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Abstract: Problem statement: Flutter derivatives are the essential parametetthé estimations of
the flutter critical wind velocity and the respossef long-span cable supported bridges. These
derivatives can be experimentally estimated fromdatunnel test results. Generally, wind tunnel test
methods can be divided into free decay test anfiting test. Compared with the free decay method,
the buffeting test is simpler but its outputs appemdom-like. This makes the flutter derivatives
extraction from its outputs more difficult and themmore advanced system identification is required.
Most of previous studies have used deterministatesy identification techniques, in which buffeting
forces and responses are considered as noise® pt@sous techniques were applicable only to the
free decay method. They also confronted some diffiss in extracting flutter derivatives at highndi
speeds and under turbulence flow cases where tiietihg responses dominat&pproach: In this
study, the covariance-driven stochastic subspaatifitation technique (SSI-COV) was presented to
extract the flutter derivatives of bridge decksnfrahe buffeting test results. An advantage of this
method is that it considers the buffeting forced easponses as inputs rather than as noises. Nuaheri
simulations and wind tunnel tests of a streamlitiéd plate model conducted under smooth flow by
the free decay and the buffeting tests were use@lidate the applicability of the SSI-COV method.
Then, wind tunnel tests of a two-edge girder bliype of Industrial-Ring-Road Bridge deck (IRR)
were conducted under smooth and turbulence fRegults: The identified flutter derivatives of the
thin plate model by the SSI-COV technique agred wéh those obtained theoretically. The results
from the thin plate and the IRR Bridge deck vakdbthe reliability and applicability of the SSI-COV
technique to various experimental methods and ¢tondi of wind flow.
Conclusion/Recommendations. The SSI-COV was successfully employed to identfiytter
derivatives of bridge decks with reliable resultss a proven technique that can be readily apptde
identify flutter derivatives of other bridge dedisher by the free decay or the buffeting tests.

Key words: Flutter derivatives, covariance-driven stochastiespace identification, wind tunnel test,
bridge decks, turbulent flow

INTRODUCTION derivatives’. The problems of aerodynamic stability
including vortex-induced vibrations, galloping, tfter
Long-span cable-supported bridges are highlyand buffeting, may have serious effects on thetgafe
susceptible to wind excitation because of theierent and the serviceability of the bridges. Among these,
flexibility and low structural damping. Wind loagtay  flutter is the most serious wind-induced vibratiof
an important role in the design of these structufes bridges and may destroy the bridges due to divgrgin
wind-induced aerodynamic force can be divided intomotions either in single or torsion-bending coupled
two parts: a buffeting force that depends on themode. Notorious examples by the flutter phenomenon
turbulence of incoming flow and an aeroelastic éorc are the failures of the Brighton Chain Pier Bridge
that originates in the interaction between thelaif 1836 and the original Tacoma Narrow Bridge in 1940.
and the bridge motion. The motion-dependent forceShe flutter derivatives depend primarily upon the
feed back into the dynamics of the bridge asconditions of wind, the cross-sectional shape drad t
aerodynamic damping and stiffness; the effectriméel  dynamic characteristics of the bridges. Nevertisglre
‘aeroelasticity’ and is commonly described via tfer  theoretical values exist for these derivativesviarous
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bridge shapes except only for a simple thin platedime history available for system identificationsllw
section. A major research tool in these studies isdecrease. This causes more difficulties to the
therefore, a wind tunnel test, in which a geomatijc  deterministic system identification techniqdés In
and aerodynamically representative scale model of aase of turbulence flow, the presence of turbulence
length of a bridge deck is mounted in a wind tunnelthe flow is equivalent to a more noisy-input sigtal
The flutter derivatives are non-dimensional funecti@f  the deterministic system identification. This mate
wind speed, geometry and frequency of vibrationsgextraction process more complicated and most likely
therefore they can be applied directly to full-scal reduced the accuracy of the flutter derivatives
bridge in a piecewise manner. identified®*. In addition, due to test technique, the free
The experimental method used for a determinatiomlecay method is impractical to determine flutter
of flutter derivatives can be grouped under twoeyp derivatives of real bridges in field.
i.e. forced and free vibration methods!. Having less On the other hand, the buffeting test uses random
emphasis on elaborate equipment, time and work; theesponses data of bridge motion from wind turbudenc
free vibration method seems to be more tractatde th only. This mechanism is more closely related tea r
the forced method. In the determination of flutterbridge under wind flow and is applicable to real
derivatives by free vibration method, the systemprototype bridges. The method costs less and simple
identification method is the most important partthan the free decay since no operator interrupts in
required to extract these parameters from the respo exciting the model. However, as wind is the only
output of the section model. The free vibrationmoet excited source, it results in low signal-to-noisgia,
depends on system identification techniques andoean especially at low velocity and therefore a veryeefive
classified into two types, i.e. free decay and &ty  system identification is required. None of the
tests. In the free decay method, the bridge degiven  aforementioned system identification techniques is
an initial vertical and torsional displacement. Tluter  applicable to the buffeting responses tests. System
derivatives are based on the transient (i.e., d@ay) identification techniques can be divided into two
behavior that occurs when the bridge deck is relkas groups, i.e., deterministic and stochastic.
The buffeting test, on the other hand, uses ong th If the stochastic system identification technifjtle
steady random responses (i.e., buffeting resporafes) is employed to estimate the flutter derivatives aof
bridge deck under wind flow without any initial bridge deck from their steady random responsesrunde
displacement given to the model. Compared with thehe action of turbulent wind, the above-mentioned
free decay method, the buffeting test is simplethiea  shortcomings of the deterministic system identtfaa
test methodology, more cost effective and moreetyjos technique can be overcome. The reason is that the
related to real bridge behaviors under wind flowf b random aerodynamic loads are regarded as inptisrrat
with a disadvantage that the outputs appear randonthan noises, which are more coincident with the.fac
like. This makes the parameters extraction moreTherefore, the signal-to-noise ratio is not affdctey
difficult and a more advanced system identificatisn wind speed and the flutter derivatives at high oedu
required. wind speeds are more readily available. These &spec
In most of the previous studies, flutter derivaiv give the stochastic system identification methods a
were estimated by deterministic system identifarati advantage over the deterministic system identifcat
techniques that can be applied to the free decdljade Many stochastic system identification methods
only. Examples of previous deterministic systemhave been developed during the past decades, among
identification that were applied to the free decaywhich the Stochastic Subspace Identification (S8l i
method included Scanlan’s metffdd Poulsen’s short})’® has proven to be a method that is very
method, Modified Ibrahim method (MITD} and appropriate for civil engineering. The merit poirth
Unified Least Square method (UL%)In these system SSI are: (1) The assumptions of inputs are congruen
identification techniques, the buffeting forces ahdir  with practical wind-induced aerodynamic forces,. i.e
responses are regarded as external noises, tlsgationary and independent on the outputs; (2)
identification process then requires many iterafioh Identified modes are given in frequency stabilizati
It also confronted with difficulties at high winghseds diagram, from which the operator can easily distial
where the initial free decay is drowned by buffgtin structural modes from the computational ones; (3)
responsd®. Moreover, at high reduced wind speed,Since the maximum order of the model is changeable
the vertical bending motion of the structure willcdy  for the operator, a relatively large model ordelt give
rapidly due to the effect of the positive vertical an exit for noise, which in some cases can drawaijtic
aerodynamic damping and thus the length of decayingnprove the quality of the identified modal paraerst
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(4) Mode shapes are simultaneously available viieh t

poles, without requiring a second step to iderttigm. , hH1(K9 LK 2(K°) LK )

There are two kinds of SSI methods, one is dateedri Le=zpUB -

and the other is covariance-driven. KH 4(K97 2)
In this study, the covariance-driven stochastic h

subspace identification method is used to estirttze K AI(KQU"KOA ﬁKo) LKAK )

M, =3pU’B”

flutter derivatives from random responses (bufigtin )
+KIAK ) E

under the action of smooth and turbulent wind. $est
are also carried out with the free decay methoab(si
and two-degree-of-freedom) in order to examine thenhere:

robustness of the present technique that the scaudt p = Air mass density; B is the width of
not affected by test methods used. To validate the the bridge deck

applicability of the present technique, first nuinal U = The mean wind speed at the bridge
simulations are performed then sectional-modelstest deck level

of a quasi-streamlined thin plate model, whichhs t k= wB/U The reduced frequency (i =dn)

only section that theoretical flutter derivativesist, Hi and A’ The so-called flutter derivatives,

are performed under smooth flow. Encouraged by théi = 1, 2, 3,4)  which can be regarded as the ititpl
success in the evaluation process, the flutter functions of the deck’'s modal
derivatives of a real bridge are determined. The-tw parameters

edge-girder type blunt section model of Industrial-

Ring-Road Bridge (IRR in short), a cable-supported The alternate form of self-excited forces is as Eq
bridge with a main span of 398 m in Samutprakar2 but without the factor 1/2.

province, Thailand, was tested both in smooth and The aerodynamic lift and moment can be defined
turbulence flow. Tests were conducted in TU-AIT as’

Boundary Layer Wind Tunnel in Thammasat

o . : . :
;Jag\ggr?gy, the longest and the largest wind tuninel L,(t) :—pUZB[ZC u( )XL(t)+(CL iC w( )XL (t)}
| M0 =-pu7B| 2, “x, () + )—W(t) o O
MATERIALSAND METHODS olt) =—P Xwm Cu Xu

Theoretical formulation of covariance-driven SSI: \where:
The dynamic behavior of a bridge deck with twoc  C,and G, = The steady aerodynamic force

Degrees-Of-Freedom (DOF in short), i.e., h (bengding coefficients
anda (torsion), in turbulent flow can be described by C'| and C,, = The derivatives of Cand G, with
the following differential equatiofis-%: respect to the attack angles,
respectively
m[ﬁ(t)+ 2Ehwhh(t)+coﬁh(t)]= L, (b9 L, (1) u(t) and w(t) = The _Iongitudinal _and vertical
Q) fluctuations of wind  speed,
I 6i(t) +28,0,a(t) + fa(t) |= M () +M 1) respectively
XL andyuy = The lift and moment aerodynamic
Where: admittances of the bridge deck
m and | = The mass and mass moment of inertia of . . .
the deck per unit span, respectively By moving Le and Mgto the left side and_mergmg
Q@ = The natural circular frequency the congeners into columrj vectors or matrices, Eq.
£ = The modal damping ratio (i = br) can be rewritten as follows:
e T ety AN MMt oy ¢ Ty K 1) o) (4)
L,and M, = The aerodynamic lift and moment Where-
{y®}={h(t) at)}’ = The generalized buffeting

The self-excited lift and moment are given as

response
follows*Y: P
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(O} 4L ()M ()} T = The generalized aerodynamic and combining I_Eq. 9 and 10 we obtain the foIIovying
Lyapunov equations for the state and output comaga

force o
[M] = The mass matrix matrices:
[C9 = The gross damping matrix, i.e., _ _ T

the sum of the mechanical and Z'AZAT+Q

aerodynamic damping matrices /o =CXC +R (11)
K9 = The gross stiffness matrix G=AXC'+S

The fluctuations of wind speed u(t) and w(t) in. Eq From (8) and (9), it can be deduced:
3 are random functions of time, so the identificatof
flutter derivatives of bridge decks can be simptifiasa A, =E[{y,.}{y } "]

typical inverse problem in the theory of random  _ T
vibration and thus can be solved by the stochastic _E[(C{Xk”} HV DY J (12)
system identification techniques. Let: = E[C{xkﬂ}{y 1 T]
| | =CG
[Ad {-M*Ke 4\4-&:6} (5) ) T
1= O] N=E[y Y} T E (O L v DIy Y]
=E[ (Clx. My } 7]
and =CE[x, Y 1 7]
— T
0 = {y} ®) = CE[ (AlX,.3 Hw DIy } "] (13)
y = CE[ Al .y } 7]
then Eq. 4 is transformed into the following stestia =CAE[{x .}y } 7]
state equations: = CAZIG
& HA G fw} 7  and
{1 HC ¢ ¢
— i-1
The discrete form of Eq. 7 can be written as: A =CATG (14)
X3 JAKX L W}, Defining a block Toeplitz f; as:
’ 8
C
{yd JACKHx } &} AAL A,
where, [Alsa [Cdaxa and {x} are known as state 1 —|/Na N A (15)
matrix, output shape matrix and state vector, . : : o
respectively; {w} and {v} are the input and output Ny Nyy - A,

noise sequences, respectively. Subscript *k dertbees

value of * at time Wt, whereAt means the sampling gne can infer from the definition of covariance mat
interval. O and | are the zero and identity masice that T,; can be expressed as the product of two block

respectively. _ Hankel matrices Yand Y,

It is assumption of stochastic model thag}{Xw \}
and {v} in Eq. 8 are mutually independent and hence: Tyi= YprT (16)
E(xw') =0  E[xvi'] =0 )

where, ¥ and Y, are composed of the ‘future’ and
‘past’ measurements, respectively:

Defining:

Yi Yia = VYisja Yo Y1 0 Y
Z=ExxJ] Q=ElxxX] v =1 Via Vi yii,- v = L% v ;i 17)
N :E[yk+iyl;r] R:E[VkaT] (10) '_ﬁ : oo : p_ﬁ P :

G:E[Xkﬂy:] S= E[WkW:] Yaa Ya 0 Yauje Yie Vi 0 Yk
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Next, applying the factorization property tg; Dy Once the modal parameters are identified, thesgros
the singular value decomposition yields: damping matrix €and the gross stiffness matrix K
Eq. 4 can be readily determined by the pseudo-gaver
(OIAVA method:
T, =USV' = (U U)(SL ]( lJ:uslvT (18)
] 1¥2/1 g o VzT ™1V T
o
Where: [KeCT =-M[ ®A? qat/\)szM q)/\} (21)
U, S and V = Orthonormal matrices
S = A diagonal matrix containing positive

where the superscript*denotes the complex conjugfate
the corresponding term. Let:

The number of nonzero singular values indicates
the rank of the Toeplitz matrix. The reduced diajon c*= mc® K= MK ©
matrix § is obtained by omitting the zero singular =M K = MKO (22)
values from the matrix S. Matrices,land \, are
obtained by omitting the corresponding columns from . , .
the matrices U and V respectively. Now realizations WNere, € and K are the inherent’ damping and
the system matrices are almost achieved. Matris A jstiffnress matrices, respectively. Thus, the flu_tter
realized by using factorization of a shifted Toepli denvthes can be extracted from the following
matrix Toui that has similar structure as ofyTout equations:
consists of covariance from lag 2-2i. In a manner

singular values in descending order

similar to the classical Eigensystem Realization;(k,) =_27£n(6611_611)1 A (k,)=- BZ;I ~C.)
Algorithm (ERA in short), one can find: p P
o sy 2
A O T Z —s\IUZUT .V%UZ (19) Hz(ka) pB3 (qz Clz) Az(ku)_ M( 227 zz) (23)
i . 2m . . 21,

. . . Ha(ky) == B’ (KIZ 1)! Afk,) :_?(K 2K %
where, N is model order, i.e., the maximum numifer o P P
modes to be computed. Thus, the modal parametars cay,) =- ™ (K2, -K ), A'(k ) =- (Ke,-K ,)

. . . h B3 2 11 1 BA 2 217 2
be determined by solving the eigenvalue probleitihef
state matrix A. By now, the theoretical formulatiof
covariance-driven SSI has been achieved. Numerical simulation tests; In order to validate the

According to Eq. 16-19, a different combination of applicability of the covariance-driven SSI techréga
i, j and N will give a different state matrix ankdus a flutter derivatives estimation of bridge decks, reuital
different pair of modal parameters. Therefore, nhodasimulations of signals from different test methads
parameters should be derived from a series ofirst carried out. The numerical tests included two
combinations, rather than a single combinationthim ~ syntheses but well controlled cases: two uncoupled
process of identification, N or i should be given i degrees of freedom and two coupled degrees of
series for certain values of j in order to obtain afreedom (simulated response including the motion
frequency stability chart. Solving the eigenvalueinduced aeroelastic terms). Both cases are firsitezk

problem of the state matrix A by the pseudo-inversdn the transient (i.e., free decay) motion and thgra

method yields: white noise loading process. Measurement noises are
also added by a white noise process with a standard

A=WYAW? deviation equal to 10% of the standard deviatiothef

(20) - : : -

&= CY original responses, in order to investigate theatfbf
measurement noise.

Where: Two uncoupled degrees of freedom; free decay:

¥ = The complex eigenvector matrix Transient responses time-series were obtainedriegtdi

® = The mode shape matrix calculations of the displacement values for N =6109

A = A diagonal matrix composed of the complex polediscrete  time  stations, with ‘samplinghterval

of the system At = 0.02 sec (fs = 50 Hz). Structural modal prupert

used in this simulation were chosen from the
Different combinations of i, j and N are employed tested sectional model of the Great Belt Brl eThe
to derive the modal parameters statisti¢afly modal matrices are given per unit length as:

308



Am. J. Engg. & Applied i, 2 (2): 304-316, 2009

c [03616 0
°"1 0o  0.0072’

M = 26526 O
0 0 0.018

i.e., f=1.9472 Hz, & =5.7573 Hz,&1,= 0.0053 &g

= 0.0056, where damping ratids, are representatives
for the range of small amplitudes. The dampingogati
were then multiplied in turn with 5, 10, 20 and 49,
order to cover the values of total damping (strradter
aerodynamic) which could be presented in vibratbn
model section under wind flow. Values as highéas
0.2 could be expected for the vertical degreeeddom
under wind flow.

Frequency and damping
practically identical to the preset values (lesntB.5%
for the highest damping case). The system matdces
also excellent even for the short useful signak aaith
only a few cycles of vibration motion. In the cageere
10%-measurement noises were added, identifie
frequencies were changed at lesser than 0.8%. Dampi
ratios were changed at most by 2% except in the chs

397.0573 0 to these responses data, returned the effectivetstal
0= 0 24731 matrices with the deviation from the pre-set on@s (
and K) in percentage as:

0.66 -3.0 -0.14 - 0.0
AC,,= , MK, =
0.16 -0.2 4.26 - 0.0

Superimposing 10% measurement white noise on
the simulated response made the structural matrices
differed from those of the noise-free cases witfia.

The response time-series were also simulated fr th
case of buffeting responses where wind turbulesce i
the only excited source. The effective stiffnessl an
damping matrices were taken as in the case of
ratio  estimates aréransier!ts; _examples o]‘ response time-sgries are as
shown in Fig. 2. Buffeting responses required longe
data records (20,000 data points in the presedysas
compared to that in the free decay case (4096 data
points) to yield acceptable results. Estimates tof t
gequencies and damping ratios agree well with gires
values where precisions are within 0.5 and 2%,
respectively. The diagonal terms in stiffness and
; ; o : amping matrices also agree well with preset values
the lowest damping case which was 5.4%. The dldgonéivhere the differences are less than 1% excepthier t

terms of the estimated system matrices (frequendy a . . ) ,
damping matrices) are also identical to the prese?ll (related to vertical damping) where the differeize

0 : . o
values. Estimates of diagonal terms are distortigliw around 2.5%. The most differences in the off-diagon

1% except only for the case with lowest dampingecasterms :f[\_re Fl alndt%l which arfelrgljlted to Aand F% T
in which values are within 2.82%. respectively. In the case o b-measurement noise

Two coupled degrees of freedom; free decay an@ldedgge’ tsheet' gﬁ\e/'sat:(r)]npg:;gﬁtéggo?ss_tru‘md matices

buffeting responses: The next step in the simulatias

a simulation test with full effective stiffness and
damping matrices (i.e., coupled degrees of freedom), - {8-55 —27-8€j :{ 2.23 - 03;
and with lift and moment forces of the white ndigee, * 1-028 05| ™ |-11.17- 0.0
as assumed in the SSl-method. For the mean-wind

speed of 10.26 m sécand the aerodynamic derivatives

assumed according to the values reported for dagimi 0.02
bridge cross-sectiéfd, the effective structural matrices 001 ]
were pre-set at: g |
_{8.9308 —0.0797 K _{ 420.1002- 59.153)! oo ]
‘ 0.4345 0.0386 , ¢ 1.7552 19.66 2 -0'020 560 ldOO 15‘00 2600 25‘00 3600 35‘00 4600 4500
26526 0 timestep
0{ 0 0.0185;| T

r(rad)

The response time-series were simulated for both
free decay and buffeting responses under turbulence®
wind with 10% turbulence intensity; then measuretmen
white noises were superimposed on the simulated %5500 1000 1500 2000 2500 3000 3500 4000 4500

response. The free decay response time-series were timestep
computed by constant acceleration method and sam_plq;:ig_ 1: Example of vertical (top) and torsional iioan)
are as shown in Fig. 1. The SSI-COV method, applied transient responses simulated under wind flow
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ver.(m)
o

-4 1 1 1 1 1 L L L
0 100 200 300 400 500 600 700 800 900 1000
timestep

0.05- R

tor(rad)
o
—

-0.051

Fig. 4: Suspension device of the model

| | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
timestep

]
v—]
Piano Wires
End Plate

I_\/\ [

Fig. 2: Example of vertical (top) and torsional ttioan)

buffeting responses simulated under wind flow

Q

L

Bridge Sectional Model

Flow Diremion[

Connecting Rodg

Acceleration Transducers

Wall of Wind Tunnel
X

Laser Displacement Sensor 1 Laser Displacement Sensor 2

\ e
~ e \

PR V= - R,

Fig. 3: IRR bridge model and grids to generate,;ig 5: Top view of the test setup
turbulent flow in wind tunnel T

) o The model was suspended by eight springs outside
Wind tunnel tests: To evaluate further the applicability the wind tunnel (Fig. 4). To simulate a bridge mect
of the present method in flutter derivatives estiol  odel with 2DOFs, i.e. vertical bending and torsion
of bridge decks, wind tunnel tests of a quasi-piano wires were used to prevent the motion of the
streamlined thin plate model and a two-edge gitf§e2  model in longitudinal direction; this can be shofram
blunt bridge section model are performed. Fig. 5, the schematic diagram of the top view @f tist

setup. Two piezoelectric acceleration transducesseew

Outlined of wind tunnel tests: The wind tunnel tests mounted at the mid length of the model to capthee t
were performed in TU-AIT wind tunnel in Thammasat acceleration signals. The responses of the models w
University. The working section of the wind tunme&ls  captured by the acceleration transducers and then t
a width of 2.5 m, a height of 2.5 m and a length vertical and torsional responses can be respegtivel
25.5 m. The required turbulent flow was generatgd b obtained by:
grids, as shown in Fig. 3. A hot-sphere anemomeder
applied to measure the mean wind speed of the diuav X X,
a hot-wire anemometer was used to measure the 2
fluctuations of wind speed. The longitudinal andticel
turbulence intensities are both less than 0.05%as® of \here, % and % are the measurements of transducers 1
smooth flow and about 8% in turbulence flow. and 2, respectively; | is the space between traredu
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RESULTSAND DISCUSSION

The results are then removed trend and re-sampled a

250 and 50 Hz, respectively. The covariance-dris8h

Case 1: Thin plate model under smooth flow: A quasi- technique is applied to identify modal parameteosnf

streamlined thin plate (Fig. 6) was first selecfed
wind tunnel test. The width to height (thicknesabia

these data and a pseudo-inverse method is appulied t

estimate the stiffness and damping matrices. Tuteefl

of the plate is about 22.5. Table 1 shows the maiRjerivatives are estimated by Eq. 23 and reportetién

parameters of the model.
The extraction of flutter derivatives of the tiulate,

form of Eq. 2 but without the factor 1/2.

using the SSI-COV technique, were performed onltsesu Comparisons between SDOF and 2DOF-coupled-

from three types of tests, namely, (a) Single-De@é

Freedom (SDOF) motion te&ts(b) free decay coupled-

motion tests: free decay method: Figure 9 and 10
compare the flutter derivatives of the thin pldiattare

motion test (2DOFs) and (c) buffeting coupled-motio estimated by the SSI-COV technique using the above
test (2DOFs). Typical test results showing resp@nsementioned three test methods together with the
from the bridge model are in Fig. 7 and 8. TheTheodorsen’s theoretical valli€s Unless otherwise

responses for the free decay and the buffeting st
sampled at the rates of 1000 and 200 Hz, reispéct

‘ 450 |
‘ 410 i

(Unit in mm)
Fig. 6 Cross-section of the streamlined thin plate

Table 1: Main parameters of the thin plate model

Parameter Mark  Unit Value
Length L m 2.3000
Width B m 0.4500
Height H m 0.0200
Mass per unit length M kgth  6.7391
Inertial moment of mass uffitength |, kg nfm?® 0.1183
Inertial radius R m 0.1325
First bending frequency it Hz 1.6500
First torsional frequency ofe Hz 2.7300
First torsion-bending frequency ratio € 1.6500

oo
ooz}

£ pme

o
nn4f
008

o

Time(sec)

Fig. 7: Vertical (top) and torsional (bottom) frdecay
acceleration

(Unitin g)

responses of the thin plate at
8.1 m sec wind speed under smooth flow.

noted, at any wind speed;HH,, A, and A’ which
are associated with the vertical motion were caled
using the frequency in (lower). In addition, the
derivatives H', Hs', A, and A" which are associated
with the torsional motion were calculated using the
frequency a (higher).

The direct flutter derivatives Hand H~ as found
from the single-degree-of-freedom vertical-motiests
and A" and A as found from the single-degree-of-
freedom torsional-motion tests are also plotted and
compared with those from the coupled-motion tests.
The results are shown in Fig. 9 and 10. The nedeqte
match shows that the direct-flutter derivatives are
indeed not affected by the motion along the other
degree of freedom, as predicted by theory i.e.se¢ho
flutter derivatives associated with h motion aret no
affected by o motion and vice versa. It also
demonstrates the reliability of both the couplediomo
tests and the system identification method (SSI-EOV

x 10°

. . . . .
0 10 20 30 40 50 60
time(s)

o'(t)
2

. . . . .
10 20 30 40 50 60
Time(sec)

Fig. 8: Part of vertical (top) and torsional (baotio
buffeting acceleration responses of the thin plate
at 5.6 m se¢ wind speed under smooth flow.
(Unit in g)
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6B ¢ 0 2 4 6 UNB g 10 12 14
8
— Theoretical
6 A Coupled test: free decay
O Coupled test: buffet
44
&
T
21
0 t t t
—— Theoretical [AN A
-16 + O SDOFtest 21
A Coupled test: free decay
O Coupled test: buffet
-20 -4
0 5
4l I —
43
cAr8
8+ -5
& ¥ e
Q T
12 ¢ -10 1
h cal ——Theoretical
el Theoretical . 15 © SDOF test
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Comparisons of coupled-2DOF motion tests between Table 2: Main parameters of the IRR Bridge model

the free decay and the buffeting tests: The flutter ~ Parameter Mark _ Unit Prototype Model
derivatives found from both the free decay and thé-endgth L m - 2.2600
buffeting tests for the coupled-2DOF cases arg. o B m 39 0.3990
g tesis p Height H m 3.20 0.0350
compared in Fig. 9 and 10. The results show googass per unit length M kg th 43000 5.6801
agreement between the two methods. This validages t Inertial moment of o kgnfm* 4.11x10° 0.1726
ability of the system identification method (SSI-¢0  mass unit length
to apply with both the free decay and the buffetesgs  First bending frequency  pfry  Hz 0.376 21300
First torsional frequency ofn, Hz 0.850 4.7300

although it was developed from a stochastic madel ([, & torsion-bending- ¢ 2960 29200
white noise loading assumption). However, when &requency ratio

relatively heavy model is excited at a very lowueed
wind velocity, i.e., low wind energy, it becomes n@o
difficult to extract the flutter derivatives fromhe
buffeting responses.

The results also show that identified flutter
derivatives agree well with the theoretical ondse Fix
important flutter derivatives £+ Hs;and A~ Ag
identified by SSI from different tests match welithw
theoretical values. The Jtlerivatives are generally
agreed in trend with theoretical values. Howevee t
A, , in turn, found from buffeting responses are more
scattered compared to those from free decay respons
The impacts of the {1 and A derivatives, however,
seem to be less significant when compared to tbbse

other derivatives. This was the reason why &hd A, 35.90m

were usually neglected in previous stuligs'® ) 7 om . osm

Case 2: Section model of IRR Bridge: Encouraged by 057
the success in the thin plate model, the flutter M A
derivatives of IRR Bridge, a cable-supported bridge 113
with 2-edge girder, as shown in Fig. 11, were estiau obe !
by the SSI-COV technique. The IRR Bridge has a main (b)

span of 398 m. The deck consists of a concrete deck
slab and a web of steel girders. The deck is supgor
by two cable planes at outside edge girders. Adeed
girder bridge section with A-shape pylons has goost
performance, but at the same time the bridge cross-
section is known to be aerodynamically unstableigt
wind speed. Table 2 shows the main parameterseof th
prototype bridge and the section model. Tests were
conducted under smooth and turbulence wind flow.
Using the SSI-COV technique, the flutter
derivatives of the IRR Bridge were estimated for
2DOFs responses under smooth flow by both the free
decay and the buffeting tests and under turbuléoee
by the buffeting test only.

Fig. 11: (a): Three dimensional view of IRR Bridge;

Comparisons of test method; Smooth flow: Figure 12 (b): Schematic cross-section of IRR Bridge;
and 13 show the identified flutter derivatives bt (c): IRR Bridge sectional model in wind
bridge deck by free decay and buffeting responses tunnel

under smooth flow and by buffeting responses under

turbulent flow. The flutter derivatives are estiedtby Generally, the flutter derivatives of the bridge i
Eq. 23 and reported in the form of Eqg. 2 but withihe = smooth flow identified by the SSI method from btk
factor 1/2. free decay and the buffeting tests are in goodeageats.
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The difference of 4 identified from both tests, seems SSI-COV technique is that it considers the buffgtin

to be negligible as effect of this derivative isualky
considered to be less significant. In smooth fldke

forces and responses as inputs instead of as naéses
typically assumed. The conclusions of this study as

most important derivative A are steadily increased follows:

(more negative) up to the reduced wind velocityuarb

3 and then started to decrease. This sign revisrsag
primary factor toward the SDOF-torsional instalgilit
(“stall flutter”) for bluff type sections. The taomal
flutter was found at the reduced wind speed arauiid

Effect of turbulence: Most of the prototype bridges are
submerged in turbulent wind, therefore, detailed
investigations of the effects of turbulence on fio&er  «
derivatives is significant. Almost all the wind el
tests for flutter derivatives have been generadlyried
out in smooth flow. Although few researchers have
studied the problem using wind tunnel tests, resatid
the identification methods were individually
proposett*? and the results are still debatable and
inconclusive. For streamlined section, tests showed
little effect*'¥, while tests on a rectangular box girder
bridge showed galloping in smooth flBw: .
From Fig. 12 and 13, it can be found that the
influence of flow type on i and A, i.e., flutter
derivatives related to direct aerodynamic stiffpess
seems to be negligible. Though, the value f frbm
turbulence flow is somewhat lesser than that in the
smooth flow case, it affected only the second datim
digit of the frequency value. The influence alscs ha
negligible effect on KHand H' i.e., direct and cross
derivatives related to vertical and torsional agrainic
dampings, respectively. On the other hand, the more
important A~ A, and H, show rather noticeable
deviations from those in smooth flow, especiallfigth
reduced wind speeds. The most important effedtas t
the reduced wind speed corresponding to the rederse
sign of the torsional aerodynamic damping, A
increased in turbulent flow. It shows that turbuken
tends to make bridges more aerodynamically staple b
delaying torsional flutter. The deviations of fertt
derivatives may reveal the fact that for thosedwegiwith
bluff type sections similar to IRR Bridge, the effe of
turbulence can be significant. Hence, the wind &linn
tests of such bridges for flutter derivative estiora
should be carried out in turbulent flow as well.

CONCLUSION

Numerical simulations of bridge deck responses
confirmed that the SSI-COV technique can be used
to estimate flutter derivatives from buffeting and
free decay responses with reliable results. This
shows the applicability of the SSI-COV method
with various test techniques, though it was
developed from a stochastic model

For the thin plate model under smooth flow, wind
tunnel tests showed that flutter derivatives
identified by the SSI technique from both the free
decay and the buffeting tests matched well with
theoretical values. Although there are some
variations in the values of /Aobtained from the
buffeting test, this derivative is considered as
insignificant and is usually neglected in mosthad t
previous studies

When apply to the bluff section model of the IRR
Bridge under smooth flow, the flutter derivatives
estimated from the buffeting test agreed with those
obtained from the free decay test. This result
allowed focusing on applying the SSI-COV
technique to the buffeting test method. There are
variations in the values of the,Aderivative as
obtained from the two test methods but they agree
in trend. We also observed the sign reversal of the
A, derivative as the reduced wind speed reached
the value of 4.7. This indicates that this bridge
section is susceptible to flutter instability agini
wind speed

The test result of bluff section model of the IRR
Bridge under turbulence wind revealed that the
most important and positive effect of the
turbulence is that it tends to make the bridge more
aerodynamically stable by delaying the sign
reversal of the aerodynamic damping .AThis
may help explain that for those bridges with bluff
type sections similar to the IRR Bridge, the effect
of turbulence can be significant. Hence, the wind
tunnel tests of such bridges for flutter derivagive
estimation should be carried out in turbulent flow
as well

Applying the proposed SSI-COV technique to the

A theoretical model based on the covariance-drivembuffeting test yields a straightforward, cost efifex
SSI technique was proposed to extract the flutteand reliable system identification process that ban
derivatives of bridge deck sectional models fromused to identify flutter derivatives of various dge
coupled two-degree-of-freedom system by free decaglecks. It, however, has some limitations. For eXxamp
and buffeting responses. An advantage of the adoptdt becomes more difficult to extract the flutter
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derivatives from the buffeting responses in theadion
when a relatively heavy model is excited at a Jewy
reduced wind velocity, i.e., low wind energy. Inisth
case, using the SSI-COV technique with the freeagec
method will yield more accurate results.
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