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Preface

Today, earthquake engineering research is devoting a major effort toward establishing seismic per-
formance requirements associated with large inelastic deformations of the structure. At the same
time, structural response modification systems (certainly, passive energy dissipation and seismic
isolation systems) have been widely used. It is reasonable to expect that the next research emphasis
in performance-based engineering is to integrate both frontiers for more optimal seismic perfor-
mance of structures. As far as safety, performance, and cost for both components of inelastic defor-
mation and structural response control are concerned, structural damping is a core knowledge area.
In this book, recent advances in structural damping are presented and their applications to the design
of passive structural response modification devices are given to complement the current supplemen-
tal damping design practice for high-level damping. Integration with seismic performance require-
ment is not addressed in this book.

Aseismic design using supplemental dampers has steadily gained popularity in the earthquake
engineering profession over the past several decades. Many practical applications of various damp-
ers can be found worldwide and, in the United States, damper design has been included in building
codes. To date, damping design is primarily based on the concepts of the energy equation, effective
proportional damping, and simplified linear single-degree-of-freedom (SDOF) response spectrum.
These concepts, along with their associated underlying assumptions, support the idea that installing
supplemental dampers in structures will dissipate energy. Nonlinear damping is presented by an
effective damping ratio through linearization schemes, and the damping coefficients of structures
are assumed to be classic damping matrices in order to establish a procedure for damping design.
In addition, it is assumed that statistical procedures that use earthquake records can be carried out
through proportional scaling of their amplitudes.

These assumptions have enabled us to develop a design procedure for supplemental dampers.
However, it is not well understood that some of these assumptions work well only when the amount
of damping in structures is within a specific low level. The first main objective of this book is to
provide a theoretical foundation on the role of damping in the dynamic response of structures, espe-
cially when the level of damping is high or when nonlinearities become important design issues.
The second main objective is to provide response spectra—based design principles and guidelines
for practical applications of damping devices to reduce earthquake-induced structural vibration.

Generally speaking, structural responses under seismic excitations are dynamic processes. There
are three resisting force components to counter the earthquake load, one of which is the damping
force. While damping technology has been developed and advanced in a range of mechanical and
aerospace engineering applications over many years, it has become a popular approach in structural
engineering only in the later part of the twentieth century.

While the development and application of energy dissipation devices in structural engineer-
ing continue to expand, there are a number of fundamental issues related to the dynamic behavior
of structures with supplemental damping as a system that require further study. Limitations and
impacts of using energy dissipation devices need to be clarified and established. This book intends
to fill the knowledge gap by helping earthquake engineers to better understand the dynamic behav-
ior of structures and to more effectively use the design codes for dampers.

The key elements in this book are summarized as follows.

A straightforward concept often advocated in damping design is that “more energy dissipated
by the added dampers will result in less vibration energy remaining in the structure, and thus
the structural response is reduced.” This is not always true. A higher level of damping may not
effectively reduce the responses of a given structure. In some cases, high-level damping may even
magnify the responses, because the level of structural response depends not only on local energy
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xviii Preface
dissipation, but also on energy input and its redistribution. Thus, minimizing the conservative
energy of the vibrating system in structures with supplemental damping is a more appropriate
general guiding principle.

Several other basic issues in structural damping are carefully reviewed. These include the maxi-
mum energy dissipation principle under preset damping force and allowed structural displacement;
the damping adaptability of devices that can operate in a large dynamic range of earthquake loads:
the viscoelastic behavior of any damping elements that take the supporting stiffness as well as
installation practice into consideration; nonproportional damping that needs to be minimized as
much as possible in design practice; the limitation of using damping force that provides a practical
engineering limit beyond which adding more damping provides diminishing gains: and the problem
of damping and stiffness nonlinearity that cannot be accurately approximated by today’s design
approaches. In addition, a design principle based on energy distribution is discussed, which may be
useful for generally damped multi-degree-of-freedom (MDOF) systems.

The characteristics of nonlinear damping and nonlinear structures are complex issues to address
in damping design. In this book, nonlinearity is considered in three cases. The first case involves a
linear structure with small nonlinear damping, the second case is for a linear structure with larger
nonlinear damping, and the third case applies when both the structure and the damping are non-
linear. In the first case, because the damping force is rather small, almost any type of linearization
can be used without causing any significant design discrepancies. In the second case, care must be
taken to choose proper linearization; employing nonlinear design spectra can often be a reasonable
approach. In the third case, linearization methods, though adopted by many building codes, can pro-
vide highly inaccurate results. Methods such as the equal displacement approach (using R-factors),
equal energy approach, and pushover approach all have their limitations. Since the nonlinear design
spectra approach requires too many response spectra, not only for specific damping and stiffness,
but also for specific levels of ground excitations, it is not useful in practice. Thus, nonlinear time his-
tory analysis must be used. This latter method, though always workable for the first two cases, can
yield an unacceptable computation burden, making it unattractive for use in day-to-day practical
damping design. For this reason, time history analysis is not emphasized in all discussions.

Two types of design approaches are provided in this book. The first is the design response
spectra approach. Specifically, the design is modified by a simplified factor, the damping ratios
of the first several vibration modes of the structure. For readers familiar with the design response
spectra method for an SDOF linear system, this approach provides a good design when damping is
small and for structural responses in elastic ranges. The modified approach addresses cases where
damping is large and nonlinear. Examples of how to modify the response spectra design are also
provided.

The second type of damper design is based on time history analysis, for which several issues are
important. These issues include how to select and scale earthquake records to be consistent with the
response spectra, accuracy of modeling of dampers as well as the structure—damper system both as
elastic and inelastic systems, and interpretation of response time histories and peak values.

There are many issues related to the role of large damping in the design of earthquake protective
systems. Some involve fundamental theories, while others focus on practical details, such as device
installations. In this book, focus is first given to the fundamental issues. Detailed technical descriptions
and step-by-step design procedures are developed based on the basic principles. These fundamental
issues are limited to areas within the scope of structural dynamics principles, although attention is also
given to related topics of damper selection, damper specifications, and damper installation.

The arrangement of this book is as follows. Part I provides a foundation for generally damped
MDOF systems by emphasizing damping force, energy dissipation, and structural impedances,
which are important in structural dynamics and damping control. In Chapter 1, the necessary back-
ground of linear SDOF systems, including the concepts of natural frequency and damping ratio, is
introduced. Free and forced harmonic vibrations are discussed, and the concepts of damping force
and energy dissipation are systemically explained. The effect of damping on free and harmonic
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vibration is reviewed. Effective damping, as systemically described by Timoshenko, is the funda-
mental formula in currently used damper design. This concept is analyzed and an alternative force-
based approach for linearization of damping is also provided.

In Chapter 2, arbitrary excitations for SDOF systems, including periodic, transient, and random
excitations, are considered and the earthquake responses of structures are examined. Parallel with
the description of these three types of arbitrary excitations and the corresponding responses of
SDOF systems, mathematical tools are introduced. In particular, Fourier series and Fourier/Laplace
transforms, which are basic approaches to represent vibration signals, are reviewed. The integral
transforms allow a different idea to be considered; that is, the view in the frequency domain is seen
as a modal vibration model, whereas the direct response of the system provides the response model
in the time domain. Furthermore, to account for random vibrations, the concepts of correlation
analysis and spectral analysis are introduced. These necessary mathematical tools are used in the
rest of the book. In the last section of this chapter, earthquake response is discussed with a primary
focus on the response spectrum. Again, the effect of damping is emphasized.

In Chapter 3, linear MDOF systems with proportional damping are introduced. First, the
undamped system is examined and the fundamental approach of eigen-decomposition is consid-
ered. The concept of the Rayleigh quotient is introduced as the foundation of modal analysis. Then,
proportional damping is discussed, followed by modal analysis and system decoupling. For practi-
cal applications, modal participation, modal truncation, and modal parameter estimation, as well as
several forms of proportional damping matrices, are presented.

Nonproportionally damped and overdamped systems are discussed in Chapter 4. Although most
structures are more or less generally damped, only the equations that are needed for practical use
are presented. Theoretical developments on generally damped MDOF systems are not covered here
in significant depth, but are available elsewhere (e.g., Liang et al. 2007). Instead, explanations for
engineering application of the theoretical principles and design examples are provided.

Part II introduces some design principles and guidelines for damping control. The focus is on
using damping force more accurately and effectively in the design of structures with supplemental
damping. In Chapter 5, the basic principles of damper design and damping devices are given. The
first group of principles are associated with various dampers. These include generic modeling of
damping force for dampers and damping parameters of structures with added dampers; conven-
tionally used Timoshenko effective damping ratio based on energy and an alternative approach for
the effective damping ratio based on damping force; maximum energy dissipation per device per
cycle, which leads to the rectangular law that provides a method for optimal damping design and
the upper limit of damping vibration control; damping adaptability, which provides another basic
rule for damper selection; damping ratio affected by the physical parameters of the total system
and the effectiveness of the structural parameters in affecting the damping ratio; similarity and
difference of response spectrum and dynamic stiffness, which provide an alternative rule other
than response spectrum as a design criteria; and the relationship between damping and stiffness,
which is an often overlooked issue in practical damper design.

Chapter 6 is a continuation of the discussion on design principles, but the focus is on the nonlin-
earity and damping irregularity of the total system of structures with supplemental damping. The
pros and cons of currently used simplified damper design procedures are presented and discussed.
In the simplified design procedure, the designers do not have to obtain the exact mode shapes for
modes higher than the fundamental one, nor do they have to calculate the exact first mode shape.
However, for systems with larger damping, special considerations must be given. These consider-
ations result in modifications to the currently used simplified approach based on the design spectra
approach. These suggested modifications are presented in the NEHRP (2009) provisions and are
discussed in Part ITI.

In general, Part III provides more detailed design procedures based on the classification of spe-
cific damping devices. In this book, dampers are classified based on their linearity and rate depen-
dency to facilitate the subsequent development of design guidelines in a logical manner, rather than
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on their displacement dependency and velocity dependency. Chapter 7 deals with linear damping
and linearized nonlinear damping. When the supplemental damping is not sufficiently large, this
approach can greatly reduce the computational burden, yet provide reasonable accuracy. The sim-
plified design approach of current codes is introduced. While the design logic is virtually identical
among these codes, some improvements are suggested to enhance the design procedure. The first
part of Chapter 7 presents an approach for using SDOF systems, which is directly related to the
design spectrum. This serves as the basis for the entire simplified design process, as well as provides
an initial estimation of whether supplemental damping should be used. The multiple-story-single-
period (MSSP) structures and multiple modes are then introduced as the main platform for develop-
ing design guidelines. Chapter 7 also presents more general linear damping.

When the added damping is sufficiently large, to avoid the errors introduced by the linearization
process, nonlinear damping needs to be considered. This is examined in Chapter 8. One typical
nonlinear response is the parallelogram-form force—displacement relationship, referred to as the
bilinear damper. To estimate the structural responses, specific bilinear response spectra are used.
To further obtain the response vectors of nonlinear MDOF systems, separation of the displacement
and acceleration is performed and the combination of the first several effective “modes” is rendered.
In Chapter 8, another important type of damper, the sublinear damper, is discussed and expressed
by the sublinear response spectra. Unlike bilinear damping, in which all the effective “modes” of
interest can be treated as bilinear, sublinear damping rarely contributes accurate information for
higher “modes.” Therefore, an alternative approach of an equivalent linear MDOF system, which
likely will be generally damped, is used. Detailed design steps on mode shape normalization, gen-
eral damping indices, and response computation, as well as selecting damper specifications, are
discussed. For sublinear systems, an iterative design procedure for a nonlinearly damped structure is
also suggested. This includes the identification of the model, initial design, and response estimation.
Note that the spectra-based estimation proposed in this chapter provides simplified calculations with
considerably less computational burden. It should be used together with time history analysis for
design safety, efficiency of damper use, and cost-effective optimizations.

The materials covered in Part III are incomplete. Much remain to be fully developed. Because
most design professionals are familiar with the current design codes (e.g., NEHRP 2009), an
approach that follows the NEHRP provisions with added “notations”™ and “recommendations” is
followed in presenting the materials in Chapters 7 and 8. It is hoped that this information will be
useful as a supplement to the existing NEHRP provisions. It is obvious that many research and
development challenges remain to be faced by the earthquake engineering research community and
codification professional groups. This book will hopefully also help clarify some of these future
research needs.

The materials presented in this book were gradually developed by the authors during the past
20 years in conjunction with their research activities sponsored by the National Science Foundation
and the Federal Highway Administration through the National Center for Earthquake Engineering
Research and subsequently, the Multidisciplinary Center for Earthquake Engineering Research.
The authors would like to acknowledge these funding agencies for the opportunity to work on struc-
tural damping—related subjects, and the Samuel P. Capen Endowment fund of the University at
Buffalo, State University of New York, for partial financial support. They would like to express their
appreciation to professors Joseph Penzein of the University at California, Berkeley, and Masanobu
Shinozuka of the University of California, Irvine, for helpful technical discussions and to many of
their colleagues at the University at Buffalo, in particular, professors Michael Constantinou, Andre
Filiatrault, Andrei Reinhorn, T. T. Soong, and Andrew Whittaker, for their inspiring discussions and
pioneering research efforts in damping design and related areas that greatly benefited this writing
effort. In addition, the authors are indebted to the following individuals for their invaluable assis-
tance in technical editing and formatting of the manuscript: Jane Stoyle Welch, Shuchuan Zhang,
Nasi Zhang, Yihui Zhou, Hao Xue, Dezhang Sun, and Chao Huang. Last but not the least, the authors
express their sincere appreciation and affection to their wives, Yiwei, Grace, Andrea, and Li, for



Preface XXi
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The major goal of earthquake engineering is to limit seismic-induced structural damages at reason-
able cost. To achieve this goal, one of the most effective approaches to reduce structural response
is to utilize supplemental dampers, provided such a damping system is properly designed. In this
sense, understanding structural damping is critically important for successful seismic design. This
book Structural Damping: Applications in Seismic Response Modification is a valuable addition to
the Advances in Earthquake Engineering Series for it serves the goal of optimal response control.
The book was written under the direction of Dr. George C. Lee, SUNY distinguished professor,
who had served as chair of the Department of Civil Engineering, dean of the School of Engineering
and Applied Science, and director of the Multidisciplinary Center for Earthquake Engineering
Research. He and his coauthors have integrated the essential materials developed by his research
team in the past 20 years. The key features of this book may be briefly summarized as follows:

1. The book provides an integrated systematic presentation of the dynamic response of struc-
tures with nonproportional or nonlinear damping, as well as with overdamped vibration
modes. This theoretical base is important for understanding the dynamic behavior of
structures with large damping, prior to the development of aseismic design using damping
devices.

. This volume is a pioneering work to provide comprehensive design principles of structural
damping, including design procedures and guidelines for aseismic design of structures
with enhanced damping.

3. Based on a comprehensive formulation, limitations of current design practice for large

damping are clearly illustrated, and improvements to handle enhanced damping are given.

4. This volume offers a discussion of the safety issues of structures with enhanced damping,

based on theoretical formulation and practical design consideration.

o

This book is useful not only in the practicing engineering community but also to researchers and
educators, because numerous research and development challenges remain to be pursued.
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