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ABSTRACT

In order to evaluate the bridge flutter stability rapidly, this paper will determine the
relationship between three-component coefficients and flutter derivatives based on
frequency domain analysis. And then, analyze the aerodynamic damping matrix,
aerodynamic stiffness matrix and the driving mechanism of bending-torsional coupling.
Thus, we can do research on flutter stability by three-component coefficients instead of
flutter derivatives. The rapid evaluation parameter, F, is put forward. The parameter, F, is
verified based on the wind tunnel results of typical bridge decks. The result shows that it
is reliable to evaluate the bridge flutter stability by three-component coefficients rapidly.

WhenC, ,C,,C,, are positive the smaller it's value is, the better. IfC, ,C,,C,, are

negative, the smaller it's absolute value is, the better. The bigger |C_'C,, | is, the more

likely the bridge structure will occur flutter instability. This method can compare the
flutter stability of different schemes rapidly. As a result, it is convenient to decide which
one to choose.

1. INTRODUCTION

Since 1940,many bridge scholars have done lots of researches on bridge flutter
stability after the wind-destroyed accident of Tocoma Bridge. In the design of long-span
bridges, it is a very important work to improve wind-resistant stability, especially the
flutter stability at the present stage. It is a usual practice to make section model to
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understand bridge flutter stability by wind tunnel test, but it takes lots of time and money.
Domestic and foreign scholars have done some researches on the rapid evaluation of
bridge stability. For example, Ahsan Kareem and Xinzhong Chen hold that when the
slope of lift coefficient and lifting moment coefficient are relatively small, the bridge flutter
stability performs well. But the two evaluation indexes are too simple and some other
bridge decks are not satisfied with the rule. The domestic scholar,Damin Chang,derives
the simplified formula of flutter stability of military bridges. But the hypotheses of this
formula are half-rigid hypothesis and strip hypothesis, so it's only suitable for the bridges
whose reduced frequencies are from 1/10 to 1/5. Simiu points out the relationship
between three-component coefficients and flutter derivatives based on the Scanlan
Hypothesis. Y.C.Fung establishes the relationship between three-component
coefficients and modified flutter derivatives based on the Theodorsen Function. And
then, The rapid evaluation method of bridge flutter stability is given by Hua Bai and Hui
Gao based on the relationship between three-component coefficients and flutter

derivatives. It shows that the smaller |C_'C, | is, the better flutter stability is and the

evaluation parameter does not consider the influence of structure aerodynamic force.

If we can do research on flutter stability by three-component coefficients, it's
convenient for us to take full advantage of the force-measurement test and numerical
simulation because It's easy and reliable to get three-component coefficients by the
force-measurement test and numerical simulation. By using the three-component
coefficients, we can compare the flutter stability between different schemes at the
primary design stage. This paper will determine the relationship between
three-component coefficients and flutter derivatives based on frequency domain
analysis.The rapid evaluation parameter,F, is put forward based on the driving
mechanism of bending-torsional coupling. And then F is verified by some typical
engineering practices.

2. DETERMINING THE REALATION BETWEEN THREE-COMPONENT
COEFFICIENTS AND FLUTTER DERIVATIVES BASED ON FREQUENCY DOMAIN
ANASYS

2.1 establishing the relationship between three-component coefficients and flutter
derivatives
We wusually use quasi-steady theory to analyze flutter. Fig.1 shows the

time-averaged and time-varying aerodynamic force based on quasi-steady theory!®*?.
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Fig.1 Quasi-steady forces on cross section

L=F cosg—F,sing: D=F sing+F,sing: M:%pUrZBZCM(ae) (2)

1 1
R =-2pU BC,(a): Fy=7pU'BC,(a) 2)

@)

Among them, L,D,M are lift, drag and lifting moment of axon coordinate system

respectively. F_,F, are lift and drag of wind axes system respectively. p is air density.
B=2b. p and h are horizontal and vertical displacement. a, is effective wind attack
angle. a, is torsion angle under average wind. « is torsion angle under self-excited
force. ¢ is additional attack angle considered self-excited motion. U, is relative

velocity. U is average wind velocity. m, is a constant which usually is -0.5 for bridge

deck section. It shows the influence of self-excited torsional motion on wind attack
angle.

If the instantaneous effective wind attack angle of static deformation changes very
little, the nonlinear quasi-steady force can be linearized. So:

. mba +h

TR

, sing=¢,cos¢g=1 4)

First of all, derive the formula of L,(t) based on quasi-steady theory and then
expand the Taylor series ofC_; , () :
C, (e,)=C (,)+C_(a;)a+C (e, )¢=C_ +C a+C ¢ (5-a)

Co (e, )=Cp(er,)+Cyp () a+Cp ()¢ =C, +Cx +Cpy (5-b)
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Derive fromL=F cosg¢—F,sing,F, = —%pUrZBCL(ae) . Fy :%,oU,ZBCD (o,) that:
L(t):—%pU,ZB [ cosgC, (a,)+singCy (a,) ] (6)
Let E=cos¢C, (e, )+singC,(a,), SO:
L(t) :—%pUrZB E (7)
E=cos¢(C,_+C, a+C ¢#)+sing(C, +Coa+Co¢) ~C +C a+C ¢+C,p
U2 =(U + p)® +(h+mba)>=U2-2Up + (p)* + (h)? + 2mbhd + (mba)? ~ U2 (1- 2U—p)

Then U,? and E is substituted in formula (7), so:

L(t) =—%,0Ur2|3 E=—%pB U2(1—2U£) (C_+C a+C ¢+Cyp)

:—%pB u?(c, +CL'a+cL'¢+CD¢-2U£ CL-2U£ CL'oc-zuB CL'¢-2U£ Cod)
~ 1 2 l 2 ' ' p
~_§IOBU C. _E:OBU (CLa+CL¢+CD¢-ZU CL) (8)

If ignore the micro-amplitude vibration, the quasi-steady force is average
aerodynamic force and aerodynamic self-excited force.

L(t)=Ls +L.(t)

The lift of average wind is : L = —%pB u?c,
So:
L()=L(1)-L L()=-30BU* (ClarCg+Cp-2EC)  (9)

. mba+h ,
In the last formula ?~ Uu-p .We can ignore P because of the micro-amplitude

vibration. So:
. mba+h

¥ (10)

¢
Take Eq.(10) into Eq.(9):

Lse(t):—%pB U?[C a+ (C_+Cy) %—zuﬁq] (11-a)
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Likewise, we can derive the formula of D, (t)> M(t):

D (1) = pBU?| —2¢, L1 CLa+(C, —C ) MDA (11-b)
2 U U
1 oo o . h+mba

Mse(t)zzpBU —4CMU+2CM04+2CM U (11-a)

The formula of aerodynamic self-excited force given by Scanlan are:

:%pUZB{kHl*S+kH;%+k2H;‘a+k2Hj%+kH§U+k2HQE} (12-a)

pUB{kP*S kP u Ba  kprg+k P*g kP S kpg} (12-b)

1 yome|par N oar BE ope oD o P
=— B —+ kA, —+K +K°A —+kA —+Kk°A — 12-c
P {k/xu -+ A+ KA SR DA S| (12:0)
Compare Eq.(2.11) with Eq.(2.12), we get:
=-2(C +C,)/K,H, =—(C +C,)/K,H,=—4C_/K? H/S=4C /K
P'=-2C,/K,R’=-(C, —C,)/K,P =4C, /K? B '=2(C, —C,)/K
A'=4C, IK,A’=-2C, /K,A’=8C, /K* A"=-8C,, /K
Until now, the connection between three-component coefficients and flutter

derivatives is established. We can see that the flutter derivativesand C,’C, ' C,, ’C.’
C,’ C,, are closely related. The pre-judgment is that the flutter stability of bridge is

relatedto C,” C,’ C,,’ C.'C,'C,

2.2 Establishing the relationship between three-component coefficients and flutter
stability

We can get the concrete relationship between three-component coefficients and
flutter stability by vibration equation of bridge. The effective force of the bridge structure
mainly includes inertial force, damping force, elastic force and external load. The
displacement vector corresponding to these forces are related to freedom. If the

generalized displacement is {J}, the motion equation is:
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[M, {53+ [CHSI+[KHS}={F} (13)

{F} is external vector. The system stiffness matrix is [C]=[C,]-[A;]. The system
damping matrix is [K]=[K,]-[A]. [M,] is structure mass matrix. [C,] is structure
damping matrix. [A;] is aerodynamic damping matrix. [K,] is Structural stiffness

matrix. [A] is aerodynamic stiffness matrix. The system stiffness is more bigger, the

flutter of the bridge is better. When the system damping turn to be negative, the flutter
stability becomes bad.

Eq.(12) shows lift, drag and moment of per meter. And then convert these forces to
node form. So half of these forces are distributed on the nodes of the both unit ends.

The node force, F* G=h D , has 6 degrees of freedom. So every unit has 12 degrees of
freedom. The forces of the unit are shown as follow:

FY={F', F;, FY, FS\, Fs, Fi, F¢, Fi, FS FS, F), Ff}

7]
Fi=F4=F4=0 CI=i,

SO: Fk :{07 Fykl ’ FZlI( ’ Fat(l ’ 07 O’ 0’ Fylj ’ FZT ’ Fakj ’ 07 O}

1, * Bd,

Fi= U BL[KHlU KH; 2% _K2H:q, + K2H] B+KH —U LKPH 2 (14)
Fr=LpuBL| ke Y ke B _keprg s kepr Mk ko (15)
14 'u P U “ B U °B

— T _ .
The node displacement i 10t ={u. v, woa, fun Y (=i o
The element aerodynamic damping matrix and aerodynamic stiffness matrix are:

[A‘]=
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0 0 0 0 0 0O 0 0 0 00
0 H; H -BH; 000 O O 0 00
O PP P B 00O O O 0O 00
0O -BA/ A B2AA 000 O O 0 00
0 0 0 0 0 0O 0 0 0 0 0
1k 0 0 0 000 0 0 0 00 (16)
4 0 0 0 0 0 0O 0 0 0 00
0 0 0 0 000 H H -BH 00
0 0 0 0 000 P P -PH 00
0O 0 0 0 00 0 -BA BA BA 00
0 0 0 0 0 0O 0 0 0 0 0
o 0 0 0 000 O O 0 00
(A=
) 0 0 0 0 0O 0 0 0 0 0]
0O H H; -BH; 000 O O 0 00
O R P B, 000 O O 0 00
0O -BA A BA 000 O 0O 0 00
0 0 0 0 0 0O 0 0 0 00
ipULK 0 0 0 0 0 0O 0 0 0 00 (17)
4 0 0 0 0 0 0O 0 0 0 00
0 0 0 0 000 H H -BH5 00
o 0 0O 0 00O P P -BF 00
0O 0 0 0 00 0 -BA BA BA 00
0 0 0 0 0 0O 0 0 0 00
o 0 0 O0 000 O O 0 0 0]
So we can get:
[A]c UPK? (—HI) =—U?K? (-4C,/K?) =4U2C, (18)
[A] o U2K? (= P)=U?K?(~4C, [K2)=-4U2 C, (19)
[A‘]cUPK? (A7) =U%K? (8C, /K?) =8U*C,, (20)
[As‘] oc UK (H,")=UK [-2(C, +C,)/K]=—2U (C, +Cy,) 1)
[As‘] o UK (H.")=UK (4C, /K )=4U C, (22)

[A«‘] < UK (= H,")=— UK [=(C, +C,)/K]=U (C,+C,) (23)
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[A‘] o UK (PB")=UK [2(C, -C, )/ K]=2U (C, - C,) (24)
[As‘] oc UK (P*)=UK (-2C,/K)=-2U C, (25)
[A‘] < UK (- B, )=—UK [-(C, - C,)/K]=2U (C, - C,) (26)
[A‘] o UK (- A")=—UK (4C,, /K)=-4U C,’ (27)
[A‘] o« UK (A")=UK (-8C,, /K)=-8U C, (28)
[As'] o UK (A")=-UK (-2 C,, /K)=-2U C,, (29)

From the above relationship, we can see thatC, ,C,,C,, provide negative

damping. If C ,C,,C,, are positive, the smaller it's value the better. IfC,_,C,,C,, are

negative, the smaller it's absolute value the better.

2.3 the mechanism of bending-torsional coupling flutter
According to characteristics of flutter derivatives of ideal thin plate, the absolute

value of H;is much greater than H,. So the structural torsional motion is more

influenced by coupled vertical motion generated by aerodynamic lift which produced by
torsion movement. There has been research results which show that the torsional
motion displacement will produce aerodynamic lift which will lead to coupled vertical
velocity. And the aerodynamic damping (short for D aerodynamic damping) caused by
the coupled vertical velocity plays the leading role among all the coupled aerodynamic

damping and it's expression is 1 p°B°
2 Im,

The D is negative damping

Q,,AH;cosb, *

because H, and c0sé, are always negative and A’ is always positive. The reason

of torsional divergence is D. Until now, we reveals the classical flutter mechanism of
bending-torsional coupling. The reason of losing stability is the negative D not stiffness.
Because the D is the main reason of torsional divergence, we put the relationship

between three-component coefficients and flutter derivatives( A'=4Cy K, A=-2Cy |

* ! 2
K, Hy=-4C /K ) into D aerodynamic damping expression and we get:
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C.Cy

ha K3

246 ZBG
D:—iﬂghaAng‘cost:Sp Q
2 Im, Im,

cos 6, (30)

Because 90°<6,<180° and co0s¢,<0, [C 'C, | is more bigger and negative D is

more bigger, bridge structure will flutter more easily.

2.4 The qualitative evaluation parameter, F, based on three-component
coefficients

Through the foregoing research, C, 'C,'C,, provide negative damping. When

C.'Cy'C,, are positive the smaller it's value the better. IfC_'C,'C,, are negative, the

smaller it's absolute value the better. The bigger |C, 'C, | is, the more likely the bridge
structure will occur flutter instability.

Ic.c,| is the first of influence factor of F and is denoted by A. C.*C, and C,,

are the second of influence factors of F and are denoted by B. The flutter stability
parameter can be expressed as:

F=f(AB) (31)

a
|CM VCL

A=f(C,.C )= —, B=1,(Cy,Cy,C,)=-bC, —cC,_ —dC,, a. b. c. d

Among them: are

contribution factors. In order to simplify, the contribution factors are all 1. So the
simplified calculation formula for F is:

1

E= mE—
[CuC.|

CD _CL _CM (32)
Until now, the rapid evaluation parameter,F, is put forward. The accuracy of the
evaluation parameter is verified by an engineering example.

3 TEST RESULTS OF TYPICAL BRIDGE SECTION

The typical bridge sections used in long-span suspension bridge are truss section,
closed steel box girder and slotted steel box girder. In this section, we will verify the
advantages and disadvantages of using F parameters to evaluate the stability of flutter
based on the wind tunnel test results of three-component coefficients and flutter stability.
And then establish the relationship between three-component coefficients and flutter
derivatives.
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3.1 Test results of truss section

Liujiaxia bridge is a steel truss suspension bridge with a 536-meter main span.
And the width of the bridge is 16.2 meters. The standard cross section of the main beam
is shown in Fig. 2(a). The wind tunnel test results show that the critical wind speed of
flutter of original scheme is 43.8m/s which is less than the inspection wind speed of
flutter. So it's necessary to take wind resistant measures to improve the flutter stability.
We take more than 10 kinds of measures. And Scheme 10 uses the measures of
horizontal baffle, middle stabilizing plate and closed part of the bridge railing. And
Scheme 10 can improve the flutter critical wind speed of the bridge effectively. Scheme
10 is shown in Fig.2(b).

(b) Scheme 10
Fig.2 Bridge Girder Schemes

3.1.1 model and parameters

The scaling factor of the rigid model is 1:40. The model is made of light synthetic
materials. The test device is an inner bracket. In order to ensure the 2-D characteristic,
we set up a binary end plate on both sides of the model.

Table 1 presents the parameters of sectional model of Scheme O(standard
cross-section girder) and Scheme 10.

Table.1 Design Parameters of the Sectional Model
Practical Similar Model  Measured Relative
value relation design value value error(%)

scheme parameters

Bending

Scheme frequency/ Hz 0.1964  40/4.38 L9 nre o7

0 torsional g 4534 40438 414 417 071
frequency/ Hz

Scheme ~ Bending 1964 401438 179 175  -2.23

10  frequency/ Hz
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Torsional

0.4534 40/4.38 4.14 4.10 -0.97
frequency/ Hz

3.1.2 test results and analysis
The results of three-component coefficients are shown in Fig.3. Table 2 shows
three-component coefficients and F under 0°wind attack.

710 S —Soee
~

——
—— H E0

wind attack angle OB wind attack angle

(@) Co (b) Co (c) Cwm
Fig.3 three-component coefficients of Different Schemes

Table.2 three-component coefficients and Parameters of F of Truss Beam at Zero Wind

Attack Angle
scheme C, C, C,, o C, c.C, F
0 1.075 0.020 0.033 3.027 0.440 1.331 -0.377
10 1.152 0.170 0.042 1.797 0.528 0.949 -0.311

The comparison between three-component coefficients and F of Scheme 10 and
Scheme 0 is shown in Fig.4. For truss beam, the greater the value of the F parameter,
the critical wind speed value of the cross section is higher and the flutter stability is
better.

3.2 Test results of closed steel box beam

Nizhou water bridge of Humen is a double span suspension bridge with a
1688-meter main span. The stiffening girder is flat streamline closed steel box girder.
Scheme?2 and Scheme 3 are the same in beam width, but different in wind fairing. Fig.5
shows Scheme?2 and Scheme 3.
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(b) Scheme 3
Fig.5 Bridge Girder Schemes

3.2.1 model and parameters
The scaling factor of the rigid model is 1:40. The model is made of light synthetic

materials. The test device is an inner bracket. In order to ensure the 2-D characteristic,
we set up a binary end plate on both sides of the model. The sectional model hanging in
wind tunnel is shown in Fig.6. The parameters of Scheme 2 and Scheme 3 are in Table

3.

N

Fig.6 Vibration model test

Table.3 Design Parameters of the Sectional Model
Practical Similar Model Measured Relative

scheme parameters value relation design value value error (%)
Bending 00724 75/3.6 151 147 265
frequency/ Hz
Scheme 2 Torsional
0.2075 75/3.6 4.32 4.35 0.69

frequency/ Hz
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Bending 0.0724 75/36 151 1.48 2.0
frequency/ Hz
Scheme 3 Torsional
0.2121 75/3.6 4.42 4.57 3.4

frequency/ Hz

3.2.2 test results and analysis
Table.4 three-component coefficients and Parameters of F of the Closed Steel Box
Beam at Three Wind Attack Angle
scheme C, C, C,, C, C, F
Scheme 2 1.270 0.096 0.039 3.669 0.831 3.050 -1.077

Scheme 3 0.948 0.050 0.051 2.494 0.860 2.144  -0.584

CLICMV

Table.5 Flutter Critical Wind Speed and Parameters of F of the Closed Steel Box Beam

at Three Wind Attack Angle
flutter critical wind
scheme F
speed(m/s)
Scheme 2 -1.077 46.8
Scheme 3 -0.584 70.2

Table 4 shows three-component coefficients and F of Scheme 2 and Scheme 3.
Table 5 shows the results of F and flutter critical wind speed of the two schemes. From
the above table, we can see that F of Scheme 2 is smaller than Scheme 3 and the flutter
critical wind speed of Scheme 2 is smaller than Scheme 3, too. For closed steel box
beam, the greater the value of the F parameter, the flutter stability is better.

3.3 Test results of the Slotted Steel Box Beam

The Preliminary design scheme of HZMB Jianghai direct ship channel bridge is a
three-tower cable-stayed bridge with a 258-meter main span. The main girder is the
slotted box beam, shown in Fig.7.

TS TUPTY VYOO Py W LA U A A AR T
= =
}F 0 10 (1 0 2&
.In‘kb{l o oA af

Fig.7 Bridge Girder Schemes

The wind tunnel test is consist of wind barrier scheme and without wind barrier
scheme. Fig.8 shows the results of the two schemes.
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|—=— without wind barriel

| —@— with wind barrier

-5 0
ROBCf 7D

(@) Co (b) CL (¢) Cm
Fig.8 Three-Component Coefficients of Different Schemes
Table.6 Three-Component Coefficients and Parameters of F of the Slotted Steel Box
Beam at Zero Wind Attack Angle

wind attack angle

scheme Co C. C, C, C, c.C, F
Withwind )16 0052 0119 1755 -0.311 0546 -0.358
barrier
Without
wind 1436 0.032 0105 1784 -0.227 0.405  0.894
barrier

Table.7 Flutter Critical Wind Speed and Parameters of F of the Slotted Steel Box Beam

at Zero Wind Attack Angle
flutter critical wind
scheme F
speed(m/s)
Scheme 2 -0.3575 100.65
Scheme 3 0.8939 116

Table 6 shows Three-Component Coefficients and Parameters of F of the two
schemes. Table 7 shows F and flutter critical wind speed. We can see that for the slotted
steel box beam, the greater the value of the F parameter, the flutter stability is better.

4. NUMERICAL SIMULATION

This section uses FLUENT to make the numerical simulation analysis of
streamline deck based on the deck of Qipanzhou Bridge. In order to prove the
parameters of F, we use three beams of equal width and different width to calculate their
three-component coefficients and critical flutter speed under 0° wind attack angle.

4.1 Model and Parameters
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The simulation uses k- turbulence model which is better in simulating external
disturbance flow. The equation is solved by using SIMPILEC algorithm. The scaling
factor of the model is 1:60. Fig.9 shows Scheme 1(original scheme). The boundary
condition of the model is shown in Fig.10. The parameters of Scheme 1 to Scheme 3
are shown in Table 8.

Fig.9 Girder of Scheme 1

Symmetry

Wall
\elocity-inlet ——— Outflow

Symmetry

Fig.10 Boundary Condition of the Model

Table.8 Parameters of Scheme 1 to Scheme 3

Size Scheme 1 Scheme 2 Scheme 3
Actual bridge Beam depth /m 3.00 3.00 3.00
Beam width /m 38.50 35.50 41.50
Model Beam depth /m 0.05 0.05 0.05
Beam width /m 0.64 0.59 0.69

4.2 Results of the Numerical Simulation Analysis
Fig.11 shows three-component coefficients of the three schemes.

E 2 0 4 2 0 2
wind attack angle wind attack angle wind attack angle

(@) Co (b) CL (¢) Cm
Fig.11 Three-Component Coefficients of Different Schemes

Table. 9 Three-Component Coefficients and Parameters of F
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C:L'C:MI

scheme C, C. C, C, C,
Scheme 1 0.247 -0.081 0.001 3.788 1.451 5.497 0.0146
Scheme 2 0.222 -0.104  0.000 4.795 1.455 6.978 0.0249
Scheme 3 0.231 -0.097 0.001 4.382 1.470 6.439  0.0205

Table.10 Flutter Critical Wind Speed and Parameters of F
flutter critical wind

scheme F

speed(m/s)
Scheme 1 0.0146 154.76
Scheme 2 0.0249 171.96
Scheme 3 0.0205 161.17

Table 9 shows Three-Component Coefficients and Parameters of F of the three
schemes. Table 10 shows F and flutter critical wind speed. The simulation shows that for
the streamline beam, the greater the value of the F parameter, the flutter stability is
better.

5.CONCLUTION

(1) This paper determines the relationship between three-component coefficients

and flutter derivatives based on frequency domain analysis and analyzes the
aerodynamic damping matrix, aerodynamic stiffness matrix and the driving mechanism
of bending-torsional coupling. Thus, we can do research on flutter stability by
three-component coefficients instead of flutter derivatives.

(2) The rapid evaluation parameter,F, is put forward. WhenC_'C,'C,, are positive,

the smaller it's value is, the better. IfC_*C,’C,, are negative, the smaller it's absolute
value is, the better. The bigger [C,'C,, | is, the more likely the bridge structure will occur
flutter instability.

(3) This paper introduces the typical bridge sections of long span suspension bridge,

including truss section, closed steel box girder and slotted steel box girder. Then
evaluate the effectiveness of F parameter based on the results of the wind tunnel test.
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