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Summary

This paper describes static and dynamic instability analyses of long-span cable-stayed bridges.
They are elasto-plastic finite displacement analysis under in-plane load, finite displacement
analysis under displacement-dependent wind load and flutter analysis. Using a 1400-meter cable-
stayed bridge model, in which four types of cross-sectional shapes of the girder are selected,
static and dynamic instability analyses are carried out. Finally, the design materials for
identifying a minimum cross sectional shape of the girder, which ensures safety against above
instabilities, are presented.

1. Introduction

In the design of long-span cable-stayed bridges, ensuring safety against static and dynamic
instabilities is an important issue, because the shape and dimension of the girder are controlled
by the above instabilities. However, static and dynamic instability phenomena of long-span
cable-stayed bridges based on analytical procedures have not been made clear so far. In this
paper, using a 1400-meter cable-stayed bridge model, static and dynamic instability analyses
such as elasto-plastic finite displacement analysis under in-plane load, finite displacement
analysis under displacement-dependent wind load and flutter analysis based on modal coordinate
are carried out. Four types of cross section of the box girder are chosen. The span/width ratio is
56 and 47, and the span/depth ratio is 400 and 350, respectively. It is recommended, for ensuring
safety against out-of-plane instability under wind load, that the span/width ratio should be less
than 40. However, in this study, the larger values are employed. The employed cross sections are
preliminary designed, in which the yield point of the material only is selected to be instability
criterion. By carrying out the above instability analyses, the factor of safety under in-plane load,
critical wind velocity of lateral torsional buckling and flutter onset wind velocity are presented.
Finally, the design materials for obtaining minimum cross-sectional shape and dimension of the
girder is presented
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2. Analytical procedure

2.1 Elasto-plastic finite displacement analysis under vertical load "

For evaluating load carrying capacity of the cable-stayed bridges, not only geometrical but also
material nonlinear behaviors should be taken into account. The fundamental equation of elasto-
plastic finite displacement analysis is given by

(K] + [K.]){ Au}® = {Af}° 0
[Kel= {.BI'[D,][Bldv @)
[K.]1= §JGT[s][Gldv €)

where, [K.] and [K,] are elasto-plastic and initial stress matrices, {Au}® and {Af}® are
incremental displacement and force vectors of the element, [B] and [G] are matrices consisted of
interpolation functions, [D,] is matrix relating to the constitutive law,[ o ] is matrix consisted of
initial stress resultants.

In this formulation, the constitutive law of elastic perfect-plastic materiai is derived based on the
Prandtle-Reuss equation. The yield condition is given by

vo? +3t* -5, =0 €Y

Where, o, is the yield point of the material.
2.2 Finite displacement analysis under wind load »

In this analysis, the girder is subjected to the following three components of wind load, such as
the drag force (D), lift force (L) and aerodynamic moment (M), which are given by
D(a)=0.50UA,Cp(a)

L(a)=05pU,BC(a) (5)
M(a)=0.5pU;B*C\(a)

where, o is the air density, A, is the vertical projection of the girder, B is the total width of the
girder and C,,, C, and C,, are aerodynamic coefficients.

Uy, is the design wind velocity at the height of z, and is given by
U, =(2/10)""U,, (6)
Where, U, is the wind velocity at the height of 10 meters.

When the girder is subjected to the wind load, it displaces in the lateral direction and, at some
wind velocity, it starts rotating. Due to the rotation of the girder, three components of
aerodynamic forces above defined change, because they are dependent on an angle of attack (a)
of the wind. This phenomenon should be taken into account®. In this analysis, 4-node
isoparametoric cable element is used, thus the wind load acting on the cable is taken into account.
In addition, the change of the tension in cables and its direction is considered. With respect to
aerodynamic coefficients, the values of the Meiko-chuo bridge (590-meter cable-stayed bridge)”
which were obtained from wind tunnel test, are used.

2.3 Flutter analysis based on modal coordinate”

A fundamental equation of flutter analysis is derived based on modal coordinate and the effect of
the cable local vibration on flutter onset wind velocity is taken into account. The unsteady drag
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force of the girder is derived based on quasi-steady state theory, and the unsteady lift and
aerodynamic moment are derived based on flat plate theory. The unsteady drag and lift forces of
the cables are derived based on quasi-steady state theory.

The following is the fundamental equation of flutter analysis, which is expressed using both
physical and modal coordinates.

1 d d
[(MBC _FR)_LFI]{.. }+[KBC]{ }:{0} ™

c dc
where, {d} is the displacement of the girder and towers, {q.} is the generalized displacement of
the cables, which corresponds to the cable local vibration, [Mg.] and [K;] are mass and stiffness
matrices, respectively and {F;] and [F;] are real and imaginary parts of unsteady aerodynamic
forces.

Carrying out eigenvalue analysis of the whole structure, in which cable local vibration is
neglected, we obtain the modal matrix [¢] . Using this matrix, eq.(10) is transformed into
eq.(11). Where, {q} is the generalized displacement, which corresponds to the global vibration.

[oF (04 -5 )-iw, T |+ Lo BBl 2 } ! ®

Assuming the reduced frequency, complex eigenvalue analysis is carried out, then we obtain

complex eigenvalue of A= A, +i1,. When the sign of the damping (&= A, / VA2 +22)

changes from plus to minus, flutter occurs.

3. BRIDGE MODEL

Fig.1(a) shows a side-view of a cable-stayed bridge model. Center and side spans are 1400 and
680 meters, respectively. In the side span, three intermediate piers are installed at a distance of
100 meters in order to increase in-plane flexural rigidity. Fig.1(b) is a front view of the tower,
and the height of it from the deck level is one fifth of the center span length. Fig.1(c) shows the
cross sectional shape of the girder. Four types of cross sections are used. In the Fig., Bu of 25
and 30 meters and h,, of 3.5 and 4.0 meters are selected. When calculating the stress from wind
load, the design wind velocities of the girder and cables are assumed to be 60 and 70m/s,
respectively. Those of them at the stage of erection are 70% of the above values. The drag
coefficient (C,) of them are assumed to be 0.8 and 0.7, respectively.

Dimension of the girder is determined by using the following criteria
opt oy < o, / v, (v,=17) (13)

optow < o, / ¥, (v,=1.15) (19

where, op, 0, and o, are stresses from dead, live and wind loads, respectively, o, (= 451MPa)
is the yield point of the employed material and v is the factor of safety.

To satisfy eq.(14), the thickness of the plate is increased as shown in Fig.1(d). In the bridge axis
direction, the section of Xu as shown in Fig.1(a) is reinforced. Table 1 shows the cross-sectional
properties of the girder preliminary designed. In the table, the figures in the parenthesis are for
the reinforced girder.
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Figurel : Bridge model
Tablel :  Cross sectional properties of the girder and tower
Bu | hw A Ix ly J Iw w Xu
| m | (m? (m*) (m* (m (m® (m) | (m)
1314 2.56 75.653 5.767 90.431 21.441
25 35 260
(2.243) | (4.050) {(177.323)] (9.395) |(314.397)] (28.871)
25 | 40 1.348 3291 76.932 7.133 106.659 1 21.815 200
_g : (2.339) | (5.130) }(187.140)) (11.333) |(404.954)} (29.751)
&l 30| 3s 1.563 3.083 127.201 7.08 173351 | 24.177 1
: (%.égfl) (3.987) 1(222.835)| (9.615) 1(369.716)} (28.871) 20
.605 4.002 129.658 8.889 | 210.045
30 | 4.0
(2.182) [ (5.051) [(225.990)( (11.728) |(452.920) 24.639 | 140
Tower 1.76 30.667 40.32 39.273 = 19.342 -

4. RESULTS AND DISCUSSIONS

4.1 Load carrying capacity under in-plane load

Fig.2 shows incremental displacements of the bridge at ultimate state. In all cases, at points A
and B, where the cross sectional properties are changed, the rapid increase of the vertical
displacement is observed. In this region, the displacement in the bridge axis direction also
increases rapidly. Hence, this is thought to be elaso-plastic global buckling of the girder. When
in-plane instability occurs, the applied load of each model is from 2.75 to 2.90 times the dead
load intensity. The large values are obtained. Since the effect of the local buckling of the
stiffened plate is not taken into account in this analysis, it is predicted that the unstable behavior

of the bridge models is controlled by the local buckling.
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(@ Bu=25m, hw=3.5m

d

Figure2: Incremental displacement at ultimate state

Bu=30m , hw=4.0m

(¢) Bu=30m, hw=3.5m

4.2 Lateral torsional buckling instability under wind load

Fig.3 shows the lateral displacement, vertical displacement and rotational angle at the middle of
the center span of the completed bridges. Fig.4 shows those at the tip of the cantilevered girder.
In case of the completed bridges, at wind velocity of around 60m/s, nonlinear behavior of
vertical displacement and rotational angle becomes prominent, and at the wind velocity from 77
to 80m/s, they diverges. This is lateral torsional buckling. In case of the bridge under
construction, since the system is flexible, the larger lateral displacement is obtained. At the wind
velocity of around 50m/s, nonlinear behavior of the vertical displacement becomes prominent
and, at the wind velocity from 66 to 70nmV/s, the girder becomes unstable. The critical wind
velocities calculated are enough high compared with the design wind velocities.
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Figure3 : Displacement at the middle of the center span (after completion)
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Figured : Displacement at the tip of the girder (under construction)
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4.3 Flutter onset wind velocity

Table 2 shows the flutter onset wind velocity of the completed bridge and the bridge under
construction, respectively. In the table, the figures in the parenthesis are wind velocities when the
cable local vibration is taken into account. It is found that the flutter onset wind velocity is
higher than the critical wind velocity under static wind load. It is also found that the effect of the
cable local vibration on flutter onset wind velocity is prominent. From this result, it is concluded
that the dimension of the girder is controlled by static instability.

Table2: Flutter onset wind verocity

(m/s
Model Completed Under Construction
ode [30-mode] [20-mode]
120 100
Bu=25m, hw=3.5m (144) (151)
Bu=25m , hw=4.0m 127 118
Bu=30m , hw=3.5m 120 102
126 105
Bu=30m , hw=4.0m (151) (168)

5. CONCLUDING REMARKS

We explained instability analyses of long-span cable-stayed bridges. The followings are main
results obtained from this study.

1).In all cases, the factor of safety from 2.75 to 2.90 is obtained.

2) Flutter onset wind velocity exceeds 100 meters and is higher than the critical wind velocity of
lateral torsional buckling under static load. It is found, among instability issues, that static
instabilities under in-plane load and displacement-dependent wind load control the dimension of
the girder.

3).0n condition that the bridge is designed based on the procedure explained in Sec.3, the girder
with the span/width ratio of around 60 and the span/depth ratio of around 400 can be used.
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