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Summary. In this paper, the analysis of a self-excited suspension bridge under turbulent wind flow is carried out. The stationary wind is
responsible for self-excitation, while the turbulent part is responsible for parametric excitations. The simultaneous presence of those
excitations is taken into account in a specific resonance condition. The periodic solutions are studied by means of a perturbation method and
the effects of the turbulence on the dynamics of the structure are analyzed.

Introduction

Suspension bridges are long, slender flexible structures which are very sensitive to dynamic actions induced by wind,
which causes a variety of instability phenomena, related to different kind of excitation. In particular, the aeroelastic
instability dealing self-excited vibrations, such as galloping and flutter, is of particular interest, since these phenomena
may cause devastating effects, leading to structural collapse like in the famous Tacoma Narrows bridge. The aeroelastic
behavior of long-span bridges, and especially the aeroelastic instability, has drawn remarkable attention in the fields of
structural engineering and physics. The modern era of bridge aeroelasticity was launched by [1]-[4]. More recently, many
linear and nonlinear aeroelastic analysis frameworks for cable-supported bridges were developed, e.g. [5]-[9], to predict
the aeroelastic response of bridges under steady and turbulent winds (the most by solving the motion equations by
numerical tools).

In this paper, the aeroelastic behavior of a suspension bridge is investigated by a continuous model. A simple analytical
model of suspension bridge, subjected to turbulent wind flow, is proposed to analyze the aeroelastic in-plain instability
(galloping). The objective is to take into account the possible occurrence of Hopf bifurcations, due to the steady part of
the wind, and to analyze modifications on the solutions due to the turbulent part. The main innovative aspect relies in
directly attacking the continuous problem by perturbation methods, leading to approximate formulae suitable for
preliminary designs.

Model

A standard single-span suspension bridge, made of a main cable, a stiffening girder, uniformly distributed hangers (or
suspenders) and two supported towers or pylons, is considered. The main cable is rigidly connected to the support towers,
assumed to be rigid. The main cable is assumed to be uniform and elastic, and its bending stiffness is ignored. The
structure is subjected to a turbulent wind flow of velocity U (t), blowing orthogonally to the plane of the bridge. A scheme
of the model is shown in Fig. 1.
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Figure 1: Single-span suspension bridge model.

Linear visco-elastic continuous models of beam and cable are formulated, coupled by vertical suspenders, modeled as
uniformly distributed axially rigid links. Both external and internal damping are accounted, this latter according to the
Kelvin-Voigt rheological model. The aeroelastic effects of the wind are evaluated via the classical quasi-static theory.

Aerodynamic forces

The aerodynamic load is caused by the wind, which blows orthogonally to the plane of the bridge, with time-dependent
velocity U(t). This, triggers in-plane forces, which depend on the structural velocity, as result of the aeroelastic
interaction. Only forces on beam are accounted, while force on the cable are neglected. Nonlinear aerodynamic forces are
formulated in the framework of the quasi-steady theory (see [10]); by truncating them to the third-order, they read:
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where the coefficients b; are aerodynamic coefficients depending on the shape of the cylinder cross-section. The wind
velocity is decomposed as U(t) = & + u(t), where @ is a constant (average) part, representing the steady component,
and u(t) is a periodically time-dependent part, representing the turbulence. By assuming that the turbulent part is small
compared to the steady one, the aerodynamic force is expanded is Taylor series.

Equation of motion
The dimensionless motion equations read:
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The dimensionless parameters A% and p? accounts: the first, for the elastic and geometric properties of the cable (known
as the Irvine-Caughey cable parameter [11]); the second, for the beam-cable stiffness ratio. The dimensionless terms
1y, N and ¢, are internal and external damping parameters. The Eqgs. (2) are a generalization of the motion equations
provided for the first time by Bleich et al. in [12], and recently re-examined by [13], accounting for additional damping
and aerodynamic loads. They describe an infinite-dimensional system, parametrically excited by the turbulence. Here the
turbulent part is considered harmonic, i.e., u(t) = i cos(Qt), where 1 is the amplitude and Q = 2w + o is the frequency
of the parametric excitation, chosen close to the double of the natural frequency w, with o a small detuning. Therefore,
the condition of principal parametric excitation occurs.

To investigate the behavior of the structure in the nonlinear field, close to the dynamic bifurcation, a nonlinear asymptotic
analysis is carried out. The Multiple Scale Method (MSM) is used, by directly attacking the partial differential equations
of motion. A bifurcation equation in the amplitude of motion a(t) is obtained, from which periodic oscillations and their
stability are analyzed.

Main results

The mains results consist in the stability domains (Fig. 2a) and bifurcation diagrams (Fig. 2b).
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Figure 2: (a) Stability domains; (b) Bifurcation diagrams in presence of turbulent wind.

References

[1] Farquharson F.B. (1952) Aerodynamic stability of suspension bridges, university of Washington experiment station. Bull, 116:1949-54.

[2] Bleich F. (1948) Dynamic instability of truss-stiffened suspension bridges under wind action. In Proc. ASCE, volume 74, pages 1269-1314.

[3] Selberg A. (1963) Aerodynamic effects on suspension bridges. In Int. Conf. Wind Effects on Buildings and Structures, volume 2, pages 462-479.

[4] Scanlan R. H. and Tomo J. (1971) Air foil and bridge deck flutter derivatives. Journal of Soil Mechanics & Foundations Div.

[5] Chen X. and Kareem A. (2003) Aeroelastic analysis of bridges: effects of turbulence and aerodynamic nonlinearities. Journal of Engineering Mechanics
129, 8, pp. 885--895.

[6] Salvatori L. and Borri C. (2007) Frequency-and time-domain methods for the numerical modeling of full-bridge aeroelasticity. Computers & structures
85, 11-14, pp. 675--687.

[71 Arena A. and Lacarbonara W. (2012) Nonlinear parametric modeling of suspension bridges under aeroelastic forces: torsional divergence and flutter.
Nonlinear Dynamics 70, 4, pp. 2487--2510.

[8] WuT., Kareem A, and Ge Y. (2013) Linear and nonlinear aeroelastic analysis frameworks for cable-supported bridges. Nonlinear Dynamics 74, 3, pp.
487--516.

[9] Arena A. Lacarbonara W., and Marzocca P., (2016) Post-critical behavior of suspension bridges under nonlinear aerodynamic loading. Journal of
Computational and Nonlinear Dynamics 11, 1, pp. 011005.

[10] Novak M. (1969) Aeroelastic galloping of prismatic bodies. Journal of the Engineering Mechanics Division, 95(1):115-142.

[11] Irvine H. M., & Caughey T. K. (1974) The linear theory of free vibrations of a suspended cable. Proceedings of the Royal Society of London. A.
Mathematical and Physical Sciences, 341(1626), 299-315.

[12] Bleich F. (1950) The mathematical theory of vibration in suspension bridges: a contribution to the work of the Advisory Board on the Investigation of
Suspension Bridges. US Government Printing Office.

[13] LucoJ E. and Turmo J. (2010) Linear vertical vibrations of suspension bridges: A review of continuum models and some new results. Soil Dynamics
and Earthquake Engineering, 30(9): 769-781.



