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a b s t r a c t

Combining external dampers and cross-ties into a hybrid system to control bridge stay
cable vibrations can address deficiencies associated with these two commonly used vi-
bration control solutions while retaining their respective merits. Despite successful
implementation of this strategy on a few cable-stayed bridges, behavior of such a struc-
tural system is still not fully understood. In the current study, an analytical model of a
hybrid system consisting of two parallel taut cables interconnected by a transverse linear
flexible cross-tie, with one cable also equipped with a transverse linear viscous damper
close to one end support, is developed. The proposed model is validated by an experi-
mental work in the literature and an independent numerical simulation. A parametric
study is conducted to comprehend the impact of main design parameters on the perfor-
mance of a hybrid system in terms of the in-plane frequency, the damping and the degree
of mode localization of the system's fundamental mode. In addition, the concept of iso-
quant curve is applied not only to appreciate the effect of simultaneous variation in main
design parameters on the modal behavior of a hybrid system, but also to identify the
optimal ranges of these parameters to achieve the required cable vibration control effect.

© 2017 Published by Elsevier Ltd.

1. Introduction

Cables on cable-stayed bridges are generally long, flexible and low in inherent damping, which make them susceptible to
various types of dynamic loads. In extreme conditions, cable vibration amplitude may reach up to 1m or more [1,2]. Frequent
and excessive vibrations may cause fatigue failure of cables and cable anchorages, and also damage cable protection
sheathing. These would ultimately shorten the service life of bridge structures. To address the vulnerability of bridge stay
cables to dynamic excitations, external dampers [3e7] and cross-ties [8e12] are commonly used on site to control unfa-
vorable cable vibrations. While the former directly supplements additional damping to the attached cable, the latter helps to
enhance the in-plane stiffness of the connected cables and redistribute energy within the formed cable network. Though both
techniques have been successfully applied in field, the effectiveness is limited by their respective drawbacks. The installation
location of external passive dampers is typically restricted to be very close to cable-deck anchorage and thus cannot provide
enough supplemental damping especially to relatively long cables. Lan et al. [13] examined the influence of different cable
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parameters on the effective damping of a cable equippedwith a viscous damper using design data of the Sutong Bridge. It was
found that themaximum attainable damping of a damped cable would drop significantly if the damper was attached to a very
long cable. On the other hand, it is understood that a cross-tie is not a direct energy dissipating device unless it is highly
damped [11], and it cannot suppress out-of-plane cable vibrations.

To address the deficiencies associated with these two commonly used countermeasures while still retain their respective
merits, the idea of combining external dampers and cross-ties into a hybrid system for cable vibration control was proposed
and successfully implemented on a number of cable-stayed bridges. For example, the Normandy Bridge in France [14] and the
Fred Hartman Bridge in USA [8,15]. However, only a limited number of studies are available in literature that discussed the
behavior of such kind of structural systems. Bosch and Park [16] studied the performance of a hybrid system subjected towind
load using a finite element simulations. It was assumed that the hybrid system consisted a group of stay cables on the Bill
Emerson Memorial Bridge which were interconnected by four lines of transverse cross-ties. In addition, each cable was
assumed to be attached by a linear viscous damper. Results suggested that combining dampers and cross-ties into a hybrid
systemwould not necessarily gain the cumulative benefits of applying the two solutions separately. Using the Fred Hartman
Bridge as the background, Caracoglia and Jones [17] extended the analytical model of cable networks developed earlier [8] to
study the dynamic response of a hybrid system by connecting each cross-tie line to bridge deck through a damper. It was
observed that the addition of external dampers to existing cross-tie lines would be more effective in suppressing global
modes whereas local modes remained unaltered. In addition, compared to the damper-only solution, hybrid system was
found to be a preferable configuration to achieve optimum cable vibration control for multiple modes. Following this, Car-
acoglia and Zuo [18] evaluated the effectiveness of hybrid systems having various different configurations in mitigating cable
vibrations for the same bridge. Results showed that the configuration of a hybrid systemwith a damper attached in-line with
each cross-tie line would yield more satisfactory vibration suppression effect in terms of the modal damping of the funda-
mental mode. Nevertheless, it was indicated that it was not necessary to equip each stay cable with a damper although it
could help to suppress some of the local modes. It is also important to note from their findings that the combined use of cross-
ties and external dampers would not be effective in controlling out-of-plane cable vibrations. More recently, Zhou et al. [19]
developed an analytical model of a symmetric two-cable hybrid system, of which the two consisting cables were laid in
parallel with each other and connected by a transverse spring. In addition, each cable was attached with a linear viscous
damper close to one end. A free vibration analysis was performed to understand the modal behavior of such a hybrid system,
in terms of its in-plane frequency andmodal damping associatedwith the second in-phase and out-of-phasemodes when the
two main cables were identical.

As can be seen from the above, the hybrid systems discussed in these few existing studies were either based on the cable
layout on a particular cable-stayed bridge, or had an idealized symmetric configuration, of which some findings might only be
applicable to the corresponding specific system arrangement. Further, all of themwere focused on investigating the in-plane
stiffness and damping of the hybrid system, whereas the severity of local mode formationwas not discussed. Nevertheless, it
is already known that the installation of cross-tie would result in formation of numerous closely-spaced local modes which
are hard to suppress [8,20] and efforts should be made in system configuration design to minimize their formation [15].
Compared to numerical simulations, analytical study has the merit to offer deeper insight into the physics associated with
system behavior and reveal the role of various system parameters in the system response. The availability of an analytical
model for hybrid systems having general layout would greatly assist in better comprehension of mechanics and performance
associated with this type of structural system, which would ultimately help to improve the design practice.

In the current paper, an analytical model of a hybrid system, which consists of two parallel taut cables interconnected by a
transverse linear flexible cross-tie, with one cable also equipped with a transverse linear viscous damper close to one support
end, is developed to explore the combined effect of external damper and cross-tie on the modal response of hybrid two-cable
networks. To validate the proposed analytical model, it is applied to analyze modal behavior of a hybrid system experi-
mentally studied by Sandanam [21]. Further, an independent numerical simulation of the same hybrid system is conducted.
The modal properties of the hybrid system obtained from the proposed analytical model are compared with the existing
experimental data [21] and numerical results. Parametric study is conducted to understand the impact of the main design
parameters on the performance of a hybrid system in terms of the in-plane frequency, the damping and the degree of mode
localization of the system fundamental mode. For design optimization, the concept of isoquant curve is utilized to show the
effect of simultaneous variation of main design parameters on the modal behavior of a hybrid system. This would allow
defining the optimum range of the hybrid system design parameters to achieve the required cable vibration control effect and
thus greatly improve the current design practice.

2. Formulation of the analytical model

The idea of forming a hybrid systemwas proposedwith the objective to exploit the advantages of the damper solution and
the cross-tie solution in suppressing stay cable vibrations while overcoming their respective drawbacks [8,14,15]. Thus, a
vulnerable cable (referred to as the “target cable” in the rest of the paper) would be equipped with an external damper to
supplement energy dissipation and also connected to its neighboring cable(s) through cross-ties to enhance its in-plane
stiffness. The analytical model of the proposed hybrid system is an extension of the conventional two-cable network
model developed earlier by two of the co-authors [9]. For the completeness of the paper and the convenience of the readers,
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