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Abstract

The purpose of this thesis is to investigate the structural design and modelling
of cable structures with a hybrid cable-stayed suspension structure as an
example. The thesis covers the choice and estimation of the essential structural
parameters as far as up-due-date methods used for the final design of cable
structures. A significant part of this thesis consists of theoretical and
experimental work with a structure model: detailing, testing and analysis of the
results of the model and analysis of the results. The structural model provided
an opportunity to estimate and ensure the methods and solutions chosen.

The aim of the theoretical analysis was to choose bridge geometry, stiffness and
loading parameters. Taking into account this essential research, drawings for the
model were made. During the research different models were under
investigation and solution was verified step-by-step with theoretical and
experimental work.

Analysis of the self-anchored structure includes studies of the stability problems
of the stiffening girder.

A question arose with the plan of realisation of the fixed-link Saaremaa. The
solution examined in this thesis is also one possible bridge for a navigable part
of the fixed-link. At first approach, a traditional suspension bridge with loaded
anchor cables was under investigation; span lengths for this structure were
200+480+200m. Taking into account economic aspects, span lengths were
reduced to 120+300+120m.

The combined suspension cable-stayed structure was chosen as a slightly less
investigated area of suspension structures. Investigation of combined structures
also provides wide knowledge even if for fixed-link traditional suspension or a
cable-stayed structure is to be chosen.

For theoretical and experimental work, a hybrid structure was chosen as a
slightly less investigated area of suspension structures. A hybrid cable-stayed
and a suspension bridge were chosen as a favourable solution for a fixed link,
taking into account local geological conditions and distinctions in traffic load
distribution. Characteristic of the structure is the narrow bridge deck and few
traffic lanes This causes a specific relation between the traffic load and self-
weight. Taking into account this specific relation, a self-anchored hybrid cable-
stayed suspension bridge with unloaded anchor cables and a scheme with a
suspension bridge’s span length and height relations was chosen for
investigation. Self-anchoring requires an untraditional construction process.

For experimental research, a model of the structure was erected. Theoretical
research is also based on this model, to expand theoretical results and to ensure
work as a whole.

One of the essential aims of the experimental testing was to verify the general
stability of the stiffening girder.



Kokkuvote

Kéesolevas t60s on analiitisitud kombineeritud vant-rippsilda nii kasutus- kui ka
kandepiirseisundi korrmustulemite midramiseks. To60 iiheks voimalikuks
viljundiks on Saaremaa piisiiihenduse laevatatava ava sillakonstruktsiooni
projekteerimine.

Aluseks mudelkatsetele ja arvutustele on kombineeritud vant-rippsild avadega
120+300+120 meetrit.

To60s on Eurocode iildjuhiste, Briti Standardi ja Soome Standardi Rahvusliku
Lisa alusel hinnatud nii maksimaalset voimalikku, kui ka tdendolist reaalses
projekteerimises kasutatavat liikluskoormust. Tulemusena rohutatakse eriliselt
eeluuringute olulisust. Illustreerimaks antud védidet voib tuua, et Eurocode
tildjuhiste ja Soome Standaridi Rahvusliku Lisa kohaste liikluskoormuste vahe
koormustulemite arvutamiseks on 1,8 kordne.

Lihtekonstruktsiooni alusel piistitati sillakonstruktsiooni mudel modtkavas
1:100. Mudelit katsetati erinevate koormuse jaotuse ja viirtuste juures ning
moddeti ni1 jdikurtala vertikaalpaigutisi kui ka piiloonide ja ankrutugede
horisontaalpaigutisi.

Mudeli katsetamise tulemusena tehtud mootmiste ja nende vordlusel
arvutuslikega voib viita, et erilist tihelepanu mudeli ehituse ajal tuleb poorata
s0lmede korrektsele lahendusele. S6lmede mastaap on mudeli omast erinev ja
erinevuste ning mitte korrektselt téotavate sdlmede moju védrtus ja suund on
tihti mitte ennustatavad. Eelistada tuleks hodrdele tootavaid sdolmi ja trosside
tagasipoorete ja iithepoolseid poldiga kinnitusi tuleks viltida.

Vordlustulemused arvutustulemustega aga olid adekvaatsed, vertikaalpaigutise
puhul oli erinevus maksimaalsel juhul 15%. Horisontaalpaigutiste puhul oli
kokkulangevus halvem kuid tileiildine kéditumine oli kirjeldatud korrektselt.
Valitud arvutusmeetodid olid sobilikud.

Mudelkatsetuste iiheks oluliseks eesmirgiks oli jéikurtala stabiilsuse kaole
vastava kandevoime hindamine. Mudeli jdikurtala ei kaotanud kandevoimet
iihelgi katsetatud koormusjuhtumitest. Samuti ei olnud tdheldatavaid mirke
stabiilsuse kaole eelneva deformeerunud kuju néol. Arvutustulemused toetasid
saadud tulemust igati. Arvutused niitasid, et vertikaalset summarset koormust
vOiks suureneda 4,2 korda enne kui ndtkumine muutuks tdenedoliseks.
Erinevate arvutusmeetodite voOrdlus niitas selget efekti lineaarse ja
mittelineaarsete ldhenemiste vahel aga erinevate mittelineaarsete laheneduste
erinevuste vahemik oli 6%. Erinevate mittelineaarsete arvutusmeetodite eeliseid
ja puuduseid tuleks analiilisida tdiendavalt, arvestades ka nende arvutuste
mahukust ja arvutusvigade voimalikkust.

Arvutuslikus  osas on midratud erinevate antud konstruktsioonitiiiibi
geomeetriat ja jdikust mojutavate parameetrite nagu piilooni suhteline korgus,
ddrmise ava suhtelise pikkuse, vantide asukoha ja vantide ning
rippkonstruktsiooni omavahelise jdaikuse moju.

Arvutustel pohinevana esitati koondatud koormuse moju paigutistele ja
sisejoudude jaotusele ja vairtusele.



1. Introduction
1.1. Background and scope

Saaremaa County has about 40,000 inhabitants and covers a territory of some
2900 m2. Kuresaare, the capital city of Saaremaa, has about 16,000 inhabitants.
Saaremaa has six sea harbours and a number of smaller harbours. The majority
of the passenger and goods traffic goes through the eastern harbour, Kuivastu,
on the island Muhu. Saaremaa has one deep harbour in the village of Ninase on
the north-western coast of the island. The deep harbour, ice-free all the year
round, together with the fixed link to the mainland, would give Saaremaa a
good transit corridor for goods transport and development of international
tourism.

In March 1997 the Saare County Government together with the Estonian Road
Administration organized in Kuresaare a conference to discuss feasibility
problems of erection of the fixed link. On the basis of the conference resolution
the Saare County Governor set up a commission for examination of social,
environmental, traffic and technical problems connected with realization of the
project. In June 1998 an Estonian-Finnish working group was set up to compile
a report on the feasibility study concerning the Saaremaa fixed link. Under the
management of INTERREG II A a decision was adopted to give financial
support to the Finnish group of specialists. The Technical Centre of the
Estonian Road Administration published the results of the feasibility study in
2000. In 1999 Norwegian authorities and specialists joined the group to
investigate the problems for realization of the project.

For the bridge location, of mainly five possible sites under examination (Figure
1.2), two (nos. 4 and 5) were eliminated due to environmental conditions. The
shortest of the traces passes the Suur Strait on the northern coast of the islet of
Viire. The possible level for the foundation ranges from 2 to 30 metres above
the water level. The strait consists of a very shallow western part between the
island of Muhu and the islet of Viire and the eastern mainstream channel. The
geological structure of the Silurian period is very complex. The central part of
the strait is longitudinally cleaved by a major furrow; the bedrock is situated
30-40 m below the sea level. During the period of retreat of the continental
glacier, a 10 m layer of till was left on the bottom of the furrow; outside the
furrow the layer of till is much thinner (1-4 m). Erection of the bridge will be
associated with serious environmental problems. The region of the fixed link is
surrounded by nature conservation areas, including a number of nature reserves.
Aspects of the biosphere (vegetation, birds, animals, and fish) may be
problematic. The environmental impacts occur during construction as well as
the period of exploitation of the overpass. The region may be also problematic
for the community of marbled seals and their survival. The natural landscapes
should be preserved from disruption. The most serious problems for the chosen
track seem to be connected with migration of birds.

Total length of the water sheet on the chosen trace is about 6 100 meters. The
maximum depth for the foundation bed in cases of 100-m distances between the



bridge piers is about 20 meters and in the case of a 500-m distance about 25
meters from the surface of the water. Thickness of the layer of the weak soil on
average is 1 to 2 meters, so the pile foundation is not very suitable, and a direct
foundation should be preferred.

The total for of the bridge deck for the preliminary design was taken as 13
meters. This corresponds to the second class of bridges, as determined by
Estonian design codes. The total width, 13 meters, consists of the bridge road
(two traffic lines of 3.7m) and two safety tracks of 2.75 m; the latter may be
used not only as overpasses for pedestrians and cyclists, but also for location of
vehicles, forced to stop on the bridge. On two traffic tracks, three lines of
vehicles may be located simultaneously; therefore, for calculation, the traffic
load of three lines of vehicles was foreseen.

Due to the clearance in the height of 35 meters for a navigable span, the
maximum level of the bridge deck was taken to be +40.00 m from the surface of
water. The longitudinal slope of the bridge deck was chosen on the ground
condition of fluent transition from the mainland’s highway to the navigable part
of the bridge; the maximum local slope on the transition area was 4%.

The bridge consists of a central navigable part, two approach bridges and two
embankment sections with a total length of 2 300 meters. The embankment
between the island of Muhu and the islet of Viire is to be supplied with culverts
to ensure sufficient water exchange. For the navigable part of the overpass, a
central span of 300 meters was foreseen.

For approach bridges, girder structures are usual. Steel, reinforced concrete and
composite structures are in use. The most widely used bearing structures for
today’s bridges are continuous girders of variable depth. Very often box girders
are preferred. In cases of an open cross-section, two main girders are usual.
When needed, additional longitudinal beams, supported by transfer beams, may
be needed. The span of approach bridges is usually chosen on the basis of
minimising of the final cost of the superstructure and substructure. In every case
the longer spans improve environmental conditions.

10
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Figure 1.2 Possible traces for fixed-link Saaremaa — Reproduction from [32].

The usual contemporary reinforced concrete bridge model is connected with
cantilevered element-by-element positioning of girders and step-by-step adding
of the following tension cables. Usually the box cross sections with vertical
walls are preferred. The options with inclined walls may appear more
spectacular, but erection of these with variable depth is complicated. One
example of a contemporary reinforced concrete, constructed in environmental
conditions similar to the Suur Strait, is the West Bridge of fixed link of the
Great Belt with spans of 110.5 m.

For the steel superstructure, continuous flow-line box girders of constant depth
with orthotropic deck plate are normal. A good example is the East Bridge with
a span of 193 m. Structures were mounted by floating cranes. Because of the to
very slender girders, special vibration damping equipment was used. Composite
structures for continuous girders are usually of variable depth; they consist of
steel girders with more developed lower flanges and reinforced concrete deck
plate cast in situ. As the main option for approach spans of the fixed-link
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Saaremaa, the composite structures of variable depth with spans 80, 100 and
120 m, depending upon the foundation level, were chosen.

Problems with the foundation of the bridge are similar to those for the region of
the Great Belt. On the same basis the pile foundation was abandoned. The open
caisson structures with reinforced bottoms and walls and concrete fillings were
chosen. The pyramidal transition box elements were used for connection
between piers and foundations. The box elements of foundations and piers may
be mounted by means of floating cranes. For preparation of the foundation level,
the seabed can be excavated by a bucket dredger. A layer of filter stone is to be
strewn under the foundation.

1.2. General data of the link and the bridge

The overpass from the Estonian mainland to the island of Muhu has an overall
length of about 6,100 metres; it consists of the central part of 120 + 300 + 120
m, the composite continuous girder structures of approach bridges with a total
length of 3460 m and the causeways of about 2100 m. Our main attention has
been paid to the structures for the central span with the cable-supported
structures.

m—
= A

Figure 1.3 Perspective view of the fixed link.
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Due to the clearance in height of 35 meters for the navigable span, the
maximum level of the bridge deck was taken as +40.00 from the sheet of water.
The longitudinal slope of the bridge deck was chosen on the basis of the
condition of the fluent transition from the mainland highway to the navigable
part of the bridge; the maximum local slope on the transition area was 4%.

The total width of the bridge deck for the preliminary design was taken as 13
meters. It corresponds to the second class of bridges, as determined by Estonian
designing codes. The total width consists of the bridge road (two traffic lines of
3.75m) and two safety tracks of 2.75 m; the latter may be used not only as
overpasses for pedestrians and cyclists, but also for vehicles forced to stop on
the bridge.

Due to complicated estimation of bridge behaviour under the action of a
fluctuating wind load, the ultimate design is impeded by thorough theoretical
analysis and wind-tunnel tests. Due to serious ice action and possible ship
collisions, a corresponding risk analysis is required.

Data from [5,7,8,19,32]
1.3. Aims and content of the study
1.3.1. General aims

The most important aim of this thesis is to ensure a general approach for
analysing and testing cable structures. The initiative for this thesis is raised with
a plan for a fix-link Saaremaa. This thesis deals with the navigable part of the
bridge. Studies of a hybrid cable-stayed suspension structure, as the most
complicated cable structure, provide information for a cable-stayed structure
and suspension structure design. Much information can serve in general use.

1.3.2. Aims engaged with fixed-link

Work for this thesis will provide important information if the planning of the
fixed-link goes ahead and the initial task for structural engineers becomes more
exact. In the thesis the load values and distributions of the Eurocode, British and
Finnish Standard are presented. The experiment used general guidelines of the
Eurocode — these load model values are not correct for the final design. Load
values are exaggerated in a considerable degree. Load values, distributions and
combinations should be determined taking into account local conditions and
their future development.

For cable structures there are unfavourable parameters like width of bridge deck
and span length which affect structural behaviour. This thesis offers guidelines
for future work.

1.3.3. Contents of study

The theoretical part of the thesis presents guidelines for choosing first
geometrical and stiffness parameters to the modern methods of analysing cable

14



structures. Static load models and the main effects of dynamics and wind load
are described. Detailed attention has been directed to load model and moving
load effects.

The scheme under investigation requires, taking into account the self-anchoring
that unlike construction stages should be used.

The theoretical section of the thesis characterises the discrete calculation model
of a hybrid cable-stayed-suspension structure. Data of the experimental model;
initial structure, scaling, properties of materials, loading and measuring. All
presented experimental results are compared with theoretical analysis and the
comparison 1is discussed, and theoretical and experimental methods are
submitted.

1.3.4. Build-up of the study

The study follows a chronological pattern of work. Useful information has
come from previous work when traditional suspension structures with straight
and loaded anchor cables were under investigation. This thesis aspires to present
all analyses for one scheme to ensure a reference basis. Any exceptions to the
reference basis are specially mentioned.

2. Literature review
2.1. Idea of structural system

Mainly from [21,22]. Additional information for general information can be
found in [30, 38, 41, 43]

2.1.1. Structural components

The basic structural components of a suspension bridge system are shown in
Figure 2.1.

1. Stiffening girder/trusses: longitudinal structures which support and
distribute moving vehicle loads act as cords for the lateral system and
secure the aerodynamic stability of the structure.

2. Main cables: a group of parallel-wire bundled cables which support
stiffening girders/trusses by hanger ropes and transfer loads to towers.

3. Main towers: intermediate vertical structures which support main cables
and transfer bridge loads to foundations.

4. Anchorages: massive concrete blocks which anchor the main cables and
act as end supports of a bridge.

2.1.2. Types of Suspension Bridges

Suspension bridges can be classified by number of spans, continuity of
stiffening girders, types of suspenders, and types of cable anchoring.

Stiffening girders are typically classified into two-hinge or continuous types.
Two-hinge stiffening girders are commonly used for highway bridges. For
combined highway-railway bridges, the continual girder is often adopted to
ensure train runability.

15



Suspenders, or hanger ropes, are either vertical or diagonal. Generally,
suspenders of most suspension bridges are vertical. Diagonal hangers have been
used to increase the damping of the suspended structures. Occasionally, vertical
and diagonal hangers are combined for higher stiffness.

Bridges can be classified into externally anchored or self-anchored types.
External anchorage is most common. Self-anchored main cables are fixed to the
stiffening girders instead of the anchorage; the axial compression is carried into
the girders.

2.1.3. Main towers

In the longitudinal direction, towers are classified into rigid, flexible or locking
types. Flexible towers are commonly used in long-span suspension bridges,
rigid towers for a multi-span suspension bridge to provide enough stiffness to
the bridge, and locking towers occasionally for relatively short span suspension
bridges.

In the transverse direction, towers are classified into portal or diagonally braced
types. Moreover, the tower shafts can either be vertical or inclined. Typically,
the centre axis of inclined shafts coincides with the centre line of the cable at
the top of the tower. Careful examination of the tower configuration is
important in that towers dominate bridge aesthetics.

2.1.4. Cables

Cables in modern bridges are cold-drawn and galvanised steel wires. The types
of parallel wire strands and stranded wire ropes that typically compromise
cables are shown in Table 2.2. Generally, strands are bundled into a circle to
form one cable. Hanger ropes might be steel bars, steel rods, stranded wire
ropes, parallel wire strands or others. Stranded wire rope is most often used in
modern suspension bridges.

2.1.5. Stiffening girders

Stiffening girders may be I-girders, trusses, or box girders. In some short-span
suspension bridges, the girders have insufficient stiffness themselves and are
usually stiffened by storm ropes. In long-span suspension bridges, trusses or
box girders are typically adopted. I-girders become disadvantageous due to
aerodynamic stability. There are both advantages and disadvantages to trusses
and box girders, involving trade-offs in aerodynamic stability, ease of
construction, maintenance, and details.

2.1.6. Anchors

In general, the anchorage structure includes the foundation, anchor block, cable
anchor frames, and protective housing. Anchorages are classified into gravity or
tunnel anchorage systems. Gravity anchorage relies on the mass of the
anchorage itself to resist the tension of the main cables. This type is
commonplace in many suspension bridges. Tunnel anchorage takes the tension
of the main cables directly into the ground.
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2.1.7. Combined cable-stayed suspension structural system

The hybrid of a cable-stayed and a suspension bridge has more structural
features than an ordinary cable-stayed and a suspension bridge. Its typical
features are characterized in terms of comparison as follows.

Comparison with a cable-stayed bridge:

1.

2.

3.

4.

Buckling stability improves because the axial force in the girder
decreases because of the reduced number of stayed cables (in cases of
externally anchored suspension cable).

It leads to a longer span because of the above mentioned reason (in
cases of externally anchored suspension cable).

Its advantages are in cable erection and vibration problems because of
short stayed cables length.

The height of pylons can be short for the reduced number of stayed
cables.

Comparison with a suspension bridge:

1.

2.

3.

4.

Aerodynamic stability improves because of the increased rigidity for
deformation of the girder, based on the stayed cables.

It enables the tension force in the main cables to be reduced because of
its decreased share for loads, based on the stayed cables.

It enables the diameter of the main cables to be reduced because of the
abovementioned reason.

It has an advantage in its anchorage because of the same reason.

Detailed attention to combined systems had been paid in [38, 44]
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Figure 2.1 Components of a suspension bridge. Reproduction from [21]

Table 2.1 Types of main tower skeletons. Reproduction from [21]
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Table 2.2 Suspension Bridge Cable Types Reproduction from [21]

Name Shape of | Structure
section

Parallel Wire
Strand

Wires are hexagonally bundled in parallel
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Strand Rope

Six strands made of several wires are closed
around a core strand

Spiral Rope Wires are stranded in several layers in
opposite lay directions
Locked Coil Rope Deformed wires are used for the outside

layers of spiral rope

2.2. Main design principles
2.2.1. General

Engineers use structural analysis as a fundamental tool to make design decisions.
It is important for engineers to have access to several different analysis tools
and understand their development assumptions and limitations. Such an
understanding is essential to select the proper analysis toll to archive the design
objectives.

Structural analysis methods can be classified on the basis of different
formulations of equilibrium, the constitutive and compatibility equations as
discussed below.

1.

Classification based on equilibrium and compatibility formulations
First-order analysis: An analysis in which equilibrium is formulated
with respect to the unreformed (or original) geometry of the structure. It
is based on small strain and small displacement theory.

Second-order analysis: An analysis in which equilibrium is formulated
with respect to the deformed geometry of the structure. A second-order
analysis usually accounts P-A effect (influence of axial force acting
through displacement associated with member chord rotation) and the
P-6 effect (influence of axial force acting through displacement
associated with the flexural curvature of a member) (see Figure 2.3). It
is based on small strain and small member deformation, but moderate
rotations and large displacement theory.

The large deformations analysis: An analysis for which large strain and
large deformations are taken into account.

Classification based on constitutive formulation

Elastic analysis: An analysis in which elastic constitutive equations are
formulated.

Inelastic analysis: An analysis in which inelastic constitutive equations
are formulated.

Rigid-plastic analysis: An analysis in which elastic rigid-plastic
constitutive equations are formulated.

Elastic-plastic hinge analysis: An analysis in which material inelasticity
1s taken into account by using concentrated “zero-length” plastic hinges.
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Distributed plasticity analysis: An analysis in which the spread of
plasticity through the cross-sections along the length of the members
are modelled explicitly.

Start

Initial Conditions

Configuration
Span legth
Cable sag
Assumtion of members
Dead load
Stifness

i I

Dynamic Analysis
(Seismic Analysis)
Live load Wind load Earthquake

| |
v

‘ Analysis of the Towers‘

In-palne Analysis || Out of plane Analysis

Design of Members

Cables _
Stiffening girder ‘ Design of Tower Members ‘

Vertification
of the Aerodynamic
Stabilty

Vertification
of the Assumed Value
of Members

No

Yes

End

Figure 2.2 General procedure for a suspension bridge design [21].
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P

Figure 2.3 Second-order effects.

Table 2.3 Structural Analysis Methods [21]

Features
Constitutive Equilibrium Geometric
Methods Relationship Formulation Compatibility
First-order Elastic Elastic Original Small strain
. . . . unreformed and small
Rigid-plastic Rigid plastic geometry displacement
Elastic-plastic ~ Elastic
hinge perfectly
Distributed PS¢
plasticity Inelastic
Second-order  Elastic Elastic Deformed Small strain
. . .. . structural and moderate
Rigid-plastic Rigid plastic geometry (P-A  rotation
Elastic-plastic  Elastic and P-9) (displacement
hinge perfectly may be large)
Distributed ~ P135t€
plasticity In elastic
True large Elastic Elastic Deformed Large strain
displacement . . structural and large
Inelastic Inelastic .
geometry deformation
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1. Selection of initial configuration: span length and cable sag are
determined, and dead load and stiffness are assumed.

2. Analysis of the structural model: In the case of in-plane analysis, the
forces on and deformations of members under live load are obtained by
using the finite deformation theory or the linear finite deformation
theory with the two-dimensional model. In the case of out-of-plane
analysis, wind forces on and deformations of members are calculated,
based on the linear finite deformation theory with the three-dimensional
model.

3. Dynamic response analysis: The responses of earthquakes are
calculated by the response spectrum analysis or the time-history
analysis.

4. Member design: The cables and girders are designed using the forces
obtained from previous analysis.

5. Tower analysis: The tower is analysed using loads and deflection which
determined from the global structure analysis previously described.

6. Verification of the assumed values and aerodynamic stability: The
initial values assumed for dead load and stiffness are verified to be
investigated through analysis and/or wind tunnel tests using dimensions
obtained from the dynamic analysis.

2.2.2. Design load

Design load for a suspension bridge must take into consideration the natural
conditions of the construction site, the traffic on the bridge, its span length, and
its function. It is important in the design of suspension bridges to determine the
dead load accurately because the dead load typically dominates the forces on the
main components of the bridge. Securing structural safety against strong winds
and earthquakes is also an important issue for long-span suspension bridges. In
cases of high wind, consideration of the vibrational and aerodynamic
characteristics is extremely important. Other design loads include effects due
errors in fabrication and erection of members, temperature change, and possible
movement of the supports.

2.2.3. Dynamic effects of traffic load

Vehicles, such as trucks and trains, passing a bridge at a certain speed will cause
dynamic effects, including global vibration and local hammer effects. Dynamic
loads of moving vehicles are considered to have an “impact” on bridge
engineering because of relatively short duration. The magnitude of the dynamic
response depends on the bridge span, stiffness and surface roughness, and
vehicle dynamic characteristics such as moving speed and isolation system.
Unlike earthquake loads which can cause vibration in bridge longitudinal,
transverse, and vertical directions, moving vehicles mainly excite vertical
vibration of the bridge. Impact effect has influence primarily on the
superstructure and some of substructure members above the ground because the
energy will be dissipated effectively in members underground by the bearing
soils.
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Although the interaction between moving vehicles and bridges is rather
complex, the dynamic effects of moving vehicles on bridges are accounted for
by a dynamic load allowance, in addiction to static live load in the current
bridge design specifications.

Additional information can be found in [24, 34, 39, 40]

2.2.4. Design of cables

Parallel wire cable has been used exclusively as the main cable in long-span
suspension bridges. Parallel wire has the advantage of high strength and high
modulus of elasticity compared with stranded wire rope. The design of the
parallel wire cable is discussed next, along with structures supplemental to the
main cable. Alignment of the main cable must decided first, the sag-span ratios
should be determined in order to minimize the construction costs of the bridge.
In general, this sag-span ratio is around 1:10. However, the vibration
characteristics of the entire suspension bridge change occasionally with changes
in the sag-span ratios, so the influence on the aerodynamic stability of the
bridge should be also considered. After structural analysis are executed
according to the design process shown in overcool design, the sectional area of
the main cable is determined based on the maximum cable tension, which
usually occurs at the side span face of the tower top.

The tensile strength of cable wire has been about 1570N/mm? in recent years.
For a safety factor 2.5 or 2.2 is used

2.2.5. Design of the stiffening girder

The width of the stiffening girder is determined in order to accommodate the
carriageway width and shoulders. The depth of the stiffening girder, which
affects its flexural and torsion rigidity, is decided so as to ensure aerodynamic
stability. After examining alternative stiffening girder configurations, a wind
tunnel test is conducted to verify the aerodynamic stability of the girders.

In judging the aerodynamic stability, in particular the flutter, of the bridge
design, a bending-torsional frequency ratio of 2.0 or more is recommended.
However, it 1s not always necessary to satisfy this condition if the aerodynamic
characteristics of the stiffening girder are satisfactory.

The basic dimensions of a box girder for relatively small suspension bridges are
determined only by requirements of fabrication, erection, and maintenance.
Aerodynamic stability of the bridge is not generally a serious problem. The
longer the centre span becomes, however, the stiffer girder needs to secure
aerodynamic stability. The girder height is determined to satisfy the rigidity
requirement. Fatigue due to live loads needs to be especially considered for the
upper flange of the box girder, because it directly supports the bridge traffic.
The diaphragms support the floor system and transmit the reaction force from
the floor system to the hanger ropes.

2.2.6. Design against wind effects

The suspension and cable-stayed bridges shown are typical structures
susceptible to wind induced problems.
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Figure 2.4 shows the wind-resistant design procedure specified. In the design
procedure, wind-tunnel testing is required for two purposes: one is to verify the
airflow drag, lift, and moment coefficients which strongly influence the static
design; and the other is to verify that harmful vibrations would not occur.
Gust response analysis is an analytical method to verify the forced vibration of
the structure by wind gusts. The results are used to calculate structural
deformations and stress in addition to those caused by mean wind. Divergence,
one type of static instability, is analysed by using finite displacement analysis to
examine the relationship between the wind force and deformation. Flutter is the
most critical phenomenon in the analysis of the dynamic stability of suspension
bridges, because of the possibility of collapse. Flutter analysis usually requires
the motion equation of the bridge to be solved as a complex eigenvalue problem
where unsteady aerodynamic forces from wind-tunnel tests are applied.
In general, the fallowing wind-tunnel tests are conducted to investigate the
aerodynamic stability of the stiffening girder.
1. Two-Dimensional Test of Rigid Model with Spring Support: The
aerodynamic characteristics of a specific mode can be studied. The
scale of the model is generally higher than 1/100.
2. Three-Dimensional Global Model Test: Test is used to examine the
coupling effects of different modes.
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Figure 2.4 Procedure for wind resistant design [21].
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3. Road traffic actions

This section describes an approach of a standard load model for the traffic load
of a bridge. The Eurocode [34,35] guidelines for specific cases assume that a
load for such structures is determined in detail in terms of local conditions and
future perspectives taking into account alternate transport possibilities. The
analysis and investigation used the most maximum ever load values and
distributions. In this thesis load values are extreme; in contrast, in real design
load cases will be much more favourable. The estimation of possible load
values and distributions follows the guidelines of the British [22] and Finnish
[36] Standard. Figure 3.1 presents a uniformly distributed load for each traffic
lane. Figure 3.2 shows a decreasing function for longer span lengths for a
uniformly distributed load. Table 3.1 and present a comparison of general rules
for the Eurocode and Finnish standard. These graphs and tables illustrate
approximate values and distributions in real design. As shown, the uniformly
distributed value in the Finnish Standard is three times smaller than in our
investigation, span length decreases also the uniformly distributed load value
almost for three times for long span lengths. The remaining area of bridge deck
is assumed to be load free in the Finnish Standard.

35 4
30 + ]
25 4
20 +
g
Z 15 -
% @ Eurocode
§ 10 O British Standard
O Finnish Standard
5 | I
0 - T
1 2 3 4 5

Lane number

Figure 3.1 Traffic load on lanes [22,34,35,36].
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Figure 3.2 Traffic load on the first lane as a function of span length [22,34,35].
Table 3.1 Traffic load in load model 1 [34,35,36]

Eurocode Finnish Standard
Tandem UDL system Tandem UDL system
system: system:
Two axle loads Three axle
2>_<Qik loads
Location with wheelbase 3xF,
1.2 m with
wheelbases
>25m,>6m
2 2
Q, [MN] q IMN/m] | K IMN] p, [MN/m ]
Lane 1 0.3 0.0090 0.21 0.003
Lane 2 0.2 0.0025 0.21 0.003
Lane 3 0.1 0.0025 0 0.003
Lane >4 0 0.0025 0 0.003
Remaining 0 0.0025 0 0
area
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Figure 3.3 Schemes for load calculations for hangers and cable-stays:
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according to Finnish NA [36], b) Eurocode general guidelines [34,35]

4. Description of the bridge model

4.1.

Assumed bridge structure

a)

The length of the middle span of the bridge was chosen 300 m and the length of
the side spans 120 m. The rise of the main suspension cables in the middle span

was chosen 37.5m (1/8 of the span length).

37,5m

MT

1 20m

z

4«~/ﬁ//7/’T?:F;;

X

300m

7 Z
120m

Figure 4.1 Hybrid, cable-stayed and suspension bridge — improved bridge structure.
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Figure 4.2 Stiffening girder of the bridge.
4.2. Construction stages

For the reason that self-anchoring is assumed, construction stages are different
for a hybrid cable-stayed suspension structure in contrast to the traditional
suspension structure. In an initial construction stage, the structure works as a
cable-stayed structure and the carrying cable will be mounted after assembly of
the stiffening girder. Cable stays of the bridge start acting as the stiffening
girder is being assembled, but the suspension part of the structure starts acting
for the deck cladding and the imposed load. The stiffening girder starts acting in
an initial construction stage when the structural scheme is cable-stayed.
Temporary supporting and post-tensioning may be considered.

4.3. Description of the model

The model under investigation was erected in the scale of 1:100. The carrying
cable of the bridge uses steel cable, for which sectional are is measured and the
modulus of elasticity is determined. The carrying cable has a diameter of 2.5
mm, a cross-sectional area of 2.2 mm? and the modulus of the elasticity of 93.6
GPa. Cable-stays have a diameter of 1.0 mm, a cross- sectional area of 0.64
mm?, and the modulus of the elasticity of 189 GPa. The stiffening girder was
modelled by two steel angles which are engaged with a diagonal network and
covered by a steel sheet. The stiffening has a cross- sectional area of 1.52 cm?,
the moment of inertia of 0.02454 cm®, and the modulus of elasticity of 210 GPa.
Pylons of the model was made by a circular hollow section tube. For the left
pylon, the support is fixed and for the right pylon it is pinned. Both pylon
supports were solved by steel plates, for the fixed support, a circular tube was
welded to the anchor plate and the stiffening plates and for the pinned support,
the tube is situated between the steel plates joined by a bolt (see Figure 4.14
and 3.15). Loading of the structure was modelled with a leveller system (see
Figure 4.11). For the span length, load was applied to five points and through
the leveller system, a load is distributed to the stiffening girder (see Figure 4.17).
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4.3.1. Scaling

Table 4.1 Data of the model and actual structure (for estimation)

Model Coefficient Actual

Geometry

Middle span 3000mm 10 300m

Side span 1200mm 10° 120m
Carrying cable

Sectional area 4,40mm? 10* 440,0cm?

Modulus of elasticity 93,6GPa 1 93,6GPa
Cable-Stays

Sectional area 1,28mm?2 10* 128,0cm?

Modulus of elasticity 187,9GPa 1 187,9GPa
Stiffening girder — timber board 17x2cm

Sectional area 17,0cm? 10* 17,0m?

Moment of inertia 3»4,Ocm4 108 34,0m

Modulus of elasticity 10 1 10
Stiffening girder — steel bars

Sectional area 158 mm? 10* 1,58m?

Moment of inertia 0,576cm4 108 0,576m4

Modulus of elasticity 210 1 210
Load

Initial load 0,096 10° 11,2kN/m

Self-weightDead weight 0,828 10 81kN/m

Traffic load 0,828 107 56,4(31,74*)kN/m

* -according to Finnish NA [25]
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4.3.2. Detailing

The carrying cable of the model is fixed to the pylons by steel plates which are
squeezed by two bolts (see Figure 4.12). In the anchor support, the carrying
cable is fixed through the stretching unit which is fixed to the additional,
perpendicular steel angle on the stiffening girder (see Figure 4.6). For fixing
hangers to the carrying cable there are two steel plates; on the bottom of one
steel plate is an opening for suspending the hanger. Two steel plates are
squeezed by two bolts to carry the cable between them (see Figure 4.16).
Hangers are fixed to the stiffening girder by two nuts through the flange of the
steel angle with the threaded end of the hanger (see Figure 4.17). Hangers are
solid steel bars.

Cables stays are fixed to the pylon similarly to the carrying cable. To the
stiffening girder cable stays are fixed to the stiffening girder by a crook around
the screw which is fixed to the vertical flange of the stiffening girder’s angle
(see Figure 4.13). At the one end of each cable stay (side span) there is a
stretching unit (see Figure 4.8). The stiffening girder has direct vertical supports
at both ends of the bridge in place of the pylons and in the side span in the
anchoring node of the cable stays. In all cases a vertical support is provided by
steel plates which in plane are hinged in the ends.

4.3.3. Properties of materials

Naturally close attention was paid to the determing of the correct and exact
modulus of elasticity for the carrying cables and cable stays. Different cables
were tested to achieve minimum residue deformation. For cable-stays testing
results and calculations are presented in Table 4.2 and for the carrying cable in
Table 4.3.

For the cable stays, maximum load presented in Table 4.2, detailed calculations
are

F =3pex 28kg x 9,81 = 824N
S

3
c= %106 =1284x10°Pa = 1284MPa
0,6385x10"
Al =241,5-231,2 =10,30mm
10,30
E=

1500

Figure 4.10 shows the linear trendline for data in Table 4.2.
Unit rise k is 0.1200 and elastic modulus for the cable stay is

g = 01200 10° =187,9GPa
0,6385

=6,87x1072
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4.3.4. Testing

As mentioned above, the model was loaded by a leveller system through the
stiffening girder. The leveller system is suspended to the stiffening girder with a
steel bar over the stiffening girder and anchoring plates at ends of the bar. In the
middle span there are five loading points.

5] |53

k

k
7 %& 7, %4 7 7

1200 7 3000 707 1200
| |

Figure 4.3 Cable-stayed bridge. Bridge structure before installing the suspension cable
and hangers.

tl tZ

ki
% %ﬁ 7, 74 7 7

1200 3000 07 1200

Figure 4.4 Combined, cable-stayed and suspension structure.

Vertical displacements were measured from the origin cable stretched above the
whole structure. Measurements were taken with the ruler. Horizontal
displacements of pylons were measured by a suspended plummet and the ruler
was placed at the support of the pylon to take the measurements. Horizontal
displacements were measured by callipers directly from the support. For
callipers an additional support structure outside the model was built.
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Figure 4.5 Overview of the model.

Figure 4.6 Anchor support of the model.
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Figure 4.7 Anchoring of the cable-stay in the middle span.

Figure 4.8 Anchoring of the cable-stay in the side span.
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Figure 4.10 Stiffening girder truss.
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Figure 4.11 Loading the leveller system.
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Figure 4.13 Anchoring of the cable-stay and the middle span and the suspending detail
of the loading leveller system.
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Figure 4.15 Support of the right pylon.
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Figure 4.16 Fixing the hangers to the carrying cable.

Figure 4.17 Fixing the hangers to the stiffening girder.
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Figure 4.18 Supporting the stiffening girder in place of the pylons.

Table 4.2 Experimental data for the drawing the trendline for @#1.0 cable

L= 1500 mm A= 0.6385 Mm?
F c N Al €
kN MPa mm mm x107
1k. 2k. 1k. 2k. 1k. 2k.
231.2 231.3

0.10 157 232.3 1.10 0.73

0.18 282 233.5 233.6 2.30 2.30 1.53 1.53
0.26 407 234.5 3.30 2.20

0.34 532 235.5 235.5 4.30 4.20 2.87 2.80
0.42 658 236.5 5.30 3.53

0.50 783 2373 237.5 6.10 6.20 4.07 4.13
0.58 908 238.3 7.10 4.73

0.66 1034 239.5 239.5 8.30 8.20 5.53 5.47
0.74 1159 240.5 9.30 6.20

0.82 1284 241.5 241.5 10.30 10.20 6.87 6.80
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Figure 4.19 Trendline for determining modulus elasticity for cable @1.0 mm.

Table 4.3 Experimental data for the drawing the trendline for @1.0 cable

k 0,200
E =—=—X
A 0,6385

10° =187,9GPa

L= 1500 mm A= 2,2 mm?
F c N Al €
kN MPa mm mm x107
1k. 2k. 1k. 2k. 1k. 2k.
241.5 244.0

0.265 120 244.5 3.00 2.00
0.530 241 246.4 249.0 4.90 5.00 3.27 3.33
0.795 361 248.0 6.50 4.33
1.060 482 249.5 252.5 8.00 8.50 5.33 5.67
1.325 602 251.0 9.50 6.33
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Figure 4.20 Trendline for determining modulus elasticity for cable ¥2.5 mm.

£k _ 02059

A 2,2

x10% =93,6GPa
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5. Static analysis
5.1. Theoretical basis for calculating cable structures

Cable structures are structures with a cable as the main load-carrying element. If
one of the main dimensions of an element is larger than the two remaining ones,
and section rigidity with respect to bending and torsion is small in comparison
to tension rigidity, such an element is regarded as a cable.

The basic conclusion drawn from the above definition is that only tensile forces
can be applied to cables. However, in some cases small bending or torsional
moments and shearing forces can be applied to cables. The most significant
advantage of cable structures has its origin in the fact that cables have great
admissible tensile stresses. Therefore, a cable section can be used in an
optimum way and light, economical and aesthetic structures can be designed.
Two main factors are in favour of applying cable elements in the designed
structures: firstly - the possibility of entering the initial cable tension, which
enables for internal force regulation and makes the results more effective;
secondly - simple assemblage (e.g. suspension and assemblage of an entire
structure due to its small weight).

The theory of cable structures is based on the following assumptions:
loads and other external effects are of quasi-static type and constant in time,
for cables no bending moments and shearing forces are considered,
cable elements work in the elastic range (Young’s modulus E = const),
any loads can be applied, except for the moment loads,
large displacements u, but small gradients du/dx are admissible,
cable section area F is constant (F=const),

5.2. Methods for analysis
5.3. Discrete analysis [6][12]
5.3.1. Initial configuration of cable

An elastic cable loaded by system of concentrated forces obtains the shape of a
string polygon. The initial form of cable is determined by conditions of
equilibrium of its nodes (points of application of loads). The behaviour of the
cable under the action of additional loads depends upon the loads and
displacements of the cables nodes.

For the case of planar cable loaded by vertical forces, the condition of
equilibrium may be written in the following scalar form
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H{Zi—l_zi +Zi+l_ZiJ+FOi -0 (5.1)
ai a;

where Hyis the horizontal component of the cable’s force.

The proper fractions inside the parentheses in Equation (5.1) present tangents of

angles of inclination of the corresponding cable sections. Equation may be

presented in the form suitable for direct calculation of ordinates z;

Z; = ! [Zil = +Zi+1——F0iaij (5.2)

i H,

iy

7. -7.
i+l T
H, O
i+1

Figure 5.1 A cable section under the action of initial vertical loads [6].
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In case the distances between the forces are equal, then by simplifying the
expression (5.2) we get,

1 Fya
If we know the cable’s force Hy then using Equations (5.2) and (5.3) we can
find the ordinates of the string polygon. To find Hy we can provide an additional
equilibrium condition for the support point of the cable.

aO‘%FOi (l_Xi)

Hy =V, —2— = , (5.4)
Zy—17, l(zz—zl)
where
2 Ky (1 — X )
V, = % -vertical support reaction in the cable’s support point
1 — span of the cable

With support points located at different heights, the cable’s force H, can be
found with the following expression:

ag 2 Fo; (1-x;)
H, = i-l (5.5)
l(Zz —Z )_30(21 _Zn+1)
The configuration of cable presented in such a way can be defined if we know
the three ordinates z;, z,, Z,1.
Knowing Hy, we can present the expression (5.1) as
Hoz;; Hoz + Hyz Hyz; +F), =0 (5.6)

a;

i+l

i aiq a;

Denoting —% =A and —2 =B, and regrouping, we can write the expression
ai a;
(5.6) as
Az, —(A+B)z; + Bz, =-Fy (5.7)
Thus, knowing Hy, the ordinates of the node points of the entire cable can be
found by solving the following equation system:

—(A,+B,) B, 0.0 0 0 z, Ry
A, —(A,+B,)B,. 0 0 0 z, E,,
x| . |l=- . | (5.8
0 0 0 ‘An—l_ (An+1 + Bn—l) Bn—l Z,1 FOnfl
0 0 0.0 A, —(A, +B,) |z, F,,

In case of equal distances between forces, the given equation system is
symmetrical in relation to the diagonal:
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A -2A A .0 0 0]z F,

x| .= . (5.9)
0 0 0 . A _2A A Zn—l FOH 1
0 0 0.0 A =24z F,,

H
where —% = A
a

5.3.2. Equations for cables in load condition

After loading the cable with a complementary loading AFi in equilibrium
condition (5.1), the node 1 takes the form of

H[Zi—l 4 Zin T Wi TWi | Win Wi J+Fi ~0 (5.10)
aj a; aj a;

where

Wi, Wi, Wiy — vertical deformation of corresponding nodes,

H — the force of the cable from the total load,

F,=F,+AF; — the whole concentrated load in node 1.

From the expression (5.10), the node’s vertical deformation of the node can be
derived

1 a; a; Ea;
Wi = |:Wi—1 Wi (i 7))+ (2 _Zi)+#j|' (5.11)

1+ % aj_ ai_

ai
In the given equation, the unknowns are w; and H. Thus, to provide equations
for all nodal points, there is a need for a complementary equation to determine

H.
N H % 2+ W, -W;
a +(ui 'ui-l)

H F,

_at@-u) | oaq(u,-u) |

H Zi "2t W W,

it uy)

Figure 5.2 A cable section under the action of additional vertical loads [6]
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Figure 5.3 Displacements of the end nodes of a cable section [6]

The needed equation can be derived when viewing the elongation of the cable.
The elongation of segment of the cable, as represented through the deformations
of the nodal points, can be described as follows:

- i+Wi+1_Wi[Zi+1_Zi+Wi+1_WiJ:|’ (5.12)

2a;

2
g =1~ Ho \/1+[Zi+l‘ZiJ , (5.13)
EA a;

where EA is the tension rigidity of the cable.
When equalling (5.12) and (5.13) we get the following equilibrium condition
from the elongation of the cable segment.

1/2

2
i~ H-Hy 14| Zixl — % _Vin 7% | Zin T2 Wi — Wi (5.14)
a, EA a, a, a; 2a;

u

1 1

To eliminate horizontal displacements of single nodal points u;, the expressions
of single segments can be added up (5.14), and after the replacement

n

> (Ui —u) = Uy -y (5.15)

i=0

the expression (5.15) can be presented as

3
2 2
H-H, |y Ziv1 T % __EA _ _
= zH j] i)

Zinn =%  Win =W
= Z(WH—I - Wi{ +

] a, 2a

i i

(5.16)

=

where u,,; and u, are horizontal displacements of the support nodes of the
cables.

The resulting system is nonlinear equation system, which provides us all the
unknowns sought for. It appears that the cable’s internal force H must be
determined within the range Ho<H<H; where H; is the cable’s internal force
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found by help of Equations (5.5)...(5.9), using the total load F; as the node point
load. This makes it possible to simplify the nonlinear system, which otherwise
converges with difficulty. Namely, the expression (5.10) can be presented as

i i a; aj ai ai a; a;

Re-grouping the expression (4.17) and substituting Ho _ A and Ho _ B, and

aj a;

H H H H .
—z,——2,+—z;,,——2;+FE =—-C we can present the expression
Ay A a; a;
analogous to the expression (5.8) in matrix form:

—(A,+B,) B, 0.0 0 0 z, E)
A, —(A,+B,)B, O 0 0 z, Fy,
x| .= . (5.18)
0 0 0 An—l_ (An+1 + Bn—l) Bn—l Zy FOnfl
0 0 0.0 A, —(A,+B,) |z, E,,

In case of equal distances between forces, the given equation system is
symmetrical in relation to the diagonal:

A -2A A .0 0 0]z F,

x| .= . (5.19)
0 0 0.0 A =24z F,,

To solve the system (5.18) we have to find H and the whole cable is calculated

with the following algorithm:

1. We find the values of cable's force Hy=H, and Hz=H,, where H,, is
calculated like Hy (5.4) but the load for the cable is the total load from
self-weight and traffic.

2. H=0.5(Hs+Hjp) is taken for the value of H.

The displacements of all nodal points are found from Equations (5.18)

or (5.19).

4. Using the displacements found, the value of H is calculated from the
expression (5.16), marking it with H,. If the value is close enough to the
basic value of H, it can be said that both the equations (5.18) and the
expression (5.16) have been satisfied, and the displacements and
internal forces found can be used as the solutions of the system.

5. If H, >H, then the substitution H, =H is made, otherwise Hg =H and the
calculation is continued again from point 2.

W
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5.3.3. Discrete model for girder-stiffened cables

If the cable is combined with a girder, then the whole load is not distributed to
the cable only, but part of it will be carried by the girder. In the case of
suspension bridges, the dead weight of all elements suspended on the cable
during the assembly of the girder is fully distributed to the cable. After
connecting of the suspended elements with each other, the remaining dead
weight of the deck construction and the complementary varying load apply both
to the girder and the cable. Therefore, to solve a system like this (Figure 5.4),
the behaviour of the girder and cable must be examined.

El En

AR S L |

Figure 5.4 Distribution of forces in a cable-stayed bridge with straight anchor cables [12]

The initial load Fy; 1s fully distributed to the cable, and it is used to determine
the pre-stress force Hy for the cable, using the formulas (5.4) or (5.5). The
complementary load placed on the girder is, by means of hangers, partially
distributed to the cable, so that the displacements of the cable and the girder in
the same section are equal or, taking into account the deformations of the
hangers, differ by the elongation caused by the contact forces. Thus the girder
can be examined as a structure, which is loaded with complementary loading,
and contact forces opposite to it. The solution of the system is to find such
contact forces, which provide for equal displacements of the girder and the
cable.

There are various ways to solve the system described. The girder structure can
either be solved analytically or by the use of a discrete element method (FEM).
As much calculation is involved in the discrete element method, it is reasonable
to compose a separate calculation program to be used of in this method. When
using the finite element method to find a girder's displacements and internal
forces, it must be built into the created packet, or to use automated data transfer
between different packets. As the use of FEM requires of a complementary
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equation system to be composed and numerous solutions, to speed up the
calculations, it is reasonable, to derive the solution analytically, if possible. If a
girder construction is applied, the universal equation of the girder's elastic curve
can be used for the relation between the girder's internal forces and
displacements.

/7 X—da
E 1, w(x)=E,I,w, + Eblb(plx—ZMj (T’xH(x—a])+
s 5V ! _
I3 LS TR S Clc T (5.20)
k= 6 i 24
L x—d,)
—;PZ%XH(X—CZI)
where
E,I, - girder's flexural rigidity
W, - vertical deformation of girder's node at the beginning
of the girder
o - slope of the girder at its beginning

a;,b,c,,d, - initial and final coordinates of girder's loading forces

from the beginning of girder
H(x) - Heaviside function
Through the expression (5.20), it is possible to find the girder's displacements
from the converged moments M, , converged forces F, and uniformly
distributed loadings p,,. placed on the girder.

When pylons are vertical, the horizontal displacements of the cable's support
points in the case of a straight anchor cable can be presented as follows:

- — (H —H, )B
= e = E,A cos’ a >21)
where
B - anchor cable span
a - cable's elevation angle

From the Equation (5.20), we can write the following expression for every
hanger's fastening, describing the displacement of the corresponding fastening
point:

W, =w +@Xx, +ZF( xi)S ZF( i xH(x—b, )+

6F,1, 6E I,
\ i=2 ) k=1 (5.22)
o -q) )
+Zpl—><Hx Cz sz (x—dl)

= 24
where
F, - contact force in the i-th hanger
V. - vertical support reaction of the beginning of the girder
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For the missing support reaction, concerning the equilibrium conditions of the
moments related to the end-point of the girder, we can write:

Zn:E(L—x)+VaL+Mp =0 (5.23)

i=2

where M, is the moment of the load placed on the girder as related to the end
of the girder.

The unknown quantity ¢, , can be derived from the elastic curve universal

equation as related to the end support of the girder, knowing that the
displacement at the end of the girder w(L) = 0. Thus there are equations to
determine all the unknowns. To solve such a system in its entirety, the
following algorithms can be used:

1) If we link the equations of the girder and the cable by the common contact

forces in the hangers, the algorithm for the solution of the bridge can be
presented as follows:
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The cabk’s mitial
internal force Ho is
calculated, using the

expressions (5.4) or

(5.5)
L 4

The mitial contact forces are
calculated, provided that the
cable has approx. 90% of the
bridge’s total load

7

Using the contact forces, by
use of the discrete method,
the cable’s nodal points’
displacements and the
cablke’s force H are found

New contact forces
€ arecak ulated, using
the initial and the
found contact forces

A

Using the tound
displacements, the elastic
curve equations (5.22)and (5.23)
are solved, new contact forces
are found

If the contact forces
found equal the
initial contact forces

The internal force of the girder
is calculated, the bridge is
solved

Figure 5.5 Algorithm for girder stiffened suspension structure — linking equations in
fastenings on stiffening girder [12]

If the joint displacements in the fastening nodes of the hangers are to be used
solve to the equations of the cable and the girder by simultaneous, the solution
algorithm is as follows:
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The initial internal force of
the cable Ho is calculated,
using the expressions(5.4)or
(5.5)

v

The initial contact forces are
calculated, provided that the
cable has approx. 90% of the
bridge’s total load

v

Using the contact forces, the
displacements of the cable’s
nodal points are found by the

discrete method
& New displacements of
the average of the
Using the contact forces and the displacements of the
girder’s loadings, the elastic curve cable and the girder,
equations (3.22) and the ol and, through the
displacements of the hangers’ displacements, new
fastening points (5.23) are solved contact forces and the
cable’s internal force
H are calculated

If the girder
displacements found
equal the corresponding
displacements of the
cable

The internal forces of'the girder
are calculated, the bridge is
solved

Figure 5.6 Algorithm for girder stiffened suspension structure — linking equations in
fastenings on hangers [12]

Both algorithms require the monitoring of the converging process and, if
needed, its manual correction, because a minor change of the cable's internal
forces brings about major changes of displacements in the system, and the
system becomes unstable while being solved, and instead of converging, it starts
to oscillate between some unreal solutions, or is dispersed.
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It became evident that it is reasonable to converge all linearly interdependent
components into a uniform linear equation system, which thereafter will be
dependent on the cable's internal force H. Thus, the solution is reduced to the
search of such H, in the case of which, when placing the displacements
calculated from the linear equation system into the expression linking the
elongation of the cable and the displacements (5.16) and the H found in its
solution equals the H used for compiling the linear equation system. As an
algorithm, such a system could be described as follows:

The cable’s The maximum value of H
configuration and the | ) is determined, assuming
cable’s initial internal that the whole load is
force Ho is cakulated placed on the cable
v
H1=H0 and H2=H are
A linear system is ass%ed
comp{led a'nd solved, H=05(H1 + H2) are )
which gives the i cakulated
displacements of the
girder and the cable
v
The cable force control
value HU is cakulated
from the expression H1=H H2=H
(28) 4

The problem is solved, the internal forces of
the stiffening girder can be found with the
expressions of structural mechanics

Figure 5.7 Algorithm for controlling the interactive process [12]

The matrix of the linear equation system of the corresponding system can be
presented as follows:
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A A, 0.0 0O 0 O 0 .. O 0 0 0 w, C
A A LA 5. O 0O 0 O 0 ... 0 0 0 0 w, C,
0 A,A ;... O 0O 0 O 0 ... 0 0 0 0 W C,
00 0.4,,4,0 0 0. .0 0 0 0 |w,| |C,
00 0.4,, 4, 0 0 0 .. 0 O O O w | | C,
-1.0 0. O B, B, B;..B,, B, B, B, y F _ Cr.
0 -10..0 0 By, By, By5..B,,, By, By, By, r, Cr,
0 0 -1 0 0 By, By, By; .. Bs,, By, Bs,, Bs,., F; CF,3
00 0. -I 0 B, 1B, 2Bz ByiniBuinBuiwi Buina| |Fui| |Craa
00 0.0 -1 B,, B,y Bz By By B B F, CF,n
00 0..0 0 B,iBrsBris B BuiaBriwi Buinea| | 2o Cr
0 0 0.. O 0O D D, Dy..D,_ D, 0 D, V. Cp
(5.24)

The matrix components are the following: Further derived from the expression
(5.10), we get

H[ai(wi_l _W,-)+ ai—l(WiH _Wi)J _ _H[ai (Zi—l — Zi)+ ai—l(ZH—l _ Zi)j_ F (5.25)

a;a; a;a; a;a; a;a;

l 1

1
from here
H(a‘wi—l - (ai—l +a; )Wi +a;,w; ) =

' (5.26)

= _H(Ziwi—l - (Zi—l +Z; )Wi + 2w, )_ Fa, a,

Thus, the matrix components A;; and free term C; can be expressed as follows:
A, =aH A, = H(ai—l +4q; );Ai i =a,H;

’ ’ ’ (5.27)

C = _H(Ziwi—l - (Zi—l +Z; )Wi + 2w )_ Fa; a,

The coefficients B, ;and C,, have been derived from the universal equation of

girder’s elastic curve (5.22) and can be presented as follows:
(x,. X )3

B"B

If i>jand [<i<n,then B, = , otherwise B, ; =0.

3
X

i = X3 B = ——
i,n+1 i n+2 6EI
The free term C,, depends on the specific load situation of the bridge, and

B (5.28)

contains all these coefficients of the universal equation of the elastic curve,
which do not contain the sought deformations and internal forces.

Lo (=) Lo (x-¢)
Cp; :ZFk xH(x—bk)+Zpl xH(x—c,)—
k=1 6 =1 24

) (5.29)
v, (a-d)

xH(x—dl)
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In the case of a bridge loaded with uniform loading p, the free term is in the

following form:
4

PX;
Cri= 24E,1I (5.30)
The coefficients of the last row of the matrix are derived from the equilibrium
condition of the moments as related to the bridge’s support B, and are presented
as follows:

D, =(-x}D,,, =; (5.31)
And the free term depends on the loads placed on the bridge; in the case of a
uniformly loaded bridge the term is

2
c, =% (5.32)

5.3.4. Combined suspension-cable-stayed systems

The calculation of combined systems can be divided into two groups. In the first
case, the bridge is constructed as a cable-stayed bridge, because this simplifies
the assembly, and after the installation of the hanger, the cables are dismantled.
In such a situation, the bridge's dead weight must be calculated similarly to that
of a cable-stayed bridge, and afterwards separately as a suspension bridge.
When calculating a suspension bridge, the cable's initial internal force can no
longer be found from the total dead weight of the cable and the stiffening girder,
but only from the cable's dead weight, because after the dismantling of the
cables, the stiffening girder, mounted as a cable-stayed bridge, does not load the
cable freely any more, but is engaged together with it. This causes a difference
in specifying the loads, as compared with the calculation of ordinary suspension
bridge, because the girder's dead weight must now be included in the
complementary weight, however other calculation principles remain. When
receiving the traffic load, a bridge like this behaves analogously with a
traditionally built suspension bridge of the same kind, but while building the
bridge, during the assembly of the cable-stayed bridge, a bridge camber must be
provided, which would balance the later deformations upon the removal of the
cables.

In the other case, the cables installed during the assembly are maintained, and
they will function as complementary stiffening elements. A construction
working like this cannot be examined as a suspension or a cable-stayed bridge,
but as a cooperation of different kinds of structures functioning in parallel.

5.3.5. The covered calculation model and basic equations

Examinig the combined system situation, where the stay cables are kept in place
after the cable assembly, the discrete approach to the problem provides various
solutions. First, the solution process depends on how the suspension cable is
engaged with the cable-stayed bridge. If a complementary suspension cable is
mounted to the existing cable-stayed bridge, then the behavior of the anchor
cables of the cable-stayed bridge and of the anchor cables of the suspension
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bridge must be differentiated during the calculations, and the combination
action of them both must be considered while calculating the displacements of
the pylon. The situation where the cable is mounted between the pylons and the
anchor cable is already initially mounted with a greater cross-section,
considering its later work with the cable, is easier to calculate. In such a case,
the part considering the deformations of the anchor cables will be left out of the
part describing the cable, the bridge can fully be considered as a cable-stayed
bridge.

The general approach of all methods is similar to the discrete element methods
of suspension bridges; but when with suspension bridges the hanger and the
stiffening girder were taken as separate elements, then with the combined
system, the hanger and the cable-stayed bridge can be examined separately. A
system compiled like this can basically be solved in two ways.

First, two separate bridges can be solved parallel, seeking such a combination of
internal forces of hangers, where the corresponding displacements of the
cable-stayed bridge and the suspension cable would be equal. In addition to its
dead weight and imposed load, the cable-stayed bridge will then also be loaded
by the combination of the contact forces of the hangers.

In practice, such a method can be solved by using the cable discrete element
method (5.1 ... 5.6), and, for the calculation of the cable-stayed bridge, either
FEM or some other discrete method.

The calculation of the bridge can be divided into two stages. First, the initial
condition of the bridge is solved, where the cable-stayed bridge is loaded with
the stiffening girder's mounting-time dead weight, and the cable is loaded with
the dead weights of the cable and the hangers. It is also possible to give the
cable a complementary pre-stress by stressing the hangers, in such a case this
must also be considered while determining the initial condition of the
cablestayed bridge. The initial condition of the bridge without stressing the
hangers is given in Figure 5.5.

Load for the main cable 4,

H H
\ 4 Foi -
B, E
X gl
B L ) B

Figure 5.8 Initial condition of the combined system

In the second calculation situation, (Figure 5.8), in addition to the bridge's own
dead weight, a complementary traffic load is also applied to the cable-stayed
bridge, and the balancing influence of the cable in the fastening points of the
hangers is described by the contact forces AF,.
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Load for the main cable P,
DT T

Load for the cable-stayed bridge

pﬂ N p(

Figure 5.9 Bridge in the working state

Thus, the problem is solved, when we find such a combination of contact
forces, where the corresponding displacements of the cable and the cable-stayed
bridge are equal. The solution process is successive and can be presented as the
following algorithm:

The cable-stayed bridge’s
initial internal forces in the
stays, and the main cable’s

The initial contact forces are
calculated, assuming that the cable
IS @ has ~90% of the total load of the
initial internal force Ho are

bridge.
calculated.
7 v

Using the contact forces, by way of

S

Using the contact forces and
loads on the bridge, the cable-
stayed bridge is solved by

discrete method, the displacements
of the cable’s nodal points are
found.

FEM.

The new displacements are
calculated from the average of the
If the displacements of the cable and the
displacements —| girder, and through the
found equal the displacements, the new contact
corresponding forces and the cable’s internal force
displacements of H are calculated.

the cabl
e cable — ?

The internal forces in the
cable-stayed bridge are
calculated, the bridge is

solved.

Figure 5.10 Algorithm for solving hybrid cable stayed suspension bridge

Another way of solution is to use the formulas of the discrete element method
of the cable-stayed bridge together with the discrete element method of the
suspension bridge. The linear parts of both the cable-stayed and suspension
bridges can be converged into a joint matrix, and analogously to the discrete
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element method of cable-stayed bridges, the solution of the whole system
depends on the finding of the sought cable force H. A problem like this is
solved much faster than the first variant, because, in stead of a complex of
nonlinear elements, this problem only has one non-linear component, the value
of which influences the solution of the whole liner equation system, and the
values of which can be sought within given limitations. The weakness of the
method lies in the complexity of the matrix compiled, and the inevitable loss of
calculation accuracy accompanying the solving of a great matrix [5.18].
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5.4. Nonlinear finite element method [33,42]
5.4.1. General

5.4.2. Equations governing the problem

Let us consider a small sag cable (i.e. cable for which the angle between the
tangent in any cable point and a straight line joining its ends is small) loaded
with an arbitrary load in its plane. Let us consider an infinitesimal element in
this cable — the described in the initial stage (first, assembly stage) by the load
g0, temperature TO and tension HO; the length of this element is equal to dso
(Figure 5.11). Once the load is applied to the cable (second, final stage with the
load q, temperature T and tension H), the length of an elementary cable section
equals ds (Figure 5.12). Both stages together with loads in both planes (xy and
xz) are presented also in Figure 2.

0 - v X

Qo

ds0
HO
HO+dHO

1

Q0+dQ0

Y
Figure 5.11 Infinitesimal element in the initial stage [33].

0 — v X

Q

ds
H
H+dH

R

Y Q+dQ

Figure 5.12 Infinitesimal element after applying the load [33].

Assuming a small cable sag value and taking into account that the total cable
force must be tangent to the cable, one can assign the appropriate cable
elongation as a function of static values only. Once the integration along the
total cable length is done, the known formula for a cable with a small cable sag

value will be obtained. The cable chord elongation value A can be derived from
(5.33).
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0x(x) q0v(x), 40z(x)
Temperature T0 L1 /— 4 /—

V First stage
HO.R0a d—l———l———[——’%___ HO+ROb (initial)
G 0 T — —
M~ e e - -~
A - - — - B
y ax(x) ﬁ awix), gz(x)
z, = X d______d——f—”—’#_ﬂ
HRa ——— 1 | H+Rb
’ Second stage
— {final)
A B
Temperature A
T ra
L2

Figure 5.13 Integration along the total cable length

L2- LI—A—E—H—Ol aATI+06—
EA EA
, 5.33
Y Y CTES G T G T P A
210 [H+N(x)] 0 [HO + NO(x )]’
where:
A, B - beginning and end cable node,
EF - cable tension rigidity (where: E - Young’s modulus, F - cable cross-
section area),
a - coefficient of thermal expansion,
1 - initial cable length (for an unloaded cable),
A - distance change between the supports,
d - initial, internal cable shortening/elongation (regulation),
AT - change in temperature,

Q(x) - function of shear force as for the beam with pinned supports (according
to indexes: in the Y- and Z-axis directions and for the initial and final stage,
respectively) - schematic drawing below (Figure 5.14),
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Qix) ‘

Figure 5.14 Function of shear force

N(x) - axial force function caused by the static load for a beam with fixed
supports (during the initial or final stage) - schematic drawing below (Figure
5.15).

AN
|
N

N(x)

Figure 5.15 Function of axial force

5.4.3. Cables in Finite Element Method theory

Cable element theory in FEM is based on the general theory of cables with a
small value of cable sag. According to this theory, cable rigidity is an implicit
function of the following parameters: cable tension rigidity (EA), cable tension,
cable support displacements, and transverse loading in both directions (py, p,).

5.4.3.1. Cable equation for the assembly stage

Unloaded cable

Qox = qu =qoz = 0

H,=0 (5.34)
For which the length is equal to:
L1=1

Cable anchored in the structure with all loads of the first (assembling) load case:
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ax =gx"

qy =qy (5.35)
qz=qz"
AT =T"

L2 — Distance between support nodes A and B of the deformed cable: L2=

distance (A+U,, B+Ugp),

Where: U, — Displacement of the point A

Ug — Displacement of the point B
Various situations for the first assembling load case are possible:
Force H is known (controlled)

cAX
H:{H (5.36)
From the equation (5.33):
2
a= L oareso [ WA )+ Qi) (5.37)
EA o NG

L value is the distance between the beginning and end node of the cable. From
the equation (5.37) one can assign the initial cable elongation & essential for
obtaining the required force H:

soa- L gur QUK (5.38)
EA T TN
Tension force H is unknown, then:
L2 =length(A+ U B+UY) (5.39)
Then, solving the equation according to the force H
1 2 2
L2-Li= M oares [ (5.40)
EA 0[N(x)+H]

And iterating through the system of equations, the final value of the assembling
force is found.
It is equal to:

=\/[H+N(x)]2+Q§+Q§ (5.41)
If no nodal displacements are considered that is,
L2= length(A, B) (5.42)

Solving the equation (5.40) the initial value of the force required for the cable
anchorage between supports is found.

5.4.3.2. Load cases after anchorage

After completing the structure analysis, results for cable elements are similar to
those obtained for bar elements; however, some differences remain. The
differences include:
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— No shearing forces and moments can be obtained for cable elements,

— For cable elements either the simplified deformation (assigned as for
the truss bar) or the exact deformation (described by the differential
equation of the sag line) can be obtained

— Additional results for cable elements (as a result of the assembly stage):

Axial force (tensile) is calculated from the formula:

N = VFX? +FY? + FZ> (5.43)

Where:

N — force applied along the cable tangent

FX, FY, FZ — N force components projected on directions of successive axes of
the local coordinates system

5.4.3.3. Cable equation during the cable’s work in the structure

When an arbitrary case (i) is defined after the first assembling case, cable
behaviour is obtained by solving the equation (5.33). Iteration of such an
equation is run according to the following assumptions:

HO=HU

q0=q"

AT =700 g0

L1 = length(A + U, B+ UY)
L2 = length(a + U, B+ UY)

(5.44)

q=q"+q'
q — load from the first load case is automatically added to the load in the (i) case
Tension force H is treated as an unknown quantity.

5.4.4. Bar elements in the non-linear analysis

5.4.4.1. Preliminary remarks and assumptions
The following assumptions have been adopted for bar (beam) elements:

—  Uniform formulation
—  Uniform element allowing for material and/or geometrical non-linearity
- Standard displacement degrees of freedom at 2 extreme nodes

d=(0,0)=[u, 00,0000, ] (5.45)

— There are 2 levels of geometrical non-linearity available: non-linearity
(second order theory), and P-DELTA which is the most accurate theory
possible with large displacements and rotations; this is an incremental
approach with a geometry update.
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— Assuming small displacements and absence of physical non-linearity for
the limit, the results are identical as for standard linear elements

— Shear and torsion states are treated as linearly elastic and have to be
uncoupled from axial forces and bending moments on the cross section
level.

— All types of element loads are allowable (identically as for standard
elements). However, it is assumed that nodal forces acting on a structure
are determined at the beginning of the process. The changes in the transfer
of element loads onto nodes resulting from geometrical or material non-
linearity are ignored.

5.4.5. Geometry, sign convention for forces, displacements, stresses
and strains

s Fositive senses of forces and moments of
reactions on har ends as well as displacements
My dw and rotations in the element local systern (300

-, Yu Positive senses of internal forces and moments {generalized
) stresses) as well as strains and curvatures

Figure 5.16 Geometry, sign convention for forces, displacements, stresses and strains

5.4.5.1. Basic kinematic relationships
In the element local system and in the geometrically linear range, the

generalized strains E on the cross section level are as follows (symbol (* X
indicates calculation of the differential along the direction of the bar axis):

E =gy y -k, By B 0)f (5.46)

where:
Axial strain in the bar axis: €ox = U

65



Curvatures:

Average angles (strain):

Unit torsion angle:

Ky =

(I)y’x

Kz =- d)z’x

By = V’x - d)Z’

By =wx - dy

5.4.5.2. Displacement approximation
When there is a possibility to consider shear influence and consistence of results
obtained for the linear element, physical shape functions considering shear
influence have been implemented.

2D bars:

hy, 0 0

u(x)= Nu; N =

¢ = dxx

h, h, 0]
0 0 hg
0 0 hg
hy hy; 0
0 0 hy
0 0 hy

Table 5.1 Shape functions and their derivatives are expressed by the formulas

(5.47)

| B &

2 C 1/L

3 Tirambeec] Tl

4 1+12K [(1+2K)—2(2+K)g+3(;2] ﬁ[—z(zm)mg]

5 m[—@mgz] @[—MIZC]

6 m[— 21— ) +3¢] m[— 21— )+ 6C]

7 i +12K) [(1+2x)] m [— 2K - 66 + 6@2]

R IR | e S
9 m[zxmsgz —2@3] ﬁ[ﬁ%g-&z]

10 ﬁ[@ﬁ(l«)@z—d] (l+2K)[K+2(1—K)<;—3g2]
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where:

E=x/L
6EI 6EI .
K= L, -+ for planes XY and XZ, respectively. (5.48)
k,GAL? " k,GAL

5.4.6. Kinematic relationships for the matrix notation

When considering the influence of imposed strains

E’ = {soAt,Kﬁt,Kft} (5.49)
Increment of generalized (sectional) strains:
AE =B, Auy . — AE® (5.50)
Aup. =TAug, (5.51)
gox | |Dix 0 0 hy, 0 0
e=|x, |=| 0 -hy, ~-h,, 0 —h,, —hg, -{“1} (5.52)
By 0 hy-h;, -hg, 0 ‘hs-hg, —hy, 2
where:
u:{ul’U’Z}:{uxl’uyl’d)Zl’uxZ’uyZ’(I)zZ}T (5.53)

5.4.6.1. Strains at a point (layer)

Given the generalized strains {ggy, Ky , Kx} of a cross section, the g, strain or its
increment Ag,, at any point of the cross section 1 - of the coordinates yl, zl, is
calculated as

€x1 = €ox T K.Y (554)
£q=ViEv={Lz,y,}" (5.55)

finally, strain increment in the layer:
Ag,, = vlT(AE - AEO)z vlT(BAu - AEO) (5.56)

5.4.6.2. Geometrical non-linearity
The following configurations are taken into consideration:

Figure 5.17 Explanation for configurations

B’ - initial configuration
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B" - reference configuration (the last one for which equilibrium conditions are
satisfied)
B™'- current configuration (iterated).

An entry point for the element formulation is the virtual work principle saved in
the following form for displacement increments:

[7;8AM;;dV + [ CijqAey8Ae;dV = - 1;;0Ae;;dV, Vdu (5.57)
where: Ag strain increment while moving B" to B™! Ae, An constitute its parts,
correspondingly: linear and non-linear with respect to the displacement

increment Au, whereas 7 is a stress referring to the reference configuration and
Ciju 1s a tensor of tangential elasticity modules.

5.4.6.3. Kinematic relations
Strain increments in the matrix notation:

AE = Ae + An=BAu, . +%gTHNg (5.58)
where:
£ = {100 100 110y 0, )T (5.59)
then the displacement increment gradient g = I'Au
=N, (5.60)
whereas
0 0O
Hy=|0 1 O (5.61)
0 00

is a selection matrix.
5.4.6.4. Nodal force vector and element stiffness matrix

Algorithm on the element level

Ko = K +Kg (5.62)
= o —IBIE M KT =0T - —ehie (5.63)
K, = TBTDde (5.64)
LT
K, = [T (NHy)dx (5.65)
0

The element geometry is not modified; the local-global transformation is
performed with the use of initial transformation matrix °T
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Aup . = TAug, (5.66)

AE = BAuy, +%gTHg — AE?

(5.67)

> oy (s “,AE), (5.68)
K=K, (=) (5.69)
floe = Fon = Finer, — Finene (5.70)
foro =" T Fioc (5.71)

Kioe =KL +Kg (5.72)
Kaio = TTKLOCOT (5.73)

5.4.7. P-Delta option

It is a certain variant of bar description allowing for large displacements. The
approach of the updated Lagrange description is applied here.
Nodal force vector and element stiffness matrix

KLOC — KL + KG (5.74)
£ = - BT = £ £ (5.75)
LO
K, = [ B'DBdx (5.76)
0
LO
K, = | Iz Jrdx (5.77)
0
N M, 0
=M, N 0 (5.78)
0 0 O

One can also notice that in the cable equation (5.33), as opposed to traditional
solutions applied to cable calculations, axial force can vary along the cable’s
length (in denominators of both integration functions in equation (5.33), the
following functional components exist: [H+N(x)]* and [HO+NO(x)]?). It allows
for more accurate results.

5.4.8. Solving the system

Non-linear analysis consists of incremental application of loads. In calculations,
loads are not considered at a time, but are gradually increased and solutions to
successive equilibrium states are performed. Non-linear behaviour in current
case of a structure results in a non-linear force—deformation relation in the
whole structure (geometric non-linearity). Geometric non-linearity considers the
following effects for the whole structure.
— Non-linear analysis - takes account of the second-order effects, such as
changing the stiffness of the element under the influence of the stress
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state in the element. At the same time, this analysis considers
generation of moments resulting from the action of vertical forces at the
nodes displaced horizontally.

— P-delta analysis - takes account of the third-order effects, such as the
additional lateral rigidity and stresses resulting from deformation. This
effect considers additional forces arising in a deformed structure such as
a beam with fixed supports on both ends, loaded by a vertical load,
longitudinal forces arise and the deflection decreases.

Using geometric non-linearity takes the actual higher-order effects into
consideration and often has effect on improving the convergence of the
calculation process for a structure including non-linear elements. Incremental or
arc-length methods solve a system of non-linear equations. In the incremental
method, the right-hand load vector is divided into n equal increments. A
consecutive load increment is applied to the structure once the state of
equilibrium for the previous increment is achieved. The norm of unbalanced
forces is specified for each step, allowing for monitoring of the structure force-
deformation relations. The arc-length method of displacement steering should
be applied when the incremental algorithms of solving equations by force
steering are not convergent. An example of the non-linear process within the
incremental method is shown in the Figure 5.18. Values used for non-linear
calculations are displayed.

load intensity
first displacement

sub-increment di0 Equilibrium path

2" load
: T
increment 71T T i [
"unbalanced" loads load increment
dFn dF 0
1 |oad ol s R o B R e e TR
increment

iterations

(sub-increments)

' 4 displacements
displacement

sub-increment dun

Figure 5.18 Example of the non-linear process

There are three available algorithms for solving a non-linear problem, set the
following parameters of non-linear analysis.
For the Initial stress method:
— Matrix K not actualized after each subdivision
— Matrix K not actualized after each iteration
For the Modified Newton
— Matrix K not actualized after each subdivision
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For the Modified Newton-Raphson method:

— Matrix K actualized after each iteration
For Full Newton

— Matrix K not actualized after each subdivision
Raphson method

— Matrix K actualized after each iteration
The algorithm of the Broyden-Fletcher-Goldforb-Shanno (BFGS) procedure
modifies the stiffness matrix during calculations. In certain cases, the use of the
line search algorithm may improve the convergence of the method.
In general, the quickest way to get the solution of the problem is to apply the
Initial Stress method, while the calculations take the longest time when the user
decides to select Full Newton-Raphson method. However, the greatest
probability of obtaining convergence of a method in the case of Full Newton-
Raphson, while the probability is the smallest in the case of Initial Stress
method.
The convergence of the process is checked and the iteration process is stopped
once the state of equilibrium is achieved. Displacement increments dUn and
unbalanced forces are essentially zero (sufficiently small in comparison with the
tolerance parameters for both values). The iteration process is stopped in the
case of divergence. Lack of convergence can be interpreted either as the
numerical effect of structure overloads or as a result of numerical process
instability (such as when the load is divided into a small number of intervals). In
such cases, the number of load increments can be increased, which usually helps
the process to converge.
Parameters which influence the course of non-linear calculations.

— Load increment number is used when dividing a load into smaller
segments. For complex structures where the impact of non-linear effects
is considerable, calculations may not converge if the analysis for the
value of a load is applied in one step. The number of load increments
influences the number of calculation iterations. The greater the number
of increments, the greater the probability for the calculations to reach
the point of convergence.

— Maximum iteration number in each load increment is used to control
the calculation process during one load increment.

— Allowable increment length reduction number (modification) defines
how many times the number of load increments can be changed when
calculations do not reach convergence (refer to the increment length
reduction factor below).

— Increment length reduction factor is used to modify the required number
of load increments. This is the conditional option, used only when
calculations do not reach convergence for the currently defined
parameters. If convergence is not achieved, the size of load increment is
reduced (depending on the value of the coefficient) and calculations
continue. This is repeated until convergence is achieved or the iteration
process exceeds the allowable number of step length reductions.
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Parameters which influence the arc-length method parameters.
Load increment number
— Maximum iteration number for one increment.
— Maximum load factor Amax - The maximum value of the load parameter.
— Node number, degree of freedom - Specify the number of a node
located on a structure roof and displacement direction, respectively.
— Maximum displacement for selected degree of freedom Dmax - The
maximum value of a displacement at a selected node.
The Arc-length method is applied during non-linear pushover analysis. It is
strongly recommended when non-linear structure attributes are defined in a
structure model.

5.4.9. Practical remarks on calculations of cable structures

Practical consideration regarding calculations of cable structures are as follows:

1. Definition of initial tension forces in cables should be well thought-out.
Values of tension forces or stresses specified in a cable definition indicate
exactly the values required by the algorithm in the assembly load case within
the appropriate cable (measured along its chord). This requirement provides for
finding the necessary cable length. If tension forces implemented in an isostatic
structure are not balanced, then the equilibrium cannot be reached.

It is often the case that the user defines the tension force of a cable smaller than
the load (e.g. dead weight) acting on it; in such cases it is evident that no
physical solution to this model exists. A similar problem concerns the static
model presented in the drawing below.

The model presented may exist as a model of a whole structure or be part of a
larger structure. If the definition of a cable assigns casual values of the tension
forces of the assembly to cables nos. 1, 2 and 3, then most probably it will be
impossible to fulfill the equilibrium conditions for the horizontal direction (the
total of horizontal components of tension forces from all the three cables would
have to be equal or close to zero). Therefore, the calculation process for this
structure will not be convergent or the calculation errors will occur. Such errors
are typical of abnormally large displacements and rotation angles of structure
nodes (to fulfill the equilibrium conditions, abnormally large rotation angles are
defined in the structure, which most often results in exceeding the domain of the
functions: acos, asin or root).

Thus, in the initial stage of calculations it is more favourable to define cables
by specifying the cable length instead of tension forces. Only after becoming
familiar with approximate values of tension forces, the user may determine
values of tension forces for reasonable values of cable length, keeping in mind
that the equilibrium conditions should be fulfilled at least approximately in
nodes similar to those in the model shown in the drawing above.
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A similar situation takes place for collinear chains of cables to whom the same
values of the tension force are ascribed; the analysis will not be convergent,
since tension forces cannot be alike in all the cables due to the cable sag.

2. Cables show no bending stiffness; for collinear cable chains or cable nets it
should be remembered that they have no stiffness in the perpendicular direction,
if additionally, the third-order non-linear effects (P-delta), i.e. the effect of
geometry (shape) modification on the structure stiffness, are not taken into
account.

3. Since cable elements cause strong non-linearity of the system, in some cases
the user should:

define a higher number of load increments (>10),

apply the "Full Newton-Raphson" algorithm (which means that the K
stiffness matrix should be updated after each load increment and sub-
increment).

However, the above parameters should not always be set. In some cases, when
solution convergence is achieved even in one load increment, the simplest
algorithm ("Initial Stress") can be used.

4. If cables are defined by specifying their length and loads are applied to a
structure, and as a result, some cables will not work (will not carry any forces),
then the analysis of a cable structure may reach no convergence. To avoid this,
the self-weight load should be applied to all cables in the assembly load case. It
reflects the actual situation, since real structures do not include cables which do
not carry tension, there is always a slight tension resulting from the cable dead
weight.
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Figure 5.19 Main parameters of the FEM model.
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6. Comparison of experimental results and static analysis
6.1. Construction stage
6.1.1. Vertical displacements

Figure 6.1 shows a comparison of vertical displacements for a construction
stage. It corresponds exactly to a case when the stiffening girder is assembled as
a whole and the structure starts working as a cable-stayed structure. It is not
correct when the stiffening girder is assembled traditionally for a cable-stay
bridge — starting from the pylons, installing details of the stiffening girder by
adding cable-stays, but it provides also an estimation for cases when the
stiffening girder is assembled step by step. Though the comparison enables us to
verify analysis methods — we can use the chosen analysis methods also for a
construction stage. Still, in the scale chosen it is complicated to model the
installation of the stiffening girder.

In fact, theoretical and experimental results are in an acceptable compliance. In
a maximum case, the difference is 17%. The overall tendency that experimental
values are greater than the calculated ones is comprehensible. This effect can be
explained in terms of the additional deformation of details.

Also, the effect of the deflection graph being unsymmetrical for a symmetrical
load can be explained by an unequal deflection of details and unsymmetrical
support conditions.

For horizontal displacements of anchor nodes, the coincidence is much better.

0 0,6 1,2 1,8 2,4 3 3,6 4,2 4,8 54

Distance from left support (m)

7 5]
)
% 10
g . —>— LCI, FEM nonlinear
<
}?ﬂp —{1—LC2, FEM nonlinear
/157 LC 1 - 0,2kN/m —A—LC3, FEM nonlinear
tg i ) 8’2$;$ — X — LC1, experimental
-20 1 A\ A — 40— LC2, experimental
N
=’ — A — LC3, experimental

=25 -

Figure 6.1 Comparison of vertical displacements for combined cable-stayed suspension
bridge (under the action of dead weight).

6.1.2. Horizontal displacements of pylons

Figure 6.2 shows the horizontal displacements of pylons for the same
construction stage and loadings.
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As a result of the examination of horizontal displacements of the pylons, we
may draw a conclusion that overall behaviour is in coincidence. However, in the
current case, it must be pointed out that the method used for pylon
measurements has marked disadvantages: first, the thread that was attached to
the top of the pylon unfortunately had friction against the measurement scale
which was situated at the support; second, although a minimum unit for scale
was in the same calibre as the measured values, it caused remarkable occasional
mistakes in testing. As shown in the graph, this trend was acceptable.

LC 1 - 0,2kN/m
LC2 - 0,4kN/m 5 |  OExperimental
3 -0,56 [ LC 3 - 0,6kN/m 5,64 | OFEM, nonlinear °
) ‘ %
’ 026 -3,64 25
<
Q
—
] | 0
—
1 0 I
-0,08 -1,77
8 6 4 2 0 2 4 6 8 8 6 4 2 0 2 4 6 8

Displacement (mm)

Displasement (mm)

Figure 6.2 Comparison of horizontal displacements at the top of pylons for the
combined cable-stayed suspension bridge (under the action of dead weight).

6.1.3. Horizontal displacements of anchors

Figure 6.3 presents the horizontal displacements of anchor nodes for the same
construction stage. For anchor nodes the coincidence of comparison is much
more fulfilling because of a better measuring solution. Still, the influence of

node deformation is smaller than for the vertical displacements.

31 LC1 - 0.2kN/m 260 OExperimental
3 ’ LC2-0,4kN/m ’ OFEM, nonlinear 3
-3.65 LC3 - 0,6kN/ 22
-0, m
1,30 | 2
1.8 -1, 3
2
-2,33 -1,56 et
8
—
S
-0,5 -0,20 .
1 111 ' -0,73

-6 -4 2 0 2 4 6
6 4 _%)isplacgment (mzm) 4 6 Displacement (mm)
Figure 6.3 Comparison of horizontal displacements at anchor nodes for the combined

cable-stayed suspension bridge (under the action of dead weight)
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6.1.4. Final stage
6.1.5. Vertical displacements

Below experimental results and comparisons under the action of a uniformly
distributed traffic load are presented. For the current case the stiffening girder is
made of timber board. Further, a steel stiffening girder with correct stiffening
and bending characteristics 1s used.

Only deflections from traffic loads are presented, some of the deformation and
measuring errors will be assembled and we can see some improvement in
compatibility. For greater values, the measuring error is relatively smaller than
for smaller values.

0 0.6 12 1.8 24 3 3.6 42 438 54

Distance from left support (m)

—{1+—LC2, FEM nonlinear

E
g
g -15 | A —2— LC3, FEM nonlinear
§ 20 | — X — LCl1, Experimental
E« LC1 - 0,3kN/m — 40— LC2, Experimental
8 s LC 2 - 0,6kN/m — -A — LC3, Experimental
LC 3 - 0,9kN/m
-30 A /
A AI
-35 A D
40

Figure 6.4 Comparison of vertical displacements for the combined cable-stayed
suspension bridge (under the action of traffic load)

6.1.6. Horizontal displacements of anchors

; 1L LC 1 - 0,3kN/m 9| 3
0 LC 2 - 0,6kN/m -7,84]
LC 3 - 0,9kN/m
0 6
Q
2 0 521 28
el
g
7 0 Experimental i —
0 O FEM nonlinear 1 S
1 0 2,59 !

2 0 2 4 6 8 10 -10 -8 -6 -4 2 0 2

Displacement (mm) Displacement (mm)

Figure 6.5 Comparison of horizontal displacements at the top of pylons for the
combined cable-stayed suspension bridge (under the action of traffic load).
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Figure 6.5 presents horizontal displacements at the top of pylons and Figure 6.6
shows those for anchor nodes. Overall estimations can be made similarly to
vertical displacements — coincidence is very suitable for both displacement
graphs. Only uniformly distributed load cases were tested. A model in which
the timber stiffening girder did not comply with buckling characteristics was
tested, as described above. Therefore, the stiffening girder was replaced with a
steel stiffening girder in compliance to assume the goals established.

351 LC 1 - 0,3kN/m 4,40 3
A LC 2 - 0,6kN/m -3,09

| LC 3 - 0,.9kN/m | DFEM nonlinear

-2,9 -2,30
2 3,13 2,04 2

O Experimental

| -0,3 0,00 )
-1,56 101

-6 -4 -2 0 2 4 6 -6 -4 2 0 2 4 6

Displacement (mm) Displacement (mm)

LC - Load case

Figure 6.6. Comparison of horizontal displacements at anchor nodes for the combined
cable-stayed suspension bridge (under the action of traffic-load)

6.1.7. Final stage — improved model
6.1.8. Vertical displacements

One of the main goals in the experimental investigation was to ensure the
stability of the stiffening girder if the solution for the stiffening girder was
changed. A timber board was changed to the symmetrically placed steel angles
to model improved axial and bending stiffness. In advance, it should be
mentioned that with a timber stiffening girder the modelling of some details was
slightly better. Deformation of details was smaller or even missing. This effect
can be explained by the fact that friction and local pressure works with some
metal details compressed against timber. Both, one direction movement and
back and forth movement in the details appears less observable. In the case of a
timber board stiffening girder, no sign of buckling was noticed, even when the
load values were greater than the design ones.

The model of the steel stiffening girder was in exact compliance with the initial
structure — correct results for buckling effects.

In the improved model, uniform and half-span asymmetrical and narrow
intensity load cases with different load values were studied. The influence of the
tandem was not modelled in the experimental investigation. The influence of the
tandem is examined in detail in Section 9.4.1.
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Overall coincidence may be considered favourable, especially in uniformly
distributed cases and cases which preceded the maximum load. Deformation of
details extremely expressed in cases of maximum uniformly distributed loads
when the difference between the experimental and the theoretical values is 15%.
Also, this load causes a constant gap for some measuring points. It is well
illustrated in Figure 6.15 where at the end of the experiment, vertical
displacements without the traffic load were measured. We can see gapped
measurements which are also unsymmetrical.

Cases of unsymmetrical load distribution with 1/5 of the span length intensively
loaded result in an effect where part of the stiffening girder near the load is
inclined to negative deformation. This effect is characteristic of the stiffening
girder as a bended beam in the elastic ground, where the cable work is an elastic
support. Also, in this case the effect of the backlash of details should be
mentioned. However, taking into account that the difference is 5 ... 6%, we may
be satisfied with the compatibility of the results.

20
25

-------- LC3 Exp
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\_‘233N/m

Figure 6.7 Vertical displacements LC-3.
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Figure 6.8 Vertical displacements LC-4.
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Figure 6.9 Vertical displacements LC-5.
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Figure 6.10 Vertical displacements LC-6.
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Figure 6.11 Vertical displacements LC-7.
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Figure 6.12 Vertical displacements LC-8.
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Figure 6.13 Vertical displacements LC-9.
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Figure 6.14 Vertical displacements LC-10.
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Figure 6.15 Vertical displacements LC-11.

6.1.9. Horizontal displacements of anchors

Figure 6.16 shows horizontal displacements for anchor supports and Figure 6.17
presents those for pylons.. Load values and distribution cases are the same as
above. Based on the comparison of horizontal displacements, we can suppose
that maximum loading resulted in the compliance of the fixed support of the left
pylon and this gap in the figures resulted in all subsequent cases — but overall
effects of acting are described correctly. The solution for the fixed support of
the left pylon, the leg between with little stiffness support plate (see Figure 4.14)
was unfortunate.

The stiffening girder of the improved model is a steel beam modelled by two
steel angles and horizontal brace members between them. Brace members are
fixed to the steel angles with a bolt and a screw. At the top of brace members
and in the flange of the angle, holes with a diameter greater than bolts are found.
This solution can cause an effect in which local buckling and deformation can
cause no described shortening of the stiffening girder.
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Figure 6.16 Horizontal displacements of the left and the right anchor.

6.1.10. Horizontal displacements of pylons
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Figure 6.17 Horizontal displacements at the top of the left and the right pylon.
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7. Buckling of stiffening girder

One of the main goals of experimental investigation was ensuring the buckling
capacity of stiffening girder. As described above for structure self-anchored
scheme was chosen. All geometrical and stiffness parameters for stiffening
girder was modelled to accord to the actual structure.

Modelling geometrical and stiffness characteristics for stiffening girder is
obvious and clear comparing the support conditions for buckling. Describing
supports for different buckling modes is much more complicated and much
more opened for failing. In addition questions like predicted acting and
realisation of presupposed supports arise. Despite the fact that loads to supports
from pre-buckling shape of structures geometry may appear marginal, supports
bearing capacity and stiffness should be ensured.

Experimental testing of the bridge structure showed no risk for buckling of
stiffening girder and also no hint like pre-buckled deformed shape. Theoretical
analysis supports this result firmly. Analysis shows that total uniformly
distributed load can be increased 4,2 times or traffic load 7,6 times — see Figure
7.1. Figure 7.1 shows dependence of buckling load factor on the uniformly
distributed traffic load. For predicting buckling the buckling load factor must
obtain value less than 1,0 — see Table 7.1 for detail explanation. Buckling load
factors for all load cases tested in experimental research are presented in Table
7.2.

Buckling Load
Factor

10,0 -
9.0 1 — Model

: ——— Mode2
8,0 1
7,0 1
6,0 1
5,0 1
4,0 1
3.0 1

2,0 1

~
-~
-~
-~
- —
_
-
—_——
— —

1,0 -

0,0
Traffic load, kN/m

Figure 7.1 Dependence of buckling load factor on the uniformly distributed traffic load
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Table 7.1 Interpretation of buckling load factor

Buckling will occur at

Buckling Load Factor x Actual Load = Critical Buckling
Load

1 <BLF: Buckling not predicted

The applied loads are less than the estimated critical loads.
Buckling is not expected.

O0<BLF<1: Buckling predicted

The applied loads exceed the estimated critical loads.
Buckling is expected.

BLF=1: Buckling predicted

The applied loads are exactly equal to the estimated critical
loads. Buckling is expected.

BLF=-1: Buckling not predicted

The model is in compression and buckling is not expected.
However, buckling will be expected if you if you multiply
all loads by the negative BLF. For example, if you apply a
tensile force on a bar, the BLF should be negative.

-1 <BLF<0: Buckling not predicted

Buckling is predicted if you reverse all loads.

BLF<-1: Buckling not predicted

Buckling is not expected even if you reverse all loads.

In Figure 7.2, Figure 7.3 and Figure 7.4 three different shapes of buckling
modes are presented. In Figure 7.2 the most predictable in plane buckling mode,
in Figure 7.3 second most predictable in plane buckling mode. Figure 7.4
illustrates most predictable out of plane buckling mode. Before out of plane
buckling occurs there are various additional predictable in plane modes. Exactly
this buckling modes accord to the load case LC 6 used in experimental research,
see Figure 6.10.

From the Table 7.2 it is clearly seen that out of plane buckling is remarkably
less predictable. Buckling load factor for “first” out of plane mode is 12 times
less predictable than “first” in plane mode. Of course only in plane vertical load
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was taken into account in buckling analysis. It is clear that this buckling load
factor will decrease when out of plane loads will be added to the scheme.
Should be remarked that scheme used in this thesis has advantages for out of
plane buckling modes which is caused by aspect that side spans have multiple
supports which decreases the effective buckling length for centre span.

Table 7.2 Buckling load factors for investigated load cases

Buckling load factors
Load Case Nr. Mode 1 Mode 2 Mode 3
LC3 6,0 7,1
LC4 4,9 5.9
LCS 4,5 5.5
LC6 4,2 5,1 50,3
LC7 6,2 7,6
LC8 6,5 7,9
LC9 7,1 8,3
LC10 7.4 8,7

* For load mode 3 and all other load cases the factor is > than 50,3.

Figure 7.2 Buckling mode 1
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Figure 7.3 Buckling mode 2

Figure 7.4 Buckling mode 3
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8. Theoretical research

In this section influence of main parameters, like geometrical and stiffness
relations, to the structural behaviour are presented. At the end of the section
main inner-force and stress distributions for maximum tested case are presented.
All of these parameter values are presented taking into account serviceability
limit state requirements. Choosing scheme and its parameters aspects of
ultimate limit state characteristics should be considered also.

Influence of parameters were investigated independently when the combined
effect can be supposed.

8.1. Deformations

The first essential geometrical parameter, height of pylon for current scheme is
effectual to choose between 0,1 ... 0,15 of the span length — consequential from
Figure 8.1, Figure 8.2 and Figure 8.3. In our experimental model it was 0,127.

Pylon height / Span length

-0,25 -0,2 -0,15 -0,1 -0,05 0
L 1 1 1 1 0
- 10 g
-20 £
5
- 30 3
=
- 40 kS
3
- 50 g
>
- 60

Figure 8.1 Dependence of the vertical deflection on the pylon height.
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Figure 8.2 Dependence of the anchor horizontal displacement on the pylon height.

- -0,25

o
Pylon height / Span length

Horizontaldisplacement (mm)

Figure 8.3 Dependence of the right pylon horizontal displacement on the pylon height.

94



For scheme under investigation, side spans length should be 0,2 ... 0,4 of central
span — see Figure 8.4, Figure 8.5 and Figure 8.6. In our experimental model
realation of side and central span was 0,40.

Side span / Middle span

0 0,2 0,4 0,6 0,8
0 1 1 1 J

10 -
15 -
20 -
25 -
30 - /\
35 -
40 -
45 -

Vertical displacement (mm)

Figure 8.4 Dependence of the vertical displacement on the length of side span.
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Figure 8.5 Dependence of the anchor horizontal displacement on the length of the side
span.
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Figure 8.6 Dependence of the right pylon horizontal displacement on the length of the
side span.

In case of one cable-stay in the middle span or for resultant of cable stays
reaction, optimal range for fixing cable stay to the stiffening girder is 0,3 ... 0,37
of the span length — consequential from Figure 8.7. Figures for horizontal
displacement, Figure 8.8 and Figure 8.9, showed optimal range 0,26 ... 0,33 but
the influence himself is marginal.

Position of cable-stays (m)

0 0,2 0,4 0,6 0.8 1 1,2 1.4
0 1 1 1 1 1 1 J

10 -
15
20 -
25 -

30 - /\
35 -

40 -
45 -

Vertical displacement (mm)

Figure 8.7 Dependence of the vertical displacement on the position of the cable-stay.
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Figure 8.8 Dependence of the horizontal displacement of the anchor on the position of
the cable-stay.

Horizontal displacement (mm)

Position of cable-stays (m)

Figure 8.9 Dependence of the horizontal displacement of the right pylon on the position
of the cable-stay.
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From Figure 8.10, Figure 8.11 and Figure 8.12 we can see that for deflection
existence of cable stays even if they have small stiffness is the main factor - if
the capacity of cable stay is ensured. Adding stiffness to cable stay has intense
effect up to value 60% of carrying cables axial stiffness.

Sectional area of cable-stays (cm?)

0 0,01 0,02 0,03 0,04 0,05 0,06
0 1 1 1 1 1 J

10
15 A
20 -
25 A
30 A
35 -
40 -
45 -

Vertical displacement (mm)

Figure 8.10 Dependence of the vertical displacement on the sectional area of the cable-
stay.
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Figure 8.11 Dependence of the anchor horizontal displacement on the sectional area of
the cable-stay.
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Figure 8.12 Dependence of the right pylon horizontal displacement on the sectional area
of the cable-stay.
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8.2. [Essential estimation to the calculation methods

In current scheme almost linear acting of anchor span causes excessive
influence to the nonlinear acting of the carrying cable in the centre span.
Additional horizontal displacement in direction to the central span results in
increasing of the vertical displacements. This scheme is not the expressive way
to show benefits of nonlinear approach.

As we can see from Figure 8.13 difference for nonlinear analysis methods
regarding the linear one is 8 .. 14% in case of symmetrical uniformly
distributed loading. Comparison in the Figure 8.13 shows that for combined
cable stayed scheme and when uniformly distributed load is dominant in first
steps of design linear analysis is effective to use. Choosing between the
different nonlinear approaches in real design less laborious should be used.
Advantages of different nonlinear solutions in general should be analysed and
discussed additionally. In this type of analysis computational errors in forming
the equations and solving them should kept in mind.

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
0 1 1 1 1 1 1 1 ]
Traffic load, kN/m
N
> S
5 A N -
N N .
\'g\\\ - --- Linear
|\
10 N \'\\ N .
AR \\ ~ — — - Discrete-
TN \\ ~ nonlinear
i SIONU N — FEM-nonlinear
15 SO N
N \~ . N
NN\ — —FEM-P-Delta
N \\ . N
20 RN
N < \ \
N~ - N
~ \\ ) N
25 n N N : \ \ \
N ~ ’ N N
N < N
N NN
30 A DN
Vertical N R "
displacement, S
35 - mm

Figure 8.13 Vertical displacement under the action of uniformly distributed symmetrical
load for different analysis methods.

8.3. Inner forces

Below for experimental-model inner-force and stress distributions are illustrated.
Stress and inner-force graphs are also presented for uniformly distributed load
with maximal value — load case number 6 (LC-6) in experimental research.
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In Figure 8.14 stress for cable stays, carrying cables and hangers are presented.
If only tension member’s axial stress take a design criterion then sectional area
of cable stay should be increased and sectional area of carrying cable should be
decreased.

Figure 8.15 illustrates normal stress in stiffening girder from bending moment
and axial force. Figure 8.16 presents shear force and Figure 8.17 bending
moment in stiffening girder.

Taking into account only inner forces of stiffening girder for current scheme,
geometry of cable stays should be adjusted to support stiffening girder in central
part of the span. In this case distribution of inner forces is more favourable —
minimum and maximum values for bending moment will be about the same.
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Figure 8.15 Normal stress in the stiffening girder caused by normal forces and the bending moment.
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Figure 8.16 Shear forces of the stiffening girder.
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Figure 8.17 Bending moments of the stiffening girder.
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9. Discussion
9.1. General

This thesis can be regarded as one stage for further research, especially for the
case of the fixed-link solution. The thesis provides main guidelines for static
analysis and points out weaknesses that should be avoided later on. Therefore,
combined scheme, the most complicated scheme for the suspension bridge that
was justified is causal. Further work for the fixed-link will concentrate on a very
different sphere of research.
1. Traffic load values and distributions that take into account local
conditions, alternative transportations and their future developments;
2. wind load measurements and possible critical areas for final expatiation
as well as in the construction stage;
3. construction solutions for local conditions;
4. ecological influences and requirements for future navigability;
5. detailed geological and geotechnical research.

9.2. Scheme

The structural scheme for the thesis was chosen in view of greater
generalisation. Taking this scheme as a navigable span for the fixed link, local
conditions and span length that prefer self-anchored solutions because of
construction of outer supports are laborious and expensive.

More studies have been reported on traditional suspension and cable-stayed
bridge than on combined schemes. For that reason combined scheme is most
informative to investigate and gives knowledge also for suspension structures
and cable stayed structures.

One of the prospective structural schemes for combined scheme is combining
the stiffening girders material and section also.

Using self anchored scheme is effective in final stage but it causes remarkable
difficulties and expenses for design and construction in construction stage. Also
probability for failures increases remarkably when non-traditional scheme will
be used in real design.

Combined schemes have useful and irreplaceable usage in reinforcing and
stiffening the existing structures. Adding cable stays to the suspension
structures also gives opportunity to adjust displacements and inner forces.

9.3. Parameters

General research can give guidelines and correlations for geometric, stiffness
and loading parameters but to ensure final estimations for choosing a scheme
and its parameters for every bridge — solid research should be conducted for
traffic load actions.

The thesis showed that if model parameters are scaled exactly to the original
bridge structure, the diameter of carrying cables can be decreased and the
diameter of cable stays should be increased.

For a stiffening girder, the bridge geometry and stiffness should be adjusted to
equalize the positive and negative bending moments.
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Buckling analysis showed that ensuring the general stability of stiffening girder is
not the dominant factor and parameters for stiffening girder taking into account
other aspects as dominant ones is possible. Later on the buckling should be checked.
Greater load values and distributions are useful to provide that the stability of a
stiffening girder is ensured with sufficient structural safety.

9.4. Loading effects
9.4.1. Influence of tandem

In Figure 9.1, Figure 9.3 and Figure 9.5 the deflections and inner forces of the
stiffening girder under the action of correct Load model 1 (Eurocode). Load
model consists of a uniformly distributed vertical load and tandem loads in
lanes. The legend shows the position for the tandem from the left anchor, graph
“without” shows the deflection or the inner force without the tandem. Figure 9.2,
Figure 9.4 and Figure 9.6 describe the influence of the tandem without a
uniformly distributed load. For the influence of deflection, 11% is the most
unfavourable position, for bending moments - 8% and for shear forces - 10%.
Figure 9.7 shows the influence of the tandem on the horizontal displacements.
Tandem moves from the left pylon to the right one in the middle span. Naturally
they have maximum values if the tandem is acting in the middle range of the
span. If for the right pylon displacement maximal value is achieved exactly in
central position, then for anchor supports the most unfavourable position is in
0.37x middle span length distance from the left pylon. This asymmetric effect is
caused by the asymmetrical description of pylons support, for the left pylon
fixed and for the left pylon pinned support was used.
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Figure 9.1 Deflection of the stiffening girder.
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Figure 9.3 Bending moments of the stiffening girder.
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Figure 9.5 Shear forces of the stiffening girder.
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10. Conclusions and further research
10.1. Conclusions
10.1.1. Literature

In view of recent developments, such as significant improvements in design
methods, opportunities are open to design structures where local conditions are
analyzed in detail. Developments in the design and analysis based on the
flexibility of design standards indicate to the importance of preliminary research
work in terms of geological and loading aspects. To illustrate the need for
detailed guidelines comparison of Eurocode general guidelines and National
Application of Finnish Standard shows 1,8 time advantage to Finnish Standard
NA. Studies of this structure as one of the possible solutions for a fixed link
reveal a need for detailed research work.

Since a suspension bridge and a cable-stayed structure are quite traditional,
research interests have been addressed to the combined systems. Additional
advantages of this system emerge especially when the geometry and the
material for a stiffening girder are also combined — reinforced concrete for the
cable-stayed system and steel for the suspension part of the structure.

This thesis provides valuable information and experimental data required for
checking and ensuring the stability of the stiffening girder.

Studies through observations for the solution of the fixed link in the following
areas were conducted: geology of the site, traffic load characteristics and
prognosis, possible transport alternatives, maintenance of the road surface, and
wind characteristics.

10.1.2. Modelling

Solution of fastenings is critical in modelling, especially because the scale of
the fastenings is not adequate, which can have a negative effect.

Critical area is also selection and testing of stiffness and detailing of cables.
Cables highly elastic and non-twisting should naturally be preferred in general.
If scaling on the original structure deformation is critical, then scaling on the
sectional area and stiffness should be reached.

In the studied case, the difference in stiffness test result for carrying cable was
17%. But in the cable-stay it was only 1%, which in this context is an extremely
good result acceptable. The advantage of this effect is that it is predictable.
Another critical area is detailing of the cables. Details which are acting for
friction or scotch should be preferred. Details with reverse bending and one-
sided bolt joints should be avoided. The disadvantage of the details is the
negative effect, i.e. the degree and direction are not predictable. Since the scale
of the details in the model is non-adequate, this makes it difficult to see the
overall effect.

Determination of loading parameters taking into account local traffic conditions
is essential at the very first stage of planning the bridge.

Because of the specific relation of the traffic load and self-weight, structural
behaviour of a traditional self-anchored suspension bridge in non-uniform load
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distribution cases is unsuitable. In the present case, the relation of the traffic
load and the self-weight is greater than it would commonly be. This value is
caused by the narrowness of the bridge deck and therefore a hybrid cable-stayed
suspension bridge is used. The geometry of a traditional suspension bridge
(span length and height of pylons) was used, but the structural scheme was
complemented to benefit the structural behaviour of the bridge.

The continual calculation method is useful to analyze the influence of different
geometrical, stiffness and loading parameters for a traditional suspension bridge.
The influence of the parameters can be determined with little modifications. In
the final design, the discrete model should be used to reach an exact solution.
The main advantage of the hybrid suspension-cable-stayed structure lies in the
simplification of the construction process of the self-anchored bridge
(preliminary supporting of the stiffening girder before anchoring the main
cables). An improvement of the structural behaviour in the conditions of one-
side loading of the bridge may be also mentioned.

10.1.3. Testing

For the goal set, the loading system was appropriate — the overall acting of the
structure is described with a sufficient degree of accuracy. The preliminary
analysis chosen was adequate and the stability of the stiffening girder is ensured
for this type of the structure. The technique used to measure vertical
displacements from the stiffening girder to the suspended thread was suitable
because of sufficient accuracy and convenience. Horizontal displacements of
the model for the outer structure design near the model with the calliper was
successful.

Horizontal displacements were measured with a hanging thread and a ruler at
the support. To ensure exact readings from the ruler, the thread was in some
cases too close to the ruler and friction obstructed free movement of the thread.
Readings from the ruler are estimated from the ruler when the values are in the
same dimension calibre as the divisions in the ruler. Certainly an overall
tendency is reflected. Methods for description of analysis and design of
structural acting are presented.

10.1.4. Comparison of results

Comparison of experimental and calculated results shows good agreement.
However, solutions for some fastenings had drawbacks, causing a permanent
gap in experimental results.

Overall coincidence for stiffening girder deflections is fair, For maximal
uniformly distributed load difference being 15%. For horizontal displacements,
the coincidence had many more unfavourable values but the overall dependence
can be clearly seen.

During the experiment, the maximum load caused local deformation of some
details which resulted in a gap for comparison to follow the load cases.

As mentioned before, measuring on horizontal displacements for the pylon was
not successful. Also, for anchor supports, a steel stiffening girder was made by
a steel bars with bolt joints where slight local deformation curvatures occur and
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the curvature of the stiffening girder influences the projection length of the
stiffening girder and horizontal displacements are not predictable in full-degree.
Experimental investigations showed that there is no risk of buckling of the
stiffening girder despite of its slenderness and little stiffness in bending. Also
there was no hint like pre-buckled shape of the stiffening girder.

Buckling analysis confirmed this result. Most predictable buckling mode
showed buckling load factor 4,2 — the total vertical load can be increased 4,2
times before the buckling becomes predictable.

In experimental investigation the model was not loaded to the buckling limit
and therefore comparison with the buckling analysis cannot be carried trough in
full degree.

10.1.5. Theoretical research

In theoretical research influence of geometrical and stiffness relations to the
structural behaviour are presented.
For scheme in this thesis under investigation these suggestions can be pointed
out:
— height of the pylon is effective to choose 0,1 ... 0,15 on the spans length
— side spans length is recommended to choose 0,2 ... 0,4 of the central
span
— optimal range for fixing cable stay to the stiffening girder is 0,3 ... 0,37
of the span length
— existence of the cable stays even if they have small stiffness is the main
factor if the capacity of the cable stay is ensured, adding stiffness to the
cable stay has intense effect up to value 60% of the carrying cables
axial stiffness.
For current scheme different analysis methods were compared. The comparison
showed effectiveness of nonlinear approach in general concerning the linear,
but comparing the different for various nonlinear analysis the variety range
differs 6%. In real design less laborious should be used. Advantages of different
nonlinear solutions in general should be analysed and discussed additionally.
Although in this type of analysis computational errors in forming the equations
and solving them should be kept in mind.

10.2. Further research

In the future it is essential to investigate cases of extreme load distribution
under the action of concentrated loads, ship collision and other risk effects.
Particular attention should be paid to wind effects: static pressure, dynamic
(oscillatory) effect and buffering.
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