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Abstract

The objective of this paper is to establish the theoretical formulation of the problem of nonlinear transverse vibrations of
Bernoulli–Euler beams carrying a finite number of masses at arbitrary positions, with general end conditions. The generality of
the approach is based on use of translational and rotational springs at both ends, allowing examination of all possible combinations
of classical beam end conditions, as well as elastic restraints. The method used is based Hamilton’s principle and spectral analysis
for nonlinear free vibrations exhibiting large displacement amplitudes. The problem is reduced to solution of a nonlinear algebraic
system using numerical or analytical methods. This has been previously applied to nonlinear transverse vibrations of continuous
structures such as beams, plates and shells, to nonlinear longitudinal vibrations of 2-dof and multi-dof systems and to nonlinear
transverse vibrations of N-dof systems. The nonlinear algebraic system has been solved using an approximate explicit method
developed previously (The so-called second formulation) leading to the nonlinear fundamental mode shape of beams carrying a
finite number of masses and to the corresponding backbone curves.
© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility ofthe organizing committee of EURODYN 2017.
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1. Introduction

Many real systems can be modeled by a beam supporting a finite number of masses. One can mention for example
the wing of an airplane supporting the engine mass or a bridge supporting many masses or the axis of a machine
supporting mechanical components like toothed wheels. On the other hand, a geometrically non-linear behavior
occurs when a structure is subjected to high vibration amplitudes, especially in the neighborhood of one of its
resonance frequencies, making it inaccurate to use classical linear theories to estimate the corresponding induced
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strains and stresses. In previously published works, the nonlinear mode shapes and resonance frequencies of beams
with various end conditions have been examined both theoretically and experimentally [3 to 6]. The theory was
based on Hamilton’s principle and spectral analysis and had led to a series of amplitude dependent mode shapes and
resonance frequencies. The purpose of the present work was the examination, by similar methods, of geometrically
non-linear vibrations of Bernoulli–Euler beams carrying a finite number of masses at arbitrary positions. A lot of
research has been conducted to analyze linear vibrations of beams carrying concentrated masses at arbitrary positions
and additional complexities. The present paper is concerned with determination of the geometrically nonlinear
frequencies of Bernoulli-Euler beams carrying a finite number of masses at arbitrary positions with general end
conditions. Translational and rotational springs are placed at both ends, which allow representing all possible
combinations of classical end conditions, as well as elastic supports, by varying the spring stiffness. Therefore, the
objective of our study is to present a general solution of the nonlinear problem in order to find the nonlinear
frequencies amplitude dependence and make it possible to perform the necessary corrections in rotor dynamics when
the linear theory fails in describing appropriately the vibration conditions.

1. Nonlinear formulation

The uniform beam with n masses Mm , shown in figure.1, is made of a material of mass density , Young’s modulus

E, length L, cross-sectional area S, radius of gyration r and second moment of area of cross section I. 2
m m mI m r ,

Im is the moment of inertia of the attached mass mm, where rm is the radius of gyration with respect to the neutral axis
of the beam; k1 and k2 are the translational stiffness of the vertical springs supporting the beam at the two ends while
k3 and k4 are the rotational spring stiffness. Let x be the coordinate along the neutral axis of the beam measured from
the right end and w(x,t) be the transverse deflection of the beam, measured from its equilibrium position, and  be

the slop defined by ( , )w x t
x

 




Figure 1 – Restrained beam with N masses

The kinetic energy of the system (beam carrying N masses), denoted in what follows as BCNM, can be expressed
as:
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The BCNM total strain energy can be written as the sum of the strain energy due to the bending denoted as Vlin, plus
the axial strain energy due to the axial load induced by large deflection denoted as VNlin [3].
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The transverse displacement function is expanded as a series of basic spatial functions (the linear modes of the
BCNM) and the time function is supposed to be harmonic:

i i i iw( x,t ) q ( t )w ( x ) a w sin( t )   (3)
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