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ABSTRACT

This study conducted a CFD-2D coupled analysis for suspension bridges subjected
to wind loads. Previous study found rotational oscillation due to restoring force
differences at hanger cables and could be generate torsional oscillations. However,
due to the uncertain external force terms, the previous studies could not apply. To
apply this study to real design process, this study proposed methodology for
determining the external force terms. The External force terms determined with CFD
and a moment force term was added to Equations of motion derived from dynamic
equilibrium conditions. All constants and properties were calculated from assumed
cross section of superstructure. This methodology could use not only to avoid torsional
resonance but also to utilize in preliminary analysis in design stage.

1. INTRODUCTION

A suspension bridge is the one of the longest span bridge type and it has been built
in the worldwide due to beautiful view and structural advantages that the suspension
bridge could make a bridge span longer than 1,000 m. However, the suspension bridge
is vulnerable to wind load as span length between main towers becomes longer due to
respectively light self-weight and thin cross section. To predict response induced wind
load, Engineers usually analysis with wind tunnel test and computer simulation. But
wind tunnel test needs lots of costs and times. Also, computer simulation needs huge
initial investment and lots of time as model as precisely. At this point, bridge design
engineers need simple tool to check bridge response.

A simple 2D analysis for wind oscillation of suspension brides has been
demonstrated by Mckenna (1999) to analysis the Tacoma Narrows Bridge collapsed,
vertical/torsional oscillation. The day of Tacoma Narrows Bridge collapse, vertical mode
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amplitude observed with 2 m with 38 Hz. Especially, torsional mode observed with 2
radian amplitude with 14 Hz. To analyze the collapse of Tacoma Narrow Bridges,
Mckenna analyzed a suspension bridge with a one rigid suspension bridge cross
section and two-nonlinear hanger cables. To analyze the collapse of Tacoma Narrow
Bridge, Mckenna analysed a suspension bridge with a one-rigid suspension bridge
cross section and two-nonlinear hanger cables. Derived equations of motions for each
degree of freedoms solved by a numerical method. Dool and Hogan (2000) found
torsional oscillation due to differences of resistances at each hanger cables. The study
by Mckenna and Tuama (2001) became the basis of numerical analysis for suspension
bridge oscillation.

However, previous studies ignored torsional resistance of bridge cross section. The
previous model by Mckenna had two degrees of freedom and the model has two
distinct natural frequencies for the vertical mode and torsional model. However, the
only vertical stiffness was considered in the model without torsional stiffness. Also, the
model lead to unrealistic results as wind speeds increasing. Therefore, this study
investigated varying speed and frequency of wind loads which can triggered torsional
resonance as torsional resistance changed in order to identify the feasible ranges for
torsional resistance of the suspension bridges.

2. Modeling

As shown Figure 1, this study modeled a suspension bridge with one rigid
suspension bridge section and two hanger cables. Degrees of freedom of the cross
section were vertical displacement (y) and rotational displacement (8) . The

superstructure was assumed to be hung by hanger cables at the end of the cross
section. Assuming the hanger cables to the linear elastic, equations of motion for the
vertical and torsional displacement as equation (1) and (2).
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Fig. 1 Modeling of Suspension Bridge Fig. 2 Hanger Cable Force-Displacement
Curve.
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Where, ¢ is a damping coefficient, m is the mass of suspension bridge
superstructure, K is the stiffness of hanger cables and | is the half width of cross
section. As shown in equation (1) and (2), vertical mode and torsional mode were
coupled and expressed systems of ordinary differential equations (ODESs).

Both linear and nonlinear cable force-displacement curves were presented as in
Figure 2. It is reasonable that hanger cables only resist tensions and the restoring force
increases as displacements increase. Therefore, modified hanger cable force-
displacement equation and motion of equations are as following equation (3), (4) and

(5).
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here, ais the coefficient representing nonlinearity. As equation (3) is substituted into
equation (1) and (2) for the hanger cable stiffness term (K), the motion of equation
improved as equations (4) and equation (6) is obtained to insert the wind speed 4 and
wind frequency o.
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As in equation (5), torsional mode only determined by hanger cable stiffness although
torsional resistance of cross section is really exist. Kim and Lee (2013) modified the
equation by inserting a torsional resistance term (K, ) in equation (5), the torsional

motion of equation becomes

3c 3cosf K - ; 3
9": _ 9'— eoz(y—l sing) ea(y+lsmt9) o K 9 7
m|2 I ma[ ] mlz T ( )

Where, K; is a torsional resistance of the superstructure cross section in moment

per radian. Solution considered a torsional resistance can be obtained by solving
equation (6) and (7).

However, these equations could not apply actual design process due to uncertain
external force term. To determine external force term, this study coupled previous study
and CFD (Computational Fluid Dynamics). External force term in equation (6) and (7)
are substitute for new force term calculated with CFD. Also, section property in motion
of equations substituted for assumed section. Equation (6) and (7) modified to (8) and
(9)
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Where, FL(ws,#) is a lift force on the cross-section of the suspension bridge and
FM (ws, 8) is a moment force on the cross section.

A CFD domain is presented in Fig. 3. CFD analysis conducted with
ANSYS/FLUENT. A selected analysis dimension was 2D. The property of air density is
constant cause less than 0.3 mach (Cengel, 2009). Also, thermal/phase options were
inactivated because there was no heat transfer problem. Turbulence model was
selected standard K-epsilon model. The cross section rotational angel was changed for
-1 radian to 1 radian with increment 0.1 rad. Inlet condition was air flow velocity for 30
km/h to 250 km/h with 10 km/h increment. A outlet condition was relative pressure.
Upper and under wall conditions were selected with no shear stress. Furthermore, CFD
analysis could not cover whole possible area. Therefore, linear interpolation was
utilized in equation (10) and (11), presented in Fig. 4.
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Fig. 3 CFD analysis domain Fig. 4 CFD result interpolation

Section properties calculated with assumed section, presented Fig. 5. Slab
thickness is 300 mm, flange thickness is 30 mm and web thickness is 15 mm. Used
materials properties are presented in table 1.
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Fig. 5 Cross section dimensions



The 2014 World Congress on
Advances in Civil, Environmental, and Materials Research (ACEM14)
Busan, Korea, August 24-28, 2014

A hanger cable space is 10 m and length is 30 m and material properties were
referred to KS D 3509 (2007) and Korea Concrete Structure Design Code (2012). The
section properties calculated with commercial structure analysis tool, MIDAS/SPC. A
mass of suspension bridge cross section was calculated MIDAS/SPC and torsional
resistance and hanger cable stiffness calculated with equation (11) and (12).

FM =K, 0=R (11)

SS

FL=Ky= EA y (12)

HC

Where, G is the shear modulus. E is the elastic modulus. R is the torsional
resistance factor, A is area of the hanger cable cross section. Lg is length of 1
segment of the suspension bridge and L, is a length of the hanger cable. The 4th

order Runge-Kutta method selected for solving ODE’s Initial values were assigned to
be yo=yo'=yo"=0, 8'¢'= 6¢"=0 6¢x=0.001 in this study.

3. Analysis Results

CFD analysis results were presented in Fig. 6, 7. The Lift force and the moment
force are in proportional relation with velocity. However, The Lift force and the moment
force are not proportional with rotational angle. The Lift force and the moment force are
increased as rotational angle 0 to 0.5 rad and maximized at 0.5 rad.

Lift Force (N)
Moment (N-m)

1 Rotation (rad; .
Velocitty (km/h) o) Rotation (rad)

Velocity (km/h)

Fig. 6 CFD Results, lift force Fig. 7 CFD Results, moment force

Section properties were presented in Table 1, 2. Calculating composite section
properties is nearly impossible with hand calculation. Thus torsional resistance factor R
was calculated with MIDAS/SPC based on FEM (Finite Element Method). All properties
determined assumed suspension bridge cross section and suppositions. These
properties substituted in equation (10), (11).
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Table 1. Material Properties Table 2. Section properties
Concrete Steel Section
Property Value
(fck = 35 MPa) (SM490)
Elastic Modulus | 2.88E4 N/mm?| 2.05E5 N/mm? m 3.20E5 kg
Poisson’s ratio 0.18 0.3 K 3.52E7 N/m
Unit Weight 2.45E-5 N/mm® | 7.70E-5 N/mm® K 4.62E12 N/rad
| 12m

Analysis results for vertical/rotational displacement presented in Fig. 8 (a) and (b).
The vertical displacement converged within amplitude 0.3 m. The rotational
displacement converged nearly 0.

In this study, wind speed was deterministic value. However, all terms could be
constant value or variable. With this methodology, the bridge design engineer could find
bridge response in various conditions what the bridge would be faced. For example,
conducting frequency analysis, determining hanger cable stiffness, and revising
suspension bridge cross section properties were possible with this methodology.
Especially, bridge engineer consider hanger cable nonlinearity easily.

Vertical Displacement, WindSpeed = 120 km/h

Displacement (m)

0 100 200 300 400 500 600 700 800 900 1000
Time (sec)

a) Time-vertical displacement
Rotation, WindSpeed = 120 km/h

Rotation (rad.)

200 300 400 500 600 700 800 900 1000
Time (sec)

b) Time-vertical displacement
Fig. 8, Analysis results
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4. CONCLUSIONS

In this study, CFD-2D coupled analysis for suspension bridges were conducted.
Previous study had limitation due to uncertain external force term. To apply in bridge
design process, proposed methodology that CFD-2D coupled analysis. External force
terms were calculated with CFD analysis and all section/material properties were
calculated with assumed cross section. With this methodology, bridge design engineers
easily figure out bridge response faced various conditions. Especially, this methodology
has advantage that considering hanger cable nonlinearity. We are expected that this
methodology would be applied in real design process of suspension bridge.
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