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Abstract: There are plans of constructing bridges longer span like Messina strait bridge. This
trend causes the necessity of discussing on the problems of instability analysis such as lateral-
torsional buckling. However, lateral torsional buckling analysis of long span bridge is not
sufficiently taken yet. For that reason, we apply the Abaqus/Standard to solve the high nonlinear
problem. The analysis object is Akashi-kaikyo Bridge which is the longest bridge in the world.
This paper presents how to analyze the lateral-torsional buckling of long span bridge applying
wind load.
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1. Introduction

By now, a lot of long span suspension bridges have built and their lengths keep growing. As

a result, their girder stiffness is relatively reduced and their strengths for wind force are also
decreasing. Therefore, numerous flutter analysis and experiments were executed. On the other
hand, it is as well as important to investigate the lateral torsional buckling strengths of suspension
bridges, but the investigations have never been made for decades. Certainly, we just use Hirai-
Okauchi formulation that was proposed around 60°s to confirm the stability against the problem. It
contains a theoretical equation and ideal boundary conditions so the application of the formulation
is limited. Therefore, the need of modern examination of lateral torsional buckling of suspension
bridge is increasing. A long span suspension bridge shows quite nonlinear behavior and shows
nonlinearity when its initial condition and wind load are applied. Therefore it needs some
techniques. We present the way of modeling bridges using the structural elements and making
initial conditions under gravity. After this we present how to analyze the lateral-torsional buckling
of long span bridge applying wind load. The wind load is calculated by the static coefficient of
wind force. Finally, the result is showed and the conclusion is presented.

The main background of this problem and the procedure of the analysis are introduced in this

chapter. The main topic of this analysis is a lateral torsional buckling and large deformation
analysis of suspension bridge.

2. Hirai-Okauchi formulation

Lateral torsional buckling is critical for structures and can lead suddenly collapse of them.
Previous research was conducted by Hirai(Hirai 1942) and Okauchi (Okauchi 1967). The main
theory of their theory is showed as follows.
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Figure 1. Theoretical model of suspension bridge.

Hirai’s research on lateral torsional buckling of suspension bridge starts at the Equation 1.
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Where, 1] and (0 mean main girder’s buckling displacement in vertical and torsional
displacements, respectively. £/, GK, EC_are bending stiffness, torsional stiffness and bending
torsional stiffness, respectively. F  is tension force of main cable applying the dead load and
M is the moment of horizontal component occurred by drag force. C , 1s a coefficient of drag,
S and S, represent the gradient of lift force and gradient of pitching moment. hl , h2 indicate

the increment of cable tension caused by the deformation of lateral torsional buckling and each of
them can be calculated by the following equations.
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Where, E_A_is the cable’s stiffness, and right side of integration is applied for whole length of

the suspension bridge.  is the vertical coordinate of cable before deformation. Hirai added the
inertia term in Equation 1 and investigated on the stability criteria of structures by arranging the
multi-coordinate vibration equation. In these investigations, it was found that the criteria is the
same of the one of lateral torsional buckling. The importance of the problem of lateral torsional
buckling was emphasized at that time. The critical wind load equation is

66 2008 Abaqus Users’ Conference



2 142.2

V,'=—""_VEJ.-GK
uCp, pbl
EJ =EI + I—H
27
2 2 3
GK - 4x b

2

EC,+GK + TH”

;1=J1+0.28?%

D

Because of the assumed boundary condition, the application of this equation is restricted to

the single span suspension bridges. The application to the multi spans bridge and the different
boundary conditions should have a problem. And also in the Equation 3, the transition of wind
load to cable is not considered. As the pitching moment is the main component of lateral torsional
buckling, the transition of wind load must had been considered in order to increase the accuracy of
the equation.

These assumptions and ignorance should be removed in the modern analysis, because civil
engineer should not rely on such a restriction of old theory but rely on comprehensive design
method like Finite Element Method. In this study, the complicate FEM model was build and the
above assumption and ignorance are eliminated. Therefore our study must be important to design
the future bridges.

3. Target structure

The application of large deformation and lateral torsional buckling analyses to long span
suspension bridges are followed. One object of the analyses is Akashi Kaikyo Bridge; its center
span is 1991m and is the longest in the world. The model is shown in Figure 2. In addition, we
assembled the model of more lateral torsional buckling sensitive suspension bridge; the vertical
brace made wider twice than the original Akashi Kaikyo Bridge. The two models are the objects of
this chapter and we describe the details of them and the procedure of analysis.

3.1 Akashi Kaikyo bridge
Akashi Kaikyo bridge was completed in 1998 and is the world’s longest bridge. The main span

is 1991 meters and the bridge has the stiffening truss girder. The outlines and some sections are
showed in Figure 2.
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Figure 2. Sections and Fem Model of Akashi Kaikyo bridge.
The main girder and tower are assigned beam element(B31H). The main cable and hanger cable
are assigned truss element (T3D2H). The boundary conditions are showed in Figure 3. The towers

and cable end are fixed, the girder ends are free in bridge direction (U1) but other degrees of
freedom are fixed.

Figure 3. Boundary conditions of suspension bridge model.
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3.2 Simulated model of suspension bridge stiffened horizontally

An another analysis was performed in this study. The main point of this analysis is to investigate
how will act the simulated model of suspension bridge stiffened horizontally against wind force.
The suspension bridge model was modified by increasing the stiffness of upper and lower chords
by widening the width of elements. The upper and lower chord’s width was made twice as wide as
Akashi Kaikyo model. The drawing of model is shown in Figure 3.

Figure 4. Rendering model of simulated suspension bridge model.

Except for the width of upper and lower chords modification, other parameters are all the same
such as material, coordinates, and wind load.

4. Analysis procedure

The analysis procedure can be described as; bridges were applied the gravity at a first step, and
bridges were applied the wind load at a second step. Each steps have high nonlinearity, which
required the stabilization of damping factor. These details will be described afterward.

41 Gravity equilibrium

At a first step, suspension bridges should be in equilibrium under gravity. While this step the
models are applied with gravity load, and deforms as the number of increment is increasing. The
deformation is so large that the normal static analysis cannot complete solving the step. Therefore,
in this step, the damping factor was added to accomplish the analysis. This option can be written,

*Static, stabilize=4e-09

0. 01, 1., le-40, 1.

Of course, if the damping factor was added, the additional energy will act as factor which make
analysis less accurate. Consequently, the comparison of ALLIE (total internal energy of structure)
and ALLSD (total energy by damping factor) must be done. The comparison is done in chapter 5.
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4.2 Applying Wind load

In the second step, the wind load is applied to the model. The three components of windfoce;
pitching moment, drag force, and lift force are applied to elements. Each component is shown
in Figure 7. The components of wind forces per unit span action on the deformed deck can be
written,

D(@) =5 PVIAC, (@) L(@) =5 pVBC, (@), M (@)= pVBC, 4

where D, L and M are drag force, lift force and pitching moment pre unit span respectively shown
in Figure 7. P is the air density, A is the vertical projected area of the deck, B is the deck with,
C D> C Lo C  are respectively, drag, lift, and pitching moment coefficients with respect to wind

axes. The three coefficients are investigated by wind tunnel examinations and their parameters are
shown in Figure 5.

Figure 5. Motion of a bridge deck and three components of wind force.

The aerodynamic force applied to the wind-projected elements, which reflect the situation that
the wind flows from one side horizontally. The magnitudes of wind forces are calculated by the
Equation 4 and are applied after static analysis under gravity.
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Figure 6. Static aerodynamic coefficients of wind force.
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5. Analysis results and considerations

5.1 Gravity analysis

In the first step, the energy by damping factor should be much less than the internal energy, as
previously mentioned. The comparisons of these factor are shown in Figure 6 and Figure 7. These
figures show that the additional energy by damping factor is sufficiently less than the internal
energy of structure. We can conclude that the effect of additional damping factor is well ignorable.
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Figure 7. Comparison with ALLIE and ALLSD of Akashi-kaikyo Model.
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Figure 8. Comparison with ALLIE and ALLSD of Modified model.
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5.2 Analysis on the behaviors under aerodynamic forces.

The large deformation analysis was done after under gravity analysis. The deformation figure

and the relationship of rotational-displacement and wind speed are shown Figure 9 and Figure

10. Figure 9 shows the gradient increase of rotation of center node. The result represents the

fact that the Akashi-Kaikyo Bridge doesn’t have the possibility of lateral torsional buckling but
large deformation. If lateral torsional buckling occurs, the rotational displacement will increase
suddenly, but this analysis doesn’t show such action. The reason of this is probably the suspension
bridge’s stiffness of horizontal component is not greater than other stiffness components. While
the simple beam analysis, the direction of applying load is the strong axes of the structure, but this
suspension bridge is applied wind force horizontally and its horizontal stiffness is not so much
strong.

On the other hand, the modified model’s behavior was different. Figure 10 shows the rotational

displacement — wind speed relationship. It includes the lateral torsional behavior character that the
rotational displacement increase suddenly.

Table 1. Comparison of critical wind speed.

Abaqus/Standard Hirai Okauchi Formulation
120 m/sec 312.5 m/sec

Figure 9. Deformation of Akashi-kaikyo bridge applying wind speed 150m/s .
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Figure 10. Rotation of center node and wind speed relationship (Akashi-Kaikyo).

5.3 Considerations

In the problem of lateral torsional buckling, the balance of stiffness is very important. If the
horizontal stiffness is small compared with other directional stiffness, the structure occurs only
large deformation and if the one is large over some point, the structure occurs lateral torsional
buckling.

In addition to the described analyses, we calculated the critical wind speed by Hirai Okauchi
formulation. The parameters are shown in Table 1. This table represents the great reduction of
critical wind speed. This means the previous theory is in danger side judgment.

6. Conclusions

In this paper lateral torsional buckling analysis by utilizing the Abaqus standard was demonstrated.
The balance of horizontal stiffness is very important ant the over stiffness of that leads the
structure lateral torsional buckling. However, it should be noted that the analyses’ results need
more verification such as experiments: wind tunnel test. For continuing research, the critical
balance of stiffness and other real suspension bridge analysis should be classified.
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