered in this study are not vulnerable for these vibration

motions.

4.2.4 Developments on reaction forces

The reaction forces at the end support have to be anchored into a:
e Vertical anchorage, which resist the vertical component of the cable force.
e Horizontal anchorage, which resists the horizontal component of the cable force.
As the horizontal reaction force is resisted in the deck, only a vertical reaction force has to be
resisted externally. As described earlier in the literature survey of this study, there are two
ways to anchor this uplifting vertical component of the main cable force:
- tie down cables/structure. The deck is vertically anchored and tied down to a
foundation which activates a ground mass to compensate the vertical action.
Also a big counter mass like a concrete block could be applied.
- abracket at the location of the connection of the main bridge and approach
bridge. The weight of the approach bridge will balance the vertical force.
- acombination of these two mentioned methods.

Governing loading combination for the vertical reaction force in the end support is when the
side spans are unloaded, then no reducing effect of the traffic loading on the side span is
present. Figure 98 shows the increase of :

. . . Reaction forces ) i
the vertical reaction force in the end —— Horizotal reaction force
supports for an increasing main span. 180000
160000
140000
120000
100000 4

80000 1

60000 -
40000

Vertical reaction force

The critical issue will be the horizontal
anchorage of the main cable, see Figure
98. The combination of the rapidly
increasing horizontal cable force and the

Reaction force [kN]

much more complex nature of the 20003
horizontal anchorage makes it a o 00 a0 o o o o
bottleneck in the design process. Main span [m]

Figure 98 Reaction forces in end supports

The horizontal anchorage is a much more complex structure due to the fact that the main
cable has to be splayed in many individual strands which all have to be anchored individually.
Many provisions like strands shoes, sockets, steel plates and stiffeners are required to
introduce the cable force in the bridge deck, see Figure 99.
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Cable Anchorage Girder
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Figure 99 Cable anchorage Konohana Bridge

The vertical anchorage is a relatively less complex structure then the horizontal cable
anchorage. A vertical counter force has to be activated which is much more easy to introduce
into a heavy concrete block or a bracket connection to the approach span.

4.25 Material use

This part gives an estimation of the amount of steel use in the self-anchored suspension
bridge. The main bridge components like deck, pylon, main cable and hangers are executed in
steel in this study. The total steel use is sum of these components.
For each span up to 500 metres the amount of steel has been calculated and a differentiation is
made to the steel use of each of the before mentioned bridge components.
Basic assumptions for the determination of the material use include:
e (Girder: material use for the girder includes
-Top- and bottom flanges
-Webs
-Longitudinal stiffeners on top and bottom flanges and web
-An estimate of diaphragms and bracing with an intermediate
distance® of 2.5 times the construction depth h of the box girder
e Cables: effective area of the main cable and hangers
e Pylon: estimation of the material use for the box section of the pylon includes
longitudinal stiffeners.

Figure 100 shows the total amount of steel used for a main span up to 500 metres. For an
increasing main span the required amount of steel grows almost linearly. If a differentiation
is made to the several before mentioned bridge component it becomes clear that the dominant
part in material use is the stiffening girder. Figure 101 shows that the girder consumes by far
the most amount of steel. But it also becomes visible that with an increasing span the required
amount of steel in the main cable is getting significant.

2 Romeijn, A. CT5125 Steel Bridges Part 1&2. Faculty of Civil engineering and Geosciences
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Figure 100 Total amount of steel

Figure 101 Steel use per category

The total steel use can also be expressed in the steel use per meter of length of the bridge.
Table 20 gives an estimation of the steel use per meter of bridge based on the assumption of

this research.

Table 20 Steel use per meter

[m]

Main span length

150 | 200 | 250 | 300 | 350 | 400 | 450 | 500

Steel use [ton/m] 19,1 | 19,7 120,5(21,4|22,4 23,6 249|263

Regarding these findings the following remarks have to made:

As Figure 101 clearly shows is that much attention needs to go out for the
design of the stiffening girder. Saving material in this bridge component can
reduce the total amount of steel use significantly. Weight saving can be
achieved by adjusting the girder slenderness, reducing the structural height
improves the self weight. But this will have effect on the buckling resistance,
frequency behaviour and erection phase of the bridge.

Figure 101 shows also a development of the relatively growth of the required
steel for the main cable. Although this material (high strength steel) is more
expensive than the structural steel used for the other bridge components, this
bridge element has the most efficient load transfer (because it is only tensile
loaded) and it is therefore profitable to put more material in the main cable in
order to be able to reduce the material use in the stiffening girder. Because the
stiffening girder is loaded with large bending moments, this bridge component
is much less efficient in material use because many provisions have to made
with respect to local stability within the plated box girder.

Also the presented parameter study has shown that increasing the axial
stiffness of the main cable (putting more material in the cable) reduces the
bending moments significantly in the stiffening girder.

So an optimization can be made with respect to the ratio of axial stiffness of the main cable
and the required material use for the box girder. Putting more material in the main cable can
reduce the required mechanical properties and material use of the stiffening girder. In that
way a significant reduction can be achieved in the total material use and therefore the costs.
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4.2.6 Effects on the erection

There are two main erection methods to distinct nowadays:

e Cantilever method by means of the cable stayed method

e FErecting by use of temporary supports
For a more detailed description of both methods, reference is made to the literature survey of
this study, part 6.2.1.
Both methods have in common that erection of the deck has to take place prior to the erection
of the main suspension cable.
Great advantage of the first mentioned method is the elimination of temporary supports in the
navigation channel. But the fact is that this method implies building a cable stayed bridge
first, then erect the main cable and subsequently take away the cable stays. This will justify
technically and economically the choice for a cable stayed bridge, and not a self-anchored
suspension bridge. Only esthetical reasons remain as justification to build a self-anchored
suspension bridge.
The second mentioned method, erecting on temporary supports, is nowadays the most
accepted method to erect a self-anchored suspension bridge. Both Konohana bridge and
Yeoungjong Grand bridge (and many others) have been built using this method. The
economical and technical feasibility of this erection method depends on several factors like:

e The number of temporary supports

e The distance between the temporary supports
These two factors greatly influence the design of a self anchored suspension bridge in costs,
erection and structural properties of the stiffening girder. An optimum should be achieved in
the number of- and distance between the temporary supports in order to reduce the cost and
the need for excessive bending stiffness of the stiffening girder.

Number of- and distance between temporary supports
For the considered bridges in this study with a main span up to 500 metres, an exploration is
given now on the consequences for erection on temporary supports.
A calculation is made to determine the maximum free span length of the box girder based on
the assumptions that:
e The box girder is simply supported between two temporary supports. So for the
effective width calculation only the B; factor is calculated for sagging bending.
¢ Only self weight of the steel box girder is taken into account, because no traffic
loading and permanent loading like asphalt occurs in this stadium of the bridge
erection.
e According to NEN-EN 1991-2-6 part 4.1.3, the safety factor for self weight during
erection YG.sup = 1.05
e The maximum bending moment in the box girder during this stage is determined by
the distance between the temporary supports according to:
1 2

— % *
max;sagging 8 qse_lﬁzveight temp.sup.
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Based on these assumptions the maximum achievable free span length of the box girders
(applied in the bridge models up to 500 metres) are given in Table 21.

Table 21 Achievable free span length and number of required temporary supports

Main Side Height |Maximum | Temporary | Temporary

span span box free span | supports |supports |Total

length length girder length in main in each temporary

[m] [m] [m] [m] span side span | supports
150 63 1.6 56 2 1 4
200 83 21 72 2 1 4
250 104 2.6 95 2 1 4
300 125 3.2 122 2 1 4
350 146 3.7 144 2 1 4
400 167 4.2 164 2 1 4
450 188 4.7 180 2 1 4
500 208 5.3 196 2 1 4

This table shows that for each span length the box girder, with a slenderness of A = 1/95, has
enough stiffness to span over 1/3 of the main span, meaning that 2 temporary supports are
sufficient for each considered span length.
Also a temporary support in the side span is necessary for all span lengths, making the total
required temporary supports 4. But Table 21 shows that the temporary supports in the side
span can be eliminated if:
-A less slender deck is chosen, in that way the section modulus Wy is increased and
therefore the maximum free span length during erection is bigger.
-The side span length is reduced. In that way the free span length of the box girder is
sufficient enough to span the complete side span in erection phase.
Elimination of the temporary supports in the side span reduces the total number of required
temporary supports to 2. But in general it is not a problem to situate temporary supports in the
side span, it is the main span where the temporary support will cause more problems.

Required lifting capacity

With 2 temporary supports in the main span, huge deck Deck
sections have to be lifted by a (floating) crane or strand Main section | Crane
jack systems. An increasing span of the bridge has large | SPan length | capacity
consequences on the required lift capacity of the crane. [m] [m] [tons]
Table 22 gives an indication of the required crane ;gg g(; 1924659
capacity to lift the huge deck section (approximately with 250 83 1597
a length qf 1/3 of the main span) on two temporary 300 100 1931
supports in the main span. 350 117 2268
400 133 2611
Regarding erection cost an optimization has to be made 450 150 2958
with respect to the number of temporary supports and the 500 167 3309

lift capacity of the (floating) crane.

Table 22 Required lifting capacity
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4.3 Evaluation and conclusion for an increasing span length

Several design issues have been evaluated in this chapter with respect to an increasing main
span of a self-anchored suspension bridge. This part will briefly discuss these design criteria
and mention the critical issues which require consideration in the design process of a self-
anchored suspension bridge in general.

o Stiffness
An important aspect to influence the force distribution in a (self-anchored) suspension bridge
is the ratio between the deck bending stiftness Elgirqer and the axial stiffness EAcapie. It 1s more
profitable to put more material in the main cable (increasing axial stiffness) in order increase
the stiffness of the bridge and to reduce the bending moments in the stiffening girder.
Designing and dimensioning structural bridge members under bending is always less effective
and more material consuming then that of members under tensile loading, such as the main
cable.
The stiffness criteria, expressed in allowable deflections, are easily met by choosing the
proper dimension for the main cable. For a bridge span length up to 500 metres, global
stiffness is not a critical design issue.

o Static strength
The stress levels in main cables have shown that stiffness is the governing design criteria over
static strength criteria of the main cable.
For the box girder a distinction can be made between tensile and compressive area for the top
and bottom flanges. Critical area is the support of the girder near the pylon. The large hogging
moment introduces high compressive stresses in the bottom flange at this location. But in
practice these stresses can be adjusted by means of support displacements in construction
phase of the bridge.
A second critical issue is that for an increasing span, the compressive stresses (introduced by
the main cable) in the girder become dominant. This can have consequences on the local
stability for the normally tensile bottom flange in the mid of the main span. More stiffeners
are required then on the bottom flange in the main span.
But overall for an increasing span length, stress levels in the box girder are of manageable
levels. Local additional plate thicknesses and stiffeners are required for some locations
depending on the span length.

o Buckling stability of the stiffening girder
An upward buckling of the side span is the decisive buckling mode of the stiffening girder.
Downward buckling of the main occurs at a much higher buckling force N, than for the side
span.
Research to the buckling phenomena of the side span has shows that with an increasing span,
the resistance against buckling of the side span reduces. Up to a main span length of 500
metres, buckling of the stiffening girder should be analyzed in the design process but it is
possible to reach such a span length.
The chosen slenderness A = h/1 main span 0f about 1/95 (until now the most slender deck ever
applied in a self-anchored suspension bridge; Konohana bridge in Japan) of the box girder is
sufficient to reach a span length of 500 metres. With respect to buckling of the main span of
girder, even a much more slender deck in the main span seems possible. Investigating the
possibility of a variation of the deck slenderness in longitudinal direction of the bridge
(application of stiffer deck in the side than in the main span) could greatly reduce the material
use.
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o Frequency behaviour
Regarding the natural frequencies, the torsional and bending frequencies are well separated
for a span length up to 500 metres when a box girder is applied. The ration between fyending
and fiorsion 18 Well above 2. So the self-anchored bridge type in this research has enough
resistance against flutter.
For an increasing span, flutter becomes more critical than vortex shedding of the deck. But the
critical wind speed for both vibration motions is well above the reference wind speed Vieference
indicating that bridges up to 500 have enough resistance against these two phenomena.
Attention has to go out to the aerodynamical shape of the girder. For cable supported bridges
it is generally advised to execute wind tunnel test to check if the bridge model has enough
resistance against vortex and flutter girder instabilities.
The natural frequencies obtained in this research give room for the possibility of choosing a
more slender deck than A = 1/95 that is chosen in this research.

e Reaction forces
Due to the complex nature of the horizontal anchorage of the main cable, the horizontal
anchorage requires much attention. For an increasing main span, the horizontal cable force
increases rapidly and is has enormous consequences for the horizontal anchorage. The
introduction of the horizontal cable force requires many provisions like anchor shoes, plate
stiffeners. With an increasing main, the main cable diameter increases and contains more
strands to be anchored.
For the large span bridges an anchorage in which the cable is looped around the deck is worth
consideration (as applied in the East Bay bridge, see 5.5.4 of the literature survey)

e Material use

By far the biggest part of material use is required for the stiffening girder. For a bridge model
with a main span up to 500 metres, at least 70 percent of the total material use is taken by the
stiffening girder. And for an increasing main span also the contribution of the material use in
the main cable becomes significant. Up to 25 percent of the material use can be taken by the
main cables and hangers.
So the biggest cost reduction can be achieved by saving material in the stiffening girder. This
can be achieved by:

-Reducing the slenderness of the girder in the main span. As shown earlier, for

buckling resistance a more slender girder can be applied in the main span than in the

side span.

-Increasing the axial stiffness EAcapie in order to reduce the bending moment in the

girder.

-Optimization of plate thicknesses along the length of the girder.

e Effects on erection of the bridge

With a slenderness of the girder of A = 1/95, a free span length of more than one third of the
main span can be reached. This results in 2 required temporary supports in the main span and
one in each side span. The temporary supports in the side span can be eliminated by:

-Reducing the side span length

-Increasing the stiffness of the girder, keeping attention on the buckling stability of the

side span is necessary.
Erection of the deck on temporary supports results in a relatively high required stiffness of the
deck to reach a certain free span length. Not the stability phenomena of the deck but the
erection method is governing for the required slenderness of the deck.
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Conclusion
This chapter has presented the exploration of the span possibilities of a self-anchored
suspension bridge with a main span up to 500 metres. It has been shown that it is technically
feasible to achieve a span length up to 500 metres. The expected problems regarding the
buckling stability of the main girder has turned out to be feasible for span lengths up to 500
metres. Main topics of attention for designing a self anchored suspension bridge with a large
span are:
-Support conditions of the girder at the pylon. Large compressive and tensile stresses
in the flanges of the flanges of box girder can occur. The hogging moment at this
location introduces high stresses in the flanges. Attention has to go out for support
displacement during erection of the bridge which can reduce the stresses in finalized
condition of the bridge.

-The possibility of compressive stresses in the bottom flange of the box girder in the
main span. This zone is in general an area where tensile stresses occur due to the
global bending moment. So in normal tensile stress condition in the bottom flange of
box girder in the mid of the main span, no local buckling stability has to be
considered. But for a larger getting main span of a self-anchored suspension bridge,
compressive stresses can occur in the bottom flange at the mid span, see §4.2.1 for a
main span length of about 400 meters and beyond that. This requires more longitudinal
stiffeners to resist local buckling instabilities which is more material consuming and
therefore more costs are involved.

-Required slenderness of the box girder is mainly dominated by the erection method
on temporary supports and not so much the buckling stability. Depending on the
circumstances during erection the slenderness of the box girder is can be even more
slender than A = 1/95.

-Buckling of the stiffening girder. There is a difference in the buckling force N, of the
side- and main span. Based on the assumptions in this research, buckling of the girder
in the side span is decisive. A chosen girder slenderness of A = 1/95 is sufficient to
resist buckling. For the main span even a more slender girder is possible because the
n-value is about 20-25 for a span length up to 500 metres. A slender girder can be of
great contribution of cost reduction, since at least 70 % of the total steel use in the
bridge is taken by the girder.

-Horizontal anchorage. Introducing the cable force in the deck requires attention for
splaying the and individually anchoring of the steel strands. With an increasing main
the axial compressive force increases quickly.

-Erection method. Stiffness of the deck and the related free span lengths determine the
required number of temporary supports during erection. Increasing the stiffness of the
deck also increases the maximum distance between the temporary supports but
requires more lifting capacity and is more material consuming.

-In this case a sag over span ratio has been chosen of 1/5 in order to reduce the
bending moments and normal force in the girder. Regarding the buckling stability of
the girder, which is sufficient with a girder slenderness of A = 1/95, a smaller sag ratio
can be considered which increases the normal force the deck. Decreasing the sag to
span ration contributes to the reduction of the main cable length and pylon height.
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5 Erection aspects of the New City bridge at Nijmegen

A successfully design of a self-anchored suspension depends also on the feasibility of the
erection method. As shown earlier the required mechanical properties of the girder can
depend greatly on the chosen construction method. So the way of construction should already
be considered early in the design process.

Choosing an erection method mainly depends on local conditions of the surrounding area of
the construction site of the bridge and criteria imposed by the client. Therefore it is hard to
conclude something in general for a construction method in case of self-anchored suspension
bridges. To make an assessment for the construction method, the situation of Nijmegen and
the Waal river is used again.

A brief exploration is made to point out the critical issues in erecting a deck prior to the main
cable.

5.1 Criteria Nijmegen City

Chosen design by engineering office Iv-Infra

The feasibility and design of a self-anchored anchored suspension bridge for Nijmegen was
researched by engineering office Iv-Infra Amsterdam. This design proposes a main span of
335 metres which would mean that the longest existing span is exceeded by more than

10 percent.

To explore and evaluate a construction method for a self-anchored suspension bridge at
Nijmegen presented in this chapter, focus is made on a main span of 350 metres. In that way
nearly the complete river is spanned.

Design criteria regarding erection

Several design criteria are defined by the city council of Nijmegen regarding the erection of
the New City Bridge. The following statements® count for the Waal river near Nijmegen
where the construction site is located:

Part 3.1.3 Navigation clearance

ID Description

11,2,4,2 [ 80% of the of normal navigation width (265 metres)

The minimal required vertical navigation clearance of 9.10 metres should be available for at least

Part 3.5.4 Erection

ID Description

Shipping traffic must be able to continue and encounter as little nuisance as possible during
11,6,5,3 | erection of the bridge

11,6,5,4 | No obstacles are allowed in the navigation channel

11,6,5,5 | erection

The minimal required navigational clearance (width and height) may be temporary altered during

11,6,5,6 | bridge that is in the vicinity of the New City Bridge

The minimal required vertical navigation clearance may not be smaller than that of the Railway

The normal navigation width (265 metres) should be maintained as much as possible during
11,6,5,7 | erection of the bridge. A partial obstruction of the navigation channel is allowed incidentally

» PvE Stadsbrug versie 1_0 20juni06.pdf, collected from the website:
http://www2.nijmegen.nl/mmbase/attachments/359936/PvE_Stadsbrug_versie_1_0_20juni06.pdf
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So no clear restrictions are defined for the possibility of- and distance between temporary
supports in the Waal river. Temporary and partly blocking of the navigation channel is
allowed, enabling the erection on temporary supports in the Waal river for constructing a self-
anchored suspension bridge.

5.2 Exploration of erection methods

A short exploration is given on the erection methods of the two most significant self-anchored
suspension bridges; Konohana and Yeoungjong Grand bridge. And because of the unique
character and construction method, the construction method of the Nescio bridge in
Amsterdam is given.

5.2.1 Existing methods

An exploration of existing and most recent construction methods comprise the erection on
temporary supports and utilizing temporary cable stays.

Construction Konohana bridge
The main aspects in the construction of the Konohana Bridge are presented in Appendix 8a
Erection of Konohana Bridge. The main features are summarized here:

Distance between temporary supports of 120 metres

Heaviest section lifted by a floating crane of 2670 tons

2 temporary supports in the main span

1 temporary in one of the side spans. This side span was situated partly over land
where the crane could not reach to lift a deck section. There it needed temporary
support in one of the side span.

e The deck section in the middle was erected at the end a lifted on two ends of deck
which cantilevered out over the temporary supports.

Construction of Yeongjong Grand Bridge
The main aspects in the construction of the Konohana Bridge are presented in Appendix 8b
Erection of Yeoungjong Grand Bridge. The main features are summarized here:

Distance between temporary supports of about 100 metres

Heaviest section lifted by a floating crane of 3072 tons

2 temporary supports in the main span

1 temporary in each of the side spans. The deck section in the middle was erected at
the end a lifted on two ends of deck which cantilevered out over the temporary
supports.

Construction Nescio bridge Amsterdam
The main aspects in the construction of the Konohana Bridge are presented in Appendix 8c
Erection of Nescio bridge The main features are summarized here:

e Heaviest section lifted by a floating crane of 570 tons**

?* Habraken, A., Y. Ichimaru, Nesciobrug Amsterdam, Met een slinger over het kanaal, Bouwen met Staal 193,
December 2006
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e The lifted deck had total a length of 200 metres.

e The deck was completely prefabricated and transported on a barge to Amsterdam,
travelling over more than a 100 km.

e Deck was lifted in one piece (of 200 metres) and supported on the permanent end
supports and by temporary stay cables attached to the pylon.

During the erection of the Nescio bridge temporary stay cables were used. Given the relative
light weight of the deck section of 570 compared to sections used for the Konohana and
Yeoungjong Grand bridge, it was possible to use only two stays in the main span to support
the deck.

Conclusion
This brief exploration shows that these three most recent self-anchored suspension bridges
exhibit two main similarities in erection, i.e.:
-lifting large and heavy deck section up to almost 3100 tons with lengths of 100-
200 metres.
-temporary support of the deck by means of a temporary piers for heavy deck sections
-temporary support of the deck by means of temporary stay cables for relatively light
weigh sections.

5.2.2 Alternative methods

Some possibilities are briefly discussed in order to explore the erection of the main cable prior
to the deck.

Possibility of erecting main cable prior to the girder

This method would enable a construction sequence that is similar to a conventional
suspension bridge where the main cable is erected first and the deck is lifted in sections and
connected to the hangers. In this way the temporary supports are eliminated. But with an
absence of an external anchorage the horizontal cable force has to be resisted by means of :

e Compressive struts in the side span
To resist the horizontal cable force, a compressive strut is needed in the side
span that reaches from the end support to the basement of the pylon.

Figure 102 Compressive strut in each side span

The compressive struts require an enormous length and therefore very prone to
buckling. Also the pylon’s basement will have to resist a horizontal component
which has consequences for the pile foundation that is mainly designed for
vertical loading and bending moments.
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e Bending of the pylon
The earlier erected side spans (with or without the use of temporary supports)
could be utilized as a compressive strut to stabilize the horizontal cable force.

/ e

f‘/

Ererd

Figure 103 Utilizing the erected side span

The deck will have to be horizontally fixed at the pylon and introduce the
horizontal force in the pylon resulting in a bending moment. Also the
foundation of the pylon has to resist a horizontal force which is not a desirable
situation.

e Erecting a temporary external anchor block

The self weight condition of the bridge is so large compared to the traffic
loading condition, that the required dimensions for a temporary external
anchorage are almost that of an anchorage required for a finalized situation of
the bridge. This method will justify for a permanent external anchorage
resulting in a conventional suspension bridge and is therefore not logical to
consider.

/ e ’
o 1\

Figure 104 Temporary external anchorage

To be able to erect the main cable prior to erection of the deck, requires drastic temporary
measures and will not be further considered.

Nijmegen city

Based on these findings a point of departure is defined to explore a construction method for a
Bridge in Nijmegen. Based on the heavy required box section for the city bridge at Nijmegen
the generally most accepted construction method will be briefly discussed in the next
paragraph: constructing with temporary piers in the Waal river.

Points of interest are evaluating the consequences for the:
-distance between temporary piers
-required dimensions of the deck
-required lifting capacity of the (floating) crane
-structural consequences for the deck
-distance of cantilevering over the temporary supports

Point of departure will be a bridge with a main span of 350 metres, similar to the design
proposal of engineering Iv-Infra offered to the city council of Nijmegen.
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5.3 Constructing with temporary piers in the Waal river

First a brief exploration is given in the achievable maximum distance between the temporary
supports. Emphasis is made on the fact that many variances are possible on the distances and
number of temporary supports in the main- and side span. The brief exploration given in this
part focuses mainly on the recognition of general structural problems for the deck under self
weight loading that occur during this stage.

For navigational purposes it is desirable to maximize the distance between the temporary
supports. The basic assumption for this exploration are:

e The box girder is simply supported between two temporary supports or between zero
bending location in the bending moment line. So for the effective width calculation
the B; factor for sagging and [, factor for hogging moment are determined by the
effective length L.s between the temporary and permanent supports.

e Only self weight of the steel box girder is taken into account, because no traffic
loading and permanent loading like asphalt occurs in this stadium of the bridge
erection.

e According to NEN-EN 1991-2-6 part 4.1.3, the safety factor for self weight during
erection YG.sup = 1.05

e Temporary supports in the side will not be a critical issue and is assumed to be located
at the mid of the side span. Other configuration are possible but will not greatly
influence the critical main span conditions during erection.

5.3.1 Simply supported between temporary supports

As shown in §4.2.6, the free span length of a simply supported box girder with a slenderness
of A = 1/95 is about 144 metres (with girder properties as shown in Table 16). This situation
means that the temporary supports would reduce the navigation width (265 metres) of the

Waal river significantly, see Figure 105 . To lift a deck section of 144 metres long requires a
lift capacity of about 2800 tons.
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Figure 105 Temporary supports Waal river

Some measures to increase the distance between the temporary supports are for instance:
e Increasing the strength of the deck, for instance by means of choosing for a less
slender deck.
e Temporary pretensioning of the lifted deck section by an internal pretensioning cable.
This enhances the moment capacity of the deck enabling a larger free span length.
Furthermore it is desirable to have a zero difference in rotation of the location of the two deck
sections where they are welded together (at the location of zero bending at the supports), so a
camber should be applied on each lifted prefabricated deck section in order to ensure that the
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deck section is in horizontal position after self weight deflection between the temporary
supports.

Another point of attention is the shear force during erection. The shear force in erection phase
is much higher than in the situation of the continuous supported deck by the hangers. The
maximum shear force in this case is determined by Viq = 72*qseir weight * Li:distance temp.supports. The
maximum shear force capacity of the cross section is determined by NEN-EN-1993-1-5:

oo St 355%3685%13%2

ot \/§7M1 \/g

The acting maximum shear force in the deck during this erection scheme is Vgg = 13320 kN
So the shear force capacity is still sufficient in erection phase but remains an issue to be
checked for erection phase of the bridge.

=19637kN

Points of attention

The main points of attention for this method are:
-Camber of deck sections. A lifted deck section of 144 metres requires a camber of
about 780 mm in order to be in horizontal position after deflection and to be able to
weld this section to other sections.
-Welding conditions at the temporary and permanent supports to connect the deck
section.
-Reduction of the navigation channel to 55% involves risk of collision.
-Bending moment condition after hanger installation. Due to the simply supported
condition between the temporary supports the bending moment distribution after
hanger installation will deviate from the assumed condition as mentioned in §1.1.7.
-Prefabrication and transport of the large deck sections

5.3.2 Erecting as a continuous beam

In the finalized stage of the erection of the deck, when all sections are welded together, the
deck can be considered as a continuous beam on temporary- and permanent supports. The
sagging- and hogging bending moments due to self-weight in this situation determine the
stress condition in the flanges of the box girder. The location of the zero moments can be
utilized to divide the entire deck into several sections to be lifted. In that way the last section
in the mid can be lifted between to canti-levered deck sections over the temporary supports,
see Figure 106. The length of this section depends on the location of zero bending in the main
span, see Figure 107.

by
2

Figure 106 Canti levered deck sections

According to the given erection criteria given by the city council of Nijmegen, see §5.1, it is
desirable to span at least 80 percent of the navigation width of the channel. This results in a
required distance of the supports of approximately 210 metres.

The bending moments of a finalized erected deck under self weight loading on temporary
supports with a distance of 210 metres is given in Figure 107.
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Figure 107 Bending moments [KNm] with temporary supports at 210m distance

This moment distribution reveals critical spots for the deck at two locations:

1. hogging moment at temporary supports in main span

2. sagging moment field location in the mid of the main span
Other locations along the length of the deck during erection will cause no problem due to the
limited bending moments compared to location 1 and 2 mentioned above.

With girder properties as shown in Table 16 the stresses at these locations are:

Location 1.:
Table 23 Stresses box girder erection phase, location 1
Effective width B1 ;top flange 011 79
B'I ;bottom flange 0,1 96
Plate thickness flanges | t equivalent flange top 40 mm
location 1 t equivalent flange bottom 20 mm
Effective section
modulus Wietttop 953303462 mm°
Wit bottom 604543040 mm?
Stresses flanges Olop flange 586 N/mm?
Obottom flange 923 N/mm?
Shear force VEd 19079 kN
Shear force resistance Verd 19637 kN
Location 2.:
Table 24 Stresses box girder erection phase location 2
Effective width B1:top flange 0,434
B1 ;bottom flange 05485
Plate thickness t cquivalent flange top 40 mm
t equivalent flange bottom 20 mm
Effective section
modulus Wt top 2265817108 mm®
Wettottom 1361830242 mm®
Stresses flanges Otop flange 196 N/mm?
Obottom flange 326 N/mm2
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The stresses in the flanges of the box girder at the location 1, see Table 23, are well above the
acceptable yield strength. These peak stresses can be solved by an application of additional
plate thicknesses in the flanges over a certain length near the temporary supports.

Tabel 25 Stresses at location 1 with additional plate thickness
Additional plate

thickness t cquivalent flange top 75 _mm
location 1 t cquivalent flange bottom 60 mm
Effective width B1:top flange 0,179
B1 ;bottom flange O! 1 96
Effective section
modulus Wetttop 1782264229 mm’®
Wettbottom 1593873380 mm’
Stresses flanges Otop flange 313 N/mm?
Obottom fiange 350 N/mm’

Tabel 25 shows that when additional plate thicknesses are applied in the box girder at the
temporary support location, the stresses are reduced to acceptable levels. The additional plate
thickness should be applied in the area where the bending moment, given in Figure 107,
exceeds the moment capacity of the box girder with normal plate thicknesses i.e.

My Rd:box girder = Wettbottom * fy = 214613 kNm. The extra required plate thicknesses are
required over a length of about 53 metres near the temporary supports as shown in Figure 108.

extra required exira required
plate thickness plate thickness
53im 53m
_|_|| I_l_l_

by

210m

114157
— EREE

, -29527

Figure 108 Required length for additional plate thicknesses

Other possibilities for reducing the hogging moment at the temporary supports, like support
displacements of the temporary supports, are not discussed but can be worth considering.
Lowering a support reduces the hogging moment but increases the sagging moment in the
field.
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Erection sequence of the deck

Based on the location of zero bending in each step, the deck can be divided in several section
which have to be lifted individually in a certain sequence. The deck can be welded together at
the zero bending location after each erection step as presented in Figure 109.
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Figure 109 Lifting sequence of deck sections & zero bending locations in M line

Figure 109 shows the following erection steps:

Step I: Lifting the a section of 94 metres on the permanent end support and a temporary
support in the side span.

Step 2: Erecting a deck section of 70 metres on the canti levered part of section 1 and the
permanent support near the pylon.

Step 3: Erecting a deck section of 87 metres on the permanent support near the pylon and the
temporary support in the main span.

Step 4: Erecting the closing deck section of 140 metres between the two cantilever parts of
section 3. This step will introduce the decisive bending moments and stress conditions in the
deck during erection.

Points of attention
-Additional plate thicknesses in the flanges are required in the cross section of the box
girder at the location of the temporary supports in main span.
-Other option to reduce the hogging moment situation at the temporary support is to
apply a support displacement. This has both influence of the hogging moment at the
support and the sagging moment in the field.
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-Shear force condition. Table 23 shows that the shear force after step 4 in the erection
sequence is becoming critical but still sufficient provided that enough longitudinal and
transverse stiffeners are applied at this location.

-Production and erection of the temporary supports

-Prefabrication and transport of the large deck sections

-Navigation clearance underneath the deck during erection

-Collision risk of the temporary supports by shipping traffic

Erecting the deck on temporary supports introduces many problems and decisive stress
conditions compared to the finalized stage of the bridge.

5.4 Constructing without temporary piers in the Waal river

Constructing without any temporary supports in the Waal river implies that temporary stay
cables have to be used to erect and temporary support the deck. Using temporary stay cables
can either be used without any- or in combination with some temporary supports. Some
erection possibilities with temporary stays in combination with temporary supports are given
in Figure 110 and Figure 111. Many variation to these configuration are possible.
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Figure 110 Erecting with temporary stay cables
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Figure 111 Erecting with temporary stays and temporary supports in the side span

Both methods imply the same bending moments in the deck, large hogging moments will
occur at the location of the stay cables and supports.

The elimination of the temporary supports in the main span is a big advantage of this method.
As shown in §5.3.2, large hogging moments require many provisions in the cross section of
the box girder. By using more than two temporary stay cables in the main span, the hogging
moment can be reduced which is favourable for the stress conditions in the box girder in this
phase.
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Erection sequence of deck
This erection method is similar to that of the erection of a cable stayed bridge. Two main
erection sequences are known for this bridge type, see Figure 112 and Figure 113.
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Figure 112 Erecting side span first

Figure 113 Cantilever process from pylon

Points of interest

Many issues are of importance for the evaluation of this method.
-Number of stay cables
-Properties of stay cable
-Vertical anchorage reaction at end support which can be decisive over the finalized
situation of a parabolic main cable.
-Shear force condition in the deck
-Anchorage of the stay cables to the deck
-Conditions at cable saddle on the top of the pylon, placement of stay cables and
parabolic main cable.
-Erection of the main cable and hangers and the removal of the temporary stays
afterwards.
-Combination with use of temporary supports in the side span and/or partly in the main
span
-Navigation clearance underneath the deck during erection

Many factors influence the feasibility of this erection method but in general when many stay
cable are used the structural consequences for the deck can be less severe compared to the
erection method solely on temporary supports as shown in §5.3.2. Another advantage is that
smaller deck sections can be lifted which reduces the required lifting capacity of the crane or
strand jacks.

A more detailed evaluation of this method is worth considering for the situation at Nijmegen
city where a busy navigation channel makes it not desirable to apply temporary support in the
main span. Reference is made to the erection methods used for cable stayed bridges.

5.5 Conclusions regarding erection

The brief exploration of an erection method for the new city bridge near Nijmegen city shows
that in general the erection phase can cause a decisive stress situation for the deck compared
to the finalized phase. During erection the deck is supported on a few temporary supports and
permanent supports introducing large shear forces and sagging and hogging moments on
locations which do not occur in a finalized situation of the deck where it is continuous
supported by many hangers. The stress conditions in the box girder in erection phase can
require a much stiffer deck than is required for the stress conditions and stability issues in
finalized conditions of the bridge.

For the situation of Nijmegen city a reduction of the navigation width of 265 metres can be
minimized to 80% (210 metres). But the consequences are that extra provisions have to be
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made on the deck to be able to erect the deck on temporary supports with a distance of 210
metres.

It is clear that a further reduction of the distance between the temporary supports is desirable

because it leads to less severe structural consequences for the deck during erection. The
downside is off course that it gives more interference of the navigation channel.

The possibility of erecting without the use of temporary supports but stay cables is an
attractive alternative in order to eliminate interference of the navigation channel. Other
advantage is that the structural consequences can be less severe compared to the situation
described in §5.3.1. But this method remains laborious and gives a justification for the
application of a cable stayed bridge instead of a suspension bridge.

In general erecting a large self-anchored suspension bridge requires attention for:
-Erecting large prefabricated deck sections
-Required lifting capacity of a crane or strand jack are significant
-Shear force condition during erection
-Stress condition at temporary supports/ stay cables during erection in the box girder
can require extra provisions
-Welding procedure of the erected deck sections
-Number of and distance between the temporary supports
-Prefabrication and transport of the large deck sections
-Interference of the navigation channel
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6 Overall conclusions and recommendations

Based on this M.Sc. study to the structural behaviour and main span possibilities of a self-
anchored suspension bridge, the following overall conclusions and recommendations can be
made.

6.1 Conclusions

Structural behaviour

A parameter study on the structural behaviour of a self-anchored suspension bridge has
revealed that for the global force distribution the ratio between the deck bending stiffness
Elgirder and the axial stiffness EAmain cable 1S an important aspect. The global stiffness of- and
the maximum bending moment in the girder are greatly influenced by these bridge
parameters. Regarding the global buckling of the stiffening girder it has been shown that the
side span is decisive, the n-value for the upward buckling of side span is much lower than for
the n-value of the downward buckling of the main span. A remark is made that these findings
are based on the geometry ratio, of for instance side span to main span, that are made in this
research. Adjustment of side span length can increase the resistance against buckling.

The overall conclusion of the parameter study into the structural behaviour is that on static
strength, stiffness, frequency behaviour and the buckling stability of the box girder, a deck
slenderness of the box girder of A = 1/100 or even more slender is feasible.

Some local critical aspects in such a bridge are the support conditions of the girder at the
pylon and the horizontal anchorage at the end support. Both location are imposed by locally
high stresses which require attention for extra provisions in the cross section of the box girder.

Main span possibilities

The exploration of the span possibilities of a self-anchored suspension bridge has shown that
it is technically feasible to achieve a main span length up to 500 metres. The expected
problems regarding the buckling stability of the main girder has turned out to be feasible for
span lengths up to 500 metres. Regarding static strength, stiffness, frequency behaviour and
buckling stability, a girder slenderness of A = 1/100 and even more slender is feasible. Even a
main span beyond 500 metres is in technical view possible. An increasing main span up to
500 metres does show that the normal stresses in the box girder become dominant over the
bending stresses, which can result in overall compressive stress conditions in the girder’s
flanges. Also the buckling stability of the girder becomes more critical for an increasing main
span but still feasible. The so called n-value decreases from n = 13 for a span length of

L = 150m to an n-value of n = 6 for a span length L = 500. This indicates that the buckling
resistance at 500 metres is still sufficient but requires close attention in the design process.
The most limiting factor for the slenderness of the girder is the erection phase of the bridge.
Depending on the number of- and distance between the temporary supports, the stress
conditions during erection can easily govern the design of the cross section of stiffening
girder. The choice for the construction method between erecting on temporary supports or
temporary stays has influence on the extent of the required provisions for the box girder
during erection.
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Erection

The erection stage of a self-anchored suspension bridge remains the critical design issue. The
deck encounters decisive stress conditions in this stage compared to the finalized stage of the
bridge. An optimisation is to be found regarding the number of temporary supports allowed in
the navigation channel and the structural consequences for the deck. A deck slenderness of
about A = 1/100 makes it possible to span at least 1/3 of the main during erection stage. In that
way only two temporary supports are required in the main span.

6.2 Recommendations

In the pre-design process of a suspension bridge in general, the ratio between the
bending stiffness Elgeck of the deck and the axial stiffness of the main cable EA ,pie
should be evaluated. The maximum bending moment in the girder and global stiffness
of the entire bridge is mainly determined by these two bridge parameters.

The support conditions of the girder near the pylon introduce peak stresses due to the
hogging moment and torsional effects by symmetric and asymmetric loading
conditions. A detailed design should asses the required number of-, location of- and
plate thicknesses of the longitudinal and transverse stiffeners to meet the local static
strength and local stability issues.

A similar recommendation can be made with respect to the main cable’s anchorage to
the deck. The introduction of the individual cable strands requires a detailed design of
the box girder at this location. Many provisions like strand shoes, sockets, steel plates,
stiffeners are to be situated in the cross section of the box girder. Local static strength
and local stability issues of the steel plated elements should be assessed.

A system like in the San Francisco bay bridge where the main cable is looped around
the deck might me an interesting option to research into more detail.

Regarding the material use, costs, structural behaviour and esthetical appearance of the
bridge, it might be worth while to research the possibility to apply a more slender deck
in the main than in the side span. On static strength, stability and dynamic issues the
analyses in this study shows that the possibility exists for a deck slenderness beyond

A =1/100.

Also the possibility of the application of a truss girder as an alternative for the box
girder might be interesting to investigate.

As this research also has shown is that the erection stage causes static strength
problems for the deck. The pre-design of the bridge should include a close and early
assessment of the erection criteria determined by the local surrounding conditions and
the client. Applying more than two temporary supports in the main span will reduce
the decisive stress condition for the deck during erection. This is favourable for the
possibility of applying a slender deck.

A further research into of the buckling behaviour of the side span and main span in
relation to the geometrical ratio like side span length to main span length can be
interesting. This could reveal more closely the sensitivity of- and difference between
the global buckling of the side span and main span and discover a more optimized
geometrical ratio.
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e Intechnical view this research revealed the possibility of self-anchored suspension
bridge with a main span beyond 500 metres. The global research into the structural
behaviour and span possibilities of this research could therefore be extended to a span
range beyond 500 metres.

e No detailed assessment is made in this research into the fatigue strength issue. But as
for every bridge type and cable supported bridges as well, a fatigue assessment should
be made on bridge components like the deck, hanger connections to the deck, hangers,
anchorage of the main cable to the deck, etcetera. From the fatigue strength point of
view, the self-anchored suspension bridge has a similar approach as conventional
suspension bridges. So no real restrictions are to be expected for large span self-
anchored suspension bridges.

e The structural analyses of the self-anchored suspension bridge in this research has
been performed with the FEM program ESA PT 6.0.185. At first sight no second order
effects where visible in the geometrical non-linear analyses. But an alternative
approach to this phenomena, as shown in this research, revealed that it is an issue that
should be closely watched. The buckling stability of the deck is an issue that should be
considered.
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Appendix 2a Effective width at main and side span
Effective width of girder at main span

effective width

sagyging bending

b eff hovenflens
t e =40

t_eq
1635
t_bovenflens = 24242 mm

bl = 35600 un

t_hovenflens =

Asl= 0651 bovenflens bl

bel=581 = 105 rn.m2

&gl

o=l + —
bi-t_hovenflens

ol = 1,225
L_eff mainspan = 070150000  fun L_eff sidespan = 08362500 tmm
¥_tnain = aﬂL ¥_side = uﬂL

- L_eff mainspan - L_eff sidespan
_thain = 0.436 w_side = 0861

002 <+ =070 than
1

B1_main =

1 + 6.4+ _main
Bl_main = 0.452
1

f1_side =

14 64w side Bl_side = 0.174
£ =070 than

Bl_main = _ Bl_main = 0329

294 _tmait
. 1 .

pl_side = ——— pl_side = 0.197

50 side

b_eff_mainspan = 0.452 b0 b_eff mainspan = 1609 x 1|:|‘£1 mmm bovenflans main span

b_eff sidespan = 0.197-bil tn_eff sidespan = 7013 x I boverflens side span

99



b eff onderflens

t_eq =20

t eq
135
t_ondetflens = 14815 mm

b = 35600 mm

t ondetflens =

&zl _onder = 035t_onderflens b0

&5l onder = 1 346 xrnm2

R &5l _onder
bt ondetflens
ol = 1.162

L _eff mainspan = 0.70-150000

ho

w_main = o) ———
- L eff mainspan

#_main = 0.394

002 <070 than

pl_tain = !

1+ 6.4-1c_majn2

1
Bl_side =

2
1 + 6.4« side
=070 than
1

pl_main = —————
594 _main

1

pl_side = ——
504 _side

b_eff mainspan = 0.502-00

b_eff sidespan = 0218-h0
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min L _eff sidespan = 02562500 sun

+_side = al-

¥_side = 0779

Bl _main = 0.502

Bl_side = 0.205

Bl_main = 0.43

Bl_side = 0.21%

b_eff mainspan= 1787 x 107 mm onderflens

b_eff sidespan = 7761 x 100 mm onderflens

hil

L eff sidespan

100



Appendix 2b Effective width at support
Effective width of girder at support pylon

effective width
hogging bending

b eff hovenflens

t eg=40

t_eq
1.65
t_hovenflens = 24242 num

bl = 33600 mm

t_hovenflens =

Agli= 0651 bovenflens bl

Agl= 561 = 105 r'n.m2

A5l
14 —m——
hil-t_bovenflens

ol = 1285
L_eff := 0250150000 + &2500) L eff =5313 » 104
= ol b0
L eff
= [.861
002<x =070 than
1
pd= N 2
1+60] k- + 16x f2=0.134
2500-%
£ > 070 than
1
p2= —— p2=0135
36
b_eff = 0.135-00 b_eff = 4806 = 103 min  bovenflens
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h ett ondertlens

t_eq =20

t eq
1.35
t onderflens = 14815 mm

bl = 35800 mum

t_onderflens =

&5l onder = 0351 onderflens bl

&5l onder = 1,846 = m2

ale 1+ &5l onuder
bO-t_onderflens

all = 1.162
L_eff := 0.25-(150000 + 62500 Leff= 5313 % 107 mm

O
L eff

£ = 0779

002 <« =070 than

p2 =

3
1+60] - + L6 B2 =015
00+
£ > 070 than

1

pd= —— B2 =0149

8
b_eff = 0.149-50 b_eff=5304x10° mm  bovenflens
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Appendix 3a Girder influence

ly ) ) My
box [N H main |pylon|main |Mysup [Ist |2nd |1st [2nd
[m™4]|deck [cable |[Rz [2nd |2nd |2nd 2nd tb |fb |ft |ft
1,10] 35502 | 181596975 474| 120[104641| 137291] 0,63 | 1,1/4,58|3,97
1,26 [ 34935| 17863 | 6822 453 | 115|113262| 147528| 0,65|1,16]4,71|4,02
1,42 34388 | 175766673 | 433| 110[121618| 157416 0,67|1,23/4,83]4,07
1,59 33863 | 17300 |6530| 414| 105|129681| 166928| 0,68|1,2914,94|4,11
1,77(33359|17036|6392| 395| 100|137455| 176048 0,7|1,35|5,04|4,14
1,96 32878 | 167836260 377 95[144910| 184711] 0,72]1,415,13]4,19
2,16(32420| 16542 |6134| 361 91|152065| 193096| 0,74|1,46| 5,2|4,19
2,371 31983 1631216014 | 345 87158907 | 201026 0,76|1,52|5,31]4,21
2,59 [ 3156816094 |5899| 330 831165448 | 208572| 0,77|1,58]5,37|4,23
2,821 31174 158865789 315 791171690 | 2157441 0,79 11,63 |5,44|4.,24
3,06 | 30801 | 15690 |5685| 302 76177658 | 222556 0,81]1,68|5,49|4,26
3,31| 3044715503 |5586| 289 731183345| 229023| 0,83 |1,73|5,55|4,27
3,571 30111 |15326(5491| 277 69| 188779 | 235159| 0,84]1,75|5,59|4,28
3,85[29793 | 151585401 | 265 67193962 | 240982| 0,86 1,83 5,63 |4,29
4,131 29492 | 14999 |5316| 254 641198908 | 246507| 0,88]1,87|5,67| 4,3
4,421 29206 | 148495234 | 244 61/203631| 251751| 0,89|1,92]5,71|4,31

*=Reference model
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Appendix 3b Cable influence

o ) My

E cable N H main |pylon [main |Mysup |lIst [2nd 2nd

[N/'mm”2]|deck [cable [Rz [2nd |2nd [2nd 2nd fb |fb [Istft|ft
205000 | 32420 | 16542 [ 6134| 361 91]152065| 193096|0,74|1,46| 5,2]4,19
190000 | 31226 | 159775763 | 372 941166998 | 211426|0,73|1,46| 5,15| 4,1
150000 | 27504 | 14219 (4609 | 408| 101]213485| 268570| 0,7|1,46| 4,93 3,83
140000 26425 | 13711 [4275| 418 104|226931| 285121]0,69|1,46| 4,87 (3,76

) My My
A cable [N H d main |pylon [main sup Ist [2nd 2nd
[mm"2]|deck |cable [Rz |[2nd 2nd 2nd 2nd fb |[fb |Istft]|ft
7854 (18125 9806| 1746 498 119| 324316|408532(0,65|1,48| 4,53(3,59
11310123381 (12274 | 3353 447 110| 262660 |328974|0,68|1,47| 4,883,85
15394 (28174 | 14533 | 4826 401 100| 203917|256745]0,71[1,47| 5,11[4,05
17671[30367 | 15559 | 5502 380 95| 177113]22382410,72|1,47| 5,17]4,13
20106]32420| 16542 | 6134 361 91| 152065]193096|0,74(1,46| 5,2]4,19
22698 (3433417451 | 6725 342 87| 128715|164500|0,75|1,46| 5,26 4,23
25447136116|18299 | 7274 326 83| 107047 |137987]0,77|1,46| 5,25[4,26
28353 (3777119088 | 7785 310 79| 86964 |11345210,78|1,46| 5,19[4,27
3141639307 19822 | 8259 296 75| 68391] 90785| 0,8]1,45| 5,15/4,27
34636 (4073320505 | 8698 282 73] 51232] 69860|0,81|1,45| 5,09|4,25
38013 (4205621139 9105 270 70| 35380] 50556]0,82|1,45| 5,03[4,22

*=Reference model
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Appendix 3c Sag over span length influence

) ) My My
main |pylon [ main sup Ist |2nd [1st |2nd
Sag/L |N deck |H cable |Rz 2nd |2nd [2nd 2nd tb [fb |ft |[ft
1/5] 32420 16542| 6134| 361 91| 152065|193096 0,74 |1,46| 5,2|4,19
1/6[ 35545 18268| 5739| 400 83| 186776235639 |0,71(1,47|5,82|4,74
1/7 37633| 19491| 5280 437 77| 221178|277931(0,68|1,47|6,18|5,18
1/8| 38934| 20326| 4808 | 471 73| 253476317643 10,66 |1,47| 6,4]5,52
1/9 39665| 20871]| 4352 500 68| 282937|35378810,64|1,47]6,51| 5,8
Appendix 3d Pylon influence
o ) My
I pyloon [N main [pylon [main Mysup [Ist [2nd |[1st |2nd
[m"4] |deck |H cable |Rz 2nd  [2nd 2nd 2nd b |fb ft |ft
0,238[32624| 16428| 6295 366 94| 155668 | 196633]0,73| 1,46/4,95| 4,06
0,278132593 | 16451| 6269 365 94| 154945| 19589410,73| 1,46|5,03| 4,09
0,321[32558| 16474| 6240 364 93| 154225| 195172]10,73| 1,46| 5,1| 4,12
0,368[32518| 16497| 6207 363 92| 153507| 194465[0,74| 1,46|5,15] 4,15
0,419]32474| 16519| 6172 362 92| 152780| 193771]0,74| 1,46(5,18| 4,17
0,474132420| 16542| 6134 361 91| 152065| 193096|0,74| 1,46| 52| 4,19
0,533]32362| 16564| 6093 359 90| 151328| 192414|0,74| 1,46|5,21| 4,21
0,596[32299| 16586| 6050 358 89| 150593 | 191747/0,74| 1,46|5,28| 4,23
0,664|32232| 16608 | 6003 | 357 89| 149845| 191088|0,74| 1,47| 53| 4,25
0,735[32162| 16631 | 5955| 355 88| 149106| 19043210,74| 1,47|5,31| 4,26
0,812]32082| 16653| 5903| 354 87| 148354| 189786|0,75| 1,47|5,32] 4,28
Appendix 3e Number of hinges in girder
d ) My My
main |pylon [main |sup Ist |2nd |1st |[2nd
hinges [N deck |Hcable |Rz |2nd |2nd |2nd 2nd fb |fb ft |ft
0] 32420] 16542| 6134| 361 91]152065|193096|0,74| 1,46| 5,2|4,19
2| 38278| 19542] 6269| 472 120]162788 010,67 1,31[3,56]3,72

*=Reference model
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Appendix 4 Comparable box girders
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o e
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Table 1 The cross section and material properties of the bridge
Members E (MPa) A (mh Ja(m*h I (mY hmY  Megm')  Jn(kemim)
2.1x10° 1.2481 5.034 1.9842 137.754 14732.0 1.852x10°
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Appendix 5a Stability check reference model

L=625 m sidespan
od = 235 m

N Ed = 37481 kI
N cr= 551479 K
& = 2199400 2
Tt
£ =355 i)
2
it
f
L= A ——
N _er-1000
L=119 Man dimensional slendermess
oL =034
o =034 imperfection slenderness for buckling curve b
4
ho= n.5-[1 +[a(n-0z2]+a :|
b =13Ta
1
B (2 32
b+ - A
¥ = 0454 reduction factor for the relevant buckling mode
4

Iy = 2.1651 th

My = 54650 Kim side span

Woelt = 581436314 ﬂut13

Ily_cr o= 355.T47_eff

Wiy cr= 20864 = 1D11

— H (3.141592-210000-15;-mmmmmmum) | B_Ed
in = - .

(L 1000y Iy 1000000 N_et
B = 1.269

Stabiliteits toets

H_Ed IvI+- 1000000
UC stab = ( — + ﬁmy—]

T N_cr I'u'Ij,F_l:r

UC _stab = 0.477
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Appendix 5b Stability check Optimized model

L=#25 m side span
o2 = 529 it

H Ed = 37452 KM
N cr = 5048582 kM
& = 2184400 2
it
f =335 y)
2
min
f
o= A ———
M ct-1000
A=1239 Mon dimensional slenderness
o =034
o= 034 imperfection slenderness for buckling curve b
2
§ = n.5-[1 +[oln-02]]+a ]
b= 1445
1
B (2 .2
b+ - A
¥ = 0457 reduction factor for the relevant buckling mode
Iy =128 mli1
My = 30522  IkHm side span
3

Woeff = 43TRS06T0 mun
My cr= 355 W eff

My cr=1554x 1I:I11

[3.141592-21DDDD-IF-IDDDDDDDDDDDD-EEJ N_Ed
pm =1+ -1 N_
ct

(L1000 My- 1000000

fm = 1 728

Stabiliteits toets +
N _Ed LIy 1000000

U stab = —— + fim- i
TN cr Iy _cr

UC stab = 0515
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Appendix 6 Design orthotropic steel box of the New Carquinez Bridge
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Figure 2 New Carquinez Bridge — Cross Section

4.3 Superstructure.
The suspendad superstructure of the New Carquinez Bridge consists of a closed, orthofropic steel box
girder continuous from the north anchorage to the transition pier at the south (Figure 15).

With a total length of 1056 m and unit weight of 10900 kg/m the total weight of the fabricated
superstructure is 11 512 tons. A minimum grade of 345 MPa was specified for all structural steel of the
main bridge components. The bridge has only two expansion joints at the ends of the suspension
superstructure leading to improved maintenance and overall bridge performance. The closed box
girder shape (Figure 2) provides enhanced torsional resistance. Improved dynamic behavior under
wind and seismic loads has also been achieved.

As shown in Figure 2, the edge and side plates of the box girder are shaped to provide an
aerodynamically stable cross section. The girder is supported along its 16 mm thick longitudinal
bulkheads by suspenders located at the intarsection of the vertical plane of the main cables with the
transverse bulkheads uniformly distributed along the box girder at 12.4 m. Additionally, intermediate
transverse bulkheads were provided at 6.2 m and intermediate transverse diaphragms at 3.1 m
(Figure 16).

The orthotropic deck of the box girder consists of a 16 mm deck plate stiffened longitudinally by
hermetically sealed trapezoidal nbs located 726 mm apart (Figure 16). The deck closed ribs are 305
mm deep and 8 mm thick. Similar closed ribs of 280 mm depth, located 940 mm apart were used for
stiffening of the bottom and lower part of the side plate (Figure 18). The thickness of bottom, side and
edge plates was 8, 10 and 12 mm, respectively.

The stiffeners of this cross section can be expressed as a percentage of the area of the top
flange, bottom flange and web:

A stiff. top flange = 65% * A top flange
A stiff . bottom flange = 35% * A bottom flange
A stiff. web = 15 % * A web

This estimation is retrieved from a similar box girder of the same dimensions: Thimmardy .E. et.al., New
Carquinez bridge. North America’s Newest suspension bridge. Steel bridge 2004 Millau.
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Appendix 7 Stress calculation in reference model

bo 38600
belastinggeval 1 full length
Sagging
main span
boven flans
g1 0452
b_eff_boven 180912 mm
onderflens
g1 0502
b_eff_onder 178712 mm
side span
baven flens
@1 0157
b_eff_boven TO13 2 mm
anderflens
B 0218
b_eff_onder TPE0 8 mim
Hogging bovenflens
0135
b_eff boven 4806 rmim
anderflens
2 0,149
b_eff_onder 5304 4 rm
end support
bovenflens
go 0452
b_eff boven 160912 mm
onderflens
g0 0502
b_eff_onder 178712 mm
helastinggeval 2 mids pan
Sagging
main span
boven flens
B1 0,452
b_eff_bove 160312 mm
onderflens
B1 0,502
b_eff onde 178712 mm
side span
bhoven flens
g1 0,197
b_eff_bove 70132 mm
ondetflens
g1 0,218
b_eff_onde T7E08 mm
Hogging hovenflens
0,135
b_eff_bove 4806 mm
onderflens
2 0,149
b_eff_onde 5304 4 mm
end support
bovenflens
go 0,452
b_eff_bove 160212 mm
onderflens
po 0502
b_eff_onde 178712 mm

A totaal
w_eff_boven
M_Edy=
N_Edy=

w_eff onder
M_Edy

A_tataal
w_eff_boven
M Edy
M_Edy

wi_eff onder
M _Ed,y

A_totaal
wi_eff_boven
M_Ed.y
MN_Edy

wi_eff onder
M_Ed.y

A_totaal
w_eff_boven
M_Ed.y
M Edy

wi_eff onder
M_Ed,y

A_totaal
w_eff_boven
M Edy=
MN_Edy=

w_eff onder
M_Ed y

A_totaal
w_eff_boven
M_Ed y
N_Edy

w_eff onder
M_Ed y

A_totaal
w_eff_boven
M_Ed y
N_Edy

wi_eff ander
W_Ed y

A_totaal
w_eff_boven
M_Ed y
MN_Edy

w_eff onder
_Ed y

2198000 a2

1322833667 mm"3

162060 kMm
32491 kN

TPB111587 2 mm*3
162060 kMm

2195000 mmt2

281436314 4 mm*3

29167 kNm
32420 kN

354078229 5 mm3
29167 kNm

2199000 mm*2

401761942 5 mred

193026 kNm
32491 kN

251302317 1 mre3
193026 kNm

2199000 mm*2
1322833567 mm3
0 kNm

32491 kN

77111587 2 mmn3
0 kN

2199000 mm~2
1322933567 mm~3
164378 kMNm
32827 kM

776111887 2 mmr3
164378 kMm

2185000 mm~2
5814363144 mmn3
111377 kWm
32827 kN

354078229 5 mm*3
111377 kWm

2195000 mm~2
4017619426 mmn3
163167 khm
32827 kM

2513023171 mm*3
163167 kMm

2199000 mm~2
1322933567 mmn3
0 kNm

32827 kM

FTE111587 2 mm*3
0 kMm

o boven tgy M_Edy
o boven tgy W_Ed
result

o onder tgv M_Ed,y
o boven tgy W_Ed
result

T boven tgv M_Edy
o boven tgv N_Ed
result

T onder tgy M_Edy
o boven tgy N_Ed
result

T boven tgy M_Edy
T boven tgy N_Ed
result

T boven tgy M_Edy
T boven tgy N_Ed
result

T boven tyy M_Edy
T boven tyy N_Ed
result

o boven tgv M_Edy
o boven tgv N_Ed
result

o boven tgvy M_Edy
o boven tgv M_Ed
result

o onder tgvy M_Ed,y
T boven tgv M_Ed
result

T boven tgvy M_Edy
o boven tgy M_Ed
result

T ander tgy M_Edy
o boven tgy M_Ed
result

T boven tgv M_Ed,y
o boven tgv M_Ed
result

T boven tgv M_Ed,y
o boven tgv M_Ed
result

o boven tgv M_Ed,y
o boven tgv M_Ed
result

o boventgy M_Ed.y
T hoven tgy N_Ed
result

1149 Nimm2
148 Nirm2

129,7 M/mm2

1958 Nimm2
148 Nirm2

181,2 M/mm2

50,2 Wimm2
147 Nimm2

64,9 M/mm2

824 Wimm2
147 Nimm2

67,6 M/mm2

4308 Némm?2
14,8 N/mm2

465,8 Nimmz

7684 Nimm2
14,8 Nimrm2

783,2 Nirm2

0.0 Némm2
14,8 Mimm2

4,8 Nirm2

0.0 Mimm2
14,8 Nimm2

14,8 Mimmz2

124 3 Nimm2
149 Némm2

1392 Nimm2

211 8 Nimm2
149 Némm2

1969 N/imm2

181 B Minm2

148 M2

2065 Minm2

314 F Minm2

148 M2

3295 Nimm2

406 1 Minm2

148 Nimm2

3912 Minmm2

B49 3 Minm2
14 9 Minm2

664 2 MNimm2

ap rimma2
14 9 Ninmm2

149 Nimm2

00 MNimm2

148 MNimm2

149 MN/imm2

compression
compression
compression

tension
compression
tension

compression
compression
compression

tension
compression
tension

tension
compression
tension

compression
compression
compression

compression
compression

Compression
compression

compression
compression
compression

tension
corpression
tension

tension
compression
tension

corpression
compression
compression

tension
compression
tension

compression
compression
compression

compression
compression

compression
compression
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o boven tgv M_Ed,y
T boven tgv N_Ed
result

o onder tgv M_Ed,y
o boven tgv N_Ed
result

o boven tgv M_Ed,y
T boven tgv N_Ed
result

o onder tgv M_Ed,y
o boven tgv N_Ed
result

o boven tgv M_Ed,y
o boven tgv N_Ed
result

o boven tgv M_Ed,y
T boven tgy N_Ed
result

o boven tgv M_Ed,y
T boven tgy N_Ed
result

o boven tgv M_Ed y
T boven tgy N_Ed
result

1392 compression

196 3 tension

206 5 tension

3295 compression

4650 tension

7830 compression
150 tension

150 compression

2385771 compression

40 P2047 compression

belastinggeval 3 sidespan
Sagging
main span A_totaal 2195000 mm*2
boven flens w_eff_boven 1322933567 mm*3
B 0452 15352 kNm
b_eff_bove 160912 mm 23417 kN
onderflens w_eff onder 778111587 2 mm*3
1 0502 M_Edy 15352 kNm
b_eff_onde 178712 mm
side span A_totaal 2195000 mm*2
boven flens w_eff_boven 5814363144 mm*3
B 0197 M_Edy 77958 kNm
b_eff bove 70132 mm M_Ed,y 23417 kN
onderflens w_eff onder 3540782295 mm*3
1 0218 M_Edy 77958 kNm
b_eff_onde 77608 mm
A_totaal 2199000 mrrn2
Hogging bovenflens w_eff_boven 4017619426 mm*3
2 013 M_Edy BBEY8 kNm
b_eff_bove 4806 rmm M_Edy 23417 kN
onderflens w_eff onder 251302317 1 mm*3
2 0,142 h_Edy BBGEIS kNm
b_eff_onde 5304 4 mm
end support A totaal 2199000 mrrn2
bovenflens w_eff_boven 1322933567 mm*3
fo 0452 h_Edy 0 kMm
b_eff_bove 160912 mm M_Edy 23417 kN
onderflens w_eff onder 776111587 2 mm*3
fo 0,502 h_Ed y 0 kN
b_eff_onde 178712 mm
Toetsing sterkte
Girder
maatgevend Load case 2
M_y veld 164378 kNm o_top flange
N_deck F2827 kN
o_bottorn flange
M_y side span 111377 kNm a_top flange
o_bottom flange
Maatyevend load case 1
h_y,suppart 193098 khm o_top flange
o_bottam flange
M_y, endsupport u] o_top flange
o_bottom flange
Cable
maatyevende load load cagse 2
N_cable 21547 kN
d 160 mm
Acable 2010619 mm2
Fp _21547¢3 _ 21547¢3  _ 21547¢43
P Fa fu * A»mz‘n_mbfe 1770 * 20106 ~
1.5y, 15 1.5
Hangers
maatyevende load case 1
M_hanger 1254 kN
d 85 mm
Ahanger 2375829 mm2
Pylon
h_Ed,y= 25040 kMm Top flange
M_Edy= 28208 kN
Bottom flange
Toetsing stijfheid
Girder
maatgevend loadcase 2
deflection midspan 422 mm
pylon
maatgevend load case 2
displacement pylan 121 mm
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1B Mmm2
105 Mmm2
723 Nimm?2

198 W/mm2
106 M/mm2
9.1 Nimm2

1341 Wimm2
106 M/mm2
144 7 W2

220 2 Wimm2
106 M/mm2

2095 Mimm2

166 0 Kimm2
106 M/mm2

1554 Nimm2

265 4 Mimm2
106 Mimm2

276,1 MWimm2

0p Wmm2
106 Mimm2

106 Wimm2

00 Wimm2
105 Mimm2
106 MNimm2

355
355
355
358
355
366
356

355

770

fu
1770

355

355

430

170

compression
compression
compression
tension
compression
commpression

compression
compression
compression
tension
compression
tension
tension
compression
tension
COMmpression

COMmpression
compression

COMmpression
compression

compre ssion
compression

uc
039

055
058
093
131
221
0p4

0p4

ng

045

07

o

0gs

071
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Self-anchored suspension bridges: Part 11

Appendix 8a Erection of Konohana Bridge

DOWNTOWN SIDE

RECLAIMED AREA SIDE

STEP1 Set of Temporary Stagings (Bo-1, Bo-2, B-1, B-2, and B-3)

1) (P-19) (B2) (83 (F20) P-21)

STEP 2 Set of Lower Parts of Tower

Floating Crane with
Capacity 300 tons (or 600 tons)

g ml il L L 11} 1]

E3 F (2

STEP3 Set of No. 1 Block

(Weight about about 2,670 tons)
gl abou

2) | Floating Crane with Capacity 600 tons

ik B Ju':"%f:"%ﬂ:h%_#

(Maximum Weight of
Block 62 tons)

Set of No.5 Block (Weight

2,280 tons,
:1-10 Isﬂﬂs Floating Crane with
moer M
erection) Capacity 3,500 tons
LT g I
T i m il
i m U it L u iII:III\ mi 1]

E1B EDED 6D

€3 F20) (2

STEP4 Set of No. 2 Block
(Weight about 1,750 tons)

Set of No.4 Block

Floating Crane with
Capacity 3,000 tons
n i

Setting beam

W i
(F18) B:1) (P19 (8:2)

(B-3) (P20) (P-21)

(Weight about 1,750 tons)

STEP 5 Set of No.3 Block (Closing)

Weight about 1,380 tons
Floating Crane with
Capacity 3,000 tons

Setting Beam

i T m i i
om " i I it i i

FHEDED @ € D ED

STEP & Set of Upper Part of Tower
(Weight about 550 tons per one tower)

Floating Crane with Capacity 3,500 tons

1 1 1 1 1
i e

L[}

)
g
@.
®
3
\S
)
S

STEP 7 Erection of Cables and Hangers

T C
4 Tower Crane

=y =
L1 H

(P-18) (8-1) (P-19) (B-2)

mi {11}
&3 (P20 @Fzn)

STEP 8 Jacking down of Main Girder at Temporary Stagings
Removal of Temporary Stagings and Adjustment
of Tensile Force in Hangers

F® ¢ @2
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Self-anchored suspension bridges: Part 11

Appendix 8b Erection of Yeoungjong Grand Bridge

TS,
| |
oS _,,,% - I8 _._d J,, —

[pevman

:-’E. o

SR
R
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Self-anchored suspension bridges: Part 11

Appendix 8c Erection of Nescio bridge
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