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In recent decades, mostly thanks to their aesthetic appearance and excellent

structural characteristics, cable-stayed bridges have gained increasing popu-

larity. The main principle of cable-stayed bridges is to counteract the dead

loads applied to the deck of the bridge by post-tensioning the stay cables and

transferring the loads to the ground through the pylons. Optimum distribution

of the post-tensioning stay cable forces is said to be one of the most difficult

and primordial parameters to design in a cable-stayed bridge project. Indeed,

the choice of the stay cable pattern and the stay cable forces impacts grandly

the structural behavior of the whole structure. Through history, several cable-

stayed bridges - even in recent years like the Chirajara bridge in 2018 - have

collapsed because of poor design. Hence, knowing exactly the influence of pre-

stressing on one cable-stayed bridge design can be rewarding and welcome.
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Abstract

The Master’s thesis in question attempts to give a perhaps first study of the

influence of prestressing on the structural behavior of cable-stayed bridges.

Finite element modeling, on which are conducted non-linear static and non-

linear modal analyses, completed by structural experiments are used to prove

the results obtained. The variables chosen for this parametric study are the

number of stay cables on the structure, the tension of the stay cables, and the

stay cable pattern - harp and semi-fan patterns. By changing the values of

these parameters for the same design of a cable-stayed bridge, it was possible

to study their influence on the structural behavior of the whole structure.

Keywords : Stay cables, Prestressing, Finite element modeling, Non-linear

static analysis, Non-linear modal analysis.

Student Number : 2019-22082
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Chapter 1. Introduction and Motivation

Chapter 1. Introduction and Motivation

1.1 Motivation for research

For a little more than a century, the construction of bridges has known an

astonishing evolution both from the aesthetic and technical points of view. The

development of more high-performance materials and construction techniques

are mostly behind this progress. Among them, cable-stayed bridges have been

known as one of the fastest improvements with the essential development of

new stay cables materials, anchorage systems, etc.

The design and the study of one bridge depend on several parameters linked to

one construction site. Hence, it is interesting to know the influence of prestress-

ing on the structural behavior of one cable-stayed bridge to be able to choose

the stay cable pattern and stay cable tensions best suited for one project. The

purpose of this Master’s thesis is to attempt to give a perhaps first response

to this issue, to the author’s knowledge. Indeed, poorly performed designs can

lead to consequent damages and irreparable failure of the structure - even in

recent years. Accurate knowledge of the structural behavior of each element of

the bridge is not to be neglected to prevent them - or at least to reduce their

casualties.
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1.2 Introduction

The study revolves around the physical model of an S-Block cable-stayed

bridge developed by the Korean Smart Control & Sensing Ltd. company. Start-

ing from this model, experiments have been led to determine the properties of

the elements constituting it - steel wires, rods, springs, etc. - and thus build

a representative model on the SAP2000 software. All the modeling has been

done on the version 22.1.0 of SAP2000 Ultimate 64 bits of the CSi (Computers

and Structures, Inc.) company, and the signal and result processions on the

version R2020a update 4 of Matlab 64 bits software. After getting a satisfying

model, non-linear static and modal analyses have been conducted for differ-

ent stay cable numbers, different stay cable tensions, and different stay cable

patterns - harp and semi-fan patterns in this case. From the results obtained

by simulations and experiments, it can be deduced the rough influence of pre-

stressing on the structural behavior of cable-stayed bridges both for static and

dynamic conditions. The whole process is illustrated in Figure 1-1.
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To do so, this Master’s degree study includes a first part which introduces

briefly the evolution of cable-stayed bridges over the years, and their main

components and principle. A second part presents the parameters and the

properties of the different models used - physical and simulated - through the

study. The researches focus on the harp stay cable pattern model and semi-fan

stay cable pattern model. The results obtained from non-linear static analyses

and non-linear modal analyses, as well as from experiments, are then gathered

in the third part. A conclusion presenting the improvements and future works

that could be done brings to a close of the research.
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Chapter 2. Background

Chapter 2. Background

2.1 Brief history of cable-stayed bridge

Since long ago, the principle of supporting a beam with ropes and cables has

been well known. Different applications could be found all around the world,

for example for sailing ships in Egypt (Figure 2-1).

Figure 2-1 Sailing boat in Egypt, during Antiquity -
https://www.heritagevembaru.in/.

The first drawing of a structure that can be considered as a cable-stayed bridge

is the one proposed by the Venetian scholar Faustus Veranzio (1551-1617) in

1595, in his book Machinae Novae (Figure 2-2).

Figure 2-2 First cable-stayed bridge designed by Faustus Veranzio, 1617 -
https://en.wikipedia.org/.
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Chapter 2. Background

It proposes a wood deck supported by steel chains, attached to two pylons on

each bank. Similar bridges could also be found in Africa – using creepers –

and in Asia – using bamboo.

The German Carl Immanuel Löscher (1750-1813) is the first to have designed

and built a cable-stayed bridge by combining steel and wood. Afterward, sev-

eral engineers and architects – like the British Rowland Mason Ordish (1824-

1886) with the Albert bridge in London, UK (Figure 2-3) (which is, in reality,

a hybrid cable-stayed/suspension bridge - or the French Ferdinand Arnodin

(1845-1924) with the Nantes transporter bridge in Nantes, France (Figure 2-

4) - gave it a go but with only small signs of progress. Indeed, with the collapse

of the early built cable-stayed bridges, a partial abandonment of this type of

bridge appeared.

Figure 2-3 Albert bridge by Rowland Mason Ordish in London, UK, 1873 -
https://wtlh.wordpress.com/.

Figure 2-4 Nantes transporter bridge by Ferdinand Arnodin in Nantes,
France, 1903 - http://www.canalscape.net/.
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It is only in the mid-XXth century – after the second world war – that cable-

stayed bridges experience a real boom with the need to construct with min-

imum material and minimum cost. Their importance increased rapidly, and

they are now considered as one of the most popular types of bridges thanks

to their structural performances - like longer span lengths for lower cost – and

aesthetics. Since, a multitude of cable-stayed bridges has been built. Among

them, the concrete deck cable-stayed bridge over the Donzère-Montdragon at

Pierrelatte, France, designed by the French Albert Caquot (1881-1976), in

1952 and considered as the first modern cable-stayed bridge (Figure 2-5)

is well-known. It uses reinforced concrete and prestressed cables for the first

time. In parallel, as for steel deck, the Strömsund Bridge designed by Franz

Dischinger (1887-1953) in 1955 in Strömsund, Sweden is the most usually cited

(Figure 2-6).

Figure 2-5 First concrete modern cable-stayed bridge by Albert Caquot at
Pierrelatte, France, 1952 - https://www.researchgate.net/.

Figure 2-6 Strömsund bridge by Franz Dischinger in Strömsund, Sweden,
1955 - https://www.ce.jhu.edu/.

7

https://www.researchgate.net/
https://www.ce.jhu.edu/
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Today, the longest cable-stayed bridge is the Jiashao bridge (in Chinese: 嘉

紹跨海大橋) at Shaoxing in China, crossing Hangzhou Bay and built in 2013

(Figure 2-7). Supported by six single pylons, its total length measures 10,138

meters. It is a whole concrete cable-stayed bridge. Those performances could

be reached thanks to the development of new technologies like better finite

element analysis and softwares, and improvements in material production.

Alongside these improvements, the length of cable-stayed bridge spans keeps

increasing over the years as shown in Figure 2-8.

Figure 2-7 Longest cable-stayed bridge - Jiashao bridge at Shaoxing, China,
2013 - http://www.yzsaige.com/.

Figure 2-8 Longest cable-stayed bridge spans over the years, (Chen, 2014).
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The birth of derived types of bridges can also be observed with the progress

in cable-stayed bridges construction. The most important ones are, for exam-

ple, cantilever spar cable-stayed bridges - hybrid bridges combining cantilever

bridges and cable-stayed bridges - or extradosed bridges - cable-stayed bridges

with stronger and stiffer deck, allowing lower pylons for the same length of the

span. Meanwhile, the variants in stay cable configuration, spans organization

or pylon shapes - for example, the Alamillo bridge, designed by the Spanish

architect Santiago Calatrava (1951- ) in Seville, Spain in 1989 (Figure 2-9) -

gave a new boost and new scopes to cable-stayed bridges construction.

Figure 2-9 Alamillo bridge by Santiago Calatrava in Seville, Spain, 1989 -
https://www.pinterest.com/.

2.2 Suspension bridges vs. cable-stayed bridges

For most people, suspension bridges and cable-stayed bridges may look similar,

but actually the way they support the different loads applied on them is very

different. Although they both are constituted with a deck, pylons, and cables

hanged on the pylons, the disposition of the cables and the way they are

connected to the pylons are completely distinct. The main difference is that

9
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cable-stayed bridges do not require anchorages at both ends of the bridge,

neither multiple pylons in contrary to suspension bridges that need at least

two pylons to put in tension the cables. Figure 2-10 shows the minimum

requirement for both types of bridges and the behavior of their components

- whether they are in tension or compression. The cable arrangement in the

Figure for the cable-stayed bridge is a semi-fan arrangement. We will see that

there are several cable layouts possible in the next sections.

Suspenders

Main cable
Anchorage

Compression

Tension

(a) Suspension bridge

Cables

Compression

Tension

(b) Cable-stayed bridge

Figure 2-10 Structures of a cable-stayed bridge and a suspension bridge.

As a result, the load patterns differ - the loads applied to the elements of the

bridges are different in directions and values.

Moreover, cable-stayed bridges allow curve trajectories of the bridge - thus

a more complex form of bridges - but suspension bridges are only straight

bridges. Cable-stayed bridges present then more possibilities in design.
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2.3 Basic concepts of a cable-stayed bridge

A large diversity of cable-stayed bridges can be observed all around the world.

There are no two identical cable-stayed bridges since their construction de-

pends mostly on the ground and climate conditions of the construction site.

To be best adapted to those conditions, engineers can usually play on the ma-

terials used, the arrangement of the stay cables, their position in space, the

pylons’ and deck’s shapes and types, and the prestressing forces applied to the

stay cables. All those variables influence greatly the structural behavior of the

cable-stayed bridge. Through this Master’s thesis, we will study the influence

of the prestressing forces in those very stay cables on the structure.

2.3.1 Materials constituting cable-stayed bridge

The materials used are essentially concrete and steel. Depending on the per-

formance sought, materials with better properties can be used.

Usually, steel is used for stay cables, anchors, but also for the deck as well

as for other parts of the structure subjected to significant efforts. Steel is an

alloy of iron and carbon. It has the advantage of being able to withstand

significant tensile forces while being brittle to low temperatures and fatigue.

During the stay cable manufacturing, to fight against these weaknesses and

prevent their deterioration, triple protection against corrosion (galvanization,

coating of petroleum wax, and sheath in extruded polyethylene) is applied.

Since stay cables are subjected to very strong constraints, the steel used for
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their framework is a highly alloyed/high strength steel - with high carbon

content (generally between 0.65% and 0.85%).

Subsequently, concrete is the second most-consumed product for the construc-

tion of bridges. Current concrete is based on Portland cement (since 1824) -

baked in ovens at 1,450°C with a mixture of limestone, siliceous and aluminous

rocks - and is obtained from a hydration reaction. Thanks to its plastic state, it

is a very malleable material - it can be cast into a mold of any shape and then

solidifies according to it. Concrete is also very resistant to compressive forces,

but poorly to tensile forces. Hence the addition of metallic reinforcements or

active reinforcements is then necessary - which is then called reinforced con-

crete or prestressed concrete depending on the method used.

Despite this fact, in this study, cable-stayed bridges completely constituted

with steel are studied.

2.3.2 Stay cables

2.3.2.1 Stay cable patterns

Stay cables have allowed the construction of larger bridges - giving birth to

huge improvements in the design of bridges. As a result, they became fun-

damentals in bridge construction under multiple forms. They are the most

important factor which guarantees the durability and the performance of one

cable-stayed bridge. Nowadays, we distinguish mostly the cable-stayed bridges

by the layout of their stay cables. On top of being able to play on the num-
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ber of stay cables, we distinguish mainly four stay systems (Figure 2-11) as

follows:

(a) Fan pattern. (b) Harp pattern.

(c) Semi-fan pattern. (d) Star pattern.

Figure 2-11 Stay cable patterns.

• Fan pattern or converging/radiating pattern (Figure 2-11): For this

pattern, all the cables converge at the same point, at the top of the

pylon. Structurally speaking, this arrangement is the one to prefer since

it allows the maximum angle between the horizontal of the deck and

the stay cables. As a result, the cables carry more efficiently vertical

loads, and for the same loads’ system, the total quantity of stay cables

needed for this pattern is substantially lower than the one needed for

the other patterns. Yet, since the cables are concentrated at the top of

the pylon, considerable vertical forces need to be transferred through

the pylon. The more stay cables, the more anchorages are required -

in consequence, the greater the vertical force to be transferred. Thus,

in theory, the fan pattern is more suitable for moderate span lengths.

This pattern can be found on the Ed Hendler bridge in Washington, US

13



Chapter 2. Background

(Figure 2-12), and on the Zárate–Brazo Largo bridges in Argentina

(Figure 2-13) for example.

Figure 2-12 Ed Hendler bridge in Washington, US, 1978 -
https://www.bridgemeister.com/.

Figure 2-13 Zárate–Brazo Largo bridges in Argentina, 1971 -
https://www.shutterstock.com/.

• Harp pattern (Figure 2-11): The singularity of this pattern rests in the

parallelism of the stay cables. It allows a more aesthetic cable-stayed

bridge but due to the distribution of the anchors all along with the

pylon, an important bending moment in the pylon is to be observed.

Thus, it appears to be less suitable for long-span bridges since the longer

the span, the more stay cables, and higher pylons are needed, induc-

ing higher bending moment. The ensemble of harp pattern cable-stayed

bridges across the Rhine at Düsseldorf, designed by the German archi-

tect Friedrich Tamss (1904-1980) - the Knie bridge (Figure 2-14), the
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Oberkassel bridge and the Theodor Heuss bridge - and the two-level

Øresund bridge (Figure 2-15) between Sweden and Denmark are rep-

resentative of this pattern all around the world.

Figure 2-14 Knie bridge at Düsseldorf, Germany, 1969 -
https://de.m.wikipedia.org/.

Figure 2-15 Øresund bridge between Sweden and Denmark, 2000 -
https://ke.opera.news/.

• Semi-fan pattern (Figure 2-11): This pattern is an in-between of the

fan pattern and the harp pattern. It is the most commonly used on the

construction site since it allows the combination of the advantages of

both patterns while avoiding their disadvantages and enabling enough

room for individual stay cable anchors. It is the most practical to apply.

It is generally the pattern chosen for modern cable-stayed bridges as it

is the case on the longest cable-stayed bridge in the world - the Jiashao
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bridge in China (Figure 2-7).

• Star pattern (Figure 2-11): The main purpose of this pattern is aes-

thetic. With the contradiction of not distributing stay cable forces along

the main span, it is not the pattern to prioritize. The efficiency of stay

cables drops considerably compared to the other systems for the same

number of stay cables.

Outside of these conventional stay cable layouts, more marginal and artistic

layouts can be observed in already built bridges to respond to the cable-stayed

bridge singularity and aesthetic requirements. Especially, when cable-stayed

bridges are built in curve shape, the applied constraints require the use of com-

binations of the previously cited stay cable layouts, conjugated with particular

pylons for example.

And the more recurrent layout encountered among them is the asymmetric

layouts - usually used when the environmental conditions present an obstacle

of special properties.

2.3.2.2 Stay cable planes

Following the width and the structural properties of the deck of the cable-

stayed bridge, single or multiple stay cable plane systems are needed. Mostly,

the stay cable plane system is arranged to obtain a symmetrical structure. It

exists mainly two types of plane system:
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• Single or multiple vertical planes system: The plane system is situated

longitudinally to the deck and for one stay cable layout is associated one

leg - referring to the leg of pylons according to their shape. They may

be built through the deck or on both sides. As its name suggests, the

legs are vertical. Thus, the stay cable planes are all parallel. In the case

of a single vertical plane system, it is located in the middle longitudinal

axis of the deck. Some examples of multiple vertical planes system are

shown in Figure 2-16 and Figure 2-17.

Front view Lateral view

Single plane

Deck

Figure 2-16 Single vertical plane system.

Front view Lateral view

First plane

Deck
Second plane

Figure 2-17 Two vertical planes system.

• Single or multiple inclined planes system: The tips of the stay cables of

one plane system mostly converge with the ones of another plane system.

Such a system requires higher pylons to evict conflict between the stay

cables and the circulation on the bridge, allowing a longer main span

since it reduces torsion moments on the deck. One example of multiple
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inclined plane systems is shown in Figure 2-18. It first appeared on the

Severin bridge across the Rhine in Cologne, Germany - designed by the

German architect Gerd Lohmer (1909-1981) (Figure 2-19). Combined

with an A-shaped pylon and an asymmetrical cable arrangement - more

precision will be given in the next section - the stay cables are attached

between the bridge deck edges and top part of the pylons.

Second plane

Front view Lateral view

First plane

Deck

Figure 2-18 Two inclined planes system.

Figure 2-19 Severin bridge by Gerd Lohmer in Cologne, Germany, 1959 -
https://fr.dreamstime.com/.
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2.3.2.3 Stay cable compositions

Stay cables can be separated in four categories as shown in Figure 2-20. The

parallel-bar stay cable type is formed of steel rods and bars, simplifying their

tensioning process. Yet, being the first type of stay cables used on cable-stayed

bridges, it is not used anymore on modern ones because of their performance

limits. Nowadays, two fundamental types of stay cables are to be found on

cable-stayed bridges: parallel-wire stay cables and parallel mono-strand stay

cables.

Threaded bar

Grout

PE pipe

(a) Parallel bar stay cable

Wire

(b) Locked-coil stay cable

Wire

Grout
PE pipe

(c) Parallel wire stay cable

Grease

Monostrand

PE pipe

(d) Parallel mono-strand stay cable

Figure 2-20 Stay cable composition.

The stay cables composed of steel wires are generally prefabricated while those

composed of strands are rather made on-site thanks to the strand by strand

method (each strand is pulled on in one same duct to finally form what is called

a stay cable). The method chosen for one project depends thus on multiple
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factors.

Generally, prefabricated stay cables are considered to be more adapted to

shorter bridges while the strand by strand method is used for long-range

bridges. Exigences linked to the construction site as well as to the over-whole

project price must always be taken into consideration: discussion with the stay

cable specialized designer company is then required for each project.

With the development of new technologies, stay cable systems improved and

their ultimate tensile strength progressively increased combined with more

preferment coating systems - optimizing their durability in the long term.

2.3.3 Pylons design

Pylons are pylon structures subjected to high compression and bending mo-

ment – the most important loads applied are the axial force originating from

the stay cable layout attached to it and the deck’s self-weight. Their purpose

is to support this stay cable system and to transfer the vertical forces to the

foundations. As a result, the pylons can be treated as a part of the cable

system.

2.3.3.1 Pylon height

As implied and suggested in previous sections, the pylon height chosen for one

structure is directly influenced by the load system to which the former will
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be subjected during its service. Considering the pylons as a part of the cable

system, we can deduce the vertical load system applied to the pylon, (Gimsing,

2012).

The height of the pylons has a direct influence on the necessary amount of

stay cables but also on the longitudinal compressive forces in the bridge deck.

The higher the pylon, the smaller are the quantities of stay cables and the

compressive forces in the deck. Indeed, with a higher pylon, the angle formed

between the horizontal of the deck and the stay cables is larger - they can then

carry more efficiently the vertical loads applied to the structure and transfer

them to the pylons, which will be in compression.

For the fan and semi-fan stay cable patterns, the loads’ system applied to the

pylon can be simplified as in Figure 2-21 - with H the horizontal component

of the loads applied by the stay cable system, Tm the summation of stay cable

forces on the right side, Ta the summation of stay cable forces on the left side

(generally Tm = Ta with symmetric stay cable patterns), Npl(ξ) the normal

force at ξ in the pylon, Npt the maximum normal force at the top of the pylon,

Npb the maximum normal force at the bottom of the pylon, Qpl the quantity

of the pylon leg and hpl the height of the pylon (top to ground level).
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Figure 2-21 Vertical loads system applied to the pylon (Gimsing, 2012).

Deducing from Figure 2-21, the following expressions can be written:

Npl(ξ)+dNpl(ξ) = Npl(ξ)+ γpl

fpld
×Npl(ξ)×dξ (2.1)

Npl(ξ) = Npt × exp
(

γpl

fpld
× ξ

)
(2.2)

Qpl = Npb −Npt = Npt ×
[
exp

(
γpl

fpld
×hpl

)
−1
]

(2.3)

with γpl the density of the pylon (weight per unit volume) and fpld the effective

stress that carries the vertical force from the cable system to the foundations.

The ratio Qpl

Npl
according to hpl can then be plotted for different values of fpld

γpl

(Figure 2-22).

22



Chapter 2. Background

Figure 2-22 Qpl

Npl
according to hpl for different values of fpld

γpl
(Gimsing, 2012).

The optimum pylon height is thus found for Qpl

Npl
> 1 - e.g. when the weight of

the pylon legs is larger than the maximum normal force applied by the cable

layout at the top of the pylon (for a given cable system). Generally, for concrete

pylons, 250 m <
fpl

γpl
< 500 m and 0.17 <

hopt

lm
< 0.25 - with hopt the optimum

height of the pylon and lm the length of the main span of the cable-stayed

bridge - taking construction cost in consideration. For steel pylons, the ratio

is generally much higher with 1,000 m <
fpl

γpl
< 2,000 m. The pylon weight

increases more progressively with its height in case of concrete pylon. As a

result, despite their weights, concrete pylons are seen competitive with steel

pylons for heights up to 300 meters.

As for the harp stay cable pattern, the load system applied to the pylon is

evenly distributed along the entire height above the deck of the pylon. The

quantity of the pylon is thus different from the one for the fan of semi-fan stay
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cable patterns; yet it remains very similar.

After having determined the height of the pylon, the designer should determine

the best pylon shape for the cable-stayed bridge in question.

2.3.3.2 Pylon shape

The shape of the pylons is designed according to all the previous parameters

chosen. There is a multitude of pylon shapes. The typical ones are the single,

double pylons, A-shaped, H-shaped, inverted V or Y-shaped ones, or even

diamond/pyramid shaped ones (Figure 2-23).

They behave differently for the same cable layout and same loads system

and influence directly the structural behavior of the whole cable-stayed bridge

structure. All these pylon shapes can be found among the most famous cable-

stayed bridges. Indeed, the longest cable-stayed bridge - the Jiashao bridge

(Figure 2-7) - is composed with single pylons as well as the famous Millau

viaduct (Figure 2-24) in Aveyron, France; while double pylons are used in

the East 21st street bridge in Washington, US (Figure 2-25). Moreover, one

of the first modern cable-stayed bridges - the Albert bridge (Figure 2-3) - is

built with portal/H-shape pylons.
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(a) Single (b) Double (c) Diamond/Pyramid

(d) A-shaped or Inverted Y or Pyramid (if more than 2 legs)

(e) V-shaped or Y-shaped

(f) H-shaped or Portal

Figure 2-23 Pylon shapes.

Figure 2-24 Millau viaduct in Aveyron, France, 2004 -
https://www.pinterest.com/.
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Figure 2-25 East 21st street bridge in Washington, US, 1997 -
http://tacomabikeranch.blogspot.com/.

As for Y-shaped pylons and diamond pylons, they can respectively be found

on the Wadi Abdoun bridge (Figure 2-26) in Amman, Jordan - the only

cable-stayed bridge in the country - and on the Arthur Ravenel Jr. bridge

(Figure 2-27) in South Carolina, US - which is the longest cable-stayed bridge

in North America.

Figure 2-26 Wadi Abdoun bridge in Amman, Jordan, 2006 -
https://www.pinterest.com/.

Figure 2-27 Arthur Ravenel Jr. bridge in South Carolina, US, 2005 -
https://www.allinonecharters.com/.
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Up to now, parametric studies have been conducted, with the help of com-

mercial finite element programs, to understand the influence of the shape of

pylons for one load system (Hararwala, 2017; Shah, 2010). For rectangular

cross-section pylons and fan or semi-fan stay cable patterns, pyramid shape

pylons seem to have better structural properties to resist static and seismic

loads.

Thanks to the development of the softwares, more sophisticated design of

cable-stayed bridges are being constructed. For example, the Octávio Frias de

Oliveira bridge (Figure 2-28) in São Paulo, Brazil - on which a special pylon

shape is combined with a unique cable-stay layout - and the Zhivopisny bridge

(Figure 2-29) in Moscow, Russia - which introduced a very bold pylon shape.

(a) Lateral view (b) Top view

Figure 2-28 Octávio Frias de Oliveira bridge in São Paulo, Brazil, 2008 -
https://englishfy.wordpress.com/.

Figure 2-29 Zhivopisny bridge in Moscow, Russia, 2007 -
https://bg.rbth.com/.
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2.3.4 Deck design

2.3.4.1 Deck types

Most of the decks have different cross-section areas for one concerned cable-

stayed bridge. Yet, decks associated with girders can still be distinguished

between two types: decks with box girders or beam-and-slab arrangement. The

beam-and-slab decks are the lightest but are usually weak to torsion and need

two planes of stay cables, while boxes decks are torsionally stiff. The main

arrangements of deck-girders are the twin I girder decks, single box girder

decks, twin box girder decks, and central single box with side girder decks

(Figure 2-30).

Without considering the cost of the construction, steel decks are preferred since

it is easily possible to limit their self-weight compared to concrete decks. The

smaller is their self-weight, the better it is since it has a direct influence on the

required properties of the other elements such as stay cables or pylons. New

technologies have been developed along with this idea of lighter decks. Recent

studies show the efficiency of composite decks - a combination of concrete and

steel for one same deck - to create a compromise between lighter decks and

smaller cost.
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(a) Twin I girder decks

Girder

Deck

(b) Single box girder decks (rectangular/trapezoid)

(c) Twin girder decks (rectangular/trapezoid)

(d) Central single box with side girder decks (rectangular/trapezoid)

Figure 2-30 Deck-girders shapes.

2.3.4.2 Deck generations

With the new technologies appearing, an important evolution of cable-stayed

bridges can be observed. Especially, the connection between the deck and

the pylons of the bridges has known to have several changes throughout the

history.

The first generation of cable-stayed bridges consists of a continuous beam - the

deck - lying on several pylons. The cables are largely spaced between them with

very strong anchorage. As a result, the deck is very rigid. The Albert bridge

(Figure 2-3) and the Strömsund bridge (Figure 2-6) are very examples of the

first-generation cable-stayed bridges. As for the second generation, the type of
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support is changed for elastic supports. The spacing between the stay cables

is also reduced to a few meters. The deck is supported by pylons making it

to have a moderate rigidity in flexure. The biggest change occurs in the third

generation cable-stayed bridge. The deck is entirely supported by the stay

cables - no deck/pylon connection anymore. It appears to have a slender deck

with low rigidity in flexure as on the Ed Hendler bridge (Figure 2-12) or

on the Øresund bridge (Figure 2-15). Finally, the fourth generation of the

cable-stayed bridge is a combination of the second and third generations. The

deck is slightly supported by the pylons and mostly by the stay cables. It is

the last generation used for more recent cable-stayed bridges as the Arthur

Ravenel Jr. bridge (Figure 2-27).
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Chapter 3. Characteristics of the Bridge Model

3.1 Model in the laboratory

The study led begins with a physical model from the Global Education Center

for Engineers (GECE) laboratory of the Seoul National University (Figure 3-

1). It is an S-Block bridge model - a model resulting from the assembly of

simple parts by screws and bolts - developed by the Korean Smart Control &

Sensing Ltd. company. The position of the anchors on the pylons of the model

can be changed thanks to a screw-bolt system. For this study, two stay cable

patterns are fixed. The blueprints of these models (harp & semi-fan stay cable

patterns) are displayed from Figure 3-2 to Figure 3-5.

(a) Harp stay cable pattern model

(a) Semi-fan stay cable pattern model

Figure 3-1 S-Block bridge model in GECE laboratory.
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Figure 3-2 Lateral view of the S-Block bridge model - harp pattern (48)
(unit: cm).
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Figure 3-4 Top view of the S-Block bridge model - both patterns (unit: cm).
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Figure 3-5 Front view of the S-Block bridge model (unit: cm).

Table 3-1 gives the known properties of the components of the S-Block bridge

model, such as masses and dimensions. Yet, the material properties used for

each component - essential for the following modeling - are unknown. Thus,

additional experiments are needed to determine them. During the experiments,

accelerometers and a caliper are used - their properties are shown in Table 3-

2 and Table 3-3. The experiments conducted in this study are limited by the

excitation tools and the results depend on the precision of the measurement

tools available in the laboratory.
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Table 3-1 General properties of the components of the S-Block bridge
model.

Characteristics Values
Number of discrete masses on the deck 26
Discrete masses of the deck (kg) 0.57
Total mass of the discrete masses of the deck (kg) 14.82
Number of rods on the deck 50
Length of the rods of the deck (mm) 100
Diameter of the rods of the deck (mm) 3.06
Total mass of the rods of the deck (kg) 0.27
Number of stay cables 48
Diameter of stay cable (mm) 0.6
Number of springs 48
Diameter of the rods of columns (mm) 5

Table 3-2 Properties of the ILOG MEMS accelerometers.

Characteristics Values
Number of accelerometers 3
Mass of one accelerometer (kg) 0.08
Range of accelerometers (g) ±3.0
Model of accelerometers WL-A(3.0)
Accelerometer N°1 N°2 N°3

MAC 00169A322F67 00189A04EF69 00189A244100
Sensitivity (mV/g) 300 320 300
S/N 000008 000022 000009

Table 3-3 Properties of the Vernier caliper.

Characteristics Values
Range 0-150 mm / 6 in
Model SV-03-150
RoHS norm 2002/95/EC
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3.1.1 Cable & spring properties

On the S-Block bridge model, the stay cables are modeled by an ensemble of

cable and spring, and with an adjustment device (Figure 3-6), the operator

can control the length of the stay cable and the tension applied.

(a) Connection between stay cables and the deck

(b) Connection between stay cables and pylons

Figure 3-6 Adjustment device of the ensemble cable-spring.

3.1.1.1 Cable properties

In this study, the cables - of diameter equal to 0.6 mm - are assumed rigid -

since their extension is completely negligible compared to the springs’. More-

over, the mass of the cable is neglected in this study. Considering the cables as

ropes, and thanks to the Melde’s rope experiment (Figure 3-7) conducted on

the cable, it has been found that the cable density is equal to 7.91×103 kg/m3.
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Compared to the one of the other elements of the cable-stayed bridge, it is

negligible: the mass of the cables will then not be taken into consideration in

this study.

m

l

Actuator

(a) Global system

0

y

x
x x+dx

α(x)

α(x+dx)

TA

TB

A

B

y(x)

y(x+dx)

(b) Portion of cable {x, x+dx}

Figure 3-7 Melde’s rope experiment.

We consider the system composed of a portion of cable between x and x+dx.

By attaching a mass m at the extremity of the cable, the latter is subjected

to a tension equal to m × g. Hence, by applying the fundamental principle

of dynamics and by considering small angles for α(x) and α(x + dx), two

equations are obtained:


−TA +TB = 0

−TA α(x,t)+TB α(x+dx,t) = µ dx ∂2y
∂t2 (x,t)

(3.1)

with TA and TB the tension at each extremity, µ the cable’s density and
∂2y
∂t2 (x,t) the acceleration at abscissa x and time t of the cable.
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Which leads to the d’Alembert’s equation:

∂2y

∂x2 (x,t)− µ

T
× ∂2y

∂t2 (x,t) = 0 (3.2)

And the solutions of such an equation are:

yn(t) = Bn × cos
(

nπ

L
×
√

T

µ
× t+αn

)
× sin

(
nπ

L
×x

)
(3.3)

with ωn = nπ
L ×

√
T
µ = 2π × fn the natural pulsation of the cable, n ∈ Z. The

Melde’s rope experiment allows us to find these very natural frequencies and

thus the cable’s density.

3.1.1.2 Spring properties

Meanwhile, the stiffness of each spring is obtained through the typical exper-

iment as shown in Figure 3-8.

m

y

0

lo
k l

Figure 3-8 Experiment to obtain spring stiffness of the S-Block bridge
model.
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The system considered is the ensemble {spring, mass}. The spring return force

is expressed such that:
−→
Fr = −k × (y − l0)×−→y (3.4)

with k the spring stiffness, y the ordinate coordinate of the mass m, and l0

the initial length of the spring.

Thus, by applying the theorem of the resultant of the fundamental principle

of dynamics, the spring stiffness can be written as:

∆l = y − l0 = g

k
×m (3.5)

The experiment is applied on the 48 springs of the cable-stayed bridge model

and for each of them, the force mg applied on the spring according to the

elongation ∆l is plotted (Appendix B). The spring stiffness is then the slope

of the graph. It is noticeable that the differences between all the stiffnesses of

the springs and between all their initial lengths are very small. Hence, it has

been decided to consider their mean for the experiments led, i.e.:


l0 = 21.6 mm

k = 450.07 N/m
(3.6)

3.1.2 Deck properties

The deck of the model is composed of a succession of discrete masses (Figure

3-9), connected by 50 rods of 10 centimeters - each of cross-section area equal
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to π ×
(

3.06
2

)2
≈ 7.354 mm2. Their volumic mass is equal to:

0.27

50×0.1×π ×
(

3.06×10−3

2

)2 ≈ 7 342.79 kg/m3 (3.7)

The discrete masses are connected with rods by pinned connections that can

be assimilated as fixed connections: then, we assume that the deck of the

system can be simulated as a continuous beam. And through a deck deflection

experiment (the results as displayed in Figure 3-12), we try to proceed with

the simulation of this ensemble {discrete masses, rods} with a continuous

rectangular cross-section beam on four supports, with a Young’s modulus E

to determine by two methods. First, it has been assumed that the beam’s

width is b ≈ 0.08 m and height is h ≈ 1.8385×10−4 m, to have the same cross-

section area and width of the deck as the physical model. And secondly, it

has been assumed that the beam’s width is b ≈ 4.7124×10−3 m and height is

h ≈ 3.02×10−3 m, to have the same cross-section area and height of the deck

as the physical model.

Figure 3-9 Discrete masses composing the deck of the S-Block bridge model.

A general tendency is observed through the results obtained from the experi-

ment - the force Fd applied varies linearly with the bending of the deck ∆y at

the middle of the main span according to the following expression:
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Fd(N) = 1.952×∆y(mm)−54.45 (3.8)

Since the discrete masses are uniformly distributed and connected with same

rods, we assume that the deck is subjected to a uniformly distributed self-

weight equal to:

ω = Total mass of the deck
Total length of the bridge ×g = 14.82 kg

278 cm ×9.81 ≈ 52.296 N/m

The system to consider is then illustrated in Figure 3-10. The beam is con-

sidered as four elements connected at five nodes - where only a rotation around

the (Oz) axis is allowed - with I = b×h4

12 their quadratic moment and A = b×h

their cross-section area.

1 2 3 4 5

Fdw

1 2 3 4

L1 = 67.5 L2 = 71.5 L2 = 71.5 L1 = 67.5

y

x
z

Figure 3-10 System to solve to determine the Young’s modulus of the deck
of the S-Block bridge model.
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Using the matrix resolution method, each element has the following stiffness

matrix (when i = 1 or 4, j = 1 and when i = 2 or 3, j = 2):

[Ki] = E ×



A
Lj

0 0 − A
Lj

0 0

0 12I
L3

j

6I
L2

j
0 − 12

L3
j

6I
L2

j

0 6I
L2

j

4I
Lj

0 − 6I
L2

j

2I
Lj

− A
Lj

0 0 A
Lj

0 0

0 −12I
L3

j
− 6I

L2
j

0 12I
L3

j
− 6I

L2
j

0 6I
L2

j

2I
Lj

0 − 6I
L2

j

4I
Lj



(3.9)

Hence, while considering the fixed end moments resulting from the uniformly

distributed self-weight, the Young’s modulus adapted is obtained by solving:

{P} = [K]{∆}+{P F } (3.10)

with {P} the vector of reaction components, [K ] the global stiffness matrix of

the system, {∆} the vector of displacements and {P F } the vector of fixed end

forces and moments.

Indeed, by running a specific program on Matlab, the Young’s modulus of

the deck is obtained by imposing a loop on the value of this latter - with an

assumed rectangular cross-section area - until the error between the slope of

Fd(∆y) obtained by experiment and the one by the Matlab program is smaller

than 10−4. Finally, the values found are:
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EMatlabwidth

= 1.23285×1015 Pa

EMatlabheight
= 4.722017×1012 Pa

(3.11)

for an equation - for both simulations - equal to:

Fd(N) = 1.952×∆y(mm)−35.64 (3.12)

The results obtained are displayed later in the following section. These results

gave us a rough estimation of the Young’s modulus that should be used in the

modeling on SAP2000.

3.2 Model on SAP2000

The model on SAP2000 is done in a way to be the most faithful to the physical

model in the laboratory. The model without any stay cables is displayed in

Figure 3-11. Hypotheses on the materials used are done: mainly, it is assumed

that all the elements are made of steel (properties displayed in Table 3-4),

that all the rods of the model (constituting the deck and the columns) are

of the same material (same properties), and that all the other constituents -

outside of the one consisting the cables - are of another material and consid-

ered completely rigid compared to the rods (Young’s modulus of this material

considered equal to 1017 Pa). The materials used for the cables are assumed to

be different following the rule that is explained in the following subsections.
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x

z

y

0

Figure 3-11 SAP2000 model without cables.

Table 3-4 Properties of the steel material for frame elements modeled in
SAP2000.

Characteristics Values
Poisson’s ratio 0.3
Coefficient of thermal expansion (°C−1) 1.170×10−5

Minimum yield stress (Pa) 3.447×108

Minimum tensile stress (Pa) 4.482×108

Expected yield stress (Pa) 3.792×108

Expected tensile stress (Pa) 4.930×108

Circular cross-section truss elements
Young’s modulus (Pa) 5.888×1012

Shear modulus (Pa) 2.265×1012

Weight per unit volume (kg/m3) 72008
Rectangular cross-section truss elements

Young’s modulus (Pa) 1×1017

Shear modulus (Pa) 3.846×1016

Weight per unit volume (kg/m3) 84694

Moreover, the connections between the deck and the pylons are modeled as

links that fix displacements in x-direction and z-direction, as well as rotation

around (Ox) axis - while assuming that the two ends of the deck are fixed

for the translation along (Ox) axis: pylon and beam consolidation system at

both extremities and semi-consolidation system for the middle towers. The

S-Block model in question is a fourth-generation cable-stayed bridge: the deck

45



Chapter 3. Characteristics of the Bridge Model

is supported by the pylons as well as the stay cables.

3.2.1 Modeling of the deck

The first issue to correctly model the deck system of the model in the labora-

tory - in a way to have the same mechanical behavior - is to find the nearest

Young’s modulus of the material used for the rods constituting it. By an it-

erative method and several trials, the one found to have the nearest slope of

Fd(∆y) with the experimental one is:

ESAP = 5.888×1012 Pa (3.13)

for an equation equal to:

Fd(N) = 1.952×∆y(mm)−35.72 (3.14)

The different equations obtained through experiments, SAP2000 and Matlab

are displayed in Figure 3-12. It can be seen that the Matlab and SAP2000

models have very similar, if not quite identical, results (same equation even

if the values of the Young’s modulus found are not exactly the same). The

simulation of the deck with a rectangular beam, while conserving the height

of the latter, seems to be more accurate by comparing the results of SAP2000

with those of Matlab - nearer values for the Young’s modulus of the material

used for the deck. Meanwhile, the difference of almost two centimeters between

the models of the softwares and the physical model can mainly be explained
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by the fact that the pylons of the model in the laboratory, as well as some

rods of the deck, are slightly deformed inwards, which increases the deflection

of the main span of the deck. As a result, the SAP2000 and Matlab’s models

(with the conservation of the height) can be validated for the rest of the study.
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Figure 3-12 Comparison between the different curves (deck deflection, force
applied) obtained by experiment, Matlab & SAP2000 modelings.

3.2.2 Modeling of the cable/spring system

The second issue during the modeling on SAP2000 is to correctly model the

cables of the cable-stayed bridge. Indeed, the cables on the model in the labo-

ratory are actually a system {cable, spring} as explained previously. And since

the length of the cables depends on its location, each {cable, spring} system

behaves differently according to this latter:

Lcable =
√

(x2 −x1)2 +(y2 −y1)2 (3.15)
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with (xi, yi) the coordinates of the extremities of the cable.

To respond to the purpose of modeling this {cable, spring} system as one

straight frame element in the software, it is needed to find the Young’s mod-

ulus adapted to each location of the cables. The cables are considered rigid

compared to the springs attached at one of their extremity. As a result, the

equivalent stiffness of the whole system can be considered as equal to the one of

the spring, i.e. 450.07 N/m (Equation 3.6). It follows that the Young’s mod-

ulus of each cable is obtained by applying the following formula (Table 3-5

and Appendix A-2) - by modeling the cables as truss elements:

Ecable = Lcable ×keq

Acable
(3.16)

with Lcable the total length of the {cable, spring} system when the deck is

perfectly straight, and Acable ≈ π ×
(

0.6
2

)2
≈ 0.2827 mm2 the cross-section area

of the cable.

The total length of the cables selected to calculate the Young’s modulus - in

this case - is their length when the deck is horizontal with the ground level.

For a stay cable in constant tension, the equivalent Young’s modulus Ecableeq

(Walter, 1999) is generally obtained by the following expression:

Ecableeq = Ecable

1+ (qLcableh
)2×Ecable

12σ3

(3.17)

with Ecable the Young’s modulus of the material composing the stay cable,

Lcableh
the horizontal projected length of the stay cable, q the dead load of the
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Table 3-5 Properties of the steel material for the different type of cables
modeled in SAP2000.

Characteristics Values
Harp Semi-fan

Weight per unit volume (kg/m3) 7.91×103

Poisson’s ratio 0.3
Coefficient of thermal expansion (°C−1) 1.170×10−5

Minimum yield stress (Pa) 3.447×108

Minimum tensile stress (Pa) 4.482×108

Expected yield stress (Pa) 3.792×108

Expected tensile stress (Pa) 4.930×108

Cable type N°1
Length (mm) 713.3
Young’s modulus (Pa) 1.135×109

Shear modulus (Pa) 4.365×108

Cable type N°2
Length (mm) 589.9 612.2
Young’s modulus (Pa) 9.390×108 9.745×108

Shear modulus (Pa) 3.612×108 3.748×108

Cable type N°3
Length (mm) 466.5 515.0
Young’s modulus (Pa) 7.426×108 8.198×108

Shear modulus (Pa) 2.856×108 3.153×108

Cable type N°4
Length (mm) 343.0 424.3
Young’s modulus (Pa) 5.460×108 6.754×108

Shear modulus (Pa) 2.100×108 2.598×108

Cable type N°5
Length (mm) 219.6 345.3
Young’s modulus (Pa) 3.496×108 5.496×108

Shear modulus (Pa) 1.345×108 2.114×108

Cable type N°6
Length (mm) 99.1 287.8
Young’s modulus (Pa) 1.577×108 4.581×108

Shear modulus (Pa) 6.065×107 1.762×108
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stay cable per unit of horizontal length, and σ the stay cable tension stress.

Considering the parameters of the model, the self-load of the stay cables is

neglected - thus q is null.
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Chapter 4. Dynamic Analysis and Test Results

4.1 Model on SAP2000

Parametric studies are conducted by modeling on SAP2000. Each time, only

one parameter of the cable-stayed bridge model is modified: the tension of the

stay cables - for different numbers of cables and two stay cable patterns (harp

and semi-fan). And to analyse the influence of this parameter, the results from

the model without stay cables are used as control cases.

Since stay cables are modeled as cable elements with a fixed tension at I-end

- corresponding to the end of the cable with a spring on the S-Block model -

the analyses have to be non-linear. Non-linear static analyses are conducted to

investigate the behavior of the bridge under self-weight. The tension of each

stay cable, under the self-weight of the whole cable-stayed bridge model, is

obtained by affecting a Cable Target-Force to the cables on SAP2000. Finally,

to analyse the dynamic behavior of the model, non-linear modal analyses are

conducted after conducting the non-linear static analyses: the modes obtained

are thus based on the stiffness of the cables after the nonlinear static analyses.

The loads considered for the following analysis are the self-weight of the whole

structure and the local forces applied by the accelerometers. Accelerometers -

whose mass is equal to 0.08 kilograms per accelerometer, i.e. the force applied

by them is equal to 0.08×g ≈ 0.785 N - are attached at three different points of

the deck during the experiments in the laboratory to find the modal frequencies
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of the structure (as shown in Figure 4-1). Taking these nodal forces into

consideration in the model allows us to be able to compare the results obtained

from the modeling and the experiments.

0.785 N 0.785 N 0.785 N
14.82 N

278 mm~53.31 N/m

L M R
33 78.5 33

278

67.5 143 67.5

Figure 4-1 Forces applied to the deck of the model.
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4.1.1 Model without stay cables

4.1.1.1 Non-linear static analysis

Study of the deck

From the modeling on SAP2000, it is expected to have a maximum deflection

- equal to minus 13.75 centimeters - of the deck at the middle of the main

span under self-weight (Figure 4-2).
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Figure 4-2 Deflection of the deck under self-weight - static analysis -
without stay cables.

As expected, Figure 4-3 proves the nonexistence of axial force along the deck

when there is no stay cable attached to it.

The shear force and the bending moment to which the deck is subject are illus-

trated in Figure 4-4 and Figure 4-5. Maximum shear forces and maximum

bending moments are to be observed at the connections between the deck and

the two inside pylons of the system. The constraints at these points are the

most important, making them more vulnerable to failure.
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Figure 4-3 Axial force applied to the deck under self-weight - static analysis
- without stay cables.
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Figure 4-4 Shear force applied to the deck under self-weight - without stay
cables.
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Figure 4-5 Bending moment of the deck under self-weight - static analysis -
without stay cables.
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Study of the pylons

The study focuses on the structural behavior of the superior part of the in-

side pylons - where the stay cable anchors are attached. The pylons of the

model being H-shape pylons and the model being symmetric, the structural

behaviors of the pylons N°1 (results on the left) and N°2 (results on the right)

are respectively the same as the ones of the pylons N°{3,6,8} and N°{4,5,7}

(Appendix A-3). This is the convention chosen for rest of the Master’s the-

sis, for the pylon studies. Since for this subsection, there are no stay cables

attached to the pylons, the pylons are only submitted to their self-weight, thus

axial forces (Figure 4-6).
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Figure 4-6 Axial force applied to the pylons under self-weight - without
stay cables.

4.1.1.2 Non-linear modal analysis

A non-linear modal analysis is conducted after the non-linear static analysis.

It is a very efficient method to learn about the structural behavior of a system

subject to dynamic loading conditions. It helps to determine the vibration
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characteristics - such as natural frequencies/resonance speed, and mode shapes

- of one system.

The first ten mode shapes of the system without any stay cables are given in

Figure 4-7 for the modal frequencies given in Table 4-1. The mode shapes

illustrated are displayed in scale 0.5 - i.e. the deformed shape is reduced by

half by the software.

(a) Mode 1 - vertical (b) Mode 2 - vertical

(c) Mode 3 - vertical (d) Mode 4 - vertical

(e) Mode 5 - vertical (f) Mode 6 - lateral

(g) Mode 7 - vertical (h) Mode 8 - torsional

(i) Mode 9 - vertical (j) Mode 10 - vertical

Figure 4-7 Mode shapes on SAP2000 of the model without stay cables
(deformation x 0.5).
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Table 4-1 Modal frequencies of the model without stay cables on SAP2000.

Mode N° Modal frequency (Hz)
1 3.7944
2 10.18682
3 13.78054
4 16.26659
5 25.69577
6 30.90532
7 40.36364
8 47.41057
9 49.04229
10 53.07048

Usually, the first three modes are the most devastating for one structure. As

a result, this study is especially emphasizing the influence of prestressing over

these three specific eigenmodes.

4.1.2 Model with harp pattern - 48 stay cables

The harp stay cable pattern cable-stayed bridge is displayed in Figure 4-8,

according to the blue print of Figure 3-2.

x

z

y

0

Figure 4-8 SAP2000 model with harp stay cable pattern (48).
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For each analysis conducted in the following subsections, the tension of the

stay cables in the modeling has been changed to observe their influence on the

structural behavior of the system under static and dynamic load conditions.

4.1.2.1 Non-linear static analysis

Since the anchors of the stay cables are equally distributed along the deck, it

has been assumed that all the cables are stressed with the same cable tension.

It is done to have a uniform distribution of the same vertical component of the

force applied by the stay cables on the deck - since the angle formed between

the stay cables and the neutral position of the deck is constant for all of them.

Study of the deck

With such an assumption, the most obvious parameter changed by the tension

of the stay cables is the deflection of the deck under self-weight and prestressing

loads as shown in Figure 4-9. The main concept of cable-stayed bridges com-

pared to ordinary bridges is to prestress the deck with stay cables - enough

so that under service loads, it remains in a ’neutral’ position, since steel is

equally strong in compression and tension, and in compression at its bottom

if concrete is used, since concrete (which is generally the main material used

for its construction) is vulnerable to tension. There is a quadratic evolution

between the deflection of the main span of the cable-stayed bridge model and

the tension applied to the stay cables. Considering this fact, the minimum

tension of the stay cables that should be used is the solution of:
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0 = −0.02483×T 2
min +3.607×Tmin −18.55

⇒ Tmin ≈ 5.339 N
(4.1)

And since the angle between the stay cables and the neutral position of the

deck is equal to 27.13°, this stay cable tension corresponds to a vertical com-

ponent equal to:

5.339× sin(27.13°) ≈ 2.435 N (4.2)
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Figure 4-9 Deflection study for deck - static analysis - harp pattern (48).
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This result is actually smaller than the one obtained by the effective method

of estimation by beam element shown below, but still coherent. The principle

of this method is to estimate the deck of the cable-stayed bridge studied by a

continuous beam model, with vertical supports at each cable anchor position.

By doing so, the reaction forces at those locations can be obtained (Figure 4-

10) and combined with the stay cable inclination, and thus the minimum

tension of the stay cables can be calculated.

Figure 4-10 Reaction forces of the approximated beam for the harp pattern
(48) - SAP2000.

Its value obtained by the effective method of estimation by beam element is

equal to 6.166 N (Figure 4-11) - mean of all the tension forces of the cables

obtained - for a vertical component equal to 2.812 N. The three peaks that

appear in Figure 4-11 result from the consideration of the presence of the

accelerometers on the deck. The error between this method and the SAP2000

modeling is about |6.166−5.339|
6.166 ≈ 13.4 %.

Likewise, by increasing the tension of the stay cables, thus the stiffness of the

deck before loading, the forces and moments to which this latter is subject also

increase. With the stay cable force pattern chosen, the axial force applied to

the deck increases considerably at the middle of the main span and around the

connections with the pylons (Figure 4-12), according to a quadratic polyno-

mial.
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Figure 4-11 Minimum stay cable forces by the approximated method - harp
pattern (48).

This phenomenon makes the deck even more vulnerable than before at these

positions. Not putting things right, the shear force as well as the bending mo-

ment also increase according to quadratic polynomials, as shown in Figure 4-

13 and Figure 4-14. A compromise between the needed deck deflection and

the reduction of the forces and moments applied to the deck is to be expected.

Also, through this first analysis, it can be deduced that particular attention

for the construction methods and the material properties of the component

constituting the deck at the connections between this latter and the inside

pylons is to be paid.
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Figure 4-12 Axial force study for deck - static analysis - harp pattern (48).
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Figure 4-13 Shear force study for deck - static analysis - harp pattern (48).
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Figure 4-14 Bending moment study for deck - static analysis - harp pattern
(48).
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Study of the pylons

On cable-stayed bridges, the main purpose of the {stay cable; pylon} system

is to transfer the vertical loads applied to the deck through the pylons to the

ground. To do so, the greater the tension of the stay cables, the greater the

vertical load transferred as it can be seen in Figure 4-15 - following a linear

relationship.
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Figure 4-15 Axial force study for pylons - static analysis - harp pattern
(48).
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Likewise, the maximum shear force to which the pylons are subject increases

with the stay cable tension - with almost the same slope as the axial force with

this latter. The maximum shear force is observed at the ends of the pylons

(Figure 4-16).
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Figure 4-16 Shear force study for pylons - static analysis - harp pattern
(48).

As for the maximum bending moment of the pylons (Figure 4-17), it also in-

creases with the stay cable tension according to two different slopes depending
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on the location at the pylon. Indeed, the bending moment applied to the ends

of the pylons increases, in absolute values, faster than the bending moment

applied at the middle of the pylons.
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Figure 4-17 Bending moment study for pylons - static analysis - harp
pattern (48).

Parallelism with a neutral line in the results is to be observed from the par-

allelism of the system: same loads and length of the main span equal to the

double of the side spans.
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4.1.2.2 Non-linear modal analysis

For this model, the stay cable force pattern does not have very considerable

influences on the modal frequencies and mode shapes of the system. Indeed, a

very slight increase of the modal frequencies - in the range of a tenth of Hertz

(Table 4-2 and Figure 4-18) - can also be observed. Yet, it is noticeable that

globally the higher the studied mode, the less the stay cable tension affects the

modal frequencies as shown in Figure 4-19 - the influence of the stay cable

tension on the increase of the modal frequencies seems to follow an inverse

exponential function; whose expression is equal to:

y = 0.0134×e−0.0822×x (4.3)

Table 4-2 Modal frequencies according to the stay cable force - harp
pattern (48).

Tension of Mode 1 Mode 2 Mode 3 Mode 4stay cables (N)
0 3.79378 10.18581 13.77927 16.26517

3.871 5.02719 10.67973 14.16845 16.58470
6.031 5.03602 10.70194 14.19138 16.59889
8.281 5.04821 10.72633 14.21606 16.61450

10 5.05740 10.74487 14.23460 16.62628
15 5.08900 10.80028 14.28792 16.66067
20 5.12866 10.85786 14.34091 16.69564
30 5.22230 10.97715 14.44548 16.76638
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Figure 4-18 Modal frequency according to the stay cable tension - harp
pattern (48).
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Figure 4-19 Slope between stay cable tension forces and modal frequencies
according to the mode - harp pattern (48).

The overall shapes of the modal shapes in Figure 4-7 are also conserved as

shown in Figure 4-20. Thereby, the small differences of the mode shapes

resulting from the change of stay cable tension pattern are hardly observed

with the real values. Yet, this study remains interesting considering the size

of the model studied: the total length of the model is equal to 2.75 meters,

making it approximately the 1
250 of an ordinary realistic cable-stayed bridge

whose total length is generally around 700 meters. Hence, for ordinary cable-

stayed bridges, the change of the stay cable tension results in a change of up

to one meter if we consider the same bridge design.

70



Chapter 4. Dynamic Analysis and Test Results

(a) Mode 1 - vertical (b) Mode 2 - vertical

(c) Mode 3 - vertical (d) Mode 4 - vertical

(e) Mode 5 - vertical (f) Mode 6 - lateral

(g) Mode 7 - vertical (h) Mode 8 - torsional

(i) Mode 9 - vertical (j) Mode 10 - vertical

Figure 4-20 Mode shapes on SAP2000 of the harp (48) model (deformation
x 0.5).
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Meanwhile, a very slight decrease of the amplitude of the mode shapes - in

the range up to 4 millimeters (Figure 4-21) occurs. The study of the dif-

ference between the absolute value of the amplitude of the modal shapes

of the model without stay cables and the one of the mode shapes of the

different harp stay cable pattern models is conducted. The graphs in Fig-

ure 4-21 are then obtained using the data of (| Deflection model harp | −

| Deflection model without stay cables |).

The more positive the value of the difference is considered, the greater the

amplitude of the deflection of the modal shape of the harp stay cable pattern

model compared to that of the model without stay cables. The more nega-

tive the value of the considered difference, the smaller the amplitude of the

deflection of the modal shape of the harp pattern model compared to that of

the model without stay cables. As a result, from the values of the differences,

can be deduced rough mode shapes of each model one to another as shown

in Figure 4-22. They are not representing the real values but give a good

idea of the tendency of the modal shape evolution according to the stay cable

tension used.

By increasing the stay cable tension, for the first two modes, the overall de-

flection of the modal shape of the deck increases for the main span while it

decreases for the side spans. For the third mode, it is reversed: the deflection

of the modal shape of the deck increases for the side spans and at the ends

of the main span while it decreases at the middle of the main span when the

stay cable tension increases.
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Figure 4-21 Gap between the deflection of the deck of one harp model (48)
and the one of the model without stay cables.
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(a) Mode 1

(b) Mode 2

(c) Mode 3

Figure 4-22 Trend curves of the deflection of the deck for harp pattern (48)
models.
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4.1.3 Model with harp pattern - 24 stay cables

In this section, the number of stay cables is reduced by half - one stay cable over

two is conserved - compared to the previous model, according to Figure 4-23.

The same types of analyses are then performed.

x

z

y

0

Figure 4-23 SAP2000 model with harp stay cable pattern (24).

4.1.3.1 Non-linear static analysis

Study of the deck

The results obtained for the harp 24 stay cable model are in adequacy with

those obtained for the previous model considering their tendency. Neverthe-

less, by reducing the number of stay cables on the cable-stayed bridge, the

sensitivity of all the parameters according to the stay cable tension is smaller

than the one obtained for the model with 48 stay cables. Indeed, for one stay

cable tension system, all the parameters are smaller for the 24 stay cable model

- which is predictable since the total vertical and horizontal loads applied by

the stay cable system are reduced by half from the 48 stay cable model. The
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slope between the tension of the stay cables and the parameters studied is

then smaller.

Figure 4-24 displays the deflection of the deck for different values of the

tension of the stay cables.
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Figure 4-24 Deflection study for deck - static analysis - harp pattern (24).

From the results obtained in Figure 4-24 for the 24 stay cable harp pat-

tern model, the minimum stay cable tension needs to be equal to 9.457 N to

have a deck at the neutral position - i.e. 4.31 N for the vertical component -
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compared to a minimum stay cable tension of 5.339 N - i.e. 2.435 N for the

vertical component - for the 48 stay cables harp pattern model. By reducing

the number of stay cables by half, the minimum stay cable tension needed

is increased by 1.6 - for a vertical component increased by 1.8 - while it is

increased by 1.8 when the effective method of estimation by beam element is

used. From this method, the vertical component value obtained is estimated

to be equal to 5.146 N - corresponding to a stay cable tension of 10.867 N. The

error between the method used by the modeling on SAP2000 and the effective

method is then about |10.867−9.457|
10.867 ≈ 13.0 %.

Moreover, the axial force (Figure 4-25) applied to the deck by the stay cable

pattern has larger "stages" than the 48 stay cable harp pattern model since

the spacing between the stay cables is larger. With fewer stay cables on the

model, a smaller sensitivity of the parameters along the deck is then observed.

From Figure 4-12 to Figure 4-14, and from Figure 4-25 to Figure 4-

27, it is remarkable that, for the same maximum deflection of the deck, the

maximum values of all the absolute parameters - axial forces, shear forces,

and bending moment - are the same for both harp stay cable pattern models

despite the larger "stages" along the deck for the 24 stay cable harp pattern

model. As a result, for the same structural behavior in the non-linear static

analysis, the required tension of the stay cables is larger for the model with

fewer stay cables than for the model with more stay cables.
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Figure 4-25 Axial force study for deck - static analysis - harp pattern (24).
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Figure 4-26 Shear force study for deck - static analysis - harp pattern (24).
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Figure 4-27 Bending moment study for deck - static analysis - harp pattern
(24).
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Study of the pylons

In the same way as for the analysis of the deck, decreasing the number of

stay cables results in a smaller sensitivity of the parameters studied with the

tension force of the stay cables - still according to polynomial functions. The

axial force applied to the pylons is decreased by half for half the number of

stay cables (Figure 4-28). It can be explained by the fact that, for the same

stay cable tension pattern, with half the number of stay cables, only half of

the dead loads applied to the deck is transferred to the pylons.
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Like the analysis of the deck, the stages of all the results are larger and the

required tension of the stay cables is larger for the model with fewer stay

cables than for the model with more stay cables to obtain the same results

from the non-linear static analysis of the structure. For one stay cable tension

pattern, the more the number of stay cables used, the greater the sensitivity

of the parameters along the pylons. The tendencies observed for the results

obtained on the 48 stay cable harp pattern model can also be found again on

this model with 24 stay cables (Figure 4-29 and Figure 4-30).
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(24).

82



Chapter 4. Dynamic Analysis and Test Results

-2 -1 0 1

Bending moment (N.m)

0

5

10

15

20

25

30

y
 (

cm
)

-1 0 1 2

Bending moment (N.m)

0

5

10

15

20

25

30

y
 (

cm
)

Without stay cables

Harp 6.031 N

Harp 10 N

Harp 20 N

Harp 30 N

(a) Bending moment of the pylons for different stay cable tension patterns

0 5 10 15 20 25 30

Tension of the stay cables (N)

-5

0

5

B
en

d
in

g
 m

o
m

en
t 

(N
.m

)

Pylon N°1 - harp 48 - at the middle of the pylon (y = 0.06984*x + 0.005631)

Pylon N°2 - harp 48 - at the middle of the pylon (y = - 0.07355*x + 0.0153)

Pylon N°1 - harp 48 - at the extremities of the pylon (y = - 0.1431*x + 0.006396)

Pylon N°2 - harp 48 - at the extremities of the pylon (y = 0.153*x - 0.06053)

Pylon N°1 - harp 24 - at the middle of the pylon (y = 0.04228*x + 0.003695)

Pylon N°2 - harp 24 - at the middle of the pylon (y = - 0.04352*x + 0.006775)

Pylon N°1 - harp 24 - at the extremities of the pylon (y = - 0.07015*x + 0.01039)

Pylon N°2 - harp 24 - at the extremities of the pylon (y = 0.07205*x - 0.02156)

(b) Bending moment of the pylons according to the tension of the stay cables

Figure 4-30 Bending moment study for pylons - static analysis - harp
pattern (24).

Hence, the fewer stay cables used for a cable-stayed bridge, the greater the

required tension applied to the stay cables, the better the required quality

of the material used for the stay cables, finally the higher the cost of the

material. For a realistic construction project, a compromise between the cost

of the material and the duration of the construction is to be evaluated. Indeed,
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it is true that the better the material used, the more expensive this latter but

the more stay cables used, the longer the construction duration, the higher

the cost of the project. The choice of the number of stay cables for one cable-

stayed bridge project depends on structural and mechanical factors, but also

on more materialistic factors which are specific to each project.

4.1.3.2 Non-linear modal analysis

The mode shapes obtained are the same as for the harp model with 48 stay

cables but with 24 cables (Figure 4-20). Compared to the previous model

and the model without stay cables, the most obvious difference is observed

for the modal frequencies. The modal frequencies for the four first modes are

displayed in Table 4-3 according to the stay cable tension pattern.

Table 4-3 Modal frequencies according to the stay cable force - harp
pattern (24).

Tension of Mode 1 Mode 2 Mode 3 Mode 4stay cables (N)
0 3.79378 10.18581 13.77927 16.26517

3.871 4.54631 10.42967 13.97864 16.43309
6.031 4.55903 10.44164 13.98977 16.44085
8.281 4.57193 10.45443 14.00125 16.44907

10 4.58219 10.46396 14.01009 16.45530
15 4.61298 10.49235 14.03559 16.47349
20 4.64516 10.52119 14.06096 16.49177
30 4.71443 10.58031 14.11122 16.52847

By reducing the number of stay cables by half, the influence of their tension

on modal frequencies seems to be also globally reduced by half (Figure 4-31).
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Figure 4-31 Modal frequency according to the stay cable tension - harp
pattern (24).
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It is also noticeable that for the same deflection of the main span - thus a stay

cable tension for the 24 stay cable harp model almost equal to the double of

a given one for the 48 stay cable harp model - the modal frequency for the

24 stay cable harp model remains smaller than the one for the 48 stay harp

model: with generally a difference of 0.5 Hertz for this model. In consequence,

the higher the number of stay cables used, the higher the modal frequencies

compared to the control sample.

Likewise, from Figure 4-32, the general tendency of the slope between the

stay cable tension and the modal frequencies with the mode number seems

to be conserved - evolution according to an inverse exponential function with

the same parameter λ = 0.0822 - but with a director coefficient half of that

observed for the model with 48 stay cables. The higher the number of stay

cables used, the more important the influence of the stay cable tension on

modal frequencies.
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Figure 4-32 Slope between stay cable tension forces and modal frequencies
according to the mode - harp pattern (24).
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The same sensitivity of the modal shapes according to the stay cable tension

can also be observed for the three first modes studied. Indeed, still by carrying

out the study of the difference between the absolute value of the amplitude

of modal shapes of the control case and the one of the modal shapes of the

different harp models, the same tendency on the modal shapes is to be observed

(Figure 4-33).

From the non-linear modal analysis point of view, the more stay cables used,

the better since the more stay cables used, the greater the increase of the

modal frequencies of the model compared to the one without stay cables. Yet,

the cost of the cables is to be considered in a construction project and as

stated previously, compromises are to be done between the quality required of

the material making the stay cables and their number on the structure.
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Figure 4-33 Gap between the deflection of the deck of one harp model (24)
and the one of the model without stay cables.
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4.1.4 Model with semi-fan pattern

The studied model is illustrated in Figure 4-34. In the same way as for the

harp stay cable pattern model, simulations have been performed by modifying

the tension force of the stay cables in order to obtain a uniformly distributed

vertical load due to prestressing - to compare the results of all the models.

x

z

y

0

Figure 4-34 SAP2000 model with semi-fan stay cable pattern.

Indeed, for these experiments, the tensions of the stay cable of type 1 are

imposed equal to the ones used during the experiments for the harp stay cable

pattern model, and the tension of the other stay cables are deduced - based on

the angles formed between the horizontal axis and the stay cables concerned

- to obtain the same vertical component for each of them. The angles and the

tension forces used for the experiments are gathered in Table 4-4 according

to the stay cable type listed in Appendix A-2.
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Table 4-4 Tension of the stay cables according to their type - semi-fan
model (48).

Type of stay cable
1 2 3 4 5 6

Angle formed with neutral horizontal axis
27 31 36 44 56 73

Vertical Tension of stay cables (N)component (N)
1.757 3.871 3.412 2.990 2.530 2.120 1.838
2.738 6.031 5.316 4.658 3.942 3.303 2.863
3.760 8.281 7.299 6.396 5.412 4.535 3.931
4.540 10 8.815 7.724 6.535 5.476 4.747
6.810 15 13.222 11.586 9.803 8.214 7121
9.080 20 17.629 15.447 13.071 10.952 9.495
13.620 30 26.444 23.171 19.606 16.428 14.242

In the following results and figures, the caption "semi-fan ?? N" refers to the

semi-fan stay cable pattern model with a tension of the type 1 stay cable equal

to "??" Newtons. The sensitivity of the parameters is also given according to

this very tension.

4.1.4.1 Non-linear static analysis

Study of the deck

From the results obtained, it is remarkable that the deflection of the main

span is almost identical to the one obtained for the 48 stay cable harp model

(Figure 4-35). These results are not surprising because of the chosen stay ca-

ble tension pattern - the same applies to the shear forces and bending moments

applied to the deck as functions of the stay cable tension forces (Figure 4-36

and Figure 4-37).
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Figure 4-35 Deflection study for deck - static analysis - semi-fan pattern
(48).
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Figure 4-37 Bending moment study for deck - static analysis - semi-fan
pattern (48).
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The only parameter that seems to change for the semi-fan stay cable pattern

model, in comparison with the harp stay cable pattern model, is the axial

force applied to the deck by the stay cables (Figure 4-38). Indeed, since

the angles formed between the neutral horizontal axis and the cables are on

the whole larger for the semi-fan model than for the harp model, the total

horizontal load applied to the deck resulting from prestressing is reduced - even

if the tension forces of the stay cables are chosen to conserve the uniformly

distributed vertical load applied to the deck from prestressing.

0 50 100 150 200 250

x (cm)

-40

-20

0

20

40

60

80

A
x

ia
l 

fo
rc

e 
(N

)

Without stay cables

Semi-fan 6.031 N

Semi-fan 10 N

Semi-fan 20 N

Semi-fan 30 N

X 137.5

Y 69.43

X 66

Y -30.04

(a) Axial force applied to the deck for different stay cable tension patterns

0 5 10 15 20 25 30

Tension of the type 1 stay cables (N)

-100

-50

0

50

100

A
x

ia
l 

fo
rc

e 
(N

)

Semi-fan - at pylons (y = - 1.002*x + 0.09923)

Semi-fan - at the middle of the main span (y = 2.318*x - 0.5901)

Harp - at pylons (y = - 2.358*x + 0.1885)

Harp - at the middle of the main span (y = 3.146*x - 0.8166)

(b) Maximum axial force applied to the deck according to the stay cable
tension

Figure 4-38 Axial force study for deck - static analysis - semi-fan pattern
(48).
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Hence, the semi-fan stay cable pattern model seems to be more efficient in

term of the reduction of the maximum axial force applied to the deck, while

its performance in term of the other parameters is almost equivalent, if not

identical, to the one of the harp stay cable pattern model - according to the

performed non-linear static analysis.

Study of the pylons

Even if changing the stay cable pattern does not have huge influences from

the deck study point of view, more significant differences are to be observed in

the static behavior of the bridge pylons. Indeed, with t- loads resulting from

prestressing are concentrated at the top of the pylons.

As a result of the stay cable pattern, the vertical loads applied to the deck -

mostly dead loads in this case - are better transferred to the pylons and thus

to the ground. The pylons are then subject to more important axial forces

as shown in Figure 4-39. Pylons resisting better against compression are

expected for this type of stay cable pattern.
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Figure 4-39 Axial force study for pylons - static analysis - semi-fan pattern
(48).

Meanwhile, an increase of the maximum shear forces applied to the pylons

is to be observed (Figure 4-40), compared to the harp stay cable pattern

model. Yet, shear forces are mostly observed at the top part of the pylons and

not at their bottom part, contrary to the harp stay cable pattern model.
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Figure 4-40 Shear force study for pylons - static analysis - semi-fan pattern
(48).

The real advantage of the semi-fan stay cable pattern appears to be the re-

duction of the maximum bending moment to which the pylons are subject

(Figure 4-41). For the harp and semi-fan stay cable patterns chosen, while

maintaining the same vertical loads resulting from prestressing applied to the

deck, the maximum bending moments applied to the pylons are reduced by

almost half. By reducing the bending moment of the pylons, it allows the use

of lesser overall depth pylons - reducing the cost of the pylons and ameliorating
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the aesthetic of the bridge. Yet, this amelioration must also take into consid-

eration the increase of the maximum axial forces and maximum shear forces

applied to the pylons. The pylon shapes or the material of the pylons (better

properties) can be changed to make them more resistant to compression and

shear forces.
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Figure 4-41 Bending moment study for pylons - static analysis - semi-fan
pattern (48).
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4.1.4.2 Non-linear modal analysis

In the same way as previously done, from the non-linear modal analysis, the

modal frequencies according to the tension of the type 1 stay cables can be

obtained. The modal frequencies obtained for the same vertical component of

the tension applied to the stay cables - i.e. for the same tension of the type

1 stay cables - appear to be higher with a semi-fan stay cable pattern model

than with a harp one (Table 4-5 and Table 4-2).

Table 4-5 Modal frequencies according to the stay cable force - semi-fan
pattern (48).

Tension of type 1 Mode 1 Mode 2 Mode 3 Mode 4stay cables (N)
0 3.79378 10.18582 13.77927 16.26517

3.871 5.43317 11.12166 14.49523 16.83058
6.031 5.43326 11.14177 14.51738 16.84567
8.281 5.43327 11.12661 14.50338 16.83649

10 5.43741 11.14112 14.52230 16.84943
15 5.44581 11.16026 14.54613 16.86604
20 5.45766 11.18031 14.56980 16.88287
30 5.49066 11.22202 14.61668 16.91701

Moreover, it is remarkable that the tension of the type 1 stay cables influences

less the modal frequencies of the semi-fan stay cable pattern model than it does

for the harp stay cable pattern model, for the same number of stay cables -

as shown in Figure 4-42. The slope observed between the modal frequencies

and the tension of the type 1 stay cables is indeed smaller for the former than

for the latter.
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Figure 4-42 Modal frequency according to the stay cable tension - semi-fan
pattern (48).
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Likewise, the slope seems to decrease according to an inverse exponential func-

tion - very similar to the one obtained for the harp stay cable pattern model

(Figure 4-43), apart from the coefficient of the function. The higher the mode

studied, the smaller the influence of the tension of type 1 stay cables on the

corresponding modal frequency.
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Figure 4-43 Slope between stay cable tension forces and modal frequencies
according to the mode - semi-fan pattern (48).

As for the mode shapes, the general shape displayed in Figure 4-21 is con-

served but with a different stay cable pattern. The stay cable tension affects

also the modal shapes in the same way as for the harp stay cable pattern model

(Figure 4-44 and Figure 4-21). The only noticeable difference is that it has

less influence on it compared to the previous model.
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Figure 4-44 Gap between the deflection of the deck of one semi-fan model
(48) and the one of the model without stay cables.
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Since to obtain the same or better performance the semi-fan stay cable pattern

requires smaller overall stay cable tension forces than the harp stay cable

pattern, stay cables of lower quality can be used for the same model of a

bridge. Hence, from this point of view, the overall cost of the project can

be reduced. The semi-fan stay cable pattern appears to be on the whole more

efficient than the harp stay cable pattern, for the parameters considered in this

study. Meanwhile, it has also been seen that the semi-fan stay cable pattern

model allows a reduction of the maximum bending moment but an increase

of the maximum axial forces and shear forces applied to the pylons - thus,

the pylons can be made slimmer but of better quality. A cost study between

the pylons and the stay cables is to be expected to find the best compromise

between performance and cost. Yet, harp stay cable patterns are generally

preferred for their aesthetics. Indeed, their unique symmetry and parallelism

make them pleasing to the eye from all angles: the cables do not overlap with

the others.

4.2 Model in the laboratory

The study in question lies on a back-and-forth method between the modeling

on SAP2000 and the S-Block bridge model developed by the Korean Smart

Control & Sensing Ltd. company, to match their results. The whole process

has been explained in the introduction section of this Master’s thesis. Due

to the restrained available equipment to conduct the experiments, only static

deflection of the deck experiments and forced stimulation of the deck exper-
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iments are set up. The following section presents the followed protocols and

the analyses of the results obtained.

4.2.1 Experimental protocols

In the same way as for the SAP2000 models, a parametric study with iterative

experiments is conducted by changing the number of stay cables used, the

tension forces applied to the stay cables and the stay cable pattern used.

Yet the range of the tension forces applied to the stay cables is limited by

the available springs on the S-Block model (more details are provided in the

following sections).

On the S-Block bridge model, the tension forces applied to the cables are

determined by measuring the elongation of each spring - whose stiffness has

been determined previously - attached to the corresponding cable. After mak-

ing sure that the elongation of all the springs is the one wanted, the deflection

of the deck - under self-weight, prestressing forces and punctual loading due to

the accelerometers attached to it - is measured. Hence, for one fixed number

of stay cables and one fixed stay cable pattern, the deflection according to the

stay cable tension pattern can be plotted.

In parallel, forced excitation experiments of the bridge model by an actuator

according to a sinusoidal signal are conducted with the apparatus displayed

in Figure 4-45. The characteristics of the motor used for those experiments

are displayed in Table 4-6, and considering the conditions of the experiments

conducted in the laboratory, the allowed excitation frequency range is under 12
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Hertz. It is done so that the deck is stimulated in an equal range up and down of

its equilibrium position - when all forces are applied. The accelerometers fixed

at three different points of the bridge deck (Figure 4-1) monitor the structural

response of this latter to the sinusoidal excitation. Signals are recorded for

every 50 rpm (i.e. every 0.5 Hertz) far from the modal frequencies, and for

every 5 to 10 rpm (i.e. every 0.05 to 0.1 Hertz) near the modal frequencies.

Each recorded signal is composed of 3,000 values to obtain enough periods to

define accurately the excitation frequency.

Computer: collects the data from the accelerometers and saves them in an excel document that will be 

processed afterward.

S-Block bridge model (on photo: semi-fan stay cable pattern model with tension of type 1 stay cable = 8.281 N).

Actuator: excites the deck of the S-Block bridge model by a sinusoidal signal (range of frequency = [0, 10 Hertz].

Accelerometers: acquire data from the vibratory behavior of the S-Block bridge model.

Figure 4-45 Experimental apparatus.

From these experiments and signal processes - whose steps are described in the

following sections - the response of the structure according to the frequency

of the excitation signal is determined. And the modal frequencies are thus

deduced for one fixed stay cable pattern, one fixed stay cable tension force

pattern and one fixed stay cable number.
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Table 4-6 Characteristics of the speed control induction motor.

Characteristics Values
Motor model 9SDG2-40G
Output (W) 40
Voltage (V) 220
Frequency (Hz) 60
Current intensity (A) 0.43
Duty Continuous
Operating speed range (r/min) 90-1700
Starting torque (N.m) 0.200
Capacitor (µF/VAC) 2.5
Conversion 600 rpm ⇒ 5 Hz

4.2.2 Signal processing

Using the software provided by the Smart Control & Sensing Ltd. company,

we can easily get the data obtained by the accelerometers used. Yet, it can

be observed that the signals present quite heavy noises. Hence, they should

be processed before being analyzed and compared with each other. All this

process is performed by a Matlab code according to the following steps.

4.2.2.1 Butterworth low-pass filter

First, the raw signals should be filtered using a low pass filter method. The

principle is to allow low frequencies and to attenuate high frequencies - fre-

quencies higher than the cutoff frequency - in a signal. In this study, the low

frequency Butterworth filter is chosen. It is the most commonly used filter

for the signal processing of this type and it deletes very efficiently the high

frequencies that are at the origin of the noise in the signals. The Butterworth
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transfer function of order n (Bn(jω)), according to its roots, is written as

follows:

Bn(jω) = 1
n∏

k=1
j × (ω −ωk)

ωc

(4.4)

with ωk = ωc × ejπ
(2k−1)

2n the roots of the transfer function, and ωc the cutoff

frequency.

This formula comes by considering the gain of the transfer function of order

n:

|Bn(jω)| = 1√
1+

(
ω
ωc

)2n
= Bn(jω)×Bn(−jω) (4.5)

Thus, the roots for Bn are as: ωk
ωc

roots of unity. Its characteristics include a

most constant possible gain for low frequencies and an attenuation of -3dB at

the cutoff frequency - and this for any filter order chosen. Some Butterworth

polynomials are displayed in Table 4-7.

Table 4-7 Butterworth polynomials according to p = jω for different orders
n.

Order n Butterworth polynomials
1 p+1
2 p2 +1.4142p+1
3 (p+1)(p2 +p+1)
4 (p2 +0.7654p+1)(p2 +1.8478p+1)
5 (p+1)(p2 +0.4180p+1)(p2 +1.6180p+1)
6 (p2 +0.5176p+1)(p2 +1.4142p+1)(p2 +1.9319p+1)

The higher the order of the filter, the better the values for low frequencies -

before the cutoff frequency - are conserved, and the better the values for high
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frequencies - after the cutoff frequency - are reduced (Figure 4-46).
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Figure 4-46 Bode diagrams of the Butterworth filter for different orders.

And after several trials with the data obtained from the experiments, the low

Butterworth filter at order 5 - while considering the frequency displayed on the

actuator during the experiments as the cutoff frequency of the filter - has been

selected. Indeed, using a hand calculation of the raw signal, the true frequency

at which the bridge is excited appears to be lower than the one displayed by

about 1 Hertz. Thus, by reducing the frequencies that are higher than this

value, we manage to reduce most of the noises present in the signal.

4.2.2.2 Fourier analysis

The signals being periodic - fundamental of the forced excitation carried out -

the second step of the signal processing is to conduct a Fourier analysis on the

signals to consider only their fundamentals - which will be the real value of

the acceleration measured at one excitation frequency. For a signal considered

over a certain time interval, it can be decomposed into Fourier series - i.e. it

108



Chapter 4. Dynamic Analysis and Test Results

can be written in the summation of sinusoidal functions:

f(t) = a0
2 +

∞∑
n=1

an × cos
(2πnt

T

)
+ bn × sin

(2πnt

T

)
=

∞∑
n=1

cn ×einπt (4.6)

with t ∈
[
−T

2 , T
2

]
and



a0 = 1
T ×

∫ T
2

− T
2

f(t)dt

an = 2
T ×

∫ T
2

− T
2

f(t)× cos
(2πnt

T

)
dt

bn = 2
T ×

∫ T
2

− T
2

f(t)× sin
(2πnt

T

)
dt

cn = 1
T ×

∫ T
2

− T
2

f(t)×e−( 2πint
T )dt

The Matlab function fft used computes a discrete Fourier transform of the

signal using a fast Fourier transform algorithm. It gives then the values of the

above coefficients for each frequency. The frequency that is interesting, in this

case, is the one for which the amplitude
√

(an)2 +(bn)2 is maximum - it will

be the frequency that participates the most in the signal, corresponding most

of the time to the excitation frequency.

4.2.2.3 Transfer function of the system - Resonance

Finally, the resonant frequencies - thus the eigenmodes of the system - can

be well observed by studying the relationship between the input signal - the

one recorded at the level of the actuator - and the output signal - the one

recorded either at the middle of the main span of the bridge or at the middle
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of the span at the left of the bridge. The whole signal processing implemented

in this study is illustrated in the following example (Figure 4-47, Figure 4-

48, Figure 4-49, Figure 4-50). The raw signals selected for the example

are the one obtained by soliciting the cable-stayed bridge model without any

cables with the actuator at 429 revolutions per minutes (value displayed on

the screen of the actuator). The output signal is recorded at the middle of the

main span of the model.
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Figure 4-47 Raw signal.
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Figure 4-48 Amplitude spectrum of the raw signals.
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Figure 4-49 Signals filtered by the low pass Butterworth filter.
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Figure 4-50 Amplitude spectrum of the signals filtered by the low pass
Butterworth filter.

4.2.3 Analysis of the results

The results shown in this study are obtained by calculating the ratio between

the amplitude of the filtered output signal and the one of the filtered input

signal, to obtain more significant results. Moreover, the acronyms "L", "M"

and "R" used refer respectively to the signal obtained from the accelerometer

at the middle of the left span (L), the one obtained from the accelerometer at

the middle of the main span (M) and the one obtained from the accelerometer
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at the middle of the right span (R) (Figure 4-1). The excitation - considered

as the input signal - is obtained from the accelerometer at the middle of the

right span (R).

4.2.3.1 Model without stay cables

The modal frequencies of the bridge without any stay cables appear to be

approximately (as shown in Figure 4-51):


f1 = 3.554 Hz

f2 = 7.532 Hz

f3 = 10.76 Hz

(4.7)

The error observed with the modal frequencies obtained from the model of

SAP2000 for each mode is:



|3.79378−3.554|
3.79378 ≈ 6% for the mode 1,

|10.18581−7.532|
10.18581 ≈ 26.1% for the mode 2,

|13.77927−10.76|
13.77927 ≈ 21.9% for the mode 3

(4.8)

According to the position of the accelerometers and the modal shapes obtained

from the SAP200 finite element non-linear modal analysis, the abscissa of the

first peak of each of "M/R" curves corresponds to the modal frequency of the

first mode, the abscissa of the second peak of each of "L/R" curves to the one

of the second mode and the abscissa of the third peak of each of "M/R" curves

to the modal frequency of the third mode.
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Figure 4-51 Response of the deck without stay cables - experiment.

Despite modifying the material properties of the system as well as the connec-

tion conditions between the deck and the pylons, the model proposed is the

one giving the most satisfying overall results - both for static analysis and for

modal analysis, and especially for the match of the first modal frequency of

the system. Obtaining a model that matches completely the structural behav-

ior of the S-Block bridge model seems very difficult because of the numerous

unpredictable variables that intervene such as the slight plasticity deformation

of the elements (rods, screws) of the model, the special connection between

the deck and the pylons on the model by screw and bolts, and also the soil

conditions. In this case, the S-Block model is installed on a metallic support,

on which lies the actuator. As a result, when the deck of the model is excited

by the actuator, the support is also excited by it, inducing unpredictable soil

conditions (the model is at the same time solicited at the base of its pylons).

The effects related to this last issue are all the more important as the exci-

tation frequency is high, which can explain why only the first mode matches

correctly with the SAP2000 model. And, despite exciting the deck vertically,

a lateral excitation is also to be observed the higher the excitation frequency
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- which is induced by the fact that the motor is attached to a not completely

rigid homemade support.

4.2.3.2 Model with harp pattern - 48 stay cables

The parameter changed through the forced vibration experiments is the elon-

gation of the spring attached to the cables of the cable-stayed bridge model in

the laboratory. As a result, the tension applied to the cables is changed. The

spring elongation and the corresponding tension force applied to the cables

are displayed in Table 4-8. During the experiments, the elongation of the

springs is limited to 40 millimeters since it appears that by using an elonga-

tion of 45 millimeters, during the resonance of the bridge, some springs - the

one attached around the top of the pylons - are deformed in a way that they

enter the plastic range of the material. This would then affect the validity of

the results obtained.

Table 4-8 Elongation of the springs - harp pattern (48 & 24) - experiment.

Elongation of the springs (mm)
30 35 40

Corresponding tension of cables (N)
3.781 6.031 8.281

Horizontal 3.374 5.3374 7.379component (N)
Vertical 1.716 2.738 3.760component (N)

In addition to the limitation in the spring elongation range, imprecision in the

application of the stay cable tension is to be observed. During the experiments,
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the tension forces are applied to the stay cables by measuring the elongation

of the springs and adjusting the elongation of one spring, which has direct

influence on the elongation of the others. It is then quite difficult to have the

exact elongation for all the springs of the model.

The sensitivity of the deflection of the main span is shown in Figure 4-52.

The deflection of the main span obtained experimentally on the S-Block model

and the one obtained on the SAP2000 software do not seem to have the same

values for one tension of stay cables - except for its tendency according to the

stay cable tension. From it, we can consider unfortunately that the method

used to evaluate the stiffness of the stay cables of the model is not accurate,

yet still acceptable - since the purpose of this study is to examine the influence

of prestressing on the structural behavior of the whole bridge structure. Hence,

it is to study the sensitivity of the parameters according to this later - even

if matching the values obtained with both models would have been desirable.

This result arises from the lack of knowledge of the properties of the stay cables

and thus, the assumption is made such the value of the Young’s modulus of

the stay cables is equal to the one of the spring attached to it. Moreover, the

variation of the length of the stay cables according to the tension applied to

it on both models is different. On the S-Block model, to apply a certain axial

force to the stay cables, the length of the part composed of cable is reduced

while the elongation of the spring increases (Figure 3-6). Yet, by applying

the Target Force on the SAP2000 model, the length of the stay cables hardly

changes for the stay cables properties chosen.
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Figure 4-52 Deflection of the deck according to the stay cable tension -
harp pattern (48) - experiment.

Throughout the experiments, Figure 4-53 - representing the amplitude of the

ratio between the input acceleration and the output acceleration according to

the excitation frequency - can be plotted after successive signal processing

conducted on Matlab.
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Figure 4-53 Response of the deck for different elongation of springs - harp
pattern (48) - experiment.

As expected by the modeling on SAP2000, the modal frequency for the first

mode increases with the stay cable tension (Table 4-9). Yet, the slope appears

to be larger (Figure 4-54). It can be explained by the fact that the way
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the tension of the stay cables is applied during the experiment is not precise

enough and some errors can occur. Moreover, the experiments conducted are

limited by the precision of the actuator used - having a direct impact on the

precision of the modal frequencies obtained since the difference in the modal

frequencies for different stay cable tension is predicted to be around 0.02 Hertz

by the SAP2000 software - a precision that is not realizable with the material

used during the experiments.

Table 4-9 Modal frequencies according to the stay cable force - harp
pattern (48) - experiment.

Tension of Modal frequency
stay cables (N) Mode 1

0 3.564
3.871 3.965
6.031 4.035
8.281 4.035
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Figure 4-54 First modal frequency according to the stay cable tension -
harp pattern (48) - experiment.

As for the other modes, unfortunately, the results do not match with those

of the modeling. The reasons may be those enumerated previously. A bet-
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ter method to obtain the modal frequencies of the system in question - a

lightweight structure - is to use the impact hammer modal testing.

During the experiment, the range of the tension of the stay cables is also

much reduced to obtain really exploitable results compared to the one of the

modelings on SAP2000 software.

4.2.3.3 Model with harp pattern - 24 stay cables

The same experiment of the 48 stay cable harp pattern is conducted for the 24

stay cable harp pattern. The deflection of the main span according to the stay

cable tension is obtained in Figure 4-55. As explained before, the difference

observed between the values of the two models results from the design of the

stay cables, which is based on several assumptions that may not be accurate.

0 5 10 15 20 25 30

Tension of the stay cables (N)

-50

0

50

100

150

200

D
ef

le
ct

io
n

 o
f 

th
e 

m
ai

n
 s

p
an

 (
m

m
)

Harp 48 - SAP2000 (y = - 0.02483*x
2
 + 3.607*x - 18.55)

Harp 48 - experiment

Harp 24 - SAP2000 (y = - 0.008009*x
2
 + 2.052*x - 18.49)

Harp 24 - experiment

y = 0.03226*x
2
 + 5.182*x - 27.6

y = - 0.06194*x
2
 + 3.259*x - 27.78

Figure 4-55 Deflection of the deck according to the stay cable tension -
harp pattern (24) - experiment.

Yet, the ratio of the slope between the deflection of the main span and the

tension of the stay cables for the model with 24 stay cables to the one for the
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model with 48 stay cables is still observed with the experiments conducted on

the S-Block model.

Focusing on the structural behavior of the bridge according to prestressing,

for one tension of stay cables, the deflection of the main span of the bridge

seems to develop linearly with the number of stay cables used - whether by

experiments or modeling - for small stay cable tension. Indeed, the coefficient

in front of the second-degree element of the equation of the tendency curves

for each model being very small, the one in front of the first-degree element

directs the overall value of the deflection of the main span according to the

tension of the stay cables. In this sense, the ratio of the slope between the

deflection of the main span and the stay cable tension for one harp pattern

model to the one of the second harp pattern model on the SAP2000 model is

equal to 3.607
2.052 ≈ 1.8 - vs. 5.182

3.259 ≈ 1.6 for the experimental results.

The results obtained from the forced vibration experiments are also coherent

with the one obtained from the finite element analysis modeling for the first

mode (Table 4-10). Based on Figure 4-56 - representing the resonance re-

sponse of the deck for different stay cable tension - Figure 4-57 has been

plotted. This graph shows that the smaller the number of stay cable on a

cable-stayed bridge and the smaller the tension applied to the stay cables,

the smaller the first modal frequency - while remaining higher than the initial

value (the one of the control case).

Yet, while the first modal frequencies obtained from the models without cables

on SAP2000 and during the experiments are almost equal, a difference of
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Table 4-10 Modal frequencies according to the stay cable force - harp
pattern (24) - experiment.

Tension of Modal frequency
stay cables (N) Mode 1

0 3.564
3.871 3.826
6.031 3.9
8.281 3.875
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Figure 4-56 Response of the deck for different elongation of springs - harp
pattern (24) - experiment.
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harp pattern (24) - experiment.
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around 0.5 Hz and 0.25 Hz are respectively observed between the results of

the models with 48 stay cables and 24 stay cables, for one stay cable tension.

The most plausible reason for these differences is the modeling of the stay

cables that is not perfect, as evoked in the previous section.

4.2.3.4 Model with semi-fan pattern

For the experiments of this section, the chosen elongations of the springs at-

tached to the cables of the model are imposed according to Table 4-11.

Table 4-11 Elongation of the stay cables according to their type - semi-fan
model (48) - experiment.

Vertical component (N)
1.757 2.738 3.760

Stay cable type Elongation of the spring (mm)
1 30 35 40
2 29.18 33.41 37.82
3 28.24 31.95 35.81
4 27.22 30.36 33.62
5 26.31 28.94 31.68
6 25.68 27.96 30.33

As expected by the modeling conducted previously, the deflection of the main

span of the S-Block model with a semi-fan stay cable pattern is similar to the

one of the S-Block model with a harp stay cable pattern, for small values of

the stay cable tension (Figure 4-58). Indeed, for small values of the stay ca-

ble tension, the coefficients of the first order of the approximations conducted

are different by about |5.182−4.746
5.182 | ≈ 8%. The modeling of the sensitivity of

the deflection of the deck according to the stay cable tension by a quadratic
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function is a choice made in this study from the modeling on SAP2000 but it

has not been demonstrated experimentally. The difference observed between

the deflections obtained from the two models can be explained by the impre-

cision and approximate tensioning of the cables during the experiments - as

mentioned previously. Yet, despite this inaccuracy, the same tendency of the

sensitivity of the modal frequency of the first mode according to the tension

of the stay cables is observed.
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Figure 4-58 Deflection of the deck according to the stay cable tension -
semi-fan pattern (48) - experiment.

Indeed, the general modal frequency of the first mode for the semi-fan stay

cable pattern model is higher than the one of the harp stay cable pattern

model (Table 4-9, Table 4-12, Figure 4-59 and Figure 4-60). Unfortu-

nately, the sensitivity of this modal frequency - that has been proved to evolve

according to y = 0.002238×x+5.418 - is too small to be observed through the

experiments conducted - especially with the available materials.
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Table 4-12 Modal frequencies according to the stay cable force - semi-fan
pattern (48) - experiment.

Tension of Modal frequency
stay cables (N) Mode 1

0 3.564
3.871 4.371
6.031 4.304
8.281 4.371
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Figure 4-59 Response of the deck for different elongation of springs -
semi-fan pattern (48) - experiment.
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To improve the results from the experiments, it is needed to use a more precise

actuator, or to use more different springs to be able to apply a larger range of

tension forces to the cables, and hence obtain a more precise modeling of the

structure.

4.3 Bridge design specifications

But, what are the parameters that are really interesting for an engineer for

a cable-stayed bridge construction project? The criteria that need to be con-

sidered are summarized and categorized in the design specification construc-

tion code. For this study, the American Association of State Highway and

Transportation Officials bridge load and resistance factor design specifications

(AASHTO, 2012) are used as references to discuss the relevance of the results

obtained previously. Considering the assumptions made on the design of the

studied models, only the chapter 2 (General Design & Location Features), the

chapter 6 (Steel Structures) and the chapter 9 (Decks & Deck System) of the

present code are used to make the comparison.

Moreover, cable-stayed bridges are mostly designed at the service limit state.

This is the state that is tackled in this section. The service limit state design

is a design to ensure the security and usability of one structure, under the

action of non-factored loads. This design includes the restriction of vibrations

and deflection, as well as forces, moments, etc. within a certain allowable

magnitude.
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4.3.1 Limit state of deck deflection

One important criteria to ensure is the limit state of deflection, to prevent

objectionable permanent deformations due to severe loading. At service limit

state, the deck system is modeled as fully elastic structures. In this sense,

depending on the type of bridge considered - whether it is a pedestrian, ve-

hicular bridge for example - the deflection limits imposed by the AASHTO

design specifications change (AASHTO, 2012).

For lightweight metal deck system, the deflection caused by live load plus

dynamic load allowance shall not exceed:

• L
300 for deck with vehicular traffic without cantilever arms.

• L
375 for deck with vehicular and pedestrian traffics and cantilever arms.

• L
800 for decks with vehicular traffic.

• L
1000 for decks with vehicular and limited pedestrian traffics.

• L
1200 for decks with vehicular and significant pedestrian traffics.

Yet, for orthotropic plate decks, the deflection caused by live load plus dynamic

load allowance shall not exceed:

• L
300 for deck with vehicular traffic on the deck plate.

• L
1000 for deck with vehicular traffic on the ribs of the deck.

• 2.54 mm for deck with vehicular traffic on the ribs of the deck (extreme

relative deflection between adjacent ribs).

with L the span length from center-to-center of supports.
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Having only considered the self-weight of the model components and the punc-

tual loads applied by the accelerometers and considering the properties of the

deck model, the condition which most closely reassembles the conditions of

the studied model is the orthotropic plate deck system. Hence, the deflection

of the model main span should be within ± L
300 = ± 143 cm

300 = ± 4.77 mm.

Despite the fact that the studied model does not consider vehicular traffic, by

considering this criteria, a certain range of the permissible tension of the type

1 stay cables can be obtained - giving a first idea of it.

To do so, by taking the equations obtained from the sensitivity analyses of the

deflection according to the tension force of the type 1 stay cable, the allowable

tension force of the type 1 stay cables Td may be:

• For the 48 stay cable harp pattern model:

−4.77 ≤ y = −0.02483×T 2
d +3.607×Td −18.55 ≤ 4.77

⇒ 3.926 N ≤ Td ≤ 6.782 N
(4.9)

• For the 24 stay cable harp pattern model:

−4.77 ≤ y = −0.008009×T 2
d +2.052×Td −18.49 ≤ 4.77

⇒ 6.870 N ≤ Td ≤ 11.887 N
(4.10)

• For the 48 stay cable semi-fan pattern model:

−4.77 ≤ y = −0.01573×T 2
d +3.331×Td −18.54 ≤ 4.77

⇒ 4.218 N ≤ Td ≤ 7.246 N
(4.11)
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4.3.2 Limit state of forces & moments

Different types of loads being applied to deck systems, the deck systems are

also subjected to tension/compression combined with flexure. In this case, the

engineer pays attention that the component shall satisfy:

• If Pu
Pr

< 2, then:

Pu

2×Pr
+
(

Mux

Mrx
+ Muy

Mry

)
≤ 1.0 (4.12)

• If Pu
Pr

≥ 2, then:

Pu

Pr
+ 8.0

9.0 ×
(

Mux

Mrx
+ Muy

Mry

)
≤ 1.0 (4.13)

with Mrx the factored flexural resistance about the x-axis taken as Φf = 1

(value for steel of the resistance factor for flexure) times the nominal flexural

resistance about the x-axis determined as specified, Mry the factored flexural

resistance about the y-axis taken as Φf = 1 (value for steel) times the nomi-

nal flexural resistance about the y-axis determined as specified, Mux and Muy

respectively the moments about the x-axis and the y-axis, resulting from fac-

tored loads, Pu the axial force effect resulting from factored loads and Pr the

factored tensile resistance specified in Article 6.8.2.1 in case of tension and in

Article 6.9.2.1 in case of compression (AASHTO, 2012).

The development of this section and the formulas becomes relevant only when

the flexure moments about the x (according the length of the span) and the

y (according the height of the span) axes are studied - which is not the case
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in this study. Indeed, it is the bending moment about the z-axis (according

the width of the span) that has been studied - which does not seem to be

considered by the AASHTO design specifications (AASHTO, 2012). Further

studies on the two moments mentioned by the design specifications would be

welcome to complete the study.

4.3.3 Dynamic vibration criteria

Finally, another criteria that is considered by the engineer during the design of

one cable-stayed bridge is the dynamic behavior of the bridge under different

loads. Especially, the engineer emphasizes on the modal frequency range to

avoid to avert as much as possible unintentional and unwanted resonance of

the structure that would lead to its collapse. Once again, the range in question

depends on the type of bridge considered but also on its surroundings, and

more specifically on the type of loads that could solicit the structure. Accord-

ing to the Laboratoire Central des Ponts et Chaussées (LCPC, 2009), under

ambient vibrations, the modal frequencies of one structure shall not be within:

• [0, 1 Hertz] when subjected to turbulent wind - a source of low frequency

excitation.

• [1, 2 Hertz] when subjected to pedestrian traffic (outside of the cadenced

steps of the troops) - around 2 Hertz for a vertical solicitation and near

1 Hertz for lateral one.

• [2, 6 Hertz] when subjected to vehicular or rail traffics - vehicular or rail

traffics generally excite modes superior to 2 Hertz (even going up to 30

Hertz) but the spectrum is concentrated from 2 to 6 Hertz most of the
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time.

Exterior excitation can also lead to coupling phenomena between them and the

structure. Hence, some elements of the structure can be brought to vibrate at

high frequencies even when it is excited by low frequency source. It is usually

this cause that is the source of unfortunate accidents and collapses of cable-

stayed bridges - especially coupling with the vibration of the stay cables. The

study of the vibratory behavior of the stay cables could be welcome in this

case.

Yet, the consideration of this phenomenon on the studied model does not seem

to be so pertinent considering the simplification made for the modeling chosen.

Indeed, the study led is not complex and precise enough to be able to consider

it. Nevertheless, it still seems essential to avoid modal frequencies within 0

and 6 Hertz. Hence, the minimum required tension force Tv of the type 1 stay

cables should respect:

• For the 48 stay cable harp pattern model:

6 Hertz ≤ 0.007471×Tv +4.988

⇒ 6−4.988
0.007471 ≈ 135.6 N ≤ Tv

(4.14)

• For the 24 stay cable harp pattern model:

6 Hertz ≤ 0.00642×Tv +4.519

⇒ 6−4.519
0.00642 ≈ 230 N ≤ Tv

(4.15)

• For the 48 stay cable semi-fan pattern model:
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6 Hertz ≤ 0.002238×Tv +5.418

⇒ 6−5.418
0.002238 ≈ 260 N ≤ Tv

(4.16)

Unfortunately, the required tensions obtained are not realistic for the model in

question and is in contradiction with the values obtained from the limit state

of the deck deflection. Another variable to increase the modal frequency of the

first mode of the structure is to increase the number of stay cables present on

the model. To do so, more analyses - by modifying the number of stay cables

of the model, for one stay cable pattern - should be conducted to be able to

deduce the sensitivity of the frequency according to the number of stay cables

on the model (in the same way as it has been done with the tension of the

type 1 stay cable).

Another method is to use damping systems that would absorb the vibrations

of the structure resulting from exterior phenomenons and reduce the resonance

phenomenon of the structure.

At least, the S-Block bridge model developed by the Korean Smart Control

& Sensing Ltd. company does not seem to follow the design specifications by

AASHTO from the criteria mentioned in this study. It cannot be considered

as a realistic small-sized replica of a real cable-stayed bridge. Yet, it permits

to efficiently demonstrate the sensitivity of the deflection and the modal fre-

quencies according to the tension of the stay cables and their numbers.
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4.3.4 Human response to motion

Bridges should be designed to avoid undesirable structural or psychological

effects due to their deformation. It is why the design of bridges in their service

limit state is fundamental. Meanwhile, another sensible parameter during their

design is the study of human response to their motion. Even if structurally

speaking, one bridge is safe, from the human point of view, it can still be

considered as not safe and even dangerous. Comfort is a parameter not to be

neglected.

According to the American Association of State Highway and Transportation

Officials bridge load and resistance factor design specifications (AASHTO,

2012) and researchers from the Purdue university (Gaunt et al., 1981), the

main factor affecting human sensitivity is acceleration rather than deflection

or velocity for example. The vibrations tolerable to humans have been the

subject of many studies. Vibrations of low amplitude and low frequencies can

be assimilated with sea sickness while vibrations of higher amplitude result

partly in human psychological response. The human brain may associate the

higher amplitude to a possible future accident or even collapse of the bridge,

leading to the expression of their fear.

Unfortunately, human comfort is difficult to evaluate from one person to an-

other. Hence, the acceptable acceleration limit values change from one study to

another. A more detailed litterature review has been conducted by the Faculty

of New Jersey Institute of Technology (Darjani S., 2013). Majorly, the accept-

able acceleration is considered at 8% g ≈ 0.785 m/s2 to avoid any discomfort
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of any person present on the structure. Yet, an acceptable acceleration ten

times higher has also been proposed by some studies depending on the type

of the vibrations. Indeed, the limit given at 0.785 m/s2 is taking into consid-

eration the solicitation of the bridge by a sinusoidal signal while the value ten

times higher is given for transient bridge vibration. The repetitiveness of the

solicitation seems to amplify the human motion response, making humans feel

more uncomfortable despite the "low" acceleration.

For the considered study in this Master’s thesis, this parameter is not relevant

since it has been proven that the bridge model does not follow the design code

specifications. Despite this fact, it could be deduced from the forced sinusoidal

experiments conducted that the acceleration criteria is either not respected.

The maximum acceleration recorded by the accelerometers is equal to about

0.5 g ≈ 4.9 m/s2 ≥ 0.785 m/s2.
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Chapter 5. Conclusion and Future Works

5.1 Conclusion

The purpose of this Master’s thesis is to study the influence of prestressing on

the structural behavior of cable-stayed bridges. The study has been conducted

based on a physical model - S-Block bridge model - developed by the Korean

Smart Control & Sensing Ltd. company. It is a fourth-generation cable-stayed

bridge - the rectangular-shaped deck is supported by the pylons as well as the

stay cables - supposed to be composed entirely of steel and H-shape portal

pylons. Although it has been proven that the bridge model does not follow the

AASHTO design specifications, the results obtained from the study can still

be considered exploitable.

The parameters on which the study lies are the vertical component of the

forces resulting from prestressing - i.e. the tension of the type 1 stay cables of

each model - the number of the stay cables composing the cable-stayed bridge,

and finally, the stay cable patterns used - harp pattern or semi-fan pattern -

in this case. And, from the non-linear static and modal analyses, as well as the

experiments conducted through this Master’s thesis, several deductions can be

made - far from being exhaustive.

The model without stay cables is referred to as the control case.
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5.1.1 Static aspect

Study of the deck

First, according to the polynomial approximations chosen in the study, for one

stay cable pattern model, it appears that the greater the vertical component of

the force resulting from prestressing and the more stay cables on the model, (1)

the higher the position of the main span compared to the one of the control case

- for the doubled stay cable number, the sensitivity of the deflection according

to the tension force is increased by 1.7; (2) the greater the absolute axial force

applied to the deck at the middle of the main span and at the connections

between the deck and the pylons - for the doubled stay cable number, the

sensitivity of the axial force according to the tension force is increased by 1.8

at the former position and by 2.4 at the latter position; (3) the greater the

maximum absolute shear force applied to the deck at the connections between

the deck and the pylons - for the doubled stay cable number, the sensitivity

of the shear force according to the tension force is doubled too; and (4) the

greater the maximum absolute bending moment of the deck at the middle

of the main span and at the connections between the deck and the pylons -

whether it is at the former position or at the latter position, for the doubled

stay cable number, the sensitivity of the bending moment according to the

tension force is increased by about 1.85.

Also, (5) the more stay cables on the model, the smaller the “stages” of the

results, leading to better transitions through the structure. The "steps" of the

results - i.e. the increase of the values at the anchors - remain the same even
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for different numbers of stay cables on the model.

The comparison between the results obtained from the harp stay cable pat-

tern model and the semi-fan stay cable pattern model demonstrates that the

increase of the tension of the stay cables has the same influences on the deck

for both patterns, except for the maximum axial force applied to the deck. For

the same vertical component of the force resulting from prestressing and the

same number of stay cables, (6) the semi-fan stay cable pattern model results

in a smaller maximum absolute axial force applied to the deck compared to

the harp stay cable pattern whether at the middle of the main span or at

the connections between the deck and the pylons - the sensitivity of the axial

force according to the tension force for the semi-fan stay cable pattern model

is reduced by 1.4 at the former position and by 2.36 at the latter position.

Study of the pylons

As for the pylons, for one stay cable pattern model, the greater the vertical

component of the force resulting from prestressing and the more stay cables

on the model, (1) the greater the absolute axial force applied to the pylons -

hence, the better the vertical loads applied to the deck transferred through the

pylons to the ground - for the doubled stay cable number, the loads transferred

through the pylons are increased by 1.9; (2) the greater the absolute shear

force applied at the ends of the pylons - for the doubled stay cable number,

the sensitivity of the shear force according to the tension force is increased

by 2.4; (3) the greater the absolute bending moment at the ends and at the
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center of the pylons - due to the connections between the pylons and the other

elements - for the doubled stay cable number, the sensitivity of the bending

moment applied to the pylons according to the tension force is doubled at their

ends and increased by 1.7 at their middle. Indeed, by doubling the prestressing

forces applied to the stay cables, the values of the parameters related to the

ones of the control case are in a whole doubled manner whether from the deck

study or from the pylon study.

Likewise, in the same way as the study of the deck, the more stay cables on

the model, the smaller the "stages" of the results.

It is also noticeable that for the same vertical component of the force resulting

from prestressing and the same number of stay cables, (4) there is only a

slight increase of the axial and shear forces applied to the pylons between

both harp and semi-fan models - of the order of 15 to 19% for the higher

tension considered (30 N). Yet, these forces are more concentrated at the ends

of the pylon in the semi-fan stay cable pattern than in the harp stay cable

pattern.

The semi-fan stay cable pattern has the advantage to really (5) reduce the

maximum bending moment of the pylons, for the same vertical component

of the force resulting from prestressing and the same number of stay cables -

the sensitivity of the bending moment applied to the pylons according to the

tension force is reduced by almost 4 and 2.3 at the middle of the pylons, and

by 2 and 1.6 at their ends, respectively, for the external and internal pylons. It

allows the use of lesser overall depth pylons compared to the harp stay cable
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pattern, thus the reduction of the project cost and the amelioration of the

aesthetic of the bridge (only considering the pylons in this case).

5.1.2 Dynamic aspect

In parallel, for one stay cable pattern model, from the non-linear modal anal-

yses conducted, it can be deduced that the larger the vertical component of

the force resulting from prestressing (1) the higher the modal frequencies of

the model - an increase of one tenth of a Hertz, and a sensitivity according

the tension force that follows a linear function by considering the initial modal

frequency obtained when a minimum tension force equal to 3.5 N is applied;

(2) the larger the deflection of the main span of the mode shapes of the deck

for the first two modes; (3) the smaller the deflection of the side spans of the

mode shapes of the deck for the first two modes - with a reversed phenomenon

for the third mode - variation of a few millimeters.

Moreover, (4) the higher the mode, the less the increase of the vertical compo-

nent of the force resulting from prestressing affects the modal frequencies. The

influence of the vertical component of the force resulting from prestressing ac-

cording to the modes follows an inverse exponential function with a parameter

λ = 0.0822.

As for the influence of the number of stay cables on the dynamic behavior

of the structure, for one same vertical component of the force resulting from

prestressing, the more stay cables on the model, (5) the larger the influence

of the stay cable tension on the modal frequencies and (6) the higher the
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modal frequencies of the model - for the doubled stay cable number, the modal

frequencies are increased by 0.2 to 0.5 Hertz (for the first three modes and the

models studied).

Finally, (7) the semi-fan stay cable pattern allows a more efficient increase of

the modal frequencies for the same vertical component of the force resulting

from prestressing and the same number of stay cables, compared to the harp

stay cable pattern - increase by about 0.5 Hertz. Yet, (8) the vertical com-

ponent of the force resulting from prestressing has a lesser influence on the

increase of the modal frequencies, as well as in the modal shapes, for the semi-

fan stay cable pattern than for the harp stay cable pattern - the sensitivity of

the modal frequencies according to the tension force is decreased by 2.5 to 3

depending on the studied mode.

5.2 Practical deductions

From these results, several points should be considered during the realization

and the planning of a construction project. First, particular attention for the

construction methods and the material properties of the deck components at

the connections between the deck and the pylons is to be paid - since these

connections appear to be more vulnerable from the chosen parameters point

of view. Likewise, a compromise between the needed deck deflection and the

reduction of the forces and moments applied to the deck has to be done.

But those aspects actually depend mostly on the specific properties of the

construction site and the performances that are targeted to be reached.
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To obtain a similar mechanical behavior of the whole structure, the lesser stay

cables on the model, the greater the required tension of the stay cables; hence,

the better the required quality of the stay cables and possibly the higher

the cost of the material. A compromise between the cost of the stay cable

material and the duration of the construction is to be evaluated for the most

cost-efficient and performance-efficient construction project. All the more so

as the more stay cables on a cable-stayed bridge, the greater the increase of

the modal frequencies of the structure compared to the control case.

As for the choice of a semi-fan stay cable pattern cable-stayed bridge, it leads to

the need for better compression-resistant but slimmer in total depth pylons.

A compromise between the aesthetics of the structure and the cost of the

material is to be considered too in this case.

5.3 Future work

Despite the numerous results obtained through this Master’s thesis, it consists

only in a primary research that needs to be completed. Especially, more ex-

periments as well as modelings on finite element implementation software on

different types of cable-stayed bridges - for example, by changing the pylon

shapes, the deck shape, the material properties used, the spring stiffness, etc.

- would be welcome. More precise modal experiments by the impact hammer

modal testing method would be appropriate to obtain more precise results.

In the present study, the last feedback loop which considers the decision to

change the stiffness of the stay cables to match the deflection of the SAP2000
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48 stay cable harp pattern model and the S-Block 48 stay cable harp pattern

model has been stopped even if there was no matching (Figure 1-1). This

decision has been made by taking into consideration the project time efficiency:

in order to match correctly the structural behavior of the two models, an

iterative procedure on the stiffness of each of their stay cables is necessary -

which is extremely time-consuming.

Moreover, non-linear direct integration time history analyses could allow a bet-

ter understanding of the non-linear dynamic behavior of the structure which

is the cable-stayed bridge, according to prestressing. And to make it more ef-

ficient, running these analyses with different earthquake time histories would

be preferable, along with shaking table experiments if possible. Depending on

the region in which the project is expected, wind analyses could also be added

to the study.

Finally, an overall cost analysis could complete it. It is undeniable that the

cost of one project is one of the cornerstones of its realization and feasibility.
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Appendix A

Numbering of the elements of the S-Block

model
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A.1 Stay cables numbering
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Figure A-1 Stay cable and spring numbering of the S-Block model.
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A.2 Stay cables type
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Figure A-2 Type of stay cables.
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A.3 Pylons numbering
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Figure A-3 Inside pylon numbering of the S-Block model.
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Appendix B

Spring properties
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Appendix B

B.1 Characteristics of the springs

Table B-1 Spring characteristics

Spring number Stiffness (N/m) Initial Length (mm)
1 437.97 21.64
2 450.08 21.58
3 451.74 21.57
4 446.96 21.6
5 426.49 21.65
6 443.07 21.62
7 451.45 21.61
8 446.82 21.6
9 446.57 21.57
10 452.88 21.57
11 448.1 21.58
12 455.63 21.56
13 451.84 21.56
14 452.82 21.57
15 450.07 21.58
16 451.53 21.57
17 456.71 21.55
18 461.9 21.59
19 452.63 21.53
20 420.28 21.54
21 454.59 21.61
22 451.79 21.54
23 452.17 21.55
24 459.48 21.57
25 444.06 21.55
26 444.38 21.58
27 437.47 21.57
28 447.07 21.59
29 450.62 21.58
30 455.77 21.59
31 454.68 21.57
32 444.45 21.6
33 453.61 21.57
34 445.82 21.58
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35 457.03 21.57
36 459.12 21.6
37 454.98 21.6
38 454.52 21.6
39 455.92 21.58
40 439.3 21.6
41 442.68 21.57
42 455.16 21.61
43 453.73 21.61
44 461 21.58
45 455.57 21.6
46 455.17 21.6
47 452.32 21.6
48 455.14 21.59
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