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Abstract

Very high or long structures characterized by @&vaht slenderness, low weight and a
small damping ratio, like towers or long suspenkiedges, can be particularly susceptible
to wind actions. The effect of the wind on thisdygf structures has to be studied through
a dynamic approach. This thesis deals with theoresp of the New Svinesund Bridge to
wind actions. The slenderness of its single coraieth and the long main span suspended
to the arch through a system of hangers make thetgte sensible to problem of
vibrations during its operating time. Due to thenpbexity of the structural design and the
importance of the bridge a monitoring program wasetbped in order to control the
structural behaviour during the construction ph#ése,testing phase and the first years of
its service life. The aim of this work is to make@mparison between numerical results
and experimental measurements. At first the straagimodelled by a FE model, which is
based on the structural model produced by the ératmtractor and regards the arch, the
hangers, the piers and the superstructure , aletteatby beam elements. At the same time
the identification of the dynamic parameters of shecture from the output measurements
is carried out; this step permits the evaluatiotheffrequencies and modes of the structure
and allows a comparison with the results extraftech the FE eigenvalue analysis. The
measured damping ratio is determined later and ipethe updating of the FE model for
the simulations. The wind data from in-situ measweets are analysed and a reference
wind velocity history is chosen. The wind and teéted actions can be represented by a
random multivariate stationary Gaussian procesglamgimulation of this random process
is carried out by the random phase method. Thegaland forces are calculated through
the aerodynamic static coefficients: for the bridipek the values are deduced from the
wind tunnel tests; for the arch, instead, approxemealues have to be assumed. A
preliminary study of the wind effects induced osimplified beam model is examined in
order to point out the influence of some relevaatameters involved in the simulations.
The simulations are then made varying the wind attaristic parameters and taking into
account their influence on the final response oleti The results from each simulation
can be compared with the measurements and thisarx@uop has to be made in statistical
terms by a mean maximum displacement evaluatedafyr section considered. The

estimated difference is expressed as a percentdge. \Finally an analysis with equivalent



static forces and a dynamic simulation are caroet] both assuming an high mean wind
velocity as reference; the results obtained candmepared making considerations on the

validity of the performed analyses.
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Wind Response of the New Svinesund Bridge

Chapter 1 Description of the bridge and monitoringprogram

1.1 Introduction

This report presents a study of the dynamic respafsthe New Svinesund Bridge
subjected to wind load. The structure is a new rbeadge which joins Sweden and
Norway across the lde Fjord at Svinesund andpars of the European highway E6 which
Is the main route for all road traffic between Gathurg and Oslo. The particular design
of the bridge combines a very slender constructiatih a special structural form. In
particular the single arch and the position ofacbkimns closest to the arch which are not
located on its foundations make the structure gisxde to problem of instability both
during the construction phase and during the serfie. Due to this structural complexity
and the importance of the bridge a monitoring progne was developed through the
collaboration between the Swedish National Road igtimation, the Royal Institute of
Technology (KTH), the Norwegian Geotechnical Inggt (NGI) and the Norwegian
Public Roads Administration. The study of the efeaf the wind is a significant part in
the general description of the structural behaviouithe bridge and allows making a

comparison with the measurements.

1.2 Description of the bridge

The New Svinesund Bridge is a highway bridge 70lbng made up of a substructure in
ordinary reinforced concrete, a steel bridge deuk a single ordinary reinforced concrete
arch. The bridge has eight spans; the length ofrthi@ span is 247 m and is carried by the
arch. The bridge deck is connected to the archpatoximately half its height and
increases its lateral stability preventing out laine buckling.

Chapter 1 Description of the bridge and monitopnggram 1



Wind Response of the New Svinesund Bridge

SPAN 247 m

TOTAL LENGTH OF BRIDGE 704 m

83 m 78m 78m 5m 70m 1858 m Tom Tlm
[ [ [

Figure 1.1 Sketch of the New Svinesund Bridge, showing nunmgeaf the support lines

and approximate dimensions of the spans.

The bridge deck consists of two box-girders, oneetther side of the arch, with a total
width of approximately 28 m. Each box-girder is gmsed of two steel prefabricated
elements 5.5 m wide and 24 m long, welded togdtirea total width of 11 m. The steel
plates of the box-girder are 12-40 mm thick and siffened with longitudinal profiles.
The arch is joined to the bridge deck by stiff cections at the intersections and between
these intersections, where the arch rises abovdridge deck, the two box-girders are
joined by transverse beams supported by hangershwdme in turn connected to the
concrete arch. The transverse beams are posit@in28.5 m intervals and are carried by
six pairs of hangers. In the land spans the trassvbeams, connecting the two box-

girders, are positioned in correspondence of thenmos and abutments.

Figure 1.2 Section of the bridge deck.

Chapter 1 Description of the bridge and monitopnggram 2
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The level of the top of the arch and the bridgekdsae approximately +91 m and +60 m
respectively on the sea level. The section of tieh & a rectangular hollow section that
decreases from the abutment to the crown in botthwand height. The section at the
abutments is approximately 6.2 m wide and 4.2 nh mgh a wall thickness of 1.5 m and
1.1 m respectively. Close to the crown the secBoapproximately 4 m wide and 2.7 m
high with a wall thickness of 0.6 m and 0.45 matidition to the abutments on each side
of the fjord the superstructure is supported by fintermediate supporting piers made of
reinforced concrete, four on the Swedish side aneé on the Norwegian. All of the
substructures have foundations in the rock expeetpier 4 (see Figure 1.1) which is
supported by steel core piles in a peat bog. Thioseof the piers is a rectangular hollow
section 6.2 m wide, which is the gap between the lhax-girders of the bridge deck, and
the height varies from 11 to 47 m. Due to the largkft reaction on the supporting piers
the transverse beams are anchored with tendordeitis¢ piers. The main span instead is

suspended in the arch.

1.3 Construction of the bridge

The construction of the bridge, started during 2083inished in the spring of 2005 after
36 months. During 2003 the work was concentratedhenconstruction of the arch, the
piers and the superstructure on the southern §1d2004 the superstructure and all the
construction work connected with the arch were deted. The bridge was opened for
traffic on 10" of May as part of the celebrations for the 100-yaamiversary of Norway

independence from Sweden. The monitoring prograthoentinue until 2010 to control

the behaviour of the structure and the responseafttic loads, temperature and wind

effects.
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1.3.1 Construction of the arch

The construction of the arch was started at theeganme on both sides of the fjord with the
foundations at the abutments of the arch. The oactsin was carried out in 24 successive
arch segments for each side finally linked togetéethe crown of the arch. The first
segments were cast using traditional scaffoldirgenTthe subsequent segments were cast
by a climbing formwork using a cantilever constroet method with temporary cable-

stayed supporting as shown in the Figure 1.3.

Figure 1.3Phase of the arch launching.

The system is a hydraulic climbing formwork thatsweanchored to the previous completed
arch segment. When the cast of a segment wasduhiste climbing formwork was moved
forward to prepare the casting of the next segmeter the completion of the first three
segments supporting steel cables were used totheltbllowings in their position. These
cables were anchored to two temporarily towers,@meach side of the fjord, and passed
through the reinforced concrete towers anchoriegitelves at the back of the towers. The
towers were back-anchored into the rock by cableghwpassed through the towers and
were anchored at the front of these. After 13 segsneach segment needed to be
supported by cables in order to correct the positdd the arch, compensating the

deflection of the structure from its original pawsit due to its self-weight.
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1.3.2 Construction of the superstructure

Each bridge deck is composed of two 5.5 m wide 2&dm long prefabricated steel
element which were welded together on site to predine resulting 11 m wide decks.
Two different methods were used to assembly therstnoucture elements on the Swedish
and on the Norwegian side. On the Swedish sideséicions were welded together and
then the bridge deck was launched out over thegbrglipports using hydraulic jacks that
pushed the structure 0.5 m above its final positadter the entire structure reached its
position it was brought down to its final level the piers supports. On the Norwegian side
a more traditional method was used welding the@esdirectly in their final position and
keeping them in a fixed scaffold. The last parttloé bridge deck installed was the
suspended central part carried by the arch. Thé&ratesection was welded together in
Halden harbour and then transported on the seatgeb to bridge site where it was lift by
jacks mounted on temporary cables hanging fromaiuh (see Figure 1.4). When it
reached its final position, it was connected togeamanent pairs of hangers from the arch

and to the rest of the bridge deck.

Figure 1.4The central section of the bridge is lift in itedl position.

Chapter 1 Description of the bridge and monitopnggram 5
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1.4 Description of the monitoring program

The monitoring program was developed to measursstituetural behaviour of the bridge
during the construction phase, the testing phadeatamill continue for the first 5 years of
the service life. It is coordinated by the Royastitute of Technology (KTH), project
manager Dr. Raid Karoumi, which is the responsilite the analysis and the
documentation of the project. The instrumentatisncarried out by the Norwegian
Geotechnical Institute which is responsible for theasurements. During the construction
phase the main objective of the measurements wabeok that the bridge was built as
designed and to verify the agreement of the deaggumptions with reality. When the
bridge was completed static and dynamic load tgstiere conduced to quantify global
stiffness and dynamic properties such as dampitig, raigenfrequencies and vibration
mode shapes. Thus comparing the measurementshgitimilytical and theoretical results

it is possible to understand more about the strathehaviour of the bridge.

1.4.1 Instrumentation of the arch

The sensors were positioned at the critical sestafnthe arch. The first segments at the
abutments of the arch were chosen, the segmehé abp of the arch and the segments at
the arch-bridge deck junctions were identified ascal; but then it was judged that local
effects may influence the measurements and malse timeaningless so it was decided to
choose for the instrumentation the segments imrtedgdibelow these. All the sensors were
positioned within the box section of the arch clos¢he axes of symmetry of the section
(Figure 1.5). The data acquisition system was desigand delivered by NGI for the
specific purposes of this monitoring program; tiistem consists of two separate data sub
control units located at the base of the arch epeaetively the Swedish and Norwegian
side. The sub-control system on the Swedish sideagts the central computers which are
connected by a telephone link for data transmittahe computers facilities at NGI/KTH.
The logged data on the Norwegian side are transthitd the central computer on the

Swedish side through a radio link. The logging prhae provides sampling of all sensors
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continuously at 50 Hz with the exception of the pemature sensors which have a
sampling of once per 20 seconds or 1/20 Hz. Atehd of each 10 minute sampling
period, statistical data such as mean, maximumjnmim and standard deviation are
calculated for each sensor and stored in a statistiata file having a file name that
identifies the date and time period when the data recorded.

Making a summary of the type, location and numbigéhe sensors installed on the arch it

is possible to distinguee:

Top-T
(TF
. fo) Vibrating wire strain gauge (VW)
‘ including temperature sensor (T)
M
West - W + | A East-E + Resistance strain gauge (RS)
D 77#77 Aﬁfei
‘ 1 A Temperature sensor (T)
i Accelerometers (ACC)
QA o

\
\

Bottom - B

Figure 1.5A sketch which shows the general positioning efsbnsors within the box

section of the arch.

. Two different types of strain gauges were instaftadthe measurement of the
internal strains: vibrating wire strain and resis& strain gauges. Both of these
sensors are preassembled on normal reinforcemest talled ‘sister bars’,
placed along the main reinforcement. The lengtlthefsister bars is such to

ensure a full bonding with the concrete at bothsesfdhe bars.

. Inside the concrete were installed 28 temperatiaegegs to measure the
temperature within the concrete arch. The air teatpee is monitored by a
separate sensor that is part of the SMHI (Swedisttebtological and

Hydrological System) wind monitoring system.
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. In order to measure the accelerations two boxes weed, each box including
two linear servo accelerometers. One acceleronvessr oriented vertically,
along the z-axis and the other one horizontallyp@lthe y-axis, perpendicular
to the longitudinal bridge axis. The boxes were etbduring the construction
phase towards the centre of the bridge and whearttftewas completed they
were placed in their final position: one at the paioht of the arch and one at
the Swedish quarter point of the arch. The acciteraata are recorded with a

frequency of 50 Hz.

The final position of the accelerometers is showthe Figure below.

) ® @ @

«—
UDDEVALLA N
OSLO

Figure 1.6 An elevation of the bridge showing the final pimsitof the accelerometers
installed in segment S14 at the Swedish side o&tbk and in segment N26 at
the top of the arch

The use of the letters S and N refer to the SweaighNorwegian side respectively. The
numbering 1-25 starts at the abutment and proctedse crown of the arch, with the

segment N26 forming the crown itself.

Chapter 1 Description of the bridge and monitopnggram 8
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1.4.2 Wind speed measurements

The wind speed and direction is measured usingdae8tional ultrasonic anemometer
which can measure the wind speed in three dirextimstalled before the beginning of the
construction of the bridge by the SMHI, it was remd from its original position in

December 2003 and installed on the top of a spetet positioned in correspondence of
the pier, on the Swedish side, closest to the darblh.mast is 20 m high and the resulting
position of the anemometer is at 65 m on the seal,ld m above the bridge deck level.
Originally the intention was to place the instrumana certain distance from the bridge to
avoid distorted wind measurements; then practiecgdsons made impossible this

positioning. The wind speed data are measuredanitbquency of 5 Hz.

Figure 1.7 Detail of the anemometric station.

Chapter 1 Description of the bridge and monitopnggram 9
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In the next table the specifications of the tramsdware summarised:

Anemometer type 3-axis GILL Windmaster
Wind speed

Measuring range 0-60m/s
Accuracy 1.5 % rms (0 — 20 m/s)
Resolution 0.01 m/s

Direction

Measuring range 0 - 359°
Accuracy <25m/s +2°,>25 m/s + 4°
Resolution 1°

Sampling rate 5 Hz

Table 1.1Characteristics of the anemometer.

Figure 1.8 The mast on which the anemometer is installed.

Chapter 1 Description of the bridge and monitopnggram
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1.5 Aim and scope of the study

The aim of this work is to study the response ef ew Svinesund Bridge subjected to
wind load and try to improve the knowledge of thadweffects on the structure comparing
numerical results with measurements; since the \amdl the correspondent action on the
structure represents a random process, the redudsied have to be treated and compared
with the measurements in statistical terms. In otdénterpret the analysis carried out in a
correct way it is necessary to consider the singglifons made in the model and the
uncertainties of many parameters involved in tmeuation. All of these aspects will be
dealt in the next chapters, but it could be impdrta focalize the attention on them from

the beginning.

The wind velocity is measured in a point closehe bridge and the measurements are
certainly affected by the presence of the structétethe beginning of the study the
registrations of wind velocities considered wereutlwest winds; since the anemometer is
installed on the east side of the structure thesomemnents resulted clearly affected by the
disturbance of the structure. So it was decidecbtwsider a time-history of wind velocity

for east wind.

It is necessary also to note the anomaly that tlieenameter is positioned on the east side
of the bridge and the accelerometers, which meath#&enorizontal accelerations of the
bridge deck, are positioned on its west side. @bimonstrates a few attention given to the

specific wind effect in the general monitoring pra.

The aerodynamic static coefficients are known dyamnly for the bridge deck by the
wind tunnel test. It is necessary to consider thase values are determined in the wind
tunnel for high values of the wind velocity and &taminar flow; for low velocities with a
turbulent content the experimental data have aetadispersion. For the arch on the
approximate values have to be taken, having natiggeesults from the wind tunnel tests
but just a not clear value indicated in the calibofaof the quasi static loads in the final
report of the wind tunnel tests. So approximatestammt values are assumed for the whole
arch, but in reality each cross section of the asmties its inclination with respect to the

Chapter 1 Description of the bridge and monitopnggram 11
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wind flow, supposed perpendicular to the longitadlibridge axis. So different values
should be determined but this problem results rathiéicult. Furthermore it has to be
noticed that the drag coefficient of the arch wpitbve to be one of the most influent

parameter in the structural response.

Uncertainties exist in the model of the wind fieflol; example the roughness length, which
represents the characteristics of the bridge ks, a big uncertainty even if its value

doesn’t influence so much the final structural cese.

Uncertainties affect the dynamic characteristicshef structure like the damping ratio. At
first a value based on the expression proposetidytirocode was assumed; then a more
accurate value was evaluated from the measurenagmsit permits to update the FE

model.

During the simulations of the wind field coheremigections of the turbulence components
at different points of the structure and coheremgections of different turbulence
components in the same point are assumed, basiérature models; their characteristic
parameters are those proposed by literature angedefrom experimental data; it is
necessary to take into account the uncertainthedd values and the large influence that

they have on the results of the analyses.

Assuming that the response to the wind actionsnsldmentally on the first shape mode,
which showed to interest only the central parthef bridge, the wind forces are applied on
the arch and on the mid part of the bridge decludexd between the first two piers from
the arch. This assumption, even if simplifies teal configuration of the whole structure
subjected to the wind action, can be consideradhiel taking into account the previous
consideration and the positions of the sensors;eowar it aids to decrease the

computational effort of the analysis.

Finally it is necessary to consider the limit og thuasi-static theory considered in the

calculation of the along-wind forces. This theorgriess well for high wind velocities, but
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in the case considered the reference velocityvisdad probably this approach is at the

limit of its validity.
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Chapter 2 Theory on dynamics of structures and windactions

2.1 Structural dynamic

The purpose of this section is to introduce somehef theoretical basics of structural
dynamic used in this thesis. The concept of a dynamalysis is to study the response in
the time (displacements, stresses, reaction fatek of a system subjected to a load that
Is time-varying. Two fundamental approaches areil@ve for evaluating structural
response to dynamic loads: deterministic and nemadetistic. The type of the analysis
depends upon the nature of the load; if the timeatian of the load is fully known a
deterministic analysis will be carried out and gedainistic displacement time-history will
be obtained, from which then it is possible to ghite other aspects of the response such
as stresses, strains, internal forces etc; if ithe variation of the load is not completely
known, it must be defined in statistical terms andandom dynamic analysis will be
carried out.

Thus the first basic difference of a structural @yic problem from a static problem is the
time-varying nature of the problem. However a mimredamental distinction results from
the inertia forces which resist accelerations ef gtructure; thus the internal forces in the
system must equilibrate not only the externally ligopforce but also the inertia forces
resulting from the accelerations of the structUige closed cycle of cause and effect, for
which the inertia forces result from the structucaéplacements which in turn are
influenced by the magnitudes of the inertia foraes) be solved only by formulating the
problem in terms of differential equations.

The number of independent coordinates necessapeaify the configuration or position
of a system at any time represents the number gfeds of freedom of the structure
(DOF). A continuous structure has an infinite numisedegrees of freedom, but selecting
an appropriate mathematical model of the strudtuie possible to reduce the number of
degrees of freedom to a discrete number or togjsstgle degree of freedom.

There are different procedures to reduce the numib@egrees of freedom and they permit
to express the displacements of any given struatuterms of a finite number of discrete
displacements coordinates. For simplicity it is sidered the case of a one dimensional

structure represented by a simple beam. The Lunvsesh procedure concentrates the
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mass of the beam in discrete points or lumped hacktore it is necessary to define the
displacements and the accelerations only at theseetk points. In case where the mass of
the system is quite uniformly distributed throughan alternative method is preferable.
This procedure assumes that the deflection shafeedieam can be expressed as the sum
of a series of specified displacement patternssehgatterns become the displacement
coordinates of the structure. A simple exampleisxpress the deflection of the beam as

the sum of independent sine wave contributions:
v(x)=2q5in$‘ (2.1)
n=1

where the amplitudes of the sine waves may be derei to be the coordinates of the
system. In general any arbitrary shape compatibth the boundary conditions can be
represented by an infinite series of such sine wamponents. The advantage of the
method is that a good approximation to the actbaps of the beam can be achieved by a
truncated series of sine wave components. A ganedaéxpression for the displacements

of any one dimensional structure can be written as:
V(X=X 24,03 22)

where z//n(x) represents any shape function, compatible with shpport-geometric
conditions, andZ, the amplitude terms referred to as the generalipeddinates. A third

method is the Finite Element Method which combimestain features of both the
precedent methods. The first step in the finitenellet method is to divide the structure, for
example the beam, in an appropriate number of elesnélhe points of connection
between the elements are called nodes and theadéspénts of these nodal points
represent the generalized coordinates of the smeicThe displacements of the complete
structure are expressed in terms of nodal displan&nby means of appropriate
displacement functions, using an expression sirtoléine equation (2.2). The displacement
functions are called interpolation functions beeatisey define the shape between the

specified nodal displacements. In principle theserpolation functions could be any curve
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which is internally continuous and which satisfiee geometric displacements conditions
imposed by the nodal displacements. For one diraeakelement it is convenient to use
the shapes which would be produced by the nodplatisments in a uniform beam (these
are cubic hermitian polynomials).

The Finite-Element procedure provides the mostieffit procedure for expressing the
displacements of arbitrary structural configurasiohy means of a discrete set of
coordinates for the following reasons:

* Any desired number of generalized coordinates @aimtroduced merely by dividing
the structure into an appropriate number of segsaent

* Since the displacement functions chosen for eadmenit may be identical,
computations are simplified.

« The equations which are developed by this appr@aehlargely uncoupled because
each nodal displacement affects only the neighletements; thus the solution process is
greatly simplified.

2.2 Undamped free vibration

Considering a structure modelled with a single degof freedom, the displacement

coordinateu(t) completely defines the position of the system.

s u(t)

I

@] (]

Figure 2.1Simple undamped oscillator.

Each element in the system represents a singleefyopthe massm represents the
property of inertia and the springy represents the elasticity. The structure is digdr

from its static equilibrium by either an initialsgilacemenu(0) or velocity u(0) and then

vibrates without any applied load .
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The application of D’Alembert Principle to the syt allows to obtain the equation of

motion as an equilibrium equation of the forcethmu direction:
mu+ ku=0 (2.3)
The equation of motion is a differential equatidnsecond order, linear, homogeneous

with constant coefficients; the displacement of #Hystem is a simple harmonic and

oscillatory about its static equilibrium and has #olution:

u(t):uocoswnH% sinw, t (2.4)

n

It can be written in an equivalent form:

u(t) = Csin(w, t+6) (2.5)

w,C

n

. 2 .
Where C =, | +(i} , sin(8) :% andcos(8) = Y

n

The value ofC is the amplitude of the motion alis the phase angle.

U

I ]
A A
s

UO“ /\ L

]

o |

]
L
Lo

Figure 2.2Undamped free vibration response.
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The circular natural frequency or angular naturagéiency is«, and is measured in

radians per second [rad/sec].

The natural frequency (or frequency of the motisn) :% and is expressed in hertz
s

[Hz] or cycles per second [cps].

The reciprocal of the natural frequency is the ratperiod of the motiorT, =

and is expressed in seconds per cycle or simplysdoonds [s] with the implicit
understanding that is per cycle.

2.3 Damped free vibration

The simple oscillator under ideal conditions of d@amping once excited will oscillate
indefinitely with constant amplitude and its naturaquency. But damping forces which
dissipate energy are always present in any physigstem in motion. Usually viscous
damping forces are assumed, these forces are pm@drto the magnitude of the velocity
and opposite to the direction of motion; there tare fundamental reasons for the use of
viscous damping forces: the mathematical equatibichwdescribes the motion is easy;

this model gives results which are often in vergdjagreement with experiments.

u(t)
|_)

c HE-{

k VWH

Figure 2.3Viscous damped oscillator.

k is the spring constant ard is the viscous damping coefficient. Using the Rdbert

Principle the equation of motion results:

mu+ cut+ ku=0 (2.6)
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The solution for an underdamped system vaithc, = 2vkm is:

_ 1, +
u(t):e‘(“*‘t(q)cosa),D gy JoF et sin, tj (2.7)
b
It can be written in an equivalent form:

u(t)=Ce*“ sin(a, t+6) (2.8)

. 2 .
WhereC = \/Ug +% , sin(6) :% and cos(6) =Y '::Z)n Uy

The damping ratio of the system is defined&'slsi =_°¢

and the damped frequenc
C 2./km P g y

cr

of the system &), = w,/1-&7 .
The motion is oscillatory but not periodic. The ditoole of the oscillations decreases for
successive cycles, nevertheless the oscillatiowsiroat equal intervals of time with a

damped period of vibratiorT, = 2n = o
W w, 1-¢2

L
f
"\
e ¥t
B
\{x .
o
T e Yptp
_h_h- {
fn \/fmpv
2
T, =2t
o e

Figure 2.4Free vibration response of an underdamped system.
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The value of the damping coefficient for real stames is much less than the critical
damping coefficient and usually ranges between I0té6 of the critical value. In practice
the natural frequency for a damped system may kentéo be equal to the undamped

natural frequency.
2.4 Undamped system: harmonic excitation

It's important to study the response of the strieguito harmonic excitations because even
in cases when the excitation is not a harmonictfancthe response of the structure may
be obtained using Fourier Method as the superposibf individual responses to the
harmonic components of the external excitation. $imeple oscillator is subjected to a

harmonic load equal tg, sinat .

s u(t)

m —» P, sin(et)

] [§]

Figure 2.5Undamped oscillator harmonically excited.
mu+ ku= psin(w } (2.9)

The solution can be expressed as the sum, @f , safisfying the homogeneous equation,

and a particular solutio,, (t) .

u(t)=u, (t)+u(1) (2.10)

with u, (t) = Csin(aw,t+86) andu, (t) = Asin(wt)
The resulting solution is:

u(t)= Csin(a)nt+0)+%sin(wt) (2.11)
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where:

u,(t) is the transient response and the damping imptias this term disappears after

some time.
u,(t) is the steady state response amdrepresents the frequency of the external
excitation.

p,/k is the static deformation due to a static lpgad

w/w, is the ratio of the applied forced frequency te ttatural frequency of vibration of

the system.

—— Is the magnification factor.
1- (oo,

2.5 Damped system: harmonic excitation

ut)

| P, sin(et)
« m |—»

O

Figure 2.6 Damped oscillator harmonically excited.
The equation of motion is:
mi+ cu+ ku= psin(w } (2.12)

The homogeneous solution (transient respoosé) is g)ven by:

u, (t) = Ce*“" (sina, t+6) (2.13)
But after some time the transient response disapp@ehen the effect of the initial
conditions vanishes), sa(t) = u, (t) (steady state response) and the structure vibnaties

the same frequency as the applied force.
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po/ K sin(wt - ¢) (2.14)

u, (1) = = -
(@) +[2(ww)]
with tan¢ = M

1-(ww, )
The amplitudes of the vibration is equal to thedoici of the static deformation,, = Po
with a dimensionless dynamic magnification fadr
1
R (& ww,)= — 2 (2.15)
[ (@a) | +[2(wa,)]

It can be represented as function of the ragioo, for different values of the damping

ratioé :

0 05 1 15 2 25 3
(a/y)

Figure 2.7 Dynamic magnification factor.

For w/w, < 025= R, =1 “quasi static” response.

If &« - «, the amplitude of the vibrations becomes largeseases with the reducing of
the damping ratio and faf =0 tends to infinity; this regime is called Resonance

For example assuming a damping ratfo equal to 1% it means that the dynamic

deformation at resonance frequency is 50 time®taigan the static one.
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2.6 Half-power (Band-width) method

It is a method to determine the damping réatimom the measured response.

Figure 2.8Band-width method resulting from the curveRyfas function o .

The response of the structure is studied in thguigacy domain. The structure is excited

by a harmonic load and the frequency of the loaddseased step by step. The cuRgis

then obtained experimentally as a function of

The damping ratio is determined from the frequenewhich the response amplitude is

equal tO]/\/E times the resonant amplitude by the relation:

w, — W,
v (2.16)
2 1

It can be noted how the damping ratio controls ardy the amplitude of the dynamic

magnification factor but also the width of the ceiof R, versus the frequenay.

2.7 Methods of numerical integration

The problem of the damped forced vibrations is egped by the relation:

mu+ cu+ ku= f } (2.17)
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u(t)
>

pit)

O

m

[ [

Figure 2.9Damped oscillator externally excited

Pin
R

v

tI ti+l

Figure 2.10Load’s time-historyp(t) .

The equation of motion (2.17) can be integrateedlly in the time domain through

different techniques. The loagis time discretised and the purpose is to solveeth&tion
and calculateu (and u, U if required) at the discrete time instants. Thieitsan is found by

recursive algorithms; it means that, if the soluti® known in the step times up to a certain
step timet, the algorithm gives the solution at the next stefit. The integration
methods can be classified as explicit or implitit.the explicit methods the dynamic
equilibrium is imposed at the tinteand the result depends only on the quantitiesrudada

in the previous step. The implicit methods insteadose the dynamic equilibrium at the
time t + At and so include quantities which are linked to #tep time and they need to be
guessed by successive iterations. Furthermore titegration methods may be
unconditionally stable if the dynamic solution doésncrease without limits for any time
increment At ; on the other hand they are conditionally stabléhé time increment is
At < At

whereAt,, represents the limit of stability.

crit 1 crit
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The accuracy of the solution as well as the contmunal effort of the procedure are
closely related to the selected time inteMMglthis interval must be small enough to get a
good accuracy and long enough to be computatioeéilgient.

One useful technique for selecting the time stefhefintegration is to solve the problem
with a value that seems to be reasonable and @pat the solution with a smaller one
and finally compare the results; the process mestdmtinued until when the solutions are

close enough and seem to converge to the samesvalue
2.7.1 Newmark “Beta” Method

It is a recursive algorithm with the equation oftran considered at the step tinhe At

and the velocity and the displacement atAt connected to those atby the relations:

u(t+at)=u(t)+{({@-y) u()+yu( t+AdlAt (2.18)

u(t+At)=u(t)+ u(t)m+{(%—,@} u( )+ B Y trA t)}Af (2.19)

The factor y provides a linearly weighting between the influeraf the initial and final
accelerations on the change of the velocity andab®r S provides the same weighting

between the initial and the final acceleration tbe displacement. Studies of this

formulation have shown that the factgr controls the amount of the artificial damping
induced by the step procedure angt i 1/2 there is not artificial damping.

If y=12,B=1/6andd =1is the “Theta” Method of Wilson which assumes aedn
variation of the acceleration betwetm@ndt + JAt .

If y=1/2 and 8 =1/4 is the Trapezoidal rule.

The stability condition for the Newmark’s methodyisen by:

a (2.20)
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For the Trapezoidal rule the condition becom%ts:< 00

n
It means that the Trapezoidal rule is unconditignsible and any time increment can be

chosen.
2.7.2 Hilbert-Huges —Taylor Alpha Method

This method is used when damping is introduced & Mewmark’s method without
degrading the order of accuracy. The method is basedhe Newmark’'s equations,
whereas the time discrete equations are modifieavieyaging elastic, inertial and external

forces between both time instants. The paramegteaad S are defined as:

y= 5 (2.21)
8= (1‘4" ) (2.22)

Where the parameter is taken in the intervakr D[—% ,O}

This unconditionally stable method represents thgickd replacement of Newmark’s
method for non-linear problems in which it is nesay to control the damping during the

integration.

2.8 Eigenvalue problem

The free undamped vibrations of a multi degree @édom (MDOF) system are expressed
by the system of n-differential equations (n isada the number of degrees of freedom of

the system):

Mu (t) +Ku (t) =0 (2.23)
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with the correlated initial conditions{0) = u,, u(0) =,

M is the mass matrix; it is real, defined positinel @iagonal.

K is the stiffness matrix; it is real, symmetriddiagonal and defined positive if the
system is statically determined.

The solution can be searched in the form:
u(t)="rf(t) (2.24)

In the equationf (t) represents a generic function of time a#dis a vector of constant

values. The substitution of (2.24) in the equatibmotion (2.23) leads to a system of n
linear homogeneous equations:

(K -efm)w=0 (2.25)

This system has one trivial solutio¥ = 0 that corresponds to equilibrium (no motion).

Other solutions can be found if the following cdiat is respected:

det([K]-af[M])=0 (2.26)

From this condition the characteristic equatioroligained from which the eigenvalues,
corresponding to the square of the natural circlitaguencies of the structure, are

calculated. For each eingavalue an eigenmWdeis associated; the free vibration of the
structure determined by an initial deflection cepending to an eigenmod¥  causes a
motion of the structure that is harmonic, with tieeular frequencyw, and a deflected

shape that is constant in time and correspondteta{eigenmode.
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2.9 Rayleigh Damping

The forced damped vibrations of an MDOF system aqeressed by the system of

differential equations:

M ¢ (t)+Cq (t)+Kq (t) =f (t) (2.27)

whereC is the damping matrix.
Under general conditions it represents a systemsoopled differential equations. The
Rayleigh method assumes that the damping matrix lmanexpressed as a linear

combination of the mass and stiffness matrices as:
C=g,M +aK (2.28)

The application of the modal coordinates transfoionatand the assumption of the
damping matrix as in (2.28) leads to a diagonal ahddmping matrix and so to uncoupled
differential equations of motion. The damping ratepends on the frequency through the

relation:

_& 1. a 2.2
(=242 (2:29)

n

Combined

P Stiffness proportional a,=0
- Mass proportional a,=0

Figure 2.11Relationship between damping ratio and frequencyriyleigh damping.
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The proportional coefficients, and a, control the material damping and have the units

respectively ofs™ and s. They can be evaluated by the solution of a pagimiiltaneous

equations if two damping ratio§,, and ¢, are known. The two modes with the specified
damping ratiosé,, andé, should be chosen to ensure reasonable valueshéoother
damping ratios. From the equation written for thwe teigenfrequencies., and «, the

proportional constants can be obtained as:

Y| _2ww,| @ W[y
e g 1

Because a detailed variation of the damping raitb the frequency is seldom available,

usually it is assumed thdt, = ¢, =& which leads to:

{210} - Zf - {“’mla’“} (2.31)

2.10 Wind profile

Two basic assumptions are made on the wind field:

* According to international meteorological practeelO-minute observation period is
used and during this period the wind field is ndiyneonsidered to be stationary.

* In the atmospheric boundary layer due to the &idi forces close to the ground, the
wind direction changes systematically from groundjeostrophic heightygenerating the
Ekman spiral. However except very high structured atructures which are unusually
sensitive to wind direction an excellent approxiomats obtained even though directional
changing is not taken into account and thus asspmjplanar wind profile.
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. FREE
ATMOSPHERE

ATMOSPHERIC
BOUNDARY LAYER

Figure 2.12 Mean wind velocity profile and longitudinal compaenef the atmospheric

turbulence.

The logarithmic law is assumed to model the meardwelocity profile. It is expressed in
the form:

uln (5] (2.32)

where:

Vn is the mean wind velocity at height z in m/s.

z is the height on the sea level in m.

Zo is the roughness length in m.

x Is the Von Karman constant0.4

u- is the shear velocity in m/s.

The heightsz on the sea level considered are those at whiclconeentrated forces,
simulating the wind actions, are calculated: theslees are variable for the points on the
arch and constant equal to 60 m for the pointderbtidge deck.

Eurocode 1, “Actions on structures”, in the paré Heals with the wind actions on
structures. The terrain is divided in differentegairies of roughness:
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Roughness category Zo (M) K

Sea and sea cost 0.003 0.16
Lakes, area without vegetation 0.01 0.17
Open country with few isolated obstacles 0.05 0.19
Area with regular vegetation, suburban and indalszone 0.3 0.21
Urban area 1.0 0.23

Table 2.1Roughness categories based on Eurocode 1.

k; is the roughness factor depending on, likewiséhe soil roughness.

2.11 Aerodynamic forces and coefficients

The distribution of the pressures on the surfaca sfructure immersed in a fluid flow is

generally represented by the punctual values otitimensionless pressure coefficiedy

which is defined as:

C,= P~ R (2.33)
1 2

= pV

2

where:

p is the pressure on the surface of the structure.

Po is the reference pressure or environment pressure.

p is the density of the air, equal to 1.25 kg/m

V is the velocity of the undisturbed flow upstreafrthe structure.

If p > @ the resultant force works towards the surfaceteans if p < g the surface is
subjected to a depression and the resultant foocksafrom the surface to the fluid. If the
pressure coefficient is known as well as the undw&d velocity of the flow, immediately
it is possible to calculate from the equation (2.B@ distribution of the pressure and then,
integrating on the surface of the structure, tlsiltant force. Generally it is not necessary
to calculate the exact distribution of the pressamethe external surface of the structure
but, especially in presence of structures with @égnamic profile like bridge decks, it is
enough to calculate the resultant aerodynamic $ofmeunit of length.
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The drag forceD is the force for unit of length in the directiohtbe undisturbed flow;
the lift force L is the force for unit of length normal to the dtien of the flow; the
torsion momentM is the moment for unit of length around the axasnmal to the section
of the structure. These forces are defined in ¢neg of the exact distribution of pressure
by the relation:

L :_[(p— po)y ds (2.34)

where:

(p-1,), and(p-p,), are the components ¢p - p,) in the direction respectively of
D(x) and L(y).

x andy are the distances of the application poin(p)f— po) from the origin of the axes.
S is the perimeter of the section.

The dimensionless drag coefficie@t, | lift coefficient C, and moment coefficient,, are

defined as:

(O 1 D X
5,oBV

C, 1 L 5 (2.35)
EpBV

R e
EpBV

or in terms of the pressure coefficient as:
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C, :% [Cpds
S
1
C.=5 [C,yds (2.36)
S

Cy, :éj(xcpy— prX) ds

S

where C_, and C,,, are the components &, in the direction ofD(x) and L(y). If the

dimensionless aerodynamic coefficients and the citgloof the undisturbed flow are
known it is possible to calculate immediately tieeoalynamic forceD, L and M using
the equations (2.35).

The term B at the denominator represents a chaistatelimension of the section. For the
bridge deck it is taken equal to 28 m, the widtbhkdperpendicular to the bridge axis; for
the arch this term represents the height of the¢ise@and varies from 4.2 m at the

abutments to 2.7 m at the crown of the arch.
2.12 Wind tunnel tests

The wind tunnel tests were performed by PSP Tedgieh im Bauwesen GmbH together
with the Institute of Steel Construction RWTH Aanhd@wo kinds of tests were carried

out:

» Static tests

* Aeroelastic tests

Static tests on a section model of the bridge desmie carried out in order to measure the
aerodynamic forces and coefficients. The scaléefsection model is 1:50. The required
10-minute mean wind velocity was obtained by usan@pgarithmic profile; a reference

velocity was taken equal ¥, =25[m/s], corresponding to a return period of 100 years,

and a roughness length = 0.025[m . fFor wind directions perpendicular to the bridge

axis (westerly winds) the mean wind profile abdve $ea level could be defined as :

Vi, (2) = Vg kIn [é} forz, <z<z,, (2.37)
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V,.(2) =V, kin [%} forz<z,, (2.38)

where:

k; is the terrain factor depending on the roughnesgth 3.

Zmin depends on the terrain category @ELC1, Table 4.1).

Zmax IS t0 be taken as 200 [m], unless otherwise sjeekinh the National Annex.

—P

e |}

Figure 2.13Mean wind profile in the wind tunnel.

l‘!!l

Along the bridge axis the profile will change dwethe influence of terrain, which can
reach heights up to approximately 50 [m] aboveleeal. In order to take into account this

effect the mean velocity profile was modified as:
Z- Ny
V,,(2) =V kIn| ——feran (2.39)
z,

The quasi-static loads perpendicular and alongotidge axis were calculated using this
definition of the mean wind profile.

The section model was installed into a test fralmeated in front of the wind tunnel test
section. The model was supported by two 3D-fordarzzes, which allow to measure lift,

drag and moment forces simultaneously.
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Figure 2.14Sketch of the forces measured by a rigid 3D-forarce.

The tests were performed for two different confagion of the cross section:

» Construction phase, without screen

» Bridge in operation, with screen

The forces measured, for unit of length, were useddetermine the aerodynamic
dimensionless coefficients using the formulas (R.35e tests were performed varying the
onflow anglea of the velocity, for the entire girder and for bduox separately (see Figure
2.13).

The role of the screens in the aerodynamic behawbihe bridge deck is fundamental
and it will be difficult to calculate reliable windduced forces on the bridge deck without
knowing the aerodynamic coefficien®, , C,, andC,, from wind tunnel tests.

For the evaluation of the drag and lift coefficenhe configuration of the global cross
section with screen and an onflow angleequal to zero (see Figure 2.15) is considered;
the final values assumed for the drag coefficisrgqual to 0.15 (see Figure 2.17) and for

the lift coefficient is equal to -0.2 (see Figuré®

Y
W s ]

L.
apha=0 \ "

Figure 2.15Positive directions of the aerodynamic forces fooaflow angle of 0

D
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Figure 2.16 Model of the cross section during modification tbe tests on each box

separately.

The results for the entire cross section are shiomthe Figure 2.17-2.18 for the section
during the erection (without screen) and in itafficonfiguration (with screen).

The results for each girder considered separaitelheir final configuration with screen,
are shown in the Figure 2.19-2.20. In the samelgraipe results of the summation of the
values for the two girders and of the coefficieatthe entire cross section are represented.
In the table below the reference values of the dagramic coefficients for a nil onflow

angle and for the configurations described befoeesammarized:

Configuration G CL

Windward 0.09 0.05
Leeward 0.06 -0.25
Entire section 0.15 -0.2

Table 2.2Drag and lift coefficients.

The summation of the values for each box girdesiared separately coincides with the

value measured on the entire section.
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Cp

——cD, new

Erection state, new
——cD hh first test
——cD hl first test

-6 12 -8 -4 0O 4 g 12 16

Figure 2.17Drag coefficients of the cross section versus tiflow anglea .

——cL, new
Erection state, new
© ——cL hl first test
——cL, hh first test
oL
Figure 2.18Lift coefficients of the cross section versus théawv anglea .
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Figure 2.19Drag coefficients for the entire cross section aach girder separately versus

the onflow angle.
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Figure 2.20Lift coefficients for the entire cross section arath girder separately versus

the onflow angle.

For an approximate evaluation of the drag coeffice the arch the hypothesis of a two-
dimensional problem is made, considering the plaeation of the arch immersed in a
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uniform flow. This assumption is unrealizable iretheality but it can be considered
acceptable when the structural element is long gimoas in the case of the arch, or when it
is limited by two parallel walls perpendicular te axis.

Generally the aerodynamic coefficients depend ny eemplex way on many parameters
such as Reynolds number, the profile of the trarssesection and its orientation in
respect to the flow, the roughness of the surfacketlae intensity of turbulence).

The reference case for the rectangular sectioheobtidge arch is the flow regime around
a rectangular cylinder; the separation of the wadeurs at the corners of the section and
practically the physic phenomenon results indepenftem the Reynolds number. For an
average ratio between the width and the heighthef transversal section, from the
abutments to the crown of the arch, equaktd48 it is possible to evaluate (see Figure
2.21) a drag coefficient for the arel2.

The lift coefficient of the arch instead resultsiagto zero for the symmetry of the section

to the wind direction perpendicular to the bridgesas assumed in this report.

Figure 2.21 Drag coefficient of a rectangular section versues ridtio between the width
and the height of the section (ESDU).

Referring to the EC 1 the force coefficiebf of structural elements of rectangular section

with the wind blowing normally to a face :

C; =Co 0 ¢, (2.40)

where:

C;, Is the force coefficient of rectangular sectionthwharp corners and without free-end

flow (EC 1 Figure 7.23).
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v, IS the reduction factor for square sections watlmided corners (EC 1 Figure 7.24).

Y, is the end-effect factor for elements with freelélow (EC 1 Figure 7.36).
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Figure 2.22 Force coefficient ¢ of rectangular sections with sharp corners andowith
free end flow (EC 1).

For an average ratio between the width and the heigtihe transversal section, from the
abutments to the crown of the arch, equakto 48 possible to evaluate (Figure 2.22)
a force coefficient=2. Furthermore for all elements without free-end flahe
recommended value is 2 which is assumed to besavastie (Note 1, page 68).

From the wind tunnel tests for tl@,, coefficient a value of 1.9 is given and for thelen

effect factory, a value equal to 0.91 for a total valGe = 1.73.

2.13 Along-wind forces on the bridge

The wind veIocityV(z,t) is modelled as a stationary random normal prodefised as:

V(zt)=V, (2)+u'(zt) (2.40)
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The wind velocity is given by the sum of a mearouity V, (z), deterministic function of
the height above the sea level, and a nil meanuddion of the velocity around the mean
value u'(z,t), called the longitudinal component of the atmosgghturbulence that is a

deterministic function of the height and a randooamction of the time. The worse
condition for the bridge is when the wind directisrperpendicular to the bridge axis and
the correspondent along-wind force (or drag forogiented in the same direction of the
wind flow, plays the main role on the wind respopn$¢he structure. Applying the quasi-

static theory the along-wind forces, for unit aidg¢h, are given by:

D(z,t):%pvz(z,t)bCD :%p \.(2)+u (zt)fbC, (2.41)

This equation can be expressed in two differenhfrtaking into account the turbulence

guadratic term the forces for unit of length, whidm be called “completed” forces, are

given by:
D(z,t):%pvnf(z) bG+po V(¥ Y 2t bg:+%p % 2t by (242)

The influence of the quadratic turbulence termfisroneglected in literature and operating

in this way the forces for unit of length, whichnche called “reduced” forces, are given

by:
D(z,t):%pv,ﬁ(z)bc,) +pV, (z)u'(zt)bC, (2.43)

The forces on each node of the FE model of the brichjn be obtained multiplying the

forces for unit of length for the influence length of each node. The completed and

reduced forces on the i-th nodeztheight can be expressed respectively as:

D(a,t)%pvnf(z) bG o ¥( 7 U z)t b itt%p Wizt hC (249
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D(2.9=50V2(7)BG ko (3 ¢ 2)t bS. (2.45)

Adding to the along-wind force the contribute daehe vertical component of turbulence

w the completed and reduced forces on the i-th retde height can be expressed

respectively as:

D(2.0=1p\e(2) bG L+ X( A t{ 2t bS
+%'0”'2(4’t)bq> LoV (D B 6- € W z)tL (2.46)

D(alt)%pvnf(z) bG Lo (4 Y z)t b b
oV, (2) (G- G) w(z ) L

(2.47)

The term C, represents the first derivate of the drag coeffitiat a specified onflow

angle.

Usually in structural engineering the wind velodggyassumed to be a Gaussian (or normal)
process. As exposed above the along-wind forcebeaoonsidered as the summation of
three terms: the first one corresponding to the rme@nd velocity; the second one
proportional to the product between the mean aedfltictuating wind velocity; and the
third one proportional to the square of the flugtwawind velocity. Some studies show
that this last term can be responsible for the Ganssianity of the aerodynamic forces and
so both the force and the structural response beamn Gaussian processes. Since for
many cases ignoring this quadratic term of the tflatng wind velocity in the
aerodynamic force gives acceptable approximatidhs term is usually neglected.
However the results of some studies show also heglenting the quadratic term can
produce significant errors in the evaluation of streictural response. The parameters that
have an influence with their variation on the irmgi@g or decreasing of this error are: the
characteristics of the ground surface; the heitiig, natural frequency and the damping

ratio of the structure; finally the reference me@nd velocity. In this work at first both
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“completed” and “reduced” aerodynamic forces areswered, discussing the different
response observed. Then, having noted not a stiastdifference between the two cases,

it is decided to retain the quadratic term in th&t of the analyses carried out.
2.14 Fourier analysis

A periodic function x(t), with period T, can be broken into its harmonienponents.

However the functionx(t) can be expressed as an infinite trigonometricesercalled

Fourier series, of the form:

x(t) =g, +i(ak cosw, t+ Iy, sinw, ) (2.48)

k=1

Wherea,, a, andb, are the Fourier coefficients given by:

o T2

== I tjcos(wt)dt (k=1 (2.49)
—T/2
T/2

by :?_I/ x(t)sin(et) dt

The first coefficient represents the mean valumefx(t) function on the period . The
frequency of the k-th harmonic component is:
a, :@ (2.50)

The spacing between adjacent harmonics is:

Aw==2 (2.51)
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The periodic function can also be written as:

X(t)=2 i Asin(wt+g,) (2.52)

k=1

2
The coefficientsA, and ¢, are given by:

A=J&+E  ¢.= arct&{%} (2.53)

They represent respectively the amplitude and bi@se angle of the k-th harmonic. A plot

of the magnitude versus the frequency is knowmadg-burier amplitude spectrum.

1l

" [

A,

! ! ! —>

=0 o o)

Figure 2.23Fourier amplitude spectrum.

When the periodT - oo, x(t) doesn’t represent more a periodic phenomenon &and i

cannot be analysed into discrete frequency compsndéime Fourier series turns into a

Fourier integral and the Fourier coefficients turtoicontinuous functions of frequency
called Fourier transform.

(2.52)

The first equation is the (complex) Fourier transfaf x(t) and the second is the inverse

Fourier transform.
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2.15 Power spectral density function (PSD)

If a naturally occurring random process is congdethe time history of a sample function

x(t) is not periodic and it cannot be represented liysarete Fourier series. Even for

stationary process, for Whiokl(t) goes on for ever and the condition:

T |x(t)| dt<eo (2.53)

—00

is not satisfied so that the classical theory ofrfeslanalysis cannot be applied to a sample
function. This difficulty can be overcome by anatgs not sample functions of the process

itself, but its autocorrelation functiorR (7).

The logic behind this approach is that the aut@tation function gives information about
the frequencies present in a random process in&rd@(r) Is @ maximum for values of
¢ for which x(t) and x(t+7) are in phase and a minimum for values ofor which are

in antiphase.

Whenr - o R(7) - 0 and it is possible to calculate the Fourier tramsfof R (7)

and its inverse:

- (2.54)

Where Sx(a)) is called the power spectral density of therocess and it is a function of

the angular frequencyp.
An important property ofS (o) becomes apparent putting=0 in the second equation

above.

R(r=0)=E[ ¥ ]=[ §(w) @ (2.55)
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The mean square value of a stationary random psoceas therefore given by the area

under a graph of spectral dens&{(w) againstw. The units of the spectral density are
accordingly those o[xzj/[ rad/ﬂ . Then if the mean value of the process is zeke, fior
the turbulent component of the wind speE(ﬂ,xz] =o’.

The spectral densit$, (a)) is a real even function @b and it is never negative.

The mean square value of a stationary random psocda term of the equivalent one-

sided spectral density function is:

00

E[x¥]=[W(n dr (2.56)

where n = w/277 is the frequency in Hz. The single-sided spectiip{n) is related to the

double-sided spectrurg, (w) by the formula:
W, (n) =47 S(w) (2.57)

If the spectral density function is known, it issgble also to calculate the spectral density

of a process which is obtained by differentiatigln general terms results:

ngyy_ d”
X(1)= e X0 (2.58)
S, (@)= §(w)

so that the spectral density of the derived procegsst & times the spectral density of
the original process.

In the same way the cross-spectral density of a gfarandom processeg and y is

defined as the Fourier transform of the correspandmss-correlation function for the two
processes.
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o (2.59)
Ry(7)= ] Sy(w) & a

While the autocorrelation function is a symmetuadtion, the cross-correlation function
is asymmetric and so the cross-spectral densitltses complex function. It can be shown

that S, (w) and S, (w) are the same except that the sign of their imagiparts is

reversed. S, (w) is therefore the complex conjugate®f (w), which is usually written:
)

(2.60)
)

The normalised cross-spectral density functiondsraplex function defined as:

Sy (@)

Xy

5.(0) S, (@) (260

V(@)=

where S, (w) and S, (w) are the auto-spectral density functions of the@sesesx and

y ; the coherence of the two random processes cdefbeed as:

(2.62)

It can be shown that:

Sy () < Su(@) S(@) - |ry(e)s1

If yxy(a)) =1 for any frequencyw, the two random processes are perfectly correlated
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2.16 N-varied stationary random process

An n-varied stationary random process is a vem()r) of n-stationary random processes

x (t) with i=1,...n; it can used for example to represent the windesron a structure

with n-degrees of freedom. For the spectral analysthe vector a correlation matrix can
be defined:

Riu() o Ry (7)
Ry (r)=E[X()XT(t+7)]=| + = : (2.63)

R, (1) = R, ()

where the terms on the principal diagonal are titecarrelation functions and the other
terms are the cross-correlation functions of thecesses. The matrix is symmetric

considering that:

R, (1) =Ry (-7) (2.64)

A power spectral density matrix can also be defiasd

L= S (@) - 8, (@)
Sx(a)):ZTJ.RX(r)e““”drz s( ) s( ) (2.65)
- S (@) - § (@

where the terms on the principle diagonal are gextsal density functions and the other
terms are cross-spectral density functions of tloegsses. In the (2.65) the terms above
the principal diagonal are the complex conjugattho$e below the diagonal: the matrix is
called an Hermitian matrix. It can be shown thatdoy frequencyw, it is a semi-defined
positive matrix. The correlation matrix can be at¢a by the inverse transform of the

power spectral density matrix:

Ry (1) = [ S (w)€“" dw (2.66)
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2.17 Discrete Fourier Transform (DFT)

Most experimental measurements of random processesarried out digitally. A typical
function x(t) of the process to be measured is fed through atogume to digital
converter. This samplezs(t) at a series of regularly spaced times. If the diagmnterval
is At (constant) the length of the registration timebecomesl = NAt, where N is the
number of the sampling points; the discrete val'ua(di) at timet = nAt is written asx, .

Since the continuous function of time is replacgdabdiscrete time series; the main
interest is to determine the frequency compositibthe sample function by manipulating

the series of discrete numbers obtained and estitha spectrum of a random process

x(t) by analysing the discrete time series obtaineddmypling a finite length of a sample
function. The continuous function of timg(t) is replaced by the discrete time series
x, =x(nAt) with n=0,1,...N- 1 and the Fourier transfornX (w) is replaced by the
discrete frequency serieX, = X(277k/T) with k=0,1,...N- 1 The discrete Fourier

transform of the discrete time serigsis given by:

%Z g (2N k=0,1,...,N- 1 (2.67)

N .
X, = > X 87N n=0,1,..,N- 1 (2.68)

Although the DFT is derived by considering the mmies of continuous Fourier series it is
important to realize that the discrete Fouriergfarm (2.67) has the exact inverse defined
by (2.68) and that the properties of DFT’s are exaoperties rather than approximate
properties based on the corresponding resultsofotircuous Fourier transform.
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2.18 Aliasing

Trying to calculate values ok, for k grater thanN, like k= N+ j, results X, ,; = X;.

This means that coefficientX, just repeat themselves fd&e> N, so that the graph of
magnitudes|Xk| along a frequency axigy =277k/NAt repeats itself periodically;

furthermore this graph is symmetrical about th@ ZB¥quency position, cause terms in the

time seriesx, are real and it follows that:

X = XJ.*

(2.69)
X5 =[]

The unique part of the graph occupies the frequefaageM < i/t [rad/s]. Higher

frequencies just show Fourier coefficients whick egpetitions of those which apply at

frequencies belowr/At. It is possible to say that the coefficients chted by the DFT

are only correct Fourier coefficients for frequescup to:

w == k=0,1..N/z (2.70)

Moreover if there are frequencies abovBAt present in the original signal, these
introduce a distortion of the graph called aliasiAdie high frequency components
contribute to thex, series and falsely distort the Fourier coefficsecalculated by the DFT

for frequencies belowz/At. If « is the maximum frequency component preserbt(itj,

then aliasing can be avoided by ensuring that #mepsng intervalAt is small enough
that:

m
—> 2.71
T (2.71)
or if f,=aw,/2m by ensuring that:
1
—>f 2.72
oA o (2.72)
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The frequency is called the Nyquist frequency anepresents the maximum frequency
that can be detected from data sampled at timeirgpatt [s]. Since the sampling
frequencyl/2At must be high enough to cover the full frequenaygeaof the continuous
time series. Otherwise the spectrum from equalacsd samples will differ from the true
spectrum because of aliasing. In some cases aonayoid this phenomenon is to filter the
time series to remove all frequency componentsdrighanl/2At before beginning the

analysis.
2.19 Fast Fourier Transform

In order to estimate spectra from measured dagpbvious method is to estimate the
appropriate correlation function first and thenFmurier transform this function to obtain
the required spectrum. Until the late 1960s, tlppraach was the basis of practical
calculation procedures which followed the formaltineanatical route by which spectra are
defined as Fourier transforms of correlation fumesi. However the position was changed
by the advent of the fast Fourier transform (FFT).

Instead of estimating spectra by first determirgngelation functions and then calculating
their Fourier transforms, spectra are estimateécty from the original time series
through this quicker and more accurate techniqueitAs exposed before the DFT of a

finite sequence x,, with n=0,1,..,N-1 is a new finite sequenceX,, with

k=0,1,...N- 1 If the X, values are obtained by a direct approach it is sszrg to make
N multiplications of the formx, X(é(z”’”‘/N)) for each ofN values of X, and so the total

work of calculating the full sequenc¥, would require N> multiplications. The FFT
reduces this work to a number of operations of ahéer Nlog, N. For example if

N =2, N?=10° whereasNIlog, N =4[9[1C0, which is only aboutl/200¢h of the

number of operations.

The FFT therefore offers an enormous reductionoimmuter processing time. Moreover

there is also an increase in accuracy; since f@perations have to be performed by the
computer, round-off errors due to the truncatioprafducts by limited number of available

digits of the computer are reduced and accura@acaeerdingly increased.The FFT works
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by partitioning the full sequence, into a number of shorter sequences. Instead of

calculating the DFT of the original sequence, athlg DFT of the shorter sequences are

calculated; then the FFT combines these togetharparticular way to yield the full DFT

of x,.
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Chapter 3 FE model of the bridge

3.1 Creating a model in ABAQUS/CAE

The finite element model of a structure can betekéan Abaqus/cae which provides a
graphical user interface that makes it easier it lthe model than typing the input file.
Abaqus/cae is divided into different modules wheexh module represents a logical
aspect of the modelling process; for example dedirthe geometry, material properties,
boundary conditions, loads and generating the mag&br built the model, Abaqus/cae
generates an input file to be submitted to the Ab#sfandard or Abaqus/Explicit solver.
The solver performs the analysis and generatesignuiodatabase; using the Visualization

module it's possible to read the output databaselaa results of the analysis.

3.1.1 Modules

Now it's illustrated briefly the modelling proces®ving from module to module. There is
not a rigid order to follow and although it is pits to move forth and back between the
modules the best way to build the model is by feifay a logical sequence. Generally
different parts of the model are created separatelye Part module and then assembled in
the Assembly module. In the Property module Abgoavides a wide range of material
behaviours like elastic, plastic, thermal and atious the same module the properties of
the section are defined. In the Step module thbleno history is divided in a sequence of
one or more analysis steps; the step concept isndamental concept in the process
modelling. There are two kinds of steps: generallyais steps, which can be used to
analyse linear or non linear response, and linegugbation steps, which can be used only
to analyse linear problems. For each step an dasglyscedure can be chosen that defines
the type of analysis to be performed during thp.stefundamental division of the analysis
procedures is static or dynamic analysis; dynamablpms are those in which inertia

effects are significant. Abaqus offers a large ifidixy in making this distinction so the
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user can change the analysis type from step to atepthe same analysis can contain
several static and dynamic phases. The rest aftépedefinition consists of load, boundary
and output request specifications. The loads aedbtiundary conditions acting on the
model are defined in the Load module and can beetéfto vary over the time as well as

over different steps. Then the whole model buitt ba meshed in the Mesh module; there
are different meshing techniques available whichy vaith the element type and the

geometry of the model. Different meshing techniquaes be applied to the same part

partitioning it. Finally in the Job module the mbdesubmitted to the analysis.

3.1.2 Analysis type

Abaqus provides two different approaches to stiyresponse of the model: a general
and a linear perturbation analysis. Loading coodgiare defined differently for the two
cases, time measures are different and the resiuttsld be interpreted differently. The
state at the end of a general step provides thialiocbnditions for the next general step,
this allows to simulate consecutive loadings of adel. Linear perturbation analysis
provides the linear response about the state rdaathihe end of the last general analysis
prior to the linear perturbation step. If the fisep of the analysis is a general or a

perturbation step the base state of referencaésrdmed from the initial conditions.

3.1.2.1 General static analysis

The general static analysis can include the efdéatonlinearities present in the model.
Nonlinearities can arise from large displacemerfect$, material nonlinearity and
boundary nonlinearities such as contact and frictibgeometrically nonlinear behaviour
is expected the “NLGEOM” option should be used. @umm uses Newton’s method to
solve the nonlinear equilibrium equations. If theolgem involves history dependent
response the solution is obtained as a series aénments, with iterations to obtain
equilibrium within each increment. The choice ofcrement size is a matter of
computational efficiency and if the increments @pe large more iterations will be

required. Abaqus has two measures of time: step éind total time. The step time of each

Chapter 3 FE model of the bridge 54



Wind Response of the New Svinesund Bridge

general step begins at zero and accumulates iatmthl time. If the analysis procedure for
the step has a physical time scale, as in a dynanatysis, step time must correspond to
that physical time. Otherwise step time is any ewmment time scale. If a time period is not
specified, the default time varies from 0.0 to b¥er the step and time increments
represent simply fractions of the total periodief step.

In the dynamic step of the analysis a step tim@0&f seconds is assumed, corresponding to

the 10-minute observation period of the wind veloci

3.1.2.2 Linear Eigenvalue Analysis

The linear perturbation analysis is used in theehmEigenvalue Analysis to calculate the
natural frequencies and the correspondent modeeshaifpthe model. The extraction of
natural frequencies is fundamental to study theadyn behaviour of our system and the
presence of negative eigenvalues normally indicats&gbility. The linear perturbation
analysis can be performed also during a nonlinealyais and has no effect on the general
analysis. The step time of linear perturbation siepgaken generally very small and is not
accumulated into the total time. The eigenvalueaexion can be performed using two
different eigensolver algorithms: Lanczos and Sabsep The first is faster when a large
number of eigenvalues is required and the secondedaster for small systems. It needs
only to specify the number of eigenvalues requid alternatively the maximum
frequency of interest.

3.1.2.3 Implicit dynamic analysis

Abaqus provides dynamic analysis for both lineadt aonlinear problems. In the case of
linear problems methods based on the eigenmodéseodystem are used to predict the
response. In these cases the necessary modesegudrfcies must be calculated before in
a frequency extraction step. When nonlinear dyngmiblems are studied a direct time
integration method must be used. The modal methedd in linear dynamic analysis are
less expensive computationally than the directgirgon methods, where the global
equations of motion are integrated through the taitbough the eigenmode extraction can

become computationally intensive if many modes ragired for a large model. The
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direct integration method provided in Abaqus/Staddealled the Hilbert-Huges-Taylor
operator is an extension of the trapezoidal rulee Hilbert-Huges-Taylor operator is an
implicit operator and obtains values for dynamicamfities att+At. This nonlinear
equation solving process is expensive and if theatgns are very nonlinear it may be
difficult to obtain a solution. However it's easiés handle the nonlinearities in the
dynamic procedures than in the static because rtbgia terms provide mathematical
stability to the problem; thus the implicit meth@dapplicable with success in the most
cases expect those of extremely nonlinearities. st important advantage of the
Hilbert-Huges-Taylor operator is that it is uncdratially stable; it means that there is not
mathematical limit on the size of time incremerattban be used to integrate the equations
of motion. In Abaqus/Standard the time step forliaipintegration can be controlled by
the “half-step residual” introduced by Hibbit andri&éson (1979). The half-step residual is

the equilibrium residual error halfway through enéi increment att +At/2 once the

solution att + At has been obtained; monitoring its values the acguphthe solution can
assessed and the step time adjusted appropridtelye half-step residual is small, it
indicates that the accuracy of the solution is lagt the time step can be increased safely;
if the half-step residual is large the time stepdus the solution should be reduced. This
automatic time increment is convenient especiallyemv the dynamic response can be
expected to change significantly during the sohutitb's possible also to control the time
increment directly through the step specifying »edi time increment but normally this
approach is recommended only in special cases wWieproblem is well understood or
when convergence is not achieved with automati@ tincrement. The automatic time
increment is defined specifying an initial, minimwand maximum increment sizes. If the
convergence is not reached with the initial incretis necessary to decrease it, otherwise
if the convergence is found it should be used &mait with a larger one. The algorithm
described is purely empirical and based on theresqee.

3.1.2.4 Explicit dynamic analysis
The explicit dynamic analysis procedure is avadatmly in Abaqus/Explicit and uses the

central difference rule to integrate the equatiohsiotion. The explicit procedure obtains

values for dynamic quantities at-At based entirely on available values at tim&he
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central difference operator is conditionally stahtel the stability increment limit for the

operator is given in terms of the highest eigerwabf the system aAt< 2/,

ax "

Introducing damping in the system the stable tinmeament is given by:

Atsi(\/ﬁ—f) (3.1)

where ¢ is the fraction of the critical damping in the neadith the highest frequency. The

stability limit of the time increment is relatedttee time required for a stress wave to cross
the smallest element dimension in the mesh; thegithe increment can be very small if
the mesh elements are very small or if the streasewspeed is very high. An

approximation of the stability limit can be writteas At=L,, /C, where L, is the

min
smallest element dimension ar@, the dilatational wave speed of the material. The
explicit dynamic analysis is to be used with sldymamic response time and specially to
solve extremely discontinuous events or procesfiegpermits also to solve three
dimensional contact problems with deformable badié® choice between an implicit and
an explicit approach to a nonlinear problem depeamddetails of the specific case and in
most problems only the experience can guide to shan approach.

Between the two dynamic approaches it is chosersécan implicit dynamic analysis with
a fixed time increment, tested through differerdlgsis running, essentially for the major

facility to find a convergence solution.

3.1.3 Elements

Abaqus has a large element library that providesomplete geometric modelling
capability. It is possible to choose between déferelement categories based on the space
modelling: 3D, 2D and asymmetric space elemente &lement shapes available are:
beam, shell and solid element. All the elements mgmerical integration to allow
complete generality in material behaviour; shelt éseam element properties can be

defined as general section behaviours or each sexs®n of the element can be integrated
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numerically, so the eventual nonlinear responsebeatneated accurately. All the elements
are defined in a global Cartesian system expectathenmetric elements which are
formulated in terms of r-z coordinates. In almo#t edlements vector quantities like

displacements and rotations are defined in termsodfl values with scalar interpolation

functions.

3.1.3.1 Beam elements

In the FE model of the bridge a 3D beam elemensed for the permanent part such as
the arch, the bridge deck, the piers and the handésing a beam element results in
reduction of the mathematical problem to one dirnmmsthe primary solution variables
are functions only of the position along the beatis.alt is reasonable to use a beam
element only if the length along the axis is lacgenpared with the dimensions of the cross
section. There are two fundamental beam theortes:Buler-Bernoulli theory and the
Timoshenko theory. The Euler-Bernoulli theory asssrthat plane cross-sections initially
normal to the beam axis remain plain, normal to lteam axis and undistorted. The
elements that use cubic interpolation all use dssumption. The beam elements that use
linear and quadratic interpolation, like the eletigpe “B31” used in the FE model, are
based on the Euler-Bernoulli formulation but thégoaallow a transverse shear strain that
is the cross-section may not necessarily remaimabto the beam axis. This extension
leads to the Timoshenko theory that is generallyenuseful for thicker beams.

A “BEAM GENERAL SECTION” option is used to definbe section properties for each
beam element of the bridge. Using this option thiloWing cross-sectional properties are
given explicitly for each element: cross-sectioswaa, moments of inertia, torsion rigidity,
eccentricity of the neutral axis, eccentricity dfetshear centre, Young's and Shear

modulus.

3.1.3.2 Material Damping

In direct dynamic analyses energy dissipation meishas such as dashpots, inelastic
material behaviour and other dissipation sourcesiaually defined; in these cases it is not

necessary to introduce in the model a structuralpilag because its effect is unimportant
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compared to the other dissipative effects. Howewnethe models which are without
dissipation sources it becomes important to intcediis structural damping.

Abaqus provides the Rayleigh damping and it israfiby the “DAMPING” option in the
beam section properties definition. The Rayleighthoé, as exposed in the previous
chapter, assumes that the element damping matribe@xpressed as a linear combination

of the mass and stiffness matrices :

C=a,M +aK (3.2)

The two Rayleigh damping factoes, and a, are introduced by the “DAMPING” option

and represent respectively: the first factor gitress damping contribution proportional to
the mass matrix and introduces damping forces dabgethe absolute velocities of the
model simulating the idea of the model that movesugh a viscous ether; the second
factor gives the damping contribution proportionalthe material stiffness. These two
factors can be calculated applying the expresg@oj.

In addition to the Rayleigh damping in an impliditect time integration analysis it is
defined an “artificial damping” using the “ALPHA "gsameter in the “DYNAMIC” option.
This damping has a different nature from the Rgylelamping, it grows with frequency
and with the ratio of the time increment to theigerof vibration of a mode. It results
never very substantial for realistic time incremdntthe analysis for this parameter the

default value is left.

3.2 FE model of the New Svinesund Bridge

The finite element model of the Svinesund Bridgeb&sed on the structural model

produced by the bridge contractor Bilfinger Ber@2004). Extra nodes, elements and
constrains were added in order to model the supporithe carriageways on the top of the
piers and the rigid connections between parts ef darriageways. A large number of
element sets was used to couple the elements tdaghieelement properties; the beam
elements used have constant cross-sectional piegertile the properties in the Bilfinger

Berger model varied linearly along the elementthi@ arch and pier elements, where the
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cross-sections vary, the mean values of the cres#esal properties at the element ends
were used as constant cross-sectional propertiegertheless for the elements of the
carriageways the properties in the first node wesed as constant cross-sectional
properties. The model was developed also for tladyais of the bridge arch launching but
in this report only the model of the bridge infitsal configuration is considered without

the temporary structures used during the constmigirocess. The analysis starts first with
the eigenfrequencies extraction, then the stagje wiith the application of the gravity load

and finally the dynamic analysis under the winddgaThe input file was typed using a

text editor and it was submitted to the analysigh®y Abaqus Command Line. Generally
an input file has a basic structure constitutedwad main parts: model data and history

data part.

« Model data contains the definition of the model:des, elements, materials,

boundary conditions and initial conditions.

e History data defines the analysis type, loads amgput requests. This section is
divided in different steps and there is no limit e number of the steps in an

analysis.

3.2.1 General description

The model considered in the report, as it was rapatl before, consists only of the
permanent parts of the bridge: the arch, the hangiee piers and the superstructure. The
model is defined in the 3D right-handed Cartesiaordinate system and the origin of the
axes is at the sea level under the mid-point ofattod. The x-axis is pointing along the
longitudinal axis of the bridge, in approximatelyrtihern direction towards Norway; the y-
axis is pointing in transversal direction, in appnoately eastern direction; the vertical z-
axis is pointing downwards, towards the water. Stsuare used in the model definition

and in the analysis.
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Figure 3.1Perspective view of the bridge’s model.

3.2.2 Different parts of the model

The concrete arch is modelled by beam elementdigmosil along its neutral axis; the
beam elements have a rectangular hollow box cexggs.

The hangers that support the carriageways arematgtelled with beam elements. The
hangers are connected to the arch by stiff beamesits.

The piers that support the carriageways are matiéjebeam elements positioned along
their neutral axes. Additional stiff beam elememtgh the same properties of those used
for the arch, connect the supports of the carriayswith the pier top.

One-node spring elements are used to model theodugififness for the piers and the arch
where it is not modelled as fixed or free. For eaphing the degree of freedom is given
together with the corresponding linear translati@rarotational stiffness, taken from the
Bilfinger Berger model (2004).

The carriageways are modelled as beam grid stestorrepresent their box sections. For
each double-celled box section three longitudinehrbs are defined representing the
longitudinal walls with interacting parts of theptcand bottom flange. Transversal
stiffeners, one approximately every four meteryespnt the internal transversal stiffening
walls with interacting parts of the top and bottfiange. At each of the support points,
over the pier and under the hangers from the dhelne are transversal beams connecting

the two parallel carriageways. The transversal lseara integrated into each carriageway
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and are supported between the carriageways. Theveesal beams are connected to the
carriageway elements and the top nodes of thebgarings through stiff beam elements.
At the end supports, stiff beam elements are asad to connect the carriageway elements

to the support nodes.

3.2.3 Boundary conditions and constrains

The following assumptions were made regarding thendary conditions of the bridge:
The arch was assumed to have a fixed foundatioalfategrees of freedom (DOF) except
for the rotation around the bridge transverse aie support for this degree of freedom
was modelled by rotational springs. The stiffneski®s were taken from Bilfinger Berger
(2002, 2003).

The piers founded on the rock were assumed to &dixed foundation for all translational
DOF, and for the torsion around the pier axis. Shpports for the rotations around the
bridge transverse and longitudinal axes were meddidy rotational spring. The stiffnesses
according to the indata files of Bilfinger Berg@004) were used. The stiffnesses for the
rotations around the transverse axis corresponthdse calculated in Bilfinger Berger
(2003). The stiffnesses for the rotations arourdidimgitudinal axis were approximated to
be ten times greater.

The supports of the pier founded on steel corespiere modelled by rotational and
translational springs for all DOF. The stiffnessedculated in Bilfinger Berger (2003)
were used.

At the end abutments, on both the Swedish and Nypameside, each carriageway is
supported by two bearings. Here all support nodesewixed for displacement in the
vertical direction. The support nodes closest &dbntre-line of the bridge were fixed also
for displacement in the transversal direction.@lier DOF were free.

The assumptions that follow were made regardingirtkernal connections between the
different parts of the structure.

The carriageways were rigidly connected to the ,angth all degree of freedom equal at

the connection.
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The hangers were rigidly connected to the arch el as to the transversal beams of the
carriageways. However, due to the low bendingregg, the moments transferred through
the hangers, will be negligible. (The stresseshahiangers, however, may become large
due to the bending effect).

On the top of the piers the transversal beams atimgethe two carriageways are

supported by two bearings.

3.3 Model of the wind forces

The wind forces are modelled as concentrated lbgdhe “CLOAD” option in the last
dynamic step of the analysis. These forces araeapph the central part of the bridge: on
the arch and on the part of the bridge deck betwbenpiers closest to the arch.. An
increasing number of nodes, at which the wind feraee applied, is considered through
the different analyses carried out.

At first a total number of 22 nodes is consider&iyre 3.2); the positions chosen
correspond to the midpoints of the parts of thaecstire between two consecutive hangers
both for the arch and the bridge deck for a totahber of 14 nodes. For the arch other 2
more nodes are added between the abutments ahbdidge deck. The remaining 6 nodes
are uniformly distributed on the parts of the bdadieck included between the arch-bridge
deck connections and the piers closest to the (@aimbered in the model as pier 5 on the
Swedish side and 8 on the Norwegian side). The snodethe bridge deck are all at the
same height of 60 m and those on the arch vary beghts from the abutments to the
crown.

To obtain the resultant concentrated forces thg fveces, which are defined for unit of
length, are to be multiplied for a dimension thgpresents the influence length of each
node; for the nodes on the arch the average laagih28 m and for those on the bridge
deck is of 25.5 m.

To define the time-history of the applied load tAMPLITUDE” option is used and it is
included in the model definition portion of the utgfile. This option allows defining an
arbitrary time (or frequency) variations of loadfisplacements and other prescribed
variables. By default the values of the loads clkdmgearly with time throughout the step.
Each amplitude curve must be named by using theMBEAparameter and then this name
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is referred to in the definition of the concentdatead in the dynamic step by using the
“AMPLITUDE” parameter.

Figure 3.2Model of wind forces applied on twenty two nodes.

The second step in the increasing number of nodsstavpass to 98 nodes, 58 on the arch
and the remaining 40 on the bridge deck; this meanaverage influence length for the
nodes on the arch of 5 m and for the nodes onrldgéddeck of 8.3 m. As it will be seen
in the next chapter this model will become the nefiee model for the study of the wind
response of the bridge.

Figure 3.3Model of wind forces applied on ninth nine nodes.
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The last model studied was that with wind forcegliag on each node for a total number
of 194 nodes, 115 on the arch and 79 on the bdeg&. The average influence length for
the nodes on the arch results 2.5 m and for thasthe bridge deck 4.15 m. This model
was then left having shown substantially the sasspanse of the previous model but
taking more computational effort.

Figure 3.4Model of wind forces applied on one hundred nimthrfnodes.

3.4 Analysis steps

The FE analysis of the bridge is made up of thtepss
. The first step: the gravity load is applied.
. The second step: the natural frequencies of thetstie are extracted.

. The third step: the wind forces are applied.
In the next chapter the results about the last dywoamic steps will be analysed and

discussed.
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Chapter 4 Simulations and analysis of the results

4.1 Dynamic identification of civil structures

The parameter identification through dynamic measiemts was originally developed in
more advanced mechanical and aerospace engineddly. The transfer of this
technology to civil engineering applications me#mtdeal with problems which have a
completely different scale compared with mechaniesd aerospace engineering
counterparts. Experimental modal parameter ideatifins of civil engineering structures
mean the extraction of modal parameters (frequendamping ratios and mode shapes)
from dynamic measurements. In this work at firs¢ tihequencies of the bridge are
identified from the measurements and the valuesidd are compared with those
extracted from the FE model. Then taking into aotahe identified frequencies, the
positions of the accelerometers and the resulta fte FE eigenvalue analysis, the modes
of the bridge can be identified. The experimentaasurements permit also to estimate a
value of the damping ratio through which updateRBemodel for the simulation.

Three main different types of structural dynamgtitegs can be recognized:

» Forced vibration testing
* Free vibration testing

* Ambient vibration testing

In the first method the structure is excited byfiaral devices such as shakers or drop
weights. A condition of free vibrations is induckbyg suddenly dropping a load on the
structure. The disadvantage of artificial excitatraethods is that the traffic load has to be
shut down for a rather long period of time. Thisndae a serious problem for the
infrastructures intensively used. In contrast, @nbvibration testing is not affected by the
disturbances on the structures because it usafigtugbances induced by traffic and wind
as natural or environmental excitation; it représesm real operating condition of the
structure during its daily use cause the traffiesloot have to be interrupted by using this

technique.
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Basically the modal parameter identification isrigat out based both on the input and
output measurements data through the frequencyomespfunctions in the frequency
domain and impulse response functions in the timenain. For civil engineering
structures the dynamic responses are the direotde®f the sensors installed at several
locations. Usually it is difficult to measure th&ceation forces acting on a real large
structure. The ambient vibration testing has theaathge of being inexpensive since no
equipment is needed to excite the structure ang @sponse data are measured; thus the
identification techniques based on this dynamicirigswere largely used in civil
engineering field and successfully applied to miange scale bridges.

These identification techniques need to deal widlnyvsmall magnitudes of ambient
vibration contaminated by noise without the knowjedf loading conditions. Over the
past decades several different identification teqples were developed, the identification
method used in this work is represented by the 4p&zing method which is probably the
most widely used method in civil engineering apgtilens because of its simplicity. Other
more advanced techniques exist like the stochasbispace identification method in time
domain that it is more time consuming than the paaking but permits to yield more

accurate results.

4.1.1 Peak-picking method

The peak-picking method, as mentioned before, & dimplest known method for
identifying the dynamic parameters of civil engineg structures subjected to ambient
vibration loading. The method is initially based the fact that the frequency response
function goes through extreme values around tharalatfrequencies. The frequency at
which this extreme value occurs is a good estirf@atéhe frequency of the system. In the
context of ambient vibration measurements the fequ response function is only
replaced by the spectra of the ambient responssudh a way the natural frequencies are
simply determined from the observation of the peakshe graphs of the power spectral
density functions (Figure 4.1); these functions basically obtained by converting the
measured accelerations to the frequency domainHastaFourier Transform (FFT).

The peak-picking is a technique in the frequenayaio; frequency domain algorithms are
most used due to their simplicity and processirepdp These algorithms, however, have a

theoretical drawback because they involve averagetporal information, thus losing
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most of their details. Nevertheless, having fewedration data, it seems not necessary to

apply more refined methods.

Saa

L L L L L L L L L
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
n[HZ]

Figure 4.1Peak-picking method.

4.2 Identification of the natural frequencies

The identification of the natural frequencies oé thridge, as exposed above, can be
obtained analysing the power spectral density fanst (PSD) of the measured
accelerations where high values of the PSD funstioicate probable positions of
frequencies. The accelerometers are installeceanitpoint and at the quarter point on the
Swedish half of the arch and at the correspondangians on the west side of the bridge
deck. The first seven natural frequencies untitegdency of about 2 [Hz] result well
visible analysing the graphs of the PSD of the messaccelerations, labelled agif the
graphs, versus the natural frequencies n [Hz]igttdr frequencies the peaks become less
clear and consequently it is more difficult to ittBnthe related frequencies; furthermore
modes at higher frequencies show to interest tkerdlparts of the structure in the
direction of the abutments, out of the central pathe bridge where the measurements are
taken. Now it follows a summary of the identifiechtaral frequencies with first
considerations on the type of the identified mothesed on the symmetric or anti-
symmetric positions of the accelerometers aboutcthdral section of the structure. For
each identified frequency the PSD functions of #teelerations, measured at the four

mentioned sections, are represented together aljpaicomparison between the resultant
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amplitudes of vibration of all the sections. Thestfidentified natural frequency occurs at
0.43 Hz.

— Deck center

— Deck quarter|
Arch center
Arch quarter

0.8~ b

Saa

(9.35 0.4 n [Hz] 0.45 0.5

Figure 4.2First natural frequency.

It can be noted that the arch is more excited thanbridge deck by the first mode of
vibration and in particular at its central sectidhjs mode can be recognized as a
symmetric mode.

The second identified natural frequency occurs&h ®iz.
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Figure 4.3Second natural frequency.
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The second mode of vibration shows to equally exitie arch and the bridge deck and in
particular their quarter sections; this mode cardoegnized as an anti-symmetric mode.

The third identified natural frequency occurs &50Hz.

255 10 . .
— Deck center
4+ — Deck quarter| |
Arch center
Arch quarter
3.5 b
3,
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©
%]
2,
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(9.92 0.925 093 0.935 0.94 0.945 0.95 0.955 0.96 0.965
n [Hz]

Figure 4.4Third natural frequency.

The arch results more excited than the bridge dgcthe third mode of vibration and in
particular at its quarter section. Also this mo@da e recognized as an anti-symmetric
mode.

The fourth identified natural frequency occurs &11Hz.
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Figure 4.5Fourth natural frequency.
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The bridge deck results more excited than the bycthe fourth mode of vibration and in
particular at its central section; this mode camdm®gnized as a symmetric mode.

The fifth identified natural frequency occurs &83 Hz.

3.5% 10
— Deck centre
— Deck quarter|
3r Arch centre b
Arch quarter
2.5
2,
©
©
%]
1.5-
1,
0.5+

: .
{).28 1.3 1.32 1.34 1.36 1.38 1.4
n [Hz]

Figure 4.6Fifth natural frequency.

The fifth mode of vibration excites principally tieentral section of the bridge deck and it

can be recognized as a symmetric mode.

The sixth identified natural frequency results d61Hz.
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Figure 4.7 Sixth natural frequency.
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The sixth mode of vibration excites only the celngiections of arch and bridge deck and it
can be recognized as a symmetric mode.

The seventh identified natural frequency occurk 28 Hz.

4
,Xx10
3

— Deck centre
—— Deck quarter|
Arch centre

25 Arch quarter | |

Figure 4.8 Seventh natural frequency.

This represents the last identified natural fregyethe related mode of vibration excites
approximately in the same way the arch and therales¢ction of the bridge deck and it

can be recognized as a torsion mode.

4.2.1 Numerical results

The previous identified frequencies and the prelany considerations made on the modes
can be compared with the eigenvalue output fromRBeanalysis, considering the same
frequency range until about 2 [Hz]; the resultsorégd in the Table 4.1 point out the first

twelve eigenvalues and eigenfrequencies extraaigdthier with the generalize masses;
these last terms represent the mass of a singleelef freedom system associated with
each mode. It can be noted as the maximum valtieeojeneralized mass is connected to

the second mode.
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Eigenvalue Output
Mode Number Eigenvalue Frequency Generalized Mass
o [rad/s]| n[Hz] K]
1 6.5798 2.5651 | 0.40825 1.51E+06
2 8.3478 2.8893 | 0.45984 8.18E+06
3 36.073 6.0061 | 0.9559 2.29E+06
4 41.011 6.404 1.0192 1.87E+06
5 48.378 6.9554 1.107 2.20E+06
6 56.266 7.501 1.1938 3.74E+06
7 67.9 8.2401 | 1.3115 4.65E+05
8 82.105 9.0612 | 1.4421 9.35E+05
9 88.373 9.4007 | 1.4962 9.90E+05
10 119.43 10.929 | 1.7393 2.01E+05
11 125.47 11.202 | 1.7828 8.18E+05
12 127.9 11.309 1.8 2.13E+06

Table 4.1Eigenvalues, natural frequencies and generalizest@sa

The participation factors are obtained by the saigenvalue output; these values are
reported in the Table 4.2 and indicate the predantinlegrees of freedom in which the

modes act.

Participation Factors
Mode Numbern X-Component Y-Component Z-Component
1 -0.03 1.69 0.01
2 0.97 0.05 0.00
3 0.01 -0.11 0.00
4 -0.03 0.80 0.00
5 0.43 1.35 0.01
6 -0.88 0.39 0.02
7 0.05 -0.56 0.13
8 0.05 0.04 0.69
9 -0.16 0.00 -0.05
10 -0.37 0.05 0.89
11 0.16 0.15 0.21
12 0.01 0.34 -0.07
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Participation Factors
Mode Number X-Rotation| Y-Rotation| Z-Rotation

1 131.59 0.70 7.25

2 3.35 -21.98 -11.43
3 -6.16 -0.99 78.79
4 40.76 1.54 96.60
5 78.30 -21.38 -302.25
6 22.51 45.13 -94.02
7 -16.25 -2.90 42.44
8 1.08 7.03 -8.53

9 -3.46 41.54 -1.42

10 8.02 -134.35 13.30
11 -0.78 66.52 64.67
12 19.73 -38.02 54.98

Table 4.2Participation factors.

Finally the effective masses are extracted; thedgeg indicate the amount of mass active

in each degree of freedom for any one mode andhegwvith the participation factors aid

to identify the modes of the bridge.

Effective Mass [KQ]

Mode Numbern X-Component Y-Component Z-Component
1 1415.7 4.32E+06 38.158
2 7.67E+06 22690 21.536
3 98.002 27120 5.9908
4 1973.3 1.20E+06 39.789
5 4.14E+05 4.03E+06 139.93
6 2.92E+06 5.60E+05 2103.9
7 1361.6 1.45E+05 7313.1
8 2212.2 1455.8 4.41E+05
9 24005 7.1501 2364.1
10 27736 460.01 1.60E+05
11 21938 19410 37447
12 343.72 2.51E+05 9041.6

Total 1.11E+07 1.06E+07 6.59E+05
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Effective Mass [KQ]

Mode Number X-Rotation| Y-Rotation| Z-Rotation
1 2.62E+10 | 7.49E+05 | 7.95E+07
2 9.19E+07 | 3.95E+09 | 1.07E+09
3 8.69E+07 2.24E+06 | 1.42E+10
4 3.10E+09 | 4.45E+06 | 1.74E+10
5 1.35E+10 1.01E+09 | 2.01E+11
6 1.90E+09 7.63E+09 | 3.31E+10
7 1.23E+08 | 3.91E+06 | 8.38E+08
8 1.10E+06 | 4.63E+07 | 6.81E+07
9 1.18E+07 1.71E+09 | 1.99E+06
10 1.29E+07 | 3.63E+09 | 3.55E+07
11 5.04E+05 | 3.62E+09 | 3.42E+09
12 8.31E+08 | 3.09E+09 | 6.45E+09

Total 4.58E+10 2.47E+10 2.78E+01

Table 4.3Effective masses.

4.2 .2 ldentification of the modes

The last step in order to complete with major aacyrthe identification of the modes is to
consider the visualization of the modes given g/ glgenvalue output of the FE analysis,
taking into account the numerical results expodsala. The first identified mode occurs

at 0.43 [Hz] and it is a symmetric horizontal mode.

Figure 4.9View from above of the first horizontal mode.
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Figure 4.10Frontal view of the first horizontal mode.

The second identified mode occurs at 0.85 [Hz]iamsdan anti-symmetric vertical mode.

Figure 4.11Lateral view of the first vertical mode.

The third identified mode occurs at 0.95 [Hz] ahid ian anti-symmetric horizontal mode.

Figure 4.12View from above of the second horizontal mode.
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The fourth identified mode occurs at 1.01 [Hz] @nd a symmetric horizontal mode.

Figure 4.13View from above of the third horizontal mode.

The fifth identified mode occurs at 1.33 [Hz] ahdsia torsion-bending mode.

Figure 4.15Lateral view of the first torsion-bending mode.
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The sixth identified mode occurs at 1.46 [Hz] anid & symmetric vertical mode.

Figure 4.16Lateral view of the second vertical mode.

The seventh identified mode occurs at 1.78 [Hz] iaigla torsion-bending mode.

Figure 4.17Lateral view of the second torsion-bending mode.

From the identified modes it is possible to obsetivat the first modes of vibration
considered excite basically the central part oftthége on which the wind actions will be

applied.
4.2.3 Comparison between numerical and measured nass

It has to be noted that not all the natural fregiesh and the corresponding modes
extracted from the FE analysis find a direct cqroeglence with the measured values; this
fact can be explained considering two main reasonsone hand not all the natural
frequencies and corresponding modes obtained fnenfrE model represent real modes of
vibration of the structure cause the boundary dani and constraints assumed in the
model cannot reproduce exactly the real conditimnghe structure; on the other, having

few accelerometers placed on the structure, itiplesthat some modes, which maybe are
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correctly obtained from the model, are not pickatbiigh the measurements. For the
modes which find a correspondence, the Table £4emts a summary of the comparison

between numerical and measured results.

Mode Number Numerical Measured Description of the
Frequency [HZz] Frequency [HZz] Mode

1 0.41 0.43 Symmetric bending
horizontal

2 0.46 0.85 Anti-symmetric
bending vertical

3 0.95 0.95 Anti-symmetric
bending horizontal

4 1.02 1.01 Symmetric bending
horizontal

5 1.31 1.33 Torsion
Bending

6 1.44 1.46 Symmetric bending
vertical

7 1.78 1.78 Torsion
Bending

Table 4.4 Numerical and measured natural frequencies ancrigéen of the associated
shape modes.

Generally a good agreement is found between nualeand measured results. The
numerical and measured horizontal natural freq@snare very close, showing a
difference of only 86 for the first, no difference for the second andiféerence of only
1% for the third horizontal mode. However, thisesgnent is not observed for the first
vertical mode of vibration, where the numericalunak frequency is 0.46lz while the
measured is 0.89z. This represents a difference of 46%. The readahis fact can be
searched considering that the joints between #resterse beams, the bridge decks, the top
of the columns and abutments on grid lines 1, 28 &nd 9 are free to move in the

longitudinal direction of the bridge (Figure 4.18he friction between the bearings at the
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top of the columns is not considered in the FE rmokewever this can increase the
stiffness of the bridge; this is believed to be tbason for the difference between natural
frequency and measured result. Also the prestrggsimdons, which prevent the uplift of
the bridge deck at the connection of the columnh thie transverse beams, have the effect
of increasing the friction at the bearings. Thigtion in the bearings can restrict the
longitudinal movement of the bridge deck, at Idasthe small induced vibrations and it is
possible that when the structure is subjected rigefavibrations, for which the frictional
forces in the bearings are overcome, the naturétaéfrequency of the structure could be
that predicted by the FE model.

Fixed in the longitudinal direction

Figure 4.18The first vertical shape mode with a frequency .dB0Hz from the FE model.
The bridge deck is free to move in the longitudidiakction at the top of the
columns and at the abutments (grid lines 1, 2,&)®89).

The good agreement found in terms of measured amderical natural frequencies
indicates that the characteristics of mass antheti$ of the FE model reproduce with

accuracy those of the real structure.

Once identified frequencies and modes of the siracthe damping ratio represents the
remaining modal parameter which has to be detewhing evaluation will be exposed

later describing the simulations carried out; hosvevefore starting to consider them it is
necessary to introduce the basic concepts of thalations of random stationary normal

processes and the spectral models assumed farrthéence components.
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4.3 Simulation of random stationary normal processe

The knowledge of a suitable set of the sample fanstof a random process allows to
derive its power spectral density using the prilesdoncerning the temporal averages. On
the other hand, the knowledge of a suitable modehe power spectral density of a
random process allows to derive artificially itsrgde functions. This operation is known
as simulation of a random process and falls in® lihoad family of the Monte Carlo
methods.

Monte Carlo methods to simulate a random procesg Ibeaclassified into two main
families: 1) the methods based on the superpositidrarmonic waves with random phase
angles (random phase method); 2) ARMA methods bageitie filtering of uncorrelated
white noises (Auto-Regressive or Mobile-Average hods). Both these methods may be
applied to simulate stationary and non-stationandom processes, as well as normal and
non-normal random processes. In this work the rangdvase method is applied to
simulate random stationary normal processes withmean, representing turbulence
histories; this method is briefly described belawtffor the mono-variate processes and

then for multi-variate processes.

4.3.1 Mono-variate processes

If x(t) is a random stationary normal process with zeranmend S, (w) is its power

spectral density function, using the random phas¢éhad, a generic sample function of

x(t) is given by:

x(t) :ZZN:JSXX(a)j)Aa)j sin(a)j t+¢j) (4.1)

where Aw with j=1,..N is the amplitude of the frequency steps into whibb
harmonic content of the process is sub-dividedh(wit=0); w with j=1,...N is the
central value of each step (Figure 4.19-4.2))js the j-th occurrence of the random phase

@ uniformly distributed betweefl and 277 (Figure 4.19):
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Figure 4.19PSD of the random process and distribution of #melom phase.

considering the j-th term of the sum (4.1):

X (t)= Z,ISXX(a)j)Aa)j sin(a)j t+ g, ) (4.3)

evaluating its variance it follows that:

(4.4)

J

oy :4SXX(a)J.)Aa)j % =2 QX(wj)Aa).

Since the harmonics that constitute the sampletiimalefined by (4.1) are uncorrelated

with each other, having different circular frequies¢ the variance ok(t) is the sum of

the variances of its components. Thus it resuitpufieé 4.20):

N

X

o2 =ZN:J_ =2ZN:SXX(wj)AwJ (4.5)

=1 i=1
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Figure 4.20Calculation of the variance of the process.

Moreover, the amplitude of each harmonic definesgbwer content and distribution of

the sample function and of the process.

4.3.2 Multi-variate processes

If X(t) is a n-variate random stationary normal process réro mean an8,, (w) is the
power spectral density matrix O((t), the random phase method allows to simulate any

number of sample vectors Oﬁ(t). Figure 4.21 shows the basic concept of the sitioma

of a 3-variate process.
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Figure 4.21Simulation of a 3-variate process
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It is possible to demonstrate that the i-th compbioé the sample vector of (t) is given

by:
K()=23 30, (@) B si(gteg,) =1 @9

where Aw with j=1,..N is the amplitude of the frequency steps into whibb
harmonic content of the process is sub-dividedn(wit0); w, (] =1,...N) is the central
value of each frequency step (Figure 4.18); is the jk-th occurrence of the random

phase® uniformly distributed betweefl and 277.

Equation 4.6 may be rewritten in the following nraform:

X(t) =2ZN:D(wj) A sin(wl t+g,) (4.7)

where | =(11...9" is a vector of n unit componentg, :(¢j1¢j2"'¢jn )T, D is a matrix

provided by the relationship:
D(w)D(w)' =S, (w) (4.8)

Equation 4.8 is referred to as matrix decompositiimere are infinite possible matrices

D(a)) that satisfy equation 4.8 and several method®terchine such matrices. The most

well-known methods are referred to as the Choledkgomposition and the spectral
decomposition.

4.3.3 Spectral turbulence model
The horizontal and vertical components of turbaéenand w are modelled as random

stationary normal processes, function of the timé space. Considering the number n of
nodes of the discretised model on which the windds will be applied, the turbulence
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components can be modelled as n-variate randomegses. In order to carry out the

simulation of the processes using the random pimastehod exposed in the previous

paragraph it is necessary to define the power sgedensity matrixesSuu(a)) and
S, (@) of the longitudinal and vertical component of wignce.

The power spectral density matr&, () (£=u,w) has on the principal diagonal the
power spectral density functions of the turbulenomponente(t) defined by the (4.10)

and for the terms out of diagonéﬁsgg (a)))ij the cross power spectral density functions of

the turbulence compones(t) between pointsVl; and M . These last terms are given by:

S. (@ M,M)=/S(w M) $(w, M) Cob(w, M W) (4.9)

where S, (w, M) and Ss(a), Mj) are the power spectral density functions of the

turbulence component at points M;and M, and the termCong(a), M, Mj) is the
coherence function between poindg, M, .

The power spectral density functions can be defioeadthe base of the Eurocode

expression as:

(wM,)=— m - £=U,W (4.10)

whered, =6.868 andd,, =9.434.

L, are the integral length scales and they can loelleddd by the expressions:

L (2) :300(2i0J . L,(2)=0.10L,(2) (4.11)
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where:

v =0.67+ 0.05 I(z) (4.12)

The term o? represents the variance of the turbulence comgoaewith the standard

deviation which can be obtained by:
o, =V_I E=U,W (4.13)

with |, representing the intensity of the turbulence comepd £. For the longitudinal

turbulence component is given by:

1,(2) -1 (4.14)
z
In [j
z,
The intensity of the vertical turbulence componean be obtained using the expression
proposed by Solari and Piccardo (2001):

l,(z)=0.501,(2) (4.15)

The coherence function can be modelled by an exg@helecay law as:

(S | e=uw

(4.16)

where C, is a decay coefficient of the component turbuleac@long ther direction

connecting the point¥; and M.

Cxu Cyu Czu Cxw Cyw Czw

3 10 10 0.5 3 6.5

Table 4.5Average values of the decay coefficients.
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The transversal turbulence component along thegerakis is not taken into account in
this study; it should be considered studying theexoexcited cross vibrations of the arch
for wind directions parallel to the bridge axiswever the measurements from the wind

tunnel tests show no indications for a sensitigityhe arch against this phenomenon.
4.3.4 Spectral models, models errors and parametencertainties

Some considerations have to be made about therapegtiations which provide a model
of the atmospheric turbulence; these models invalvavoidable errors and uncertainties
which it is difficult to quantify.

The only thing that can be said is that these srave mainly due, on one hand, to the
impossibility of schematizing the atmospheric tuelmge in a simple and at the same time
physically suitable way and, on the other, to sgressistent lacks of knowledge in this
field. Relevant errors can occur in the low frequemange and in presence of large

separations between the points considered whereuld be necessary to consider the

dependence of the decay exponential factor em /.

In the high frequency range the spectral model estenates the spectral turbulence
content. On the other hand in the inertial subraargefor usual separation distances model
errors seem to be quite limited. It follows thatiaiéy the model errors are less influent on
the gust-excited response of structures than thenpeter uncertainties which involve the
turbulence variances, the integral length scaléstla® exponential decay coefficients. The
uncertainties concerning these parameters are piyncaused by the enormous dispersion
of the available data. These three types of paenniean be characterised statistically by
mean values (see Table 4.5), coefficients of Vanaind cross-correlation coefficients.
Finally it must considered that these spectral fsodee limited to flat homogenous
terrains and near-neutral atmospheric conditiortabéshed when wind takes on high

intensity.
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4.4 Wind velocity history

In the Figure 4.22 the wind velocity history takes reference is represented. The

registration is made on ten minutes and the meltitae results equal to 4.5 [m/s].

V [m/s]
D

Il Il Il Il Il
0 100 200 300 400 500 600
ts]

Figure 4.22Measured wind velocity

The values of the aerodynamic coefficients considiere those for a wind flow horizontal
and perpendicular to the bridge axis (nil onflongla); this represents also the worse
condition for the structure. So from the measureddwelocity V the perpendicular

component to the bridge axisyV¥ calculated as showed in Figure 4.23.

Figure 4.23Normal component of the wind velocity.
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The measured wind velocity together with the catad normal component are

represented in Figure 4.24.

V [m/s]
g
—

— Measured Wind Velocity i
—— Perpendicular Wind Velocit

Il Il Il Il Il
0 100 200 300 400 500 600
t[s]

Figure 4.24Perpendicular and measured wind velocity.

The wind data from in situ measurements concerrséedp and westerly winds; the
westerly winds represent the prevalent winds measat the bridge site and simply
comparing one of their wind velocity histories withat taken as reference from the
opposite direction a relevant difference betweair ttuctuations around the mean values
can be observed (Figure 4.25). The mentioned difiee and the choice to take as
reference an easterly wind velocity history carekglained considering the position of the
anemometer and the problems connected with it. Tieenameter is placed on east side of
the bridge deck close to the structure and in spoadence of the pier, on the Swedish
side of the bridge, closest to the arch (FigurerTg.2he measurements are certainly
affected by the presence of the structure for kb#h mentioned directions but it is
reasonable suppose that the easterly winds candasured with less disturbances. A
westerly wind has to cross the whole section ofliidge and can separate a turbulent
wake from the windward side of the structure witboasequent increasing disturbance on
the measurements; the different turbulence corfitére two wind velocity histories can be
appreciated also observing their PSD functions. ditextion of the wind forces applied on
the model is from west to east and this choicesctdl the provenience of the prevalent

winds; anyway the application of the actions frone topposite side couldn’'t give a
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different response of the structure due to its setmyn Finally it has to be noted the
anomaly in the position of the accelerometers plame the west side of the bridge deck

compared with the mentioned position of the anemenan the opposite side.

T T
— West Wind Velocity
—— East Wind Velocity

V [m/s]

HH \w |

|

_

' T“ | MIJ ’

L L L L L
0 100 200 300 400 500 600
t[s]

Figure 4.25West and east wind velocity histories.

T
— East Wind

Swv

n[Hz]

Figure 4.26PSD of the measured east wind velocity.

Some pointing down peaks can be noted in the PSheofeasured wind velocity; it is
believed that they could be related with the moafegibration of the mast on which the

anemometer is installed (Figure 4.26).
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In the Figure 4.28 the PSD of the east and westcitgl histories are compared and the
mentioned relevant difference in the turbulent eantof the two registrations can be

pointed out.

North

Anemomete

Figure 4 27Direction of the prevalent winds and position cf itnemometer.
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Figure 4.28Comparison between the PSD of westerly and egsténd velocities.

Before begin to consider in detail the analysesiedrout and the related results it is
necessary to go back to a simplification assumedllinhe simulations carried out; the
wind forces are applied only on the arch and therakpart of the bridge deck included

between the first two piers from the arch. Thisuagstion can be regarded as suitable and
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reliable considering that the response of the wiracto the along-wind actions is
concentrated on the first horizontal mode of vilrat As it will be seen studying the
influence on the resultant response of the numbeodes at which the wind actions are
applied, it can be supposed that still the secamwtzbtintal mode of vibration has a weight
on the response of the structure. The same conolesin be made analysing the PSD of
the horizontal measured accelerations. However logh first two horizontal modes
interest only the central part of the bridge onakhhe wind actions are applied. Moreover
it has to be noted as this simplification aids écréase the computational effort taken by
the analysis and allows obtaining a response cabpato the measurements.

4.5 Analysis with correlated forces

For the first analyses the measured wind velosityansferred by the along-wind forces on
the whole structure in such a way that the peakgetricity and the related pressures at
difference points are simultaneously and so thee®mresult completely correlated .This
kind of analysis can be considered as a first stedhe study of the dynamic response of
the bridge to wind actions; the expected responfiebe certainly not comparable and
much bigger than the measured, however it permifgsa quality evaluation of the
structural response.

The forces are applied on a total number of 22 sodestributed 9 on the arch and 13 on
the bridge deck. The average influence lengthHerpoints on the arch is 28 m and for the
points on the bridge deck 25.5 m . The drag caefiicof the arch is assumed equal to 2
and for the bridge deck a value equal to 0.15 &uded from the wind tunnel tests and it
will be used in all the analyses which follow. Tié@mping ratio is now evaluated by the
Eurocode expression (4.17), adapted to the strigtuthe form exposed below. In this
case both forces which take into account the qoatribulence term (labelled as
completed) and forces without this term (labellsdr@duced) are calculated; this permits
an evaluation of the difference between the twesasd it will follow the choice of retain

this quadratic turbulence term.
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4.5.1 Damping ratio from the Eurocode

The total damping ratio of the structure consista structural par¢, and an aerodynamic
part &,. For the structural damping ratiff a value of 1 % is chosen. The correspondent
Rayleigh damping factors are evaluated by the eswa (2.30) with frequencies
w,=2.7[rad/s], w, =12.5[rad/s] and a structural damping rafi=1%. The resultant
coefficients area, =0.044[s* ] anda =0.0013[s].

The aerodynamic damping rati, is obtained from the formula proposed by the

Eurocode, adapted to the bridge. The value is basdthe first mode of vibration of the
bridge along the wind direction.

£ - Ci lgVin(24) + Cra 1.V ) _ 0.180 1,V (2y) + 2h,1,V,(Z)
: 2n,m 2n m

(4.17)

where the terms of the expression are respectively:

V,.(z), V.,(z) are the mean wind velocities at the bridge degk luif 60 [m] equal to

m m

4.4 [m/s] and at a mean high of the arch of 69.pdqual to 4.5 [m/s].

Iy, 1, are the length of the part of the bridge deck keetwthe first two piers from the arch
equal to 325 [m] and the length of the arch of al300 [m].

b, . Ii are the width of the bridge deck equal to 28 [mil ahe mean high, from the
abutments to the crown, of the rectangular seaifdhe arch equal to 3.45 [m].

n, is the frequency of the first mode of vibrationOof [Hz].

m is the participant mass to the first mode of ilora equal to 4.32348E+06 [Kg] (see
Table 4.3)

The estimated value for the aerodynamic dampiregjigal to 0.44%. Considering the two
different contributes, a total value of 1.44% can dssumed in the analysis. The two

Rayleigh damping factors, and a can be calculated by the expression (2.30) with
frequenciesw, =2.7[rad/s], w, =12.5[rad/s] and a total damping raifo=1.44%. The

resultant coefficients arg, =0.064[s* ] and a, =0.0019s].
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In the table 4.6 there is a summary of the Rayleigimping factors obtained assuming a
structural and a structural plus aerodynamic dagpwtio; in Figure 4.29 then the

corresponding Rayleigh damping curves are compared.

Damping a, [3‘1] a [s]
Structural 0.044 0.0013
Structural + Aerodynamic 0.064 0.0019

Table 4.6 Summary of the Rayleigh damping factors estimated.
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Structural + Aerodynamic Damping
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Figure 4.29Rayleigh damping curves.

4.5.2 Filtering

Filtering is often used to minimize high frequerngignals (noise) in order to make the
primary pulse more readable. Filtering can attemtlaé unimportant parts of the signal,
but it can also be misapplied if the signal is efiéered. This will lead to a distortion of
the data, which normally reduces the signal peaglitude. To prevent over filtering, the
filter frequency should be at least five times ¢geahan the highest frequency of interest.
The most common type of filter is a low-pass filtehich attenuates the high frequency

signals while the low frequency signals are unmedifAnother common type of filter is a
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band-pass filter which attenuates signals with desgies that are not within a specified
interval. Filters can be either mechanical or aapliigitally. Mechanical (analogue) filters
are used when measuring the signal, while digitaking only is possible when the signal
has been digitalised, such as with PC-based instntation systems.

Digital filtering is accomplished in three main [g¢e First the signal has to be Fourier
transformed and then the signals amplitude in ®egy domain should be multiplied by
the desired frequency response function. Finaley ttansferred signal must be inversely
Fourier transformed back into time domain. The atlkge with a digital filter is that it
does not introduce any phase errors and that tgaalk unfiltered signal can be stored. It
was decided to filter the measured accelerationassgin the frequency domain by a low-
pass filter in order to cancel the high frequenoptents, which could be associated for
example with the traffic vehicle, and so compare theasured filtered response with
numerical results.

The filter used is represented by a co-sinusoidaktion applied to the FFT of the
measured acceleration signal; this filter operetégining the frequency content below the
5 [Hz] and cancelling the higher frequency cont@nishowed in the Figure 4.30-4.31 for
the horizontal acceleration measured at the midpwithe arch. The choice of this filter
frequency seems to be reasonable permitting to #eeprincipal frequency content of the
signal; furthermore the deleted components showmaee not a relevant effect on the
measured displacement (Figure 4.33). This lastasigan be extracted from the measured
acceleration working in the frequency domain dinglitwo times foricw the FFT of the
acceleration and obtaining respectively the FFTthed velocity and the FFT of the
displacement. The last step is to apply the IFFIhéFFT of the displacement getting the
displacement in the time domain.

The same procedure exposed will be carried outxtra@ the displacements from the
accelerations obtained through the simulation wiaghfollow.
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— Filter
— FFT

A

0 2
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Figure 4.30Filter applied to the FFT of the measured acceatanat

— FFT Filtered

n [HZz]

Figure 4.31FFT after filtering.

Comparing the measured and filtered horizontal lacagon at the midpoint of the arch in

the time domain the effect of the applied filtertan be clearly appreciated.

Chapter 4 Simulations and analysis of the results 96



Wind Response of the New Svinesund Bridge

0.0

— Measured Horizontal Acceleratian
—— Filtered Horizontal Acceleration

0.06-

0.04-
0.02- ‘ ‘ ‘
| | ‘
|
‘ \ | I ‘
Ml

| w \
I l il
| |
| (|1 “ !
-0.02

a[mid]

-0.04- i

-0 06 1 1 1 1 1
0.0 0 100 200 300 400 500 600

t[s]

Figure 4.32Measured and filtered acceleration time histories.

Looking the Figure 4.32 it possible to see the ificant difference in the measured
acceleration response after filtering; this can &eplained considering that the
measurement is carried out during the operating toh the structure when it results
excited by other relevant sources. The same difterecannot be appreciated by the
displacement time history, even if the mean maxinvaine extracted from its fluctuating
component will show a not negligible difference gared with that extracted from the

original measured signal.; the procedure in ordextract this value will be exposed laer.
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Figure 4.33Measured and filtered displacement time histories.
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In the Table 4.7 the mean maximum values of thesorea displacement before and after

filtering are shown.

Center Arch Quarter Arch Center Deck Quarter Deck
Measured [mm] 2.07 1.01 0.75 0.57
Filtered [mm] 1.46 0.71 0.53 0.4

Table 4.7Mean maximum displacement measured and filtered.

4.5.3 Determination of the roughness length

The roughness length can be approximated by aditprocedure. This parameter is

certainly affected by a large uncertainty whichgagates on the one hand on the mean
wind velocity and on the other on the turbulendensity (4.14). The PSD of the measured
wind velocity is compared with the spectral modebgmsed by the Eurocode for the

longitudinal turbulence (4.10) and the value estedafor the roughness length is that

makes the best fitting between the two spectrg;\thlue results equal to 0.1 [m] and it is

taken as the reference value for the rest of thaéyais.

However simulations will be made for other two rbogss lengths one lower and one

higher, respectively equal to 0.05 and 0.15 [m]e Thsponse will show to be not so

influenced by the variation of this parameter.

T T T
— Swv Measured
— Swv Eurocode
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Figure 4.34Fitting of the PSD of the measured wind velocity.
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4 5.4 Results

At first the responses between the analyses wittmpéeted and reduced forces are
examined. The acceleration and displacement atct#wral section of the arch are
represented in Figure 4.35-4.36.
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Figure 4.35Acceleration at the midpoint of the arch.
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Figure 4.36Displacement at the midpoint of arch.

It can be noted that the application of the reduoecks, which do not take into account of

the quadratic turbulence term, mitigate some evigeaks of the acceleration; anyway the
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application of the two different types of forcesedn’t give substantial differences on the
final results and it is chosen to carry on in timalgses considering the results from the
models with completed forces and comparing theselteewith the measurements. In the
following figures the acceleration time historiesorh the model and from the
measurements are represented for all the fourosectinsidered.
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Figure 4.37Acceleration at the midpoint of the arch.
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Figure 4.38Acceleration at the quarter point of the arch.
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Figure 4.39Acceleration at the midpoint of the bridge deck.
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Figure 4.40Acceleration at the quarter point of the bridgekdec

The same comparison can be made also considentynte history of the displacement
for example taking into account the central sectbrthe arch. It can be noted how the
difference, between measured and numerical regulterms of displacement, is much

larger than for the corresponding accelerationsgamerally not comparable (Figure 4.41).
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Figure 4.41Displacement at the midpoint of the arch.

4.6 Numerical simulation of wind velocity historiesalong the bridge

Simulation of the longitudinal turbulence composectnsists of some basic steps. At first
the reference mean velocity is assumed equal tpn@#g, which is the mean value of the

measured history; the mean wind velocity at théedi#ht points of the structure is defined
by a logarithmic profile (4.18) assuming the premoreference mean velocity and a
roughness length approximated taking into accduntharacteristics of the bridge site and
the result of the fitting procedure described befdihe mean wind velocity is defined by a

vector of n components with each componéptrepresenting the mean wind velocity at i-

th node of the FE model.
uln (ij (4.18)

In the expression above is the height of the i-th node of the FE model &mel other

terms were specified at (2.32).
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Figure 4.42The assumed mean wind velocity profile.

The length in the time domain of each simulatiofi00 [s] (ten minutes) with a time

incrementAt of 0.2 [s] corresponding to a sample frequencp®fHz]; the number of

frequency points at which the spectral functions ealculated is chosen equal to 1000.
The cross power density functions are obtainechagfithe power density functions of the
turbulence component at each point (4.10) and dherence function between turbulence
components at different points (4.16). For decasffcments taken equal to 10 (Table 4.5)
and considering the fifth frequency step, the cehee function between the longitudinal

turbulence components at ninth eight points assuiheefrm showed in Figure 4.43.

Coherence

Node 0

Figure 4.43Coherence function for 98 nodes and decay coeffisiequal to 10.
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The power spectral density functions are basedheriztirocode model. Once defined these
functions the spectral density matrix can be kanid the Cholesky matrix decomposition
can be applied on it. The turbulence componentsaah point are generated by the

superimposition of harmonics functions with a ramdghase.
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Figure 4.44Simulated longitudinal turbulence at the midpaihthe arch.

Finally the reference mean wind velocity is addedhie turbulence component in order to

get the resultant velocity history.
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Figure 4.45Simulated wind velocity at the midpoint of thelarc
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The reliability of the simulated wind velocitiesrche checked comparing their standard

deviation with that from the measured velocity dheir PSD functions with the spectral

model proposed by the Eurocode and the PSD funofitime reference wind velocity from

the measurements (see Figure 4.46-4.47).
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Figure 4.46 Comparison with the Eurocode spectrum.
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Figure 4.47Comparison with the measured spectrum.
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4.7 Evaluation of the measured damping ratio

The FE model can be now updated by a new valudeofdamping ratio. The Rayleigh

damping parameters, and a, are evaluated finding the curve of the dampinip re¢rsus

the natural circular frequency that better fits the damping ratios in correspowgeof

five selected frequencies (Figure 4.48). For eaghuency the damping ratio is calculated
applying the Band-width method at the peaks of B&D functions of the measured
accelerations. The first three frequencies chospresent the first three horizontal natural
frequencies of the structure and the other twoesgmt the fifth and seventh measured

natural frequencies, corresponding to torsion-b@mdiodes.

Mode Number n [HZz] o [rad/s] E[-]
1 0.43 2.68 0.0174
3 0.95 5.94 0.0087
4 1.01 6.35 0.0101
5 1.33 8.37 0.00675
7 1.78 11.16 0.0045

Table 4.8 The natural frequencies considered and the caynepg damping ratios

estimated.
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Figure 4.48Fitting of the measured damping ratios.
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The Rayleigh damping factors found by this fittipgpcedure area, =0.095101[s™],
a, =0.00022334s] .
In Figure 4.49 the Rayleigh damping curve of theasueed damping ratio is compared

with those correspondent to the structural dampiatip and the structural plus the

aerodynamic damping ratio.

— Structural Damping
O.Ql Structural + Aerodynamic Damping
—— Measured Damping

0 1 2 3 4 5
w [rad/s]

Figure 4.49Rayleigh damping curves.

Table 4.9 finally shows a summary of the values dbhrthe Rayleigh damping factors

obtained.
Damping a, [5-1] a [s]
Structural 0.044 0.0013
Structural + Aerodynamic 0.064 0.0019
Measured 0.095 0.00022

Table 4.9Summary of the Rayleigh damping factors.
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4.8 Distribution of the maximum displacement

The results from the numerical simulations and frdme measurements have to be
compared in statistical terms; so the mean maximainthe fluctuating part of the
displacement and its standard deviation are ewvaduitbm the measured and numerical
accelerations. In order to extract the fluctuatigplacement from the acceleration signals
it is necessary to work in the frequency domairtofeing the procedure exposed at 4.5.2.
Once obtained the velocity and displacement funetitheir standard deviations can be
calculated through the integration of their spectra

As the wind action the structural response can bdefted by a Gaussian process and so

an expected frequency of the process can be dedisted

1% (4.19)
V. = .
Q- 2710

where g, and o, are respectively the standard deviations of tepldcement and of the

velocity of the structure; this frequency represeie mean number of crossings of the
time axis carried out by the displacement functidhe mean value of the maximum

displacement can be obtained by the closed formula:

. Oa| [2In(v,T) \/ﬂ (4.20)
21n V T

where the second term of the previous productneradimensional factor known as peak
coefficient. The standard deviation of the maximdisplacement is given by:

(4.21)

0o | A1
° \/EJZIn(VQT)
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Once obtained the mean and standard deviatioreahtiximum displacement its Gaussian

distribution results completely defined (see Figlu®0).

30

T T T
— Response Distribution
— Maximum Response Distributio|

250- 1

200-

o~ 150+

Q' Qmax

100-

50

. | . . .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Q, Qmax [m]

Figure 4.50Response and maximum Gaussian response distribution

As v, T increases the density function of the maximum sedranslate on the time axis,

cause the maximum displacement increases, and #wesityl function becomes

progressively more narrow and pointed; so whgil is high, as in the case of wind with

an assumed time period T equal to 600 [s], the mami displacement could be treated in

first approximation as a deterministic variable.

4.9 Study of a simplified beam model

A preliminary study of the wind effects induced ansimplified beam model is now
introduced in order to point out the influence ofme relevant parameters involved in the
simulations. This model concerns a beam, doubkdfiat its ends and subjected to wind
forces acting perpendicularly to its longitudinatisaas shown in Figure 4.51. The
influence of two parameters on the maximum disptear® of the beam is studied: on one
hand the number of applied concentrated forces lwlien coincides for the model
considered with its number of degrees of freedom;tlee other the coherence of the

applied forces that it is the same of the longitatisimulated turbulence components.
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Figure 4.51Beam model.

These two parameters are chosen cause they shbe together with the aerodynamic
static coefficients the most influent on the firsifuctural response. This simulation is
carried out through the Matlab simulink and it iade up of the following steps: definition

of the model properties and extraction of its efgamguencies and eigenvalues; simulation
of the longitudinal wind velocities at a varyingmber of nodes along the structure;
application of the aerodynamic forces, integratioh the equations of motion and

extraction of the results.

The beam is discretised in an increasing numbeslehents of length., and its mass

matrix is defined by a real, defined positive, diagl (or lumped) mass matrix. An easy

way to obtain a lumped mass matrix is to replaeedistributed massn of the beam by

particles of massn, =p AL at each node, wherg is the material density and is the

section area of the beam. The rotational inertia bba defined by considering that a

uniform slender bar of length, and massm, =p AL is attached at each node; the

associate inertia moment ﬂs:(,o Alﬁ) I?/3. The advantage of operate through a diagonal

matrix is on one hand the less storage space antieonther the less processing time
needed, especially taking into account the diriewt integration procedure that is applied.

The stiffness matrix for each double clamped bel@ment is given by:

AR

B L I 1}

AR ETEI TRt TR 2
6/ 2L -7 4L,
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The next step is to assembly the stiffness matrafesach element to get the stiffness
matrix of the entire beam that it results to bea,rsymmetric, defined positive and three-
diagonal matrix. Then in order to decrease the mundd degrees of freedom of the
problem a condensation procedure is carried outwbying the classical eingevalue

problem for an n-degrees of system in a portiomamm as:

Ktt Ktr Mtt 0 Tt _ 0
|:Krt Krr}_ajz|:o Mrr:HTr}_{o} (423)

where the terms with the index t correspond toslegional degrees of freedom and those
with index r to rotational degrees of freedom. Tational inertia moments in the mass
matrix usually are very small and can be neglededhe eigenvalue condensate problem

results as:
(Ki-fM ), =0 (4.24)

where the dimension of the problem is reduced ¢ootly translational components of the
eigenmodes and the matri, is a real symmetric matrix ad,, given by:
K:t =K KK r_nl-K rt (4.25)

Once defined the mass and the stiffness matrieesigenvalues and eigenmodes of the

beam can be extracted.

Figure 4.52The first three eigenmodes of the beam.

Chapter 4 Simulations and analysis of the results 111



Wind Response of the New Svinesund Bridge

The last matrix to determine is the stiffness mattis matrix is not derived by the beam
discretisation but it can be defined by the Rayledgmping relation on the base of the
mass and stiffness matrices determined. Finallpreetarry out the integration of the
equations of motion it is necessary to transforengquation of motion in the state space:

2=Gz+p (4.26)

The expression above represents a system of 2ar [ohfferential equations of the first

e ! -1 4.27
Z_{u} {—M*K —M"C} p_{A‘f} (4.27)

and the initial condition:

order with:

z(0) =z, :{90} (4.28)

Once defined the model and its dynamic characiesisthe longitudinal turbulence

components are simulated following the procedurpos&d at 4.6 and assuming the
defined coherence function and spectral model.

Only one dimension is involved in the coherencecfiom and it is that along the beam axis
with the spatial distance between each node giwethé length of the elements which
discretise the beam. For each step in the incrgasiimber of elements considered the

decay coefficienC , of the coherence function varies from a valueechoszero to values

much bigger than those proposed in literature {sdxe 4.5); this is made in order to get a
generalized trend of the response with the vanabbthis parameter. Once simulated the
turbulence histories the mean velocity is added thedresultant wind velocities at each
node of the model are obtained. The aerodynamig fdr@es along the wind direction are
calculated imposing a drag coefficient equal to farothe rectangular section of the beam.
For any of the discretisation steps the displacésnare calculated varying the coherence

between the forces applied on the beam.
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The displacement taken as reference is that aofidde closer to the midpoint of the beam;
finally from the time history of displacement obtad the maximum distribution and the
related mean maximum displacement are extracte@. résults about the maximum
displacements versus the number of degrees ofdneed the system and the values of the

decay coefficientC , assumed for the coherence function are showngor€i4.53 by a

3D graph; then some sections of the 3D graph gmesented in order to catch better the
trend of the results obtained (Figure 4.54-4.5%%.5

Mean Maximum Displacement [m]

Decay Coefficient Cyu

5 10 15 20 25 30
Degrees of Freedom

Figure 4.54Planar view of the mean maximum response.
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Figure 4.55Mean maximum displacement varying the number deso
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Figure 4.56Mean maximum displacement varying the decay ouefit.

It can be noted from the results about the maximdisplacement at midpoint of the beam
that at the increasing number of degrees of freett@re is a convergence of the results.

The same thing cannot be observed at the increasing of the decay coefficie@,, for

which the forces become progressively less coméland the resultant displacement

shows a fluctuant trend.
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4.10 Analysis of the results from the simulations

The results from the simulations carried out are/ amalysed. The time history response
from the numerical simulation, in term of accelenator displacement, cannot be directly
compared with the time history obtained from theamgements as made before for the
first analyses with correlated forces. The readothig fact is that the measured response
and any one simulation represent two processes letehp uncorrelated; so the
comparison can be made only in statistical termsjuating and comparing the mean
maximum displacements from the simulations andrikasurements. The values shown in
the following tables represent, as specified beftire fluctuating part of the displacement
evaluated at the four sections considered. The pavdgraphs are organized in order to
point out the influence of the parameters involiedhe analysis showing the values of
displacement obtained and the percentage differdrmma the measured results. The
percentage difference is reported as an absollte Vaut in reality it should be negative

cause the numerical response always underestitheg@seasurements.

4.10.1 Influence of the number of nodes

Mean Maximum Displacement

1.200

1.000 +—

0.800 +— 0O 22 Nodes
| 98 Nodes
0.600 +— 0 194 Nodes

0.400

0.200 | ] ]

Center Arch Quarter Arch Center Deck Quarter Deck

Horizontal Displacement [mm]

Figure 4.57Mean maximum displacement varying the number oesod

Three configurations are studied respectively @Rh98 and 194 applied concentrated
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forces and the results regard the four considezetions of the structure.

Difference between Measured and Numerical Displacement
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@ 98 Nodes
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10 + —
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Figure 4.58Percentage difference from the measurements.

As seen before from the analysis of the simplifimém model the number of nodes at
which the forces are applied plays an importang i the final results. The decreasing
value of the response at the increasing numberoaofe$ applied can be explained
considering that for a lower number of forces efche acts on a larger influence length;
this fact has the same effect as assuming perfeathglated forces on this length. It can be
noted that there is not a remarkable differencevéen the results of the models with 98
and 194 applied forces; so it can be considerdtht® found a convergence of the results
at the varying number of nodes; the model with &@®ds will the reference model in the
next paragraphs where the influence of other paemnénvolved in the simulations will
be considered. Moreover this model aids to decrgws€PU time needed for the analysis.
The difference from the measurements varies, ®agsumed configuration, between 70%
and 80%.

4.10.2 Influence of the drag coefficient of the aft

Three different values for the drag coefficientloé arch are considered. The lower value

equal to 1.73 results from the multiplication betwe force coefficient equal to 1.9 and an
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end-flow factor equal to 0.91 checked in the wimdntel tests by comparing the mean wind
response with the response calculated on a nurheniedel of the physical model. The
second value considered equal to 1.86 is only aunedtep between the previous value

and 2; this last coefficient is an approximate ealetermined from Eurocode and ESDU.
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0.700
€
£ 0.600 -
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Figure 4.59Mean maximum displacement varying the drag coefficof the arch.
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Figure 4.60Percentage difference from the measurements.
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The structural response, especially of the arcbwshto be largely influenced by this
coefficient. As mentioned for this coefficient difent values should be determined along
the arch cause the inclination of each sectioreganiith respect to the assumed horizontal
perpendicular wind flow. In order to simplify thgroblem a constant value has to be
assumed for the whole element. For the bridge destkad the drag coefficient has a more
precise value deduced from the wind tunnel tedte difference from the measurements
varies from 50% and to about 70%.

4.10.3 Influence of the coherence

A relevant weight, as seen before in the studyhef heam model, has the coherence
between the along-wind forces applied on the modiee decay coefficients of the
longitudinal turbulence components along the x ardirection are varied, assuming the
same values. The values equal to 10 are those s#dgay the spectral models in literature
(Table 4.5). These values are probably too muchserwative considering the large
underestimation of the measured response and rebable values could be considered
close to 5; the lowest coefficients, correspondent, are those for which the numerical
response results closer to the measurements; thkges anyway should be considered not

reasonable and they don’t find a counterpart batvilee experimental data.
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Figure 4.61Coherence for decay coefficients equal to 10.
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Figure 4.62Coherence for decay coefficients equal to 1.

In the Figure 4.61-4.62 it is possible to apprexittie different coherence functions

assuming decay coefficients equal to 10 and 1. ddteerence function, defined by a

exponential decay form, decreases at the increadirige frequencyn[Hz] and at the

increasing of the spatial distance between thes miohsidered.
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Figure 4.63Mean maximum displacement varying the decay caeffts.

The difference from the measurements varies betabent 10% and 80%.
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Difference between Measured and Numerical Displacement
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Figure 4.64Percentage difference from the measurements.

4.10.4 Influence of the roughness length

The roughness length, representing the charaatsrisf roughness of the bridge site,
doesn’t show to have a large influence on the firedponse of the structure. This
parameter has a double effect on the wind field:ooe hand the mean wind velocity,
defined at a specified high by a logarithmic lavecibases at the increasing of the

roughness length (Figure 4.65).
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Figure 4.65Comparison between mean wind velocity profiles.
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On the other hand the turbulence intensity increagethe increasing of the roughness
length (Figure 4.66).

10

— 20 =0.05
— 20=0.1
z0=0.15

90-

80-

70r

60-

50r

z [m]

40-

30-

20r

10-

L L - L B E——— L
8.1 0.15 0.2 025 0.3 035 04 0.45 0.5 0.55 0.6
lu

Figure 4.66 Comparison between longitudinal turbulence intéesi

This second effect results predominant on the &rst the final response, as shown from

the results in Figure 4.67, increases with higladues of the roughness length.
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Figure 4.67Mean maximum displacement varying the roughneggien
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Difference between Measured and Numerical Displacement
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Figure 4.68Percentage difference from the measurements.

The reference value assumed in this work is equd.1 [m], estimated by the fitting
procedure. The simulations are carried out for ottve values respectively equal to 0.05

and 0.15 [m]. The difference from the measuremeaities between 60% and 80%.

4.10.5 Drag forces divided in equal parts betweei¢ two deck girders

The drag forces on the bridge deck are divided wo tequal parts and applied

symmetrically on the two external longitudinal besam

Figure 4.69Wind forces applied on both carriageways.
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The decay coefficients of the coherence functian assumed equal to 10 and the drag
coefficient of the arch equal to 2. The closenegsthe results obtained with the
corresponding configuration where the forces onhttidge deck are applied only on one
external longitudinal beam can show the globalditgi of the structural system. The
difference between the responses of the two cordtgns is less than 5%.
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Figure 4.70Mean maximum displacement dividing the drag fotoetsveen the two deck

girders.
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Figure 4.71Percentage difference from the measurements.
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The percentage difference from the measuremenissvagtween 50% and 70%.

4.10.6 Contribution of the vertical turbulence

Adding the contribution due to the vertical turtnde component the drag forces increase
their intensity; this component is added only te thrces applied on the bridge deck cause
both the first derivative of the drag coefficiemtdathe lift coefficient of the rectangular
section of the arch, due to its symmetry abouthiwezontal wind flow, are zero. In this
case the longitudinal and vertical turbulence congmbs are generated by two separated
simulations. The spectral equation for the verticabulence is the same used for the
longitudinal turbulence and the simulation is eadrout following the procedure exposed
before; the values of the decay coefficients Cyw @aw for the coherence function are
those proposed in literature respectively equattiertransversal and vertical direction to
6.5 and 3. The corresponding decay coefficients @pd Czu for the longitudinal
turbulence are both taken equal to 10. The difiezebetween the responses obtained
through the two configurations is less than 5%tHer arch and of about 8% for the bridge
deck.
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Figure 4.72Simulated vertical turbulence at the midpoint & tridge deck.
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Figure 4.73Mean maximum displacement adding the vertical tiere.
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Figure 4.74Percentage difference from the measurements.

The percentage difference from the measuremenissvaetween 40% and 70%.
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4.10.7 Coherence between different turbulence compents

In this case longitudinal and vertical turbulenoenponents are generated together during
the same simulation. The drag force and the caritab due to the vertical turbulence are
both divided between the two bridge deck girdersthg drag and lift coefficients
measured on each carriageway separately. The drffjcent of the arch is assumed

equal to 2.

Windward Leeward
Co 0.09 0.06
CL 0.05 -0.25
Ch 0.007 -0.0075

Table 4.10Drag, lift coefficient and first derivative of thdrag coefficient for each deck

girder.

A simplification is introduced in the simulation tife longitudinal turbulence components
on the bridge deck assuming that they are complewirelated at both of its sides. The
coherence between the longitudinal turbulence corapis at the arch and the west side of
the bridge deck is considered together with theepmice of the vertical turbulence
components between the two sides of the bridge dedkhe coherence between different
turbulence components at the same points. The goser spectral density function of

different turbulence components at different pooas be expressed as:

S, (MM )=/S(Zh & 20 Co M M) (en= ) @29

where the coherence function between differentulerice components is expressed as:

Coh, (M, M', 0 =sgn(T",, )T, (2.0, ( . WA ( M ML A, (M, MY (4.29)

The terml", (z, n) is the point coherence function of different tugmce components in

the same point:
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r,,(z.n)=Coh (M M 1 (e#n) (4.30)

The term A, is the space coherence function of the same tembal components at

different points (4.16)sgn(rm) is the sign function:

r

rm/

(4.31)

2

The atmospheric turbulence is thus described bgethypes of functions: the power

spectral density functiorS,(z ) (¢=u,w), the point coherence functiofi,, (z, n)
(£ #n7) and the space coherence functiop(M, M ',n) (£=u,w).

The point coherence function which quantifies thass-correlation of different turbulence

components in the same point of the space is diyen

i 1
Kaw \/1+ 0.4 nL,(2)/V,( Z)T

where L, (z) is the integral length scale of the longitudinaimponent of turbulence and

Mw(zn)=- (4.32)

k., is a non-dimensional coefficient called point a@mee scaling factor given by:

Ko (2) = Auy/Bu( 2 B.( 2 (4.33)

The two terms under root squay (z) and S,(z) are non-dimensional coefficients

defined as the turbulence intensity factors.

The other termw( z) can be expressed by the approximate formula:

Aw(2)=1.11] L(3/ (3] (4.34)

whereL,, (z) is the integral length scale of the vertical comgt of turbulence.
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Once determined the cross power spectral densitgtins of longitudinal and vertical
turbulence at different points of the structure @nm of terms Suw [98x80] can be built;
this matrix assembled with the spectral densityrimeuu [98x98] of the longitudinal
turbulence components at the fifty eight pointsglthe arch and forty points on the west
side of the bridge deck and the spectral densityrim&ww [80x80] of the vertical
turbulence components at the forty points on e&bh of the bridge deck builds the total
spectral density matrix S [178x178] (Figure 4.75).

suu SUW
[FEX98E] [FEXE0]

Sl S/
[E0X58] [80X80]

Figure 4.75Spectral density matrix.

The next step in the generation of the wind vejobistories is to submit this matrix to the

Cholesky decomposition and then applying the rangidrase method to simulate the

turbulence components; the total number of gengratdoulence histories is equal to 178
divided in such a way: 98 longitudinal turbulendgstdries at the fifty eight points on the

arch and forty points at the west side of the l@idgck; 80 vertical turbulence histories at
the two sides of the bridge deck.

The percentage difference from the measuremenigsvéetween 40 and 50%. It is

reasonable to consider this last model proposetiaiscloser to the real configuration of

the structure; this assumption can be based alsheoresults obtained which show to be
the closest to the measurements. The response afc¢h is almost the same of that found
by adding the vertical turbulence component todfag) forces applied on the west side of
the bridge deck (4.10.6); a increase instead ofialh0% can be noted in the response of
the bridge deck.
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Figure 4.76 Meanmaximum displacement.
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Figure 4.77Percentage difference from the measurements.

It has to be pointed out that using the aerodynaroéfficients for the entire section and
applying the forces only on the windward side & bridge deck the turbulence effect on
the leeward part of the bridge deck due to thersépad wake is lost and the response of the
system results mitigated. Looking Figure 4.78 Hrgé difference in the turbulence content

between the forces applied on the windward anddegwide can be appreciated.
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Figure 4.78 Comparison between the forces applied at the &lesdction of the bridge.

4.11 Eurocode method to calculate the static equilent forces

The following is a brief summary of the recommendeethod for the evaluation of the
static equivalent forces in the Eurocode 1. Thel&shnd Figures from which obtain the

terms of the relations below are referred to tlwti@es and pages of the Eurocode 1.

4.11.1 Basic wind velocity

V, = Cy CooneonVio (4.35)

season

where:

V.0 is the fundamental value of the basic wind velgatharacteristic 10 minutes mean
wind velocity, irrespective of wind direction anidhe of the year, at 10 m above ground
level in open country terrain that correspondsetoain category Il ( Table 4.1, page 20);
this value is taken equal to 25 [m/s].

C,, Is the directional factor; the value may be foundthe National Annex. The

recommended value is 1.0.
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C.easor IS the season factor; the value may be found m Mational Annex. The

recommended value is 1.0. This factor may be ueedeimporary structures and for all

structures in the execution phase.

4.11.2 Mean wind velocity

Vo(2)=C(3 G( 3V (4.36)

The mean wind velocity at height z above the tardEpends on the terrain roughness, on

the orography and on the basic wind velocity. Towgghness factor,Gs given by:

C(2)= kln(éj if 7z, <% 7. (4.37)

Cr (Z) = C ( Znin) If = g\in (438)

where:
z,, z,,, depend on the terrain category (Table 4.1, page2@® represent respectively the

roughness length and the minimum heighyt;is assumed equal to the roughness length

estimated equal to 0.1 [m].
k. is the terrain factor defined as:

) ZO 0.07
=0.19 4.39
=0 2 (@39

where:
z,, is equal to 0.05 m (terrain category I, Table, dge 20).

Z,.. IS to be taken as 200 m, unless otherwise spddifiehe National Annex.

The orography facto€, is given by:

C,=1 if ¢<0.05
C,=1+2sp if 0.05<g< 0. (4.40)
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C,=1+0.6s¢ if @= 0.2

@ is the upwind slopéd /L, in the wind directionH is the effective height of the feature
and L, is the actual length of the upwind slope in thadwilirection.

s is the orography location factor, to be obtainexf Figure A.2 or Figure A.3 (Annex
A, page 99) scaled to the length of the effectiperind slope lengthL, (Table A.2, page

98).
4.11.3 Wind turbulence

The turbulence intensity at heightis defined as the standard deviation of the tnhcg

divided by the mean wind velocity.

,(2) =Vma(vz) = X z):(r;( 27 if z,<2<7,, (4.41)
L(2)=1,(z) If 2<32, (4.42)

with the standard deviation of the turbulence gikgn
g, =k V, k (4.43)

where:

k. andV, are the terrain factor and the basic wind velodgfined before.
k, is the turbulence factor. The value may be givanthe National Annex. The

recommended value is 1.0.
4.11.4 Peak velocity pressure

The peak velocity pressure at heighshould be determined by the expression:

0,(2=[1+71(3];p (3= G( } ¢ (4.44)
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whereC, ( 2) is the exposure factor defined as:

C.(2=C (9 G(1+7 (¥ (4.45)

The value 7 is based on a peak factor equal toRb.flat terrain WithCo(z) =1, the

exposure factor can be illustrated as a functiohedfht above terrain and a function of
terrain category (Figure 4.2, page 23).

g, Is the basic velocity pressure defined as:

1
Gy :E/)Vbz (4.46)
4.11.5 Wind pressure on external surfaces
The wind pressure acting on the external surfalgesld be obtained by:

W, =q,(z) C, (4.47)

where:

z, is the reference height for the external presdtigu(e 7.4, page 35).

C,. is the pressure coefficient for the external pres¢8ection 7, page 31).

4.11.6 Wind forces

The wind forces for the whole structure or a stutatcomponent should be determined:
» Calculating forces using force coefficients.
» Calculating forces from surface pressures.

Following the first method, the wind force acting a structure or a structural element is

given by:
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I:w = Cs Cd Cf qp( Ze) Aef (448)

or by vectorial summation over the individual stural elements:

I:w :Cs Cd Z Cf qp( Ze) Aef (449)

elements

where:

C, C, is the structural factor (Section 6, page 28).

C, is the force coefficient for the structure or stural element (Section 7 for structures
or structural element such as prisms, cylinderssretc; Section 8 for bridges).

d, ( ze) is the peak velocity pressure at reference height.

A, is the reference area of the structure or strucéleanent (Section 7 and Section 8).

The wind force acting on a structure or a strudtal@ment can be determined, following
the second method, by vectorial summation of thee® obtained from the surface

pressures. For the external forces:

Fw,e :Cst z We A’ef (450)

surfaces

where:

W, is the external pressure on the individual surktdabe reference height.
A, is the reference area of the individual surface.

The frictional forces resulting from the frictioh the wind parallel to the external surfaces
are given by:

Fe =Cy G, (2) A (4.51)

where:

C, Iis the friction coefficient (Table 7.10, page 65).

A, is the area of the external surface parallel tontimel (Figure 7.22, page 66).
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4.11.7 Structural Factor

The detailed procedure for calculating the strwadttactor is given by:

c 12k, l,(z)VB+ R

= 1+71,(z,)

where:

z, is the reference height (Figure 6.1, page 29)

(4.52)

k, is the peak factor defined as the ratio of the maxn value of the fluctuating part of

the response to its standard deviation.

B? is the background factor, allowing for the lackfuif correlation of the pressure on the

structure surface (Annex B and Annex C).

R? is the resonance response factor, allowing fobul@nce in resonance with the

vibration mode (Annex B and Annex C).

4.11.8 Equivalent static forces on the bridge

The equivalent static forces given by the Eurocbdee simplified forces which have a

static effect equivalent to the maximum dynamiceetfof the wind actions. Using the

concepts given by the Eurocode 1 and the aerodynanafficients obtained by the wind

tunnel tests the equivalent static forces for ahlength are given by:

1
D(2)=5,pVa(3[1+7 (3] G G BG (4.53)
where:
o is the density of the air equal to 1.25 Kg§/m
V., is the mean wind velocity at the heightwhere the force is applied.
I, is the intensity of the longitudinal turbulence.
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B is a characteristic geometric dimension represeritg the bridge deck by the
transversal width, equal to 28 m and for the arckhle height of the section exposed to the
longitudinal wind flow, varying from 4.2 m at thé&aments to 2.7 m at the crown of the

arch.

C.C, is the structural factor defined at 2.14.7. Thastbr can be assumed in first

approximation equal to the unit, as made in thisrkwoA detailed procedure for
determining this factor can be found in the Anneart8l C of the Eurocode 1.

C, is the aerodynamic drag force coefficient for aflaw angle a =0°; for the bridge

deck this coefficient is assumed equal to 0.15rd@hed from the wind tunnel tests and

for the arch an approximate value equal to 2 igrassl.

The equivalent static forces on each node of themeéHel of the bridge can be obtained

multiplying the forces for unit of length obtaineatl (4.53) for the influence length, of

each node. The force on the i-th node;aheight can be expressed as:

1
D(z)=5,\a(2)[1+71(7)] G G BLG (4.54)
4.12 Equivalent static forces from the wind tunnetest

The equivalent static forces for unit of length aedculated by a mean component, a

background component and a resonant componentialijothe formula:

D(z)=%pvnf(z) G BG (4.55)
All the terms were defined before exp&gt that is the gust response factor given by:

G,(2)=1+2k I,(9Vv B+ R (4.56)

Where B> and R* are the background and resonant response factdrk, as the intensity

of the longitudinal turbulence. The factky is the peak factor which is given by:
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4/2In v T _0577 (4.57)
1/2In v T

Where T is the time period equal to 600 [s] andis the expected frequency of the gust

response.
The value of the gust response factor results epual99 and 2 respectively for the arch
and for the bridge deck.

The force on the i-th node at height can be expressed as:

D(2)=5,%(7) G BG( A | (4.58)

Figure 4.79Deformed configuration due to static equivalentés.

4.13 Analysis with a high mean wind velocity

Finally a simulation based on the model described.f0.7 and an analysis with the
equivalent static forces introduced at 4.12-4.18 @arried out assuming as reference an
high mean wind velocity equal to 25 [m/s]. The fesobtained from these two analyses
can be compared in order to point out on one hhed/alidity of the dynamic simulations
made and on the other to show the major facilitgeo results closer to response of the

structure for higher wind velocities.
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It has to be noted that as expected the analys$iseguivalent static forces gives a larger
response compared with that from dynamic simulatitbe equivalent static forces are
conservative forces which give the maximum respafsthe structure due to dynamic
effects and they are usually applied for the desijthe structures. The results obtained
with the equivalent static forces calculated byftivenula from the Eurocode and from the

wind tunnel test show to be really close.
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Figure 4.80Maximum displacement for a high mean wind velocity.
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Figure 4.81Percentage difference from the measurements.
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The percentage difference between the resultsraatadrom the dynamic simulation and

those from the equivalent static forces is abo08f6.
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Chapter 5 Conclusions and suggestion for further reearch

5.1 Conclusions

The analysis developed doesn’t propose the commproach followed in the design of
structures where the response due to wind actisnsvaluated by the application of
conservatives static forces, known as static edgivaorces, which give the maximum
response due to dynamic effects on the structures Work instead follows another way
and the analysis starts from response of the stmicthrough the experimental data
produced during the monitoring of the bridge andstito point out the influence of the
wind effect on the global measured response. Theergbd distance which separates
numerical and measured results has to be intetptakeng into account on one hand the
simplifications assumed in the model and on theemtthe uncertainties of many
parameters involved in the simulation, togetherhwiite anomalies found in the wind
velocity measurements. For what concerns the FEehmifdthe bridge certainly it can be
said that it represents a simplified model whichesoatizes all the structural elements by
beams; however, as found by the comparison betwkennumerical and measured
eigenfrequencies and eigenvalues, it reproduces$ thel characteristics of mass and
stiffness of the real structure. More uncertaintiestead, affect the model of the damping
ratio even if the value estimated by the measurésmam be considered more reliable than
that first estimated from the Eurocode form; anywiaig parameter doesn’'t show to be
much influent on the final results. The paramevengch characterize the properties of the
wind field and the related actions on the structtae be recognized as the most aleatory,
and errors and uncertainties affect also the splestodel used in their simulations. The
coherence functions show to have a central ruthercalculation of the along-wind forces
and consequently in the resultant response oftthetare. The definition of this functions
passes through the assumption of their decay caaffs; the values proposed in literature
are mean values extracted from experimental dadatas necessary to take into account
the dispersion of their values and the uncertanfiomm which they are affected.
Furthermore these values show to be not suitablerder to represent the effective
coherence of the wind actions in the examined casd,a reduction of their values is
necessary in order to get results closer to thesurements. Uncertainties, then, affect the

definition of the roughness length which charagtsithe properties of roughness of the
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bridge site; anyway also this parameter doesn’wshm be much influent on the final
response. Two other parameters show to have aildigence on the determination of the
wind actions and on the final results obtained:ooe hand the number of concentrated
forces applied on the model and on the other tHeegaof the aerodynamic static
coefficients. The results obtained varying the nambf forces applied show to get a
convergence for the configuration with fifty eigbtces on the arch and forty on the west
side of the bridge deck; this configuration is tteen as reference in the analyses carried
out. The choice of the west side reflects the tivacf the prevalent winds and the effects
of this choice will be discussed later; anyway dpelication of the forces on the other side
don’t give different results due to the symmetnytlod structure. It has also to be pointed
out the simplification for which the along-wind &&s are applied only on the arch and the
central part of the bridge deck; this assumptiom lsa considered reasonable taking into
account that the first horizontal modes of vibmatiprincipally involved in the response of
the structure to the along wind forces, interesy dinese parts of the structure; moreover
the accelerometers were placed on the arch andeoméain suspended span of the bridge
deck thinking that these are certainly the parthefstructure more sensible to problems of
induced vibrations. Considering the aerodynamidicstaoefficients involved in the
definition of the along-wind forces it must be diguee between the bridge deck and the
arch; for the first the values assumed are dedd@iced the wind tunnel tests; for the
second, instead, an approximated constant valuasssimed for the whole element.
Actually one value for each section considered lef €lement should be determined
varying their inclination respect to the assumedpeedicular horizontal wind flow.
Furthermore it has to be noted as it wasn'’t stubiethe wind tunnel tests which could be
the value of the drag coefficient of the bridgeldatthe passage of a long queue of high
vehicles; in such a configuration the aerodynanfiche structure results completely
modified. About the experimental data on the wiralogity it can be point out some
uncertainties related to the positions of the amasater. At first due to the closeness of the
anemometer to the bridge the measurements arenteraffected by the presence of the
structure. The direction of the prevalent windgasn the west side and the anemometer is
positioned on the east side of the bridge deckawimity of the pier closest to the arch on
the Swedish part of the bridge. The wind flow angvfrom the opposite west direction

can separate a turbulent wake with a consequenirbi®f the measurements and an
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increased contribute given to drag forces whichoacthe leeward side of the bridge deck.
This last effect is pointed out by the simulaticerreed out separating the along-wind
forces through the aerodynamic static coefficiedetermined on each deck girder
separately; this configuration reproduces betterrtal configuration of the structure and
gives the results closer to the measurements. Ifinedgarding the position of the
anemometer, it has to be noted the anomaly for lwitics placed at the opposite side of
the accelerometers which are installed along th&t wide of the bridge deck; this doesn’t
seem to be a good solution and demonstrates ndt parcsideration given to the study of
the wind effect in the monitoring of the structubahaviour. A theoretical drawback, then,
affects all the analyses carried out because ittbhasork assuming a reference wind
velocity history with a low mean value. The quasiasly theory used for the calculation of
the along-wind forces works well for sufficientlygh values of the wind velocities (>5
m/s) and, probably, in this case the theory used ke limit of its validity. Moreover with
a low mean wind velocity also the values of theodgnamic static coefficients,
determined by the wind tunnel test, should havergel dispersion. The purpose of the last
analyses carried out assuming an high mean winociglis to test the validity of the
simulations, taken into account of the mentioneditition. The results from this last
dynamic simulation are compared with those obtasqgulying the equivalent static forces
proposed by the Eurocode; the response shows lesbé¢han that from the static analysis,

as expected, and the observed percentage differeabeut 20%.

5.2 Further research

The analysis of the wind effects on the bridge ddx¢ completed considering the lift and
moment aerodynamic forces and simulating also tf@®es; moreover the validation of
the study carried out should be completed throlghanalysis of more stationary wind
velocity histories characterised by a high meamuealt will be of interest then, with a
more general perspective concerning also othenestuaf wind effects on structures, to
define more reliable coherence functions. Recermgegmental results (e.g. Larose)
demonstrate as the aerodynamic forces are moreestattban the turbulence components;
the knowledge of this larger coherence of the agranhic forces is now limited only to
the lift forces and it is still not known how qudwptthis effect in analytical terms through
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the coherence functions. However it is reasonablaetieve that the same measured effect

could concern also the along-wind forces.
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