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ABSTRACT :

The dynamics of footbridges needs an adequateithdition of modal properties, in the perspectiveesigr
methodologies for reducing vibratiariBherefore, modal testing after construction carab important tool
updating and vatiation of FE models. In this work ambient vibratiesting has been applied to the estim:i
of modal properties of the Forchheim Cable-Stayeotibridge. The recorded data have been analysedgt
Frequency Domain Decomposition (FDD) technique.EArRodel has been developed and updated on the
of experimental data. In addition, a numerical datian has been perfared, with the aim of showil
differences in dynamic response of the bridge wihenhuman mass is considered, with respect togbelly
adopted methods in which human mass is neglectéeigalculation. In fact, for light structureschuasthe
analyzed footbridge, service live loads can bénefd¢ame order of dead loads.
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1 INTRODUCTION

Dynamics of cable-stayed footbridges have had grgantion in recent years, after the unexpectg tavel
vibration under pedestrian load of the Millenniupotbridge in London (Strogatz et al., 2005). Aftee
opening of Millennium Bridge several papers werdligsihed, which deal with crowd-induced vibration of
footbridges (Dallard et al., 2001; Roberts, 200&k&nura & Kawasaki, 2006; Venuti et al., 2007; Bieknan,
2005). An interesting review paper on the vibratieerviceability of footbridges under human-induced
excitation was presented by Zivanovic et al. (200%)e dynamics of slender structures, such as fiolfis,
needs an adequate individuation of modal propetitiethe perspective of design methodologies fduoing
vibration. Therefore, modal testing after consinrcitan be an important tool in updating and vdioaof FE
models. In this work ambient vibration testing lie®n applied to the estimation of modal propemiethe
Forchheim Cable-Stayed Footbridge. The recordea thave been analysed through Frequency Domain
Decomposition (FDD) technique (Brincker et al., @)0A FE model has been developed and updatedeon th
basis of experimental data. In addition, a numésgaulation has been performed, with the aim afvging
differences in dynamic response of the bridge wthenhuman mass is considered, with respect togbally
adopted methods in which human mass is neglectttbinalculation. In fact, for the analyzed foatige such

as for many others similar structures, live loaas loe of the same order of dead loads in the dagewd.

2 EXPERIMENTAL DEFINITION OF FINITE ELEMENT MODEL

2.1 TheForchheim footbridge

The Footbridge over the Regnitz River in ForchheBarmany (Fig. 1), is a cable stayed bridge congpo$a
main span of 88.In and one side span of 29 Two truss beams compose the cross-section. Tlsey a
compose the parapets and are connected at thaildistby means of a reticular horizontal structwtgch also
supports the wooden deck, which is about @.@vidth. In the main span the girder is suspendethtee
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couples of fan-shaped stays, starting at the top steel tower and connected to the deck by meéns o
transversal beams. Cables are almost regularhad@i®ng the deck. Two anchor cables are consttamthe
abutment, i.e., to an external gravity anchoringe girder can be supposed to be hinged to the peshpylon.
This is composed by two steel circular pillars (oier~ 900mm) and has a height of about 3trOfrom the
ground. Each pillar is hinged at its base (Clementd., 2003).
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Figure 2 Sensgoud plan view

2.2 Experimental modal analysis

Eight seismometers Kinemetrix SS1, a HP3566A sigoalditioner and a laptop composed the experimental
set-up. The signals recorded by the eight seisnmemetised in synchronized way, were collected lgy th
acquisition system and analysed in real time bysBf&wvare in order to have a first glance at theeexpental
data. Transducers have been temporarily installedeveral locations of the structure in three diffie
configurations (Fig. 2). Several time-histories &veecorded for each configuration. This was donshmw
repeatability of the vibrational characteristiceldo get average values of the characteristics.stitueture was
excited by means of ambient vibrations, pedest@a- bicycle-induced vibrations. Vibration ampliésdwvere
very high, often out of the allowable range for theed velocimeters. Therefore, only low level reaougs,
which were included into seismometers allowablegearhas been used for the identification repontethis
paper. Several peaks can be observed in the spbatranly four of them, which have been relatedhe
structural modes, have been used with the purposketification; actually, the few measurementrnsiused
did not allow a clear identification of higher madén particular, the first lateral mode, the fiestd second
vertical modes have been clearly identified; thst fiorsional mode can be observed also. The FEehtwb
been updated on the basis of this four modal shape$requencies.
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2.3 Finite Element model
A FE model has been developed through the assemblagpatial frame elements (six degree of freegem
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node), for the bridge truss girder and the A-shapgdn. Cables have been modelled by means of lyaxial
resistant elements, with a reduced elastic modoflilee material, in order to take into account shg effect.
The first model was not suitable to fit the meaduralues of certain frequencies correctly. In galttr, the
numerical frequency relative to the first lateradda was much higher than the experimental oneh&mbdel

has been manually updated, by introducing elastimections between the pylon and the girder (FHigTBe
stiffness of these connection spring elements hen lchanged in order to obtain a good match between
experimental and numerical results. In table 1nleasured frequencies are compared with the nurheries,

finally deduced by standard FE modal analysis peréal by means of the computer code Matlab. Fidnobvs
the first four modal shapes.

C) x10* d) x10°
Figure 5 FE model: a) Mode 1; b) Mode 2; ¢) Mogdd)3Vode 4

Table 1 Numerical and experimental frequencies
Mode Prevalent FE Freq. Exp. Freq. Error (%)

Displ. (Hz) (Hz)
1 Vertical 1.22 1.19 2.52
2 Lateral 1.24 1.20 3.33
3 Torsional 2.06 2.19 5.93
4 Vertical 2.77 2.76 0.36

3 NUMERICAL SIMULATION OF RESPONSE UNDER HUMAN LOADS

3.1 Modding of walking people

On the basis of the updated FE model, a numeripallation has been performed in order to evaluagée t
bridge response to human loads. Even though seweblished papers were dealing with modeling ofkinaj
people, some aspects are still to clarify. For epamt is important to account for the synchronizat
phenomenon, due to the fact that when the bridgeoiwed, every pedestrian adjusts its walking spethe
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speed of each other, so determining a synchroaizafiloads. In addition, the mass of people, winalsually
neglected, becomes very important when bridge tisats are similar to the travelling loads. Therefdn this
paper human mass is considered by assuming a iny@g mass-matrix in the equation of motion.

The simulation of walking people is based on thefang consideration. For simplicity, it is supmukthat
people move in one direction only. The arrival tinage probabilistically defined through a Poissistridution
with parameted (Ricciardi, 1994):

gt (/lt)N
N!

p(N,t) = 1)

The human weight has been defined as a randomble@nath uniform distribution between 500 and 1000
According to Zivanovic et al. (2007), the step fregcy and length have been supposed to be random
parameters with Gaussian distribution; mean valueisstandard deviation are, respectively:

H; =1.87Hz; o, = 0.1861z MU, =0.7Im;  o,= 0.07In )

The step frequency determines the velocity. Thétipasof thei-th person at time on the bridge is defined by
two coordinates, collected into vecto, (t). Each person moves along a straight line andpéraon moves

more slowly than the person behind him, the lattemges the velocity, in accordance with the pensdront;
this assumption simulates the synchronization pimemon.
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Figure 6 People number on the bridge Figure 7 Dynamic component of force upon a node

at first stay anchor point
Mathematically speaking, the distance between hume#mgs must respect the following condition:

[, =x;|>1m 3)

where ||[[|] is the Euclidean norm. Fig. 6 shows the peoplelrarmon the bridge versus time, for two parameter

A. The human load have been modeled in the time biohyaa superposition of harmonic and sub-harmonic
components (Zivanovic et al.. 2007). The dynamit pbthe load is:

Ft) =) R+ F(1) (4)
i=1 i=1

where:
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i+0.25

F(t)=WDLF ' DLFi(f))cos(2f, f,t-6 () (5.2)

f;=i-0.25

i-0.25

FS()=WDLF® > DLF:(f})cos(2rf f,t-0 (")) (5.b)

f,=i-0.75

The dynamic loading factors DLF for harmonics aand-Barmonics and the other quantities have beenedef
according to the suggestions of Zivanovic et al0f@. However, according to person movement, theefo
have been applied in a correspondent point on tidgdy and have been lumped in the FE sense. Igaime
way, also human mass has been applied, leadingrindéfication in the mass matrix of the systemwésbe
shown later. Only the vertical component of hunm@ad| has been taken into account. The simulateé famca
node located at first stay-cables anchor poirlaged in Fig. 7.

3.2 Evaluation of Bridge response
The equation of motion is based on the followingression:

M (t)d(t) + Cu(t) + K(t)u(t) = F (t) (6)

in which M(t) is the time-variable mass matrig,is the damping matrix<(t) is the stiffness matrixj(t) the
displacements vecto,(t) the load vector dependent from human walkinge @ependence &f(t) on the time

is due to cables stiffness. The damping matrixeieicnined assuming a modal damping ratio equab4ddr

all modes; this modal damping ratio has been ettidn@as an averaged value by means of half-power
bandwidth method for the identified modes. & indicates the modal damping matrix, the mafdxis
determined by means of the following relation:

C=MPED'M, (7)

where My is the initial mass matrix and is the modal matrix. The model is composed by mezn912
frame elements, and the total number of degreefeelom is equal to 1524, after condensation of the
rotational degrees of freedom. Considering forcely @ vertical direction, an additional simplifitan has
been done by condensation of all non-vertical degyedf freedom. The reduced dynamic model possé&fies
degrees of freedom. Even if the cables are modddidame elements, the elastic modulus, varialile eégble
tension, is defined by the well known Ernst modulastead of solving the equation of motion by thedal
analysis approach, with the aim of considering davgriability in the mass matrix a direct time gri&tion
approach has been used. On this purpose, the equdtmotion is written in first order form:

V(1) = AM)Y () + H (1) (8)
Y(t) ={u(t)} A(t) = 0 ! H (t) ={ 0 } (9a-c)
ut) -M K@) -M(t)C F ()

Thus, the dimension of the state-space ve¥{tris 1016. The above written is a linear diffarahequation
with variable coefficients, and the solution candi®ained numerically by means of a time-step iraggn
technique:
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Y=+ G0+ [ O pyar (10)
Assuming A(t) constant in each time stefut :
Y (1) 20, (B0Y () + [0, (b =D ()07 (11)
where:
O, (At) =t (12)

This expression differs from the one which can edufor constani(t) only for the fact that at every time step

the matrix @ has to be redefined. An explicit expression of Hdd) can be derived assumihidt) linear in
each time step:

Y (tei1) = O (Y (8 ) + ok (A H () + 74 (A H (ty,. ) (13)

in which:

Yok (At) = |:0k (At) _é Ly (At)} ATH(t); Yk (At) = [Klt

L (81) =[@, (8t) - I ] A™ (1) (15)

L (At) -1 }A‘l(tk) (14a,b)

Neglecting human-structure interaction, time his®rof 300s have been derived. Two values fdr have
been consideredd=1 and A=2 respectively, in order to show dynamics respsrige different crowd
intensity. The first value corresponds, as soostasonary conditions have been reached, to a patmisity of
about 0.1eople/n?, whereas the second value means a density of abtpeople/n?. It is worth noting that
during the opening day of the Millennium Bridgeliondon, the maximum density was 1.3-pe®ple/n?.
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Figure 8 Vertical acceleration in a node locatefirst stay location: a)A =1 and constant mass
matrix; b) A =1 and variable mass matrix

In the integration, the time stept=0.05 s has been used. Figs. 8 and 9 show therésponse in terms of
acceleration in a node of the FE model, locatefifrstt stay-cable anchorage; in particular, for eaghmined
people densities, two analyses have been donéirshes based on constant mass matrix, whereasdbend is
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based on variable mass matrix. Figs. 8a,b show idahe caseA =1, the difference in terms of maximum
acceleration is low, even if there is some diffeeerin the time history. In the casé=2 (Figs. 9a,b)
differences become apparent: the maximum accaleragiaches values of about @& in the analysis with
variable mass matrix, whereas for constant massgxnhé maximum acceleration value is about /€.
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Figure 9 Vertical acceleration in a node locatefirst stay location: a)A =2 and constant mass
matrix; b) A =2 and variable mass matrix

It is interesting to observe that Eurocode 5 ingisahe value 0.f/s?as limit vertical acceleration value for
timber bridges with natural frequencies lower thafz. Figs. 10a,b show the amplitude Fourier spectrahie
case A =2, with constant or variable mass matrix. It candbbserved some variation in frequency values and

significant differences in amplitude. In particyltte second vertical mode (about 2H# possesses a higher
amplitude in the case of variable mass.
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Figure 10 Fourier amplitude of displacement irodeat first stay location: d)=2 and constant
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Finally, Figs. 11a,b show the amplitude spectrumtii@ acceleration, for the casé=2 and with constant or
variable mass matrix. The differences becomes lage. In fact, even though the peaks are lower atea
under the spectrum becomes larger in the caseriaiol@ mass matrix.

4 CONCLUSIONS

The experimental set-up of a FE model for the Hoeoh Cable-Stayed Footbridge is presented in thpep
The modal identification has been performed by mednthe well known FDD method and an analyticatielo
has been developed using spatial frame elementedBan walking-load models proposed in literatare,
numerical simulation has been carried out, in otdgyoint out same aspects of the bridge respansalking
people. In particular, with some difference frorheatliterature works, the dynamic problem has Hessed on
a time-variable mass matrix and the step adjustrimeptesence of crowd have been taken into accdurd.
motivation for varying mass matrix is due to thewdéow value of dead loads, which is a charactierist
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common to many footbridges. Calculations, performeda direct time-step integration method, hasasho
differences in vertical dynamic response, in th® twases with or without considering human mass; the
differences in vertical acceleration can be vergdawhen people density increases. The reseaogioged in
this paper could be extended to lateral loads, lwhas not considered here; besides, the probabiisticture

of walking load has still to be investigated inalktwith the purpose of deriving more simplifiecethods of
analysis, less onerous from a computational pdimteav, with respect to direct simulations.
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