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1. Introduction

The viscous dampers have been considered as preferred supplementary energy dissipating devices for
structural vibration control, especially in innovative lateral displacement control strategies. The interactional
effects of connected structures were first discussed as a seismic response reduction approach for building
systems by Klein et al. (1972). In the vertically isolated structures (VIS), vertical isolation layers are applied in
a way to partition the structure into two interactional inner and outer substructures (Ziyaeifar et al. 2012.) A
comprehensive investigation was performed on displacement control features of the vertically isolated
structures interconnected by viscous and viscoelastic links (Milanchian et al. 2017).

In the present study, the effects of nonlinear behavior of viscous dampers in the efficiency of the VIS are
taken into consideration. By using a set of earthquakes with a wide range of dominant periods, and conducting
a series of nonlinear time history analyses, the application of nonlinear viscous dampers (NVDs) in the VIS has
been thoroughly studied. In these analyses, the interaction effect of isolation ratios and link parameters on
response control of the VIS was explored. Also, color contour graphs were defined for presentation and
investigation oflarge amounts of output results, in which three states of Mass Isolation, Interactional State, and
Control Mass have been differentiated.

2. Methodology

The features of nonlinear damping in an SDOF subjected to harmonic loading are investigated. Particular
attention has been paid to the effect of nonlinear damping on the transient part of the response, rather than
the steady state one. That is because the response to seismic excitations basically has transient nature (Fig. 1).
Then, a framework has been created for comparison of linear viscous dampers (LVDs) and NVDs based on the
damper force capacity.

* Corresponding Author
E-mail addresses: milanchian@iau-mahabad.ac.ir (Reza Milanchian), hosseini@iiees.ac.ir (Mahmood Hosseini),
nekooei@srbiau.ac.ir (Masoud Nekooei).
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Fig. 1. Hysteresis curves for the different velocity exponents of NVDs

Although the application of the VIS in a three-dimensional structure can be achieved through partitioning
the building's structure into two inner and outer substructures, it is presumably adequate to consider two-
dimensional frame structures for investigating the fundamental features of the work, on this basis the
analytical model of the VIS and their governing equation of motion subjected to earthquake excitations were
developed. To clarify the basic concepts of the VIS, a model of 1-story single frame is considered. The 1-story
VIS is subjected to different earthquake excitations, and its response histories are obtained by a series of time
history analysis (THA) cases. In the considered VIS model, to solve the governing nonlinear differential
equations of motion, the Runge-Kutta numerical method was employed. The maximum displacement in
response history of each isolated structure, which is the most important seismic response parameter, is
selected as a criterion for seismic performance evaluation.

For the VIS, presentation and investigation of a large number of the output results should include those
related to both parts of the isolated structures, hence, an appropriate and comprehensive graphical
representation has been introduced. In the suggested Cartesian coordinate system, horizontal and vertical
coordinate's axes are considered as the stiffness and mass ratios, respectively, and the color contour graphs
demonstrate the seismic response. In such graphs, the results corresponding to the stiff substructure are in
central symmetry with those of flexible substructure, as the center point of the graph corresponds to «_m=0.5
and o_s=0.5. This representation was called Vertical Isolation Contour Graph (VICG).

The efficiency of the NVD in the VIS is supposed to be evaluated by comparing it with its linear equivalent.

Hence, response history analyses initially were carried out for the VIS with the linear viscous link (

Fig. 2-c). Then, for a given velocity exponent, a, and for every pair of isolation ratios (a,; and «a,,,), the

procedure for selecting the proper NVD corresponding to linear one is mainly dependent on the damper

experienced force, as the maximum value of damper force in the linear viscous link is considered as damper

capacity criterion. Then, the nonlinear damping coefficient, ¢,,;, is calculated in a way that the maximum values
in linear and nonlinear cases become equal.
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3. Results and discussion

Contrary to the appropriate effectiveness of NVD in shock-absorbing, dissipating induced energy and
response reduction of structures, the results of this study did not indicate that much satisfactory performance
of NVDs in the VIS, especially with low velocity exponents. In the NVD with low velocity exponent, the
sensitivity to the relative velocity of damper decreases, conversely, the damper force gets more related to the
damper relative displacements. The VIS with NVDs can resemble the VIS with visco-elastic dampers with large
stiffness values in the aforementioned manner. In the VIS, the structural interaction has the main role in the
response reduction, and the NVDs decrease this significant effect.

4. Conclusions

Due to time varying vibrational response of structures in earthquakes, nonlinear features of viscous
dampers have been studied in the transient state of SDOF subjected to harmonic loading. Defining the damping
of a system equipped with NVDs is an ambiguous topic since the recognized damping ratio for a structure with
a linear viscous damper in terms of its mass, stiffness and damping coefficient is meaningless and the behavior
of a system with an NVD could be similar to that of a system with hysteretic damping in some aspects. The
energy-based-equivalent damping coefficient for the specified displacement value is not an appropriate scaling
method and can be misleading for a random excitation like earthquake-induced motions. The numerous
analyses with various velocity exponents were performed on different earthquakes and introduced VICGs were
used for investigation of results. It was shown that the considered isolation technique is an effective approach
in response reduction in the cases of both LVD and NVD. However, the results of this study did not indicate that
much satisfactory performance of NVDs in the VIS, especially with low velocity exponents.
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