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ABSTRACT

by

Zhou Xu

Advisor: Professor Anil Kumar Agrawal

The objective of this research is to assess the effectiveness of existing seismic
protective devices and design novel controllers for the protection of civil infrastructure
systems against near-field ground motions.

The characteristics of near-field ground motions and their effects on linear and
nonlinear structural systems are investigated to gain an understanding of the effect of the
excitation properties on structural responses. The results indicate that the responses of
these structures subjected to recorded near-field ground motions are controlled by the
pulse components of these records represented by the frequency, shape, danmping and
amplitude. Near-field ground motions cause distinct strength and ductility demands, and
energy dissipation requirements on structures. The response modification factor versus
ductility (R-p) relationships for pulse excitations are found to match the lower bound of
the recorded ground motion results for low T,/T, (ratio of structure-excitation period)
values and match the Newmark-Hall’ s relationship otherwise

The performance of existing passive energy dissipation systems in protecting linear
and nonlinear structures against near-field excitations is investigated. It is found that the
effectiveness of these systems is related to the ratio of structure-excitation period, Tn/T,,

and the frequency contents of near-field excitations. Passive viscous damping is most



effective in reducing structural responses near resmance caused by dominant pulse
effects; otherwise, it is only effective in reducing the responses caused by broadband
frequency components. Yielding dampers are only effective in reducing responses caused
by excitations having Tp>T, and they may amplify the structural responses otherwise.

In this study, optimal active and semi-active controllers are designed by
incorporating a frequency-domain pulse filter into modern control algorithms. The results
indicate that these controllers developed for the augmented structural systems have
distinct advantages over many other existing methods and yield more significant base and
superstructure response reductions with the same amount of control force. Systematic
parametric studies demonstrate that these controllers are robust with respect to the
variation of the characteristic filter parameters in a substantial range.

A hybrid controller utilizing the advantages of viscous damping and variable
stiffness mechanisms is proposed for the control of flexible structures against long-period
excitations. Analysis results indicate that this controller is capable of significantly
reducing displacements caused by long-period pulse-type and near-field excitations for
flexible structures through instantly adjusting damper parameters.

Both base-isolated building and bridge benchmark models are employed to
investigate the effectiveness of the proposed control systems. Numerical analyses using
the benchmark models demonstrate that the proposed control systems are very effective
in reducing the responses caused by near-field ground motions and have much better

overal performance than the sample controllers provided in the benchmark packages.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND INFORMATION

Significant research efforts have been made on protecting civil infrastructures from
strong earthquakes and wind loads. The objectives of this type of research range from
reliable operation and occupant comfort to human safety and structura survivability.
Traditional design strategies increase structural strengths to resist dynamic loadings by
relying on the inelastic deformation of structural components to dissipate seismic energy
during extreme events. Recent developments in the areas of structural control, seismic
isolation and supplemental damping devices provide aternative approaches to increase
the structural survivability during unpredicted hazards using various types of energy
dissipation devices e.g., passive, semi-active, active as well as hybrid protective systems.
Full-scale implementations of these systems have been made and are being increasingly
pursued around the world. Effectiveness, reliability and other characteristics of these
systems are being evaluated through large-scale testing and practical implementations in
certain test structures.

Passive control g/stems, such as base isolation systems, passive energy dissipation
systems, and tuned mass dampers, etc., are widely accepted by engineering community
for mitigating structural responses. However, passive devices are unable to adjust

themselves to varying loading conditions. Hence, the efficiency of these systems cannot



be assured if the actua excitations are much different from design excitations. Likewise,
although active control systems are able to adjust themselves to environmental variations,
their operations during strong earthquakes are not reliable due to the limitation of large
external power requirement. On the other hand, ®mi-active systems have significant
practical implementation potentials because of inherent reliability of passive systems and
the versatility and adaptability of active systems at the same time, while only requiring
battery-level power sources. Hybrid control systems may consist of both passive and
active control devices and thus could at least offer the effectiveness of passive component
in the case of active component malfunction during extreme events. Because of reliability
of both semi-active and hybrid control systems, considerable attention has been paid to
the research and implementation of these systems recently, most notably in Japan.

Due to the tremendous damage caused by 1994 Northridge and 1995 Kobe
earthquakes, research on characteristics of nearfield ground motions has been
investigated extensively during last decade. Near field ground motions are characterized
by pulse-like time histories with high velocity peaks and large ground displacement,
which are much different from the far-field ground motions. Recent developments in
documents such as ATC40 [Applied Technology Council (ATC) 1996], FEMA352
(FEMA 2000, FEMA356 (FEMA 2000), FEMA368 (FEMA 2000), and Uniform
Building Code (UBC) [International Code of Building Officials (ICBO) 1997], alow for
the design of structures located near known earthquake faults. However, the assessment
of peak demands due toinelastic shaking is still carried out by methods used for farfield
shaking and none of these documents explicitly consider the increase in inelastic demand

on structural components due to near-fault ground motions. This approach may lead to a



significant under-prediction of inelastic demand. On the other hand, though seismic
protective systems, e.g., base-isolation systems and passive energy dissipation systems,
have been recommended by some of these documents for the rehabilitation and/or
construction of structures [eg., UBC97, FEMA 368 (2000), FEMA 356 (2000),
FEMA274 (1997)]; design procedure for these systems still does not consider the
characteristics of near-field ground motions, athough it is well-known that near-source
effects could considerably influence the performance of these systems. A systematic
study on the performance of various seismic protective systems and the design of
innovative control approaches considering near-field ground motions is imperative for the

successful applications of these systems to achieve effective seismic mitigations.

1.2 RESEARCH OBJECTIVES

The objectives of this study are to investigate the effects of pulse-type ground
motion characteristics on the performance of various seismic protective systems, and to
design innovative active and semi-active systems considering the inherent pulse-like
dynamics of these ground motions for protecting building and kridge structures.

It is well known that the performance of various seismic protective systems is
significantly influenced by the characteristics of ground motions. However, this aspect
has been studied mostly using recorded ground motions and a systematic study of why
and how the performance changes has not been carried out. In this study, a continuous
velocity pulse type model proposed by He (2003) has been used to carry out the proposed
systematic study. The model has been demonstrated to be capable of effectively capturing

the pulse-type behavior of near-field ground motions. Utilizing the analytical model as



well as recorded near-field ground motions, the spectrum and instantaneous response
characteristics, including both the strength and energy quantities, of linear and nonlinear
structures are thoroughly investigated to thoroughly understand the near-field ground
motion effects on structures. The performance of various passive energy dissipation
systems (e.g., linear and nonlinear viscous dampers, yielding and friction dampers) in
protecting both linear and nonlinear structures against the pulse-type and recorded near-
field excitations are evaluated and the reasons for performance variation of these
protective systems during different types of ground motions are investigated in detail to
quantify a relationship among pulse parameters, control system parameters and structural
parameters.

Another main objective of this study is to develop innovative semi-active and active
control approaches for protecting structures against nearfield ground motions.
Considering a maor disadvantage of current seismic protective approaches of not
including the dynamics of excitation in the design of controllers, both semi-active and
active control laws are designed by incorporating the inherent dynamics associated with
pulse-like behaviors in terms of augmented structural systems. The effectiveness,
robustness, and advantages of the proposed control approaches are investigated by
applying these approaches to different structural models and comparing the results with
other conventional/competitive control approaches.

Novel control approaches proposed in this study can be divided into two categories.
The first category is ground-motion-pulse based semi-active and active contrd
approaches, in which controllers are designed for the augmented structural-excitation

systems using H2-LQG agorithm. Applications of these controllers to base-isolated



building structures demonstrate that they are capable of reducing both the base and super-
structure response quantities simultaneously and significantly. The second type of
protective system proposed in this study is a stiffness based hybrid controller, which is
designed for the control of flexible structures, including nonlinear and base-isolated
structures, against long-period pulse-type excitations. Applications of the hybrid control
system to nonlinear SDOF models and a nonlinear base-isolated bridge model show that
this controller could effectively and significantly mitigate displacement (ductility)

demand on these structures during long-period excitations.

1.3 OUTLINE OF THE DISSERTATION

This dissertation presents research work carried out towards the objectives
mentioned above. The entire dissertation consists of nine chapters. Each of these
chapters dedls with separate but inherently integrated tasks. The outline of this
dissertation is as the following:

Chapter 1, which is this chapter, presents the problem statement and the objectives
of this research.

Chapter 2 presents the literature review. The state-d-the-art and the state-d-the-
practice on the research and application of various seismic protective systems in civil
engineering are reviewed critically. Also presented is the recent progress on near-field
ground motion research.

Chapter 3 investigates the characteristics of pulsetype ground motions. Using the
analytical pulse model and the Empirical Mode Decomposition (EMD) method, it is

demonstrated that a recorded near-field ground motion could be decomposed into a



dominant pulse component and a series of broadband frequency components. The
contributions of the dominant pulse component and the broadband frequency components
to the full record and their effects on the responses of linear and nonlinear structures are
investigated.

Chapter 4 systematically studies the performance of passive energy dissipation
systems, including linear and nonlinear viscous dampers, yielding and friction dampers,
in protecting linear structures against nearfield ground motion type pulses. The pulse
excitations are generated using the pulse-model and the results and conclusions are
verified using recorded ground motions.

Chapter 5 deals with the effects of near-field ground motions on the behavior of
nonlinear structures and the effectiveness of passive energy dissipation systems on
nonlinear structures. The strength, ductility and energy response properties of nonlinear
structures subjected to the pulse and recorded near-field ground motions are investigated
followed by the investigation on the effectiveness of passive energy dissipation systems
in mitigating inelastic dynamic responses. Both the strength-related and energy-related
characteristics of controlled and uncontrolled structural systems are studied.

Chapter 6 presents the design of novel semi-active and active control systems for the
control of structures against near-field ground motions. A frequency domain pulse filter
based on the analytical pulse model is developed and incorporated in the design of novel
controllers. The pulse filter contains the estimated information of maor ground motion
characteristics. Numerical results show that proposed semi-active and active controllers
are significantly more effective than other types of controllers in protecting structures

subjected to near-field ground motions.



Chapter 7 further evaluates the performance of the proposed semi-active and active
controllers usng a base-isolated building model developed for benchmark study of
various control strategies. Using the prescribed near-field ground motions, the simulation
results substantiate that the proposed controllers are superior to the sample controller
provided as a part of the benchmark study and severa other controllers in terms of more
reductions in base and super-structure responses, simultaneously and significantly.

Chapter 8 presents a hybrid controller for the control of flexible structures subjected
to long-period pulse-type excitations. The hybrid controller is based on a combination of
viscous damping and optimal variable stiffress mechanisms. The controller design
attempts to combine the advantages of both mechanisms with the consideration of
structural and excitation properties. Characteristics of the hybrid controller are studied
using nonlinear SDOF structures and its effectiveness is investigated using a benchmark

base-isolated highway bridge model.

Chapter 9 presents conclusions of the research and recommends future work in the

subject area.



CHAPTER 2

STATE-OF-THE-ART OF LITERATURE REVIEW ON

STRUCTURAL CONTROL AND NEAR-FIELD GROUND

MOTIONS

21INTRODUCTION

Enormous progress has been made during last few decades in the research and
development of structural control and seismic protective systems technologies to alleviate
structural responses due to seismic and wind excitations [e.g., Soong (1990), Housner et
a (1997), Soong & Dargush (1997), Symans and Constantinou (1999), Soong and
Spencer (2002), Spencer and Nagarahaiah (2003), Connor (2003), Spencer and Y ang
(2004), Ou (2004)]. These control systems are usualy classified into three groups, i.e.,
passive systems, active systems and semi-active systems, depending on control strategies
adopted and the requirements on externa power supply for the operation of control
devices. Different devices may be used in combination as hybrid control systemsin order
to achieve better control effects. Full-scale applications of various control systems have
been accomplished in many countries for both the retrofit of existing structures and new
constructions [Spencer and Nagarahaiah (2003), Ou (2004)].

Most of the seismic protective systems that are currently in use and the structures to

which they are applied were designed without considering the near-source effects of



excitations that these structures and protective systems may be subjected to during their
life time. Recent research in earthquake engineering and structural control has began to
pay more attentions to near-field ground motions, which are recorded in the vicinity of
earthquake faults and are particularly destructive because of their impulsive long period
components. Hence, in-depth research on characteristics of near-field ground motions and
the effectiveness of various seismic protective systems during such ground motions is
very imperative and necessary for the state-d -the-practice of these systems.

This chapter first reviews the developments and applications of various seismic
protective or structural control technologies. Then, recent research and progress on near-
field pulse-type ground motions and response mitigations for such type of ground

motions are reviewed in detail .

2.2REVIEW ON STRUCTURAL CONTROL SYSTEMS

During recent years, passive control systems have been widely employed in
structura retrofit or new constructions for both wind and seismic applications. These
systems are usualy referred to as passive energy dissipation systems and may also
include passive base-isolation systems and passive tuned mass damper systems [Soong
and Spencer (2002), Spencer and Nagarahaiah (2003)]. Passive control devices utilize the
motion of the structures to develop control forces and do not require external power
supplies during their operation [Soong and Darguish (1997), Sadek et a (1996),
Constantinou et a (1998)]. Widely used passive energy dissipation devices include
metallic yielding dampers [e.g., Skinner et a (1975), Kelly et a (1972), Bergman and

Godl (1987), Whittaker et a (1991), Xia and Hanson (1992), Tsai et a (1993, 1995),



Soong and Dargush(1997)], friction dampers [Pall et al (1982), Li and Reinhorn (1995)]
and viscous dampers [Zhang et al (1989), Kasai et a (1993), Shen and Soong (1995),
Makris and Constantinou (1991),Constantinou and Symans (1992), Makris et a (1993),
Terenzi (1999), Perry et al (1993),and Lin and Chopra (2002)].

Figure 2.1, 2.2 and 2.3 show the configurations of viscous fluid dampers, visco
elastic dampers and metallic yielding dampers, respectively. It is noted that athough
passive devices can achieve stable performance during designed earthquakes, they are
incapable of adjusting themselves in the cases of changing excitations. As a result, a
passive system that works very well for one earthquake may not perform equally well

during others.

Pressure contrel valve

Figure 2.1: Configuration of a passive viscous fluid damper used in Japan and its operating
principle (Courtesy of Kajima Corporation, Japan)
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Figure 2.2: Configuration of aviscoelastic damper and its hysteretic loop (Shen and Soong
1995).
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Figure 2.3: X-shaped (Soong and Dargush 1997) and triangular (Tsal et a 1993) Metallic
Yielding Dampers

In semi-active control systems, control forces in the devices are regulated through
parametric control of device properties, e.g., size of orifice in fluid viscous dampers,
normal force in semi-active friction dampers, current/voltage in MR dampers, etc., based
on the feedback of structural responses and/or excitations [Symans and Constantinou
(1999), Jdili (2002)]. These systems require battery-level external power sources for
their operation. Semi-active control strategies could be realized either through directly
applying friction-type restraints to passive devices [e.g., Reid controller (Reid 1956),
sequential controller (Stammers and Sireteanu 1998), modulated homogenous friction
controller (Inaudi 1997, He et al 2003) and visco-elastic friction controller (Chen and
Chen 2000)], or by applying semi-active dissipative restraints to active control forces
designed by various active control algorithms (e.g., H2-LQG, Sliding Mode Contral,
Fuzzy logic, Hinfinity and Polynomial etc) [e.g., clipped optimal control (Dyke et d
(1996a, 1996b), Dyke and Spencer 1997, Y oshioka et al 2002),friction restraints [Xu et
al 2006]. Typica semi-active systems include the following devices:

Semi-Active Stiffness Damper (SASD). SASD consists of a cylinder-piston

system with an on-off valve in the bypass pipe connecting two sides of the

11



cylinder filled by hydraulic oil [Yang et a (2000), Jabbari et a (2000),
Agrawal et a (2003)], as shown in Figure 2.4. It can be operated in resetting
or switching modes [Yang et al (2000), Agrawal et a (2003)]. Applications
of SASD on different structures have been investigated such as the
benchmark cable-stayed bridge [Agrawal et a (2003)] and base-isolated

benchmark building [Xu and Agrawa (2004), Xu et a (2005)].
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Figure 2.4: Schematic of semi-active stiffness damper

Active Variable System (AVS). AVSisintrinsically a semi-active stiffness
damper and was first proposed by Kobori et a (1993). It controls the stiffness
of the structure through an on/off switch valve to lock or unlock stiffness
braces of the damper to avert resonance condition during earthquakes (Figure
2.7a). Different control laws have been proposed to control the AVS system,
such as Kamagata and Korobi (1994) and Yang et al 1996a). Yang et a
(2000) has shown that an AVS system can be implemented using the semi-
active stiffness damper (SASD) operating in the switching mode and the
corresponding control law can be derived using the dliding mode control

approach.



Semi-active variable orifice viscous dampers. Variable viscous force of a
semi-active variable orifice damper is achieved by using a controllable,
variable orifice valve to dlter the resistance to the flow of a conventional
hydraulic fluid damper, which typically consists of a hydraulic cylinder
containing a piston head separating the two sides of the cylinder (Figure 2.5).
Feng and Shinozuka (1990) first proposed the concept of applying the
variable-damping damper to bridge motion control. Kawashima et al (1992,
1993) presented the analytical and experimental study of semi-active fluid
dampers for the control of highway bridges. Experimental work on semi-
active orifice damper has been done by Kurata et al (1992), Sato et a (1996),

Symans et a (1995) and Symans and Constantinou (1997a, 1997b).
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Figure 2.5: Semi-active fluid viscous damper (Symans and Constantinou 1999)

Semi-active friction damper systems. Utilizing forces generated by friction
to dissipate vibration energy in a structural system is a well-established
concept. Akbay and Aktan (1991, 1995) and Kannan et al (1995) proposed a

variable-friction device that consists of a friction shaft rigidly connected to



the structural bracing. The force at the frictiona interface is adjusted by
allowing dlippage in controlled amounts. Inaudi (1997) first proposed a
modulated homogeneous damper. Chen and Chen (2000) proposed a visce
elastic semi-active friction damper. Agrawal and Yang (2000a 2000b)
proposed a semi-active electromagnetic friction damper (SAEMFD), which is
based on regulating the friction force across the damper using an
electromagnetic field. Recently, He et al (2003) introduced boundary layer to
eliminate the acceleration spikes during the operation of friction dampers to
allow continuous dlippage in the damper. Their control law is a modified
form of modulated homogeneous controller proposed by Inaudi (1997).

Electrorheological (ER) damper. ER dampers typicaly consist of a
hydraulic cylinder containing micron-sized dielectric particles suspended in
ER fluids. The mechanical behavior of ER damper is determined by the
external applied eectric field and can be modeled by visco-plastic Bingham
model (Shames and Cozzardli 1992). In the presence of a strong electric
field, the particles polarize and become aigned, thus offering an increased
resistance to flow within a few milliseconds. As the applied electric field
increases, the behavior of ER fluids changes from liquid state to solid state
amost instantaneously and the damper then provides both damping and
stiffness to the controlled structure [Makris et a (1996)]. Galvin et a (1993,
199643, 1996b) tested a large-scale ER damper system consisting of a closed
box containing nine interconnected rectangular plates and ER fluid, and

developed an more accurate model for the ER damper by curve-fitting
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method. Galvin et a (1996b) aso investigated the behavior of small-scale ER
walls. Ehrgott et a (1993) and Burton et a (1996) investigated the
application of ER dampers in sasmic control. Makris et a (1997)
investigated the efficiency of ER dampers in protecting structures against
near-field earthquakes.

Magnetor heological (MR) damper. MR dampers use MR fluids to provide
controllable devices for structural motion control. MR fluids typically consist
of micron-sized, magnetically polarizable particles dispersed in a carrier
medium such as mineral or silicone oil. When a magnetic field is applied to
the fluids, particles change form and the fluids transform to plastic or semi-
solid state in a few milliseconds. The operating temperature in these dampers
can vary from —40 to 150 °C without any significant change in the yielding

stress. It can be viewed as fail-safe device in that they become passive as a

supplemental damping device should the control hardware malfunction
[Spencer et a (1996, 1997), Dyke et a (19963, 1996b), Carlson and Spencer
(1996)]. Spencer et a (1997) developed a 14-parameter phenomenological
model for a MR damper based on Bouc-wen model through experimental
verification (Figure 2.6). Dyke et al (1996a, 1996b, 1997) tested the behavior
of MR dampers through both numerical simulations and experimental
verifications. Through clipped optimal control algorithm, MR dampers were
also shown to be effective for smart base isolation systems [e.g., Spencer et

al (2000), Ramallo et a (2000) and Y oshiokaet a (2002)].
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Figure 2.6: Schematic of MR damper and its phenomenologica model (Spencer and
Nagargjaiah 2003)

Semi-active tuned mass dampers (STMDs). STMDs offer distinct
advantage over passive TMD through adjustment of damping and stiffness
property of TMDs using a semi-active device [Hrovat et a (1983), Abe and
Igusa (1996), Nagargaiah and Varadargan (2000)]. STMDs can also be
based on controllable tuned sloshing dampers and controllable liquid column
dampers, depending on the source of damping [Spencer and Nagargaiah
(2003)].

Active control systems are typically characterized as systems that require large
external power supply [Soong (1990), Soong and Constantinou (1994)]. In active control
systems, desired control forces are calculated by a control algorithm utilizing measured
response quantities/excitations and then are applied to the structure through hydraulic
actuators. Commonly used control algorithms employed in calculating feedback active
control forces include LQG/H2/Hy control [Suhardjo et a (1990), Spencer et al (1993),

Yang et a (1996b), Zhou et a (1996)], Sliding Mode Control [Utkin (1992), Yang et al
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(1994, 19953, 1995b, 1996c), Moon et a (2003), Wu (2003), Wu and Yang (2004)],
optimal polynomia control [Agrawal and Yang (1995, 1996)], fuzzy logic and artificial
neural network [Nagargaiah (1994), Battaini et a (1999), Symans and Kelly (1999),
Wang (1994), Brown and Harris (1994), Verbruggen and Babuska (1999)], etc. By
definition, active control systems may add energy to structure systems and/or dissipate
the input energy. An active control system has the distinct advantage of adjustability, i.e.,
it can adjust the control force according to the scale of structure responses and external
excitations. However, since active control system can add energy to a structure, an active
control system may become unstable or ineffective due to system uncertainties and
measurement errors. In addition, since large power supply may be unavailable during
strong earthquakes, an active control system is not a practical approach for seismically
excited structures.

There have been several full scale applications of various types of control systems
during last severa decades. The first known proposal for seismically isolating a structure
had appeared almost a century ago in Japan [Komodromos (2000)]. Currently, passive
control systems have been adopted as a part of standard seismic retrofit practice around
the world. The first full-scale implementation of semi-active control system in buildings
was in Kgjima Technical Research Ingtitute in Tokyo, Japan, where an AVS system was
applied to the three story building, as shown in Figure 2.7 [Kobori et a (1993)]. In USA,
first full-scale implementation of an semi-active (variable) orifice damper was conducted
in the Walnut Creek Bridge, on interstate highway |I-35, as shown in Figure 2.8 [Patten
(1998), Spencer and Nagarahaiah (2003)]. However, this application was targeted at

reducing traffic induced vibration of the bridge. The first full-scale implementation of
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MR dampers for buildings was in the Tokyo Museum of Emerging Science and
Innovation building in Japan. Recently, MR dampers were used in the Dongting Lake
Bridge in China to control wind-induced vibration of stay-cables of the bridge (Figure
2.9). Outstanding performance of MR dampers in reducing vibration of stay-cables of the
Dongting Lake bridge has been demonstrated through numerous field observations.

Till 2002, more than 100 buildings and severa bridges have been installed with
passive energy dissipation systems in the U.S. [Soong and Spencer (2002)]. In China,
more than 450 buildings have been built with seismic isolation systems till the end of
2000 [Zhou (2001)] and more than 50 buildings have been implemented with passive
energy dissipations systems [Ou (2004)]. Moreover, over 40 buildings and 10 bridges,
mostly in Japan, have been installed with feedback control strategies (e.g., hybrid, semi-

active or active technology) [Spencer and Nagargjaiah (2003)].

a) Schematic of the AVS (b) Building with the AVS

Figure 2.7: Active Variable System applied to the Kagima Technical Research Institute
building (Kabori et al 1993)



a) Walnut Creek Bridge b)Variable orifice damper

Figure 2.8: First full-scale application of semi-active control in the U.S in
Walnut Creek Bridge (Spencer and Nagarahaiah 2003).

a) Dongting Lake Bridge b) Damper configuration

Figure 2.9: First full-scale implementation of MR dampers for control of
vibration of stay cablesin Donting Lake Bridge in China.

23NEAR-FIELD GROUND MOTIONS

Near-field (NF) ground motions are measured in the vicinity of an earthquake
fault and they are responsible for causing extensive damages to structures during recent
Northridge (1994), Kobe (1995), Turkey (1999) and Chi-Chi (1999) earthquakes. These
ground motions are characterized by long-period pulses with high peak ground velocities
and are being investigated intensively. It has been recognized that near-field ground

motions are dominated by the source characteristics and vary significantly depending
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upon the direction of rupture propagation: a structure in the near-fault region may
experience a dynamic response that is twice or more than that of a similar structure
located at same distance from the fault, even though the peak ground accelerations are
amost the same. Seismic source directivity can overshadow the effects of soils on the
ground motion as a result of propagation of the rupture along the fault, and fault-normal
component can be severa times stronger than its fault -parallel counterpart [Bertero et al
(1978), Singh (1995), Somerville and Graves (1993), Somervilleet al (1995, 1997, 1999),
Erdik and Durukal (2001)].

The first seismologica evidence of the near-field phenomenon was observed during
1952 Kern County, California earthquake by Benioff (1955)-although the first time that
earthquake engineers linked the structural damage caused by earthquake to the impulsive
character of near-fault earthquakes was after the 1971 San Fernando earthquake, CA
[Singh (1995)]. In his pioneering work, Benioff (1955) found that the propagation of fault
rupture as a moving source could lead to different types of ground motions at opposite
ends of the ruptured area, with larger intensities of higher frequencies in the direction of
propagation and smaller intensities of lower frequencies at opposite ends.

Malhotra (1999) showed that near-field pulse-like ground motions with high
PGV/PGA ratio (PGV: Peak Ground Velocity, PGA: Peak Ground Acceleration) have
wide acceleration-sengitive regions in their response spectra, which increases the base
shear, inter-story drift and ductility demand on high-rise buildings. Huang(2001) studied
the multimode structural response of tall buildings idealized as continuous shear-beam
model subjected to ground motion velocities modeled by a set of three simple triangular-

shaped piecewise pulses and another set of three sinusoidal pulses to include veocity



smoothness effects. The parameters of these velocity pulses are the peak ground velocity
(PGV) and the pulse period. His results showed that the building responses are mostly
dominated by its fundamenta mode when the fundamental period of the structure is
smaller than the pulse period, and it is dominated by higher mode contributions when the
fundamental period is longer than the pulse period.

The pulse-type characteristics within NF ground motions cause large elastic
displacements and the inelastic displacement demands caused by these NF records may
also be significantly larger than those estimated with displacement prediction techniques
commonly used for far-fault records [Hall et al (1995), Bozorgnia and Mahin (1998),
Alavi and Krawinkler (2001)]. Effectiveness of various control strategies in protecting
bridge and building structures against near-field ground motions are also being
investigated through benchmark studies. These benchmark models include linear and
nonlinear building model developed by Spencer et al (1998a, 1998b) and Ohtori et a
(2004), cable-stayed bridge model developed by Dyke et al (2003), wind-excited high-
rise building model developed by Yang et a (2004), base-isolated building model
developed by Narasimhan @ al (2005) and Nagargjaiah and Narasimhan (2005), and
base-isolated bridge model developed by Agrawa et a (2004). Among various control
strategies, recent studies have shown that semi-active damping systems offer an effective
and promising way in suppressng undesirable large displacement of base-isolated
buildings subjected to NF ground motions [e.g., Yang and Agrawa (2002), He et a
(2003), Agrawal et a (2005), Xu et a (2005), Wongprasert and Symans (2005a, b) and
Madden et a (2002)].

Severa analytical models have been proposed for the study of NF ground motions.

21



Makris (1997) and Makris and Chang (2000) classified velocity pulses in nearfield
ground motions into types A , B and Cn pulses to investigate the performance of various
damping systems systematically. These pulses are represented by a unique set of closed
form functions. Type A is a hdf-cycle forward ground motion pulse; type B
approximates a full-cycle forward-and-backward motion and type Cn approximates a
ground motion pulse having n main pulses in its displacement time history. Alavi and
Krawinkler (2001) have proposed three piecewise-linear equivalent velocity pulses and
have investigated their suitability in lieu of recorded ground motions. Tirca et a (2003)
have used the velocity pulse model of Alavi and Krawinkler (2001) to investigate the
response of middle-rise steel frames with and without shear-link passive dampers. Their
results show that response quantities are sensitive to the ratio of structural and pulse
periods, and the structural strength. Menun and Fu (2002) have proposed a piecewise
function with five parameters to represent velocity pulses observed in recorded ground
motions. Mavroeidis and Papageorgiou (2004) have proposed an analytical model of
ground motion pulses modeled by Gabor wavelet, which is essentially an amplitude
modulated sinusoid.

Recently, He (2003) proposed an analytical model of ground motion velocity
pulses to incorporate the dominant parameters of ground motions in the design of seismic
protective systems. The model is continuous in nature and can be varied to generate
various waveforms to represent different excitations. Characteristic parameters of a near-
field ground motion can be obtained through curve -fitting analysis on the velocity history.
Then, the displacement and acceleration could either be obtained through integrating or

deriving the model velocity history, or be generated directly through the corresponding



mathematical expressions with the gained parameters. Validity of the pulse mode has
been demonstrated through comparison with numerous recorded ground motions,
response spectra and performance of passive energy dissipation systems [He (2003), He
and Agrawal (2005)].

Pulse models discussed above have been mainly used in the seismic analyss of
structures in lieu of recorded ground motions. Incorporating ground motion
characteristics in the design of protective systems, e.g., passive, semi-active and active
systems, has aso been investigated [Agrawal et a (2005, 2006), Xu et a (2005)]. Results
have shown that active and semi-active systems designed for base-isolated buildings
considering ground motion characteristics perform significantly better than those

designed without considering ground motion characteristics



CHAPTER 3

PULSE-TYPE GROUND MOTIONS

3.1 INTRODUCTION

Near-field ground motions are characterized by intense long-period pulses recorded
in the vicinity of earthquake faults. After the 1994 Northridge (CA) and the 1995 Kobe
(Japan) earthquakes, structural engineers started investigating correlations between
structural damage and impulsive characteristics of these earthquakes [Hall et al (1995),
Somerville et al (1997), Sakai and Kawashima (1997), Bozorgnia and Mahin (1998),
Alavi and Krawinkler (1999)]. Long-period impulsive dynamic loads impose both large
strength and ductility demand, especially on intermediate and long-period structures, such
as high-rise and base-isolated buildings, and long-span cable-stayed bridges. As an
example, an investigation after the 1994 Northridge earthquake demonstrated that a
number of steel moment-frame buildings had experienced brittle fractures of beam-to-
column connections, which did not behave as anticipated (i.e., damage would be limited
to ductile yielding of members and connections only) though these buildings were
designed per recent versions of building codes [FEMA 352].

Impulsive motion during near-field ground motions represents cumulative effects of
seismic radiation from the fault. During a near-field earthquake event, propagation of
fault rupture towards a site causes most of the seismic energy released from the rupture to

arrive in a single large pulse of motion (“fling”) that occurs in the beginning of the record

24



[Hall et al (1995), Somerville et al (1997, 1998)]. The effects of rupture directivity are
obvious and the fault-normal component of a “forward rupture directivity” record usually
has longer period and larger amplitude than its fault-parallel counterpart. The impulsive
characteristics are discernible not only in the recorded ground motion time histories, but
also in the structural response histories. In time domain, dominating excitation
characteristics can be extracted as pulse components. In frequency domain, these pulse
components have the same dominating frequencies (periods) as the original records
[Makris (1997), He (2003)].

Dominant pulses in near-field ground motions vary from earthquakes to earthquakes,
which makes a consistent evaluation of near-fault effects difficult and cumbersome. For
this reason, researchers have proposed various analytical models to characterize the
property of near-field earthquakes. A detailed literature review on different pulse models
has been presented in Chapter 2. In this research, the amplitude-modulated sinusoidal
model proposed by He (2003) and He and Agrawal (2006) is used to investigate the
effectiveness of various energy dissipation systems. This model has four characteristic
parameters, e.g., period 7, or equivalently, frequency w,, magnitude scaling factor C,
shape factor » and damping factor ¢,. It consists of build-up and decay phases, and could
be varied to represent various recorded near-field excitations (e.g., frequency, duration,
shape, magnitude, etc) by adjusting corresponding parameters. Recent work has shown
that this model can be used to study near-field effects on structural responses and seismic
protective systems [He (2003), Wang et al (2002), Xu et al (2006), Agrawal et al (2006)].

It is known that earthquake motions are non-stationary stochastic processes. The

statistical properties of an earthquake ensemble vary with time, and the next state of the
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data can not be determined on the basis of the previous ones. Various numerical methods
have been applied to analyze earthquake data. They include but not limited to Fourier
transform, Laplace transform, Hilbert transform, Wavelet analysis, Wigner-Ville
distribution [Cohen (1995)] and Evolutionary spectrum [Priestley (1965, 1988), Lin and
Cai (1995)], etc. Recently Huang et al (1998, 1999) have developed a method based on
Empirical Mode Decomposition (EMD) and Hilbert transform to analyze nonlinear and
non-stationary time series (“Hilbert-Huang method”). In this approach, EMD approach is
used to decompose target data into finite number of “Intrinsic Mode Functions (IMFs)”
based on local characteristic time scale of the data at the first step. Then, using Hibert
transformation, instantaneous frequencies of these IMFs are obtained as a function of
time. These derived IMFs can then be used for further identification of the original data
property, such as frequency contents, energy characteristics, etc. The Hilbert-Huang
transformation (HHT) has been applied to analyze data from various engineering sources,
such as winds, oceanic waves and earthquakes [e.g., Huang et al (2001), Huang (2003),
Bazzurro and Luco (2003)].

In this chapter, the EMD method is used to analyze recorded near-field ground
motion data. The capability and effectiveness of this model in capturing the pulse effects
of near-field excitations are analyzed using an ensemble of eight earthquakes. The
broadband frequency components of these near-field earthquakes and their effects on
structural responses are also investigated. Contributions of pulse components and
broadband frequency (high-frequency and long-period) components to the total

acceleration records and their effects on structural responses are analyzed thoroughly.
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The pulse model proposed by He (2003) and He and Agrawal (2006) is used to extract

the dominating pulse components of near-field ground motions.

3.2 THE ANALYTICAL PULSE MODEL

The analytical velocity pulse model proposed by He (2003) is expressed as

. n o —at - 2
u,=Ct"e"sinbt, a={,0,, b=w,\|1-¢, (3.1)
where i, is the pulse velocity, n is a nonnegative shape parameter of the envelope, ¢, is

the pulse damping factor, @, = 2z/T, is the pulse frequency (T, being the pulse period),
and C is the amplitude scaling factor with Ct" having the unit of velocity. For the cases
of small decay factors, say, ¢, <20%, both b and @, will have the same interpretation.
Differentiating Eq. (3.1), the pulse acceleration is obtained as
U

» =Ct”e_‘”[(%—a)sinbt+bcosbt] (3.2)

Displacement history can be obtained through numerical integration. Alternatively,

it can be obtained through the following expression given that » is a positive integer, as

n _ I 40T _ noy
up(t):C-e”’Z%sin[bt—(r+l)a]+€-(/j:”n' sinf(n+1)a] (3.3)
r=0 - .
where
p=Aa’ +b’; pcosa=-a; psina=b (3.3

Special forms of Eq. (3.1) ~ (3.3) can be obtained for specified » values.
For illustrative purposes, displacement, velocity and acceleration histories of the

pulse model are plotted in Fig. 3.1~3.3 by varying one of the parameters 7, ¢, and n at a
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time. The amplitudes of velocity histories in these figures are normalized to unity by
scaling the constant C. Then, the corresponding acceleration and displacement amplitudes
are derived with the same parameters. Fig. 3.1 shows the influence of pulse period on the
shape of pulse time histories. It is observed from Fig. 3.1 that pulse motion shifts towards
right and the pulse duration becomes longer with an increase in 7,. As T, increases from
1s to 3s, both the maximum displacement and the permanent ground displacement

increase; however, the peak acceleration decreases with an increase in 7,.
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Figure 3.3: Pulse Shapes for Different Pulse Shape Factor, n (¢, =0.3, 7,,= 1 sec.)
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Fig. 3.2 shows the plots of the pulse time-history for different damping factors, ¢,.
It is observed that the duration of the pulse decreases with an increase in &,. The peak
acceleration decreases and the permanent ground displacement increases with increase in
¢, for the same peak velocity. Fig. 3.3 shows the pulse time-history plots for »=0, 1, 2
and 3. It is observed that the velocity of the pulse increases at a faster rate and has larger
magnitude in the beginning for smaller value of n. The permanent ground displacements
are negative for n=0 and 1 and they are positive for n=2 and 3. The acceleration history is
a decaying pulse with nonzero value at # = 0 for » = 0 and it starts from O at # = O for other

values of ».

3.3 DOMINANT PULSE COMPONENT EXTRACTION USING THE

PULSE MODEL

The dominant pulse components of near-field ground motions can be extracted by
the pulse model through parametric optimization analysis. In this investigation, the
characteristic parameters of the pulse components are obtained using the Least Square

Quadratic analysis [MATLAB®], i.e.,

AV(C,n,a,b)zi[ug(t)—up(t;C,n,a,b)]z (3.4)

t=t,
where 7, and ¢, are start and end time instants of the target velocity pulse, u,(¢) and
u,(t) are the recorded ground and analytical pulse velocities, respectively. After

determining the parameters C, n, a and b for the pulse velocity, the corresponding
displacement and acceleration histories can be obtained through the inherent relationships

or the expressions presented in the preceding section. It is noted that the optimization
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process is dependent on initial values of these parameters and the results may only be
based on the local minima. Details of the optimization procedure can be found in He
(2003).

For illustration purpose, Fig. 3.4 shows 8 recorded near-field ground motions and
their pulse components that are obtained by the regression analysis. Pulse parameters of
these earthquakes are shown in the caption of the corresponding plots. Details of these
earthquakes are listed in Table 3.1. Records presented in Fig. 3.4 correspond to fault-
normal components during the 1994 Northridge earthquake (CA), 1995 Kobe earthquake
(Japan), 1999 Chichi earthquake (Taiwan), 1992 Cape Mendocino earthquake (CA), 1979

Imperial Valley Earthquake (CA) and 1992 Turkey earthquake.

Table 3.1 Property of 8 near-field ground motion records

Records Events Magnitude (Mw) | PGA(Q) T,(S)
KJMO090 1995 Kobe earthquake 6.9 0.60 0.8
TAKO090 1995 Kobe earthquake 6.9 0.62 1.3
RRS228 | 1994 Northridge earthquake 6.7 0.84 1.0
SYLO090 | 1994 Northridge earthquake 6.7 0.61 2.4
ERZ-NS 1992 Turkey earthquake 7.1 0.52 1.8
TCUOG8N 1999 Chichi earthquake 7.6 0.46 8.0
E06230 |1979 Imperial Valley earthquake 6.9 0.44 3.3
SCS052 | 1994 Northridge earthquake 6.7 0.61 2.9

It is observed from Fig. 3.4 that the pulse velocity histories match those of the
recorded earthquakes very well. The major characteristics of the recorded velocities, e.g.,
magnitude, shape, and number of half-cycles, etc, are properly represented by the
corresponding pulse models. In terms of the acceleration histories, it is noted that the
high-frequency acceleration components of the recorded earthquakes are rejected by the

pulse accelerations. As a result, the peak values of pulse acceleration time histories are
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less than those of recorded accelerations. Both the displacement histories for the pulses
and the recorded earthquakes are obtained by direction integration in Fig. 3.4. It is
observed that the dominant cycles of the two displacement curves match each other with

good accuracy for most cases.
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Figure 3.4 Displacement, velocity and acceleration of recorded near-field earthquakes (dashed lines)
and the corresponding pulse approximations (solid lines).
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Figure 3.4 (continued) Displacement, velocity and acceleration of recorded near-field
earthquakes (dashed lines) and the corresponding pulse approximations (solid
lines).

3.4 PULSE AND BROADBAND FREQUENCY CONTENTS OF

NEAR-FIELD EARTHQUAKES

It is noted that although the pulse curves match the shapes of the recorded
earthquakes with good accuracy, the pulse curves reject the inherent high-frequency
contents of the recorded earthquakes at the same time. To clearly understand the

properties of recorded near-field earthquakes, it is necessary to investigate the
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characteristics of broadband frequency contents of the earthquakes. In this section, the
Empirical Mode Decomposition (EMD) method is employed to analyze the broadband
frequency characteristics of both the total acceleration data and the residual acceleration
data (i.e., after extracting pulse components from the full acceleration records) of

recorded earthquakes.

3.4.1 The Empirical Mode Decomposition (EMD) Method
The EMD method has been shown to be able to effectively decompose complicated
data, either stationary or non-stationary, into a series of simple signals within time

domain [Huang et al (1998, 1999)]. The mathematical form of the decomposition is
X(t)=Ye,(t)+7,() (3.5)
i=1

in which X (¢) is the original data to be decomposed; ¢,(¢) is the i-th component signal
(mode) denoted as Intrinsic Mode Function (IMF); r,(¢) is the residual signal after

times decompositions. An IMF is a signal that satisfies two conditions: the number of
extrema and the number of zero crossings must either be equal or different by one in the
whole history; and the mean value of the envelope defined by the local maxima and the
envelope defined by the local minima is zero at any point [Huang et al (1998, 1999)].

The decomposition is realized through “sifting” process to identify the intrinsic
oscillatory modes by the characteristic time scales in the data, i.e., removing the mean of

the upper and lower envelopes repeatedly from the original signal X(¢). The upper and

lower envelopes in the decomposition are cubic spline curves connecting local maxima

and minima of the signal. The decomposition is repeated until certain stopping criteria
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are met. To start the sifting procedure, upper and lower envelopes of X (z) are obtained
and the mean of the envelopes, m, (¢) , is calculated at the beginning. After this,

1) subtract m,(z) from X (¢)to get the residual %, (¢), i.e., X (¢)-m,(t) =h,(¢);

2) repeat step 1) and 2) for the residual signal #,(¢), i.e., 4, (¢) -my, (t)=hy, (2);

3) repeat k times for the corresponding residual signal, A, ,, (¢) - my, (¢) =k, (2)
until 3 ~ 5 consecutive siftings yield the same number of zero-crossings and
extrema; then the first component ¢, (¢) is obtained as ¢, () = k,, (¢) ; and the
residual signal is obtained as X (¢) - ¢, (#)=r,(¢);

4) repeat step 1) ~ 4) for n times, i.e,, r(¢)-c,(t)=r (), ..., r,,()-c, @) =1, (1),
until the residue 7, (¢) is either insignificantly small in magnitude or has become

a monotonic function.
The purpose of the above sifting process is to eliminate riding waves and to make

uneven amplitudes smooth. As a result, the frequency of ¢, (¢) decreases with the increase

of the subscript index i.

3.4.2 Empirical Mode Decomposition of Acceleration Records

As an example, the EMD method is used to analyze the 1994 Northridge Earthquake
data recorded at Rinaldi Receiving Station (RRS228). Detailed information of this record
is shown in Table 3.1. Displacement, velocity and acceleration time histories of this
record are shown in Fig. 3.4.

In the following analysis, the EMD approach is used to decompose both the total
acceleration record and the “residual” acceleration record (which is obtained by

subtracting the dominant pulse component represented by the pulse model from the total
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record). Components obtained through the EMD analysis are classified into three types
considering the major frequency characteristics of these components with respect to the
dominant frequency of the record. Hence, if the EMD analysis is executed for the total
record, the resulting components that have dominant periods close to the predominant
period of the record are classified as “intermediate” components; those having shorter
dominant periods are classified as “high-frequency” components and those having longer
dominant periods are classified as “long-period” components. If the EMD analysis is
carried out for the residual acceleration, since the dominant pulse component has been
extracted by the pulse model, the resulting components will either have period longer or
shorter than the dominant pulse period. Accordingly, the components having shorter
periods are classified as “high-frequency” components and those have longer periods are
classified as “long-period” components. The pulse components (“intermediate

component”) identified by the EMD analysis and by the pulse model are also compared.

3.4.2.1 Decomposition of Total Acceleration by EMD Analysis
The full record of the RRS228 acceleration is decomposed into IMFs through the
EMD approach following the procedure presented in the preceding section. Fig. 3.5
shows the time-history plots of the resulting acceleration components in the units of
cm/s%. In Fig. 3.5, C1~C8 are the eight components and R is the residual signal. For
comparison purpose, the total acceleration history is also shown in the first row (denoted
as “Tot”). The Y-axis of each plot is appropriately scaled for the purpose of better
presenting the magnitude of each component. It is observed that as the index increases
from C1 to C8, the plots becomes more harmonic with respect to time, and the period of

oscillation increases. Components C3 and C4 contain distinct impulsive behavior
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similar to that of the total acceleration during the time intervals shown by two vertical

dashed lines in the plots of these two components in Figure 3.5.
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Figure 3.5 Time-history plots of the total acceleration and IMF components
of the RRS228 record.

Peak Acceleration: Fig. 3.6 shows the magnitude of the total acceleration and its
components (i.e., IMFs). It is observed that the peak values of the first 4 components,
C1~C4, are much larger than others and they account for the major content of the total
acceleration. Generally, the peak values of these components have a decreasing trend
with an increase in the index of the component, except for C1. The peak accelerations of
C8 and R are insignificant compared to others. It is noted that the peak accelerations of
different components occur at different time instants. Hence, the magnitude of the total

acceleration is not equal to the summation of those of the components.
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Instantaneous Frequency Contents: Fig. 3.7 plots the instantaneous frequency
contents of each component as a function of time. The instantaneous frequency represents
local data property in terms of time, which quantitatively demonstrates the variation of

data. Details of instantaneous frequency for non-stationary data can be found in Huang et
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al (2001). It is observed that both the peak values and the extent of fluctuation of these
plots decrease with an increase in the component index, which means that the component

become harmonic with an increase in index number.
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Figure 3.8 Dominant period of the RRS228
and its IMF components

Dominant Period: Fig. 3.8 presents the dominant period of these components. The
dominant periods are obtained by carrying out relative velocity response spectrum
analysis for these components. It is observed that the dominant periods increase with an
increase in component index; which is the distinct characteristic of EMD analysis. The
periods of component C3 and C4 are close to that of the recorded earthquake (1.0s,
shown as “total” at first column). Therefore, these two are grouped into “intermediate”
component. For components C1 and C2, the corresponding dominant periods are much
smaller than that of the “total” acceleration. Hence, they are “high-frequency” in nature.
The periods of components C5, C6, C7 and C8 are much larger and thus they are
classified as “long period” components in the following analysis.

Peak Responses: To further investigate the characteristics of these components, the
peak responses of relative displacement (“Disp”), relative velocity (“Vel”) and absolute
acceleration (“Acc”) of a SDOF structure with 7,=1.0s and 5% inherent damping,

subjected to the total acceleration and its components in Fig. 3.5, are calculated and
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shown in Fig. 3.9. It is observed from Fig. 3.9 that these quantities increase with an
increase in index number up to C4, and then decrease as the index number increases from
C4 to C8. This happens not only because that C3 and C4 have larger magnitudes among
these components, but mainly because the periods of C3 and C4 are closest to the
structural period (1.0s). Overall, the contribution of C3 and C4 to the total response is
dominant in all three plots. It is also observed that the peak total responses can not be
obtained through the summation of the corresponding peak responses of components;
which is due to the fact that the peak responses of these components occur at different
time instants. However, the response histories obtained for the total acceleration is equal
to the summation of response time histories for these components at every time instant

for linear structural systems.
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Figure 3.9 Peak response of a SDOF structure with 7,=1 second subjected to the RRS228 record
and its IMF components: a) Displacement; b) Velocity and c¢) Absolute
Acceleration.
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3.4.2.2 Decomposition of Total Acceleration into Pulse and IMF Components

To investigate the response of structures subjected to the pulse excitation and
broadband frequency excitations, it is necessary to separate the dominant pulse
component and broadband frequency components of recorded near-field ground motions
using a combination of the pulse model and the EMD analysis. The RRS228 record is
used in this investigation for illustration purpose. The dominant pulse component of the
RRS228 record is extracted using the pulse model as described in section 3.3 at first.
Then, the rest of the acceleration, which contains broadband frequency contents, is
further decomposed into IMFs using the EMD method.

The total acceleration, pulse component and the residual acceleration of the
RRS228 are plotted in Fig. 3.10. It is observed that the peak value of the pulse
component occurs at the same time instant and is almost equal to that of the total
acceleration. It is noted that the period of the pulse component is also the same as that of
the total acceleration (i.e., 7,=1.0s) in this case. The broadband frequency contents are

contained in the residual acceleration.
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Figure 3.10 Total, pulse and the residual acceleration of the RRS228 record.
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IMF of the Residual Acceleration: The EMD analysis is applied on the residual
acceleration (R.A) of the RRS228 and the results are shown in Fig. 3.11. Seven IMF
components, C1 ~ C7, are obtained for the residual acceleration compared with eight for
the total acceleration shown in previous section. It is observed from Fig. 3.11 that the
EMD components for the residual acceleration do not contain distinct pulse components
as those of C3 and C4 as shown in Fig. 3.5. By observation, the high frequency (e.g., C1
and C2) and long period components (e.g., C5, C6 and C7, etc) of the residual
acceleration in Fig. 3.11 are similar to those of the total acceleration in Fig. 3.5. This
indicates that components C3 and C4 of the total acceleration are similar to the pulse

component represented by the pulse model.
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Figure 3.11 The residual acceleration and its EMD components of the
RRS228 record after subtracted dominant pulse component

Peak Acceleration: The peak values of the pulse component and the IMFs of the

residual acceleration are presented in Fig. 3.12 by histogram. It is observed that the
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magnitude of the pulse component (denoted as “Pul” in abscissa) is much larger than that
of the IMFs since that the pulse component is the major content. Among the IMFs, the
peak values corresponding to C2 and C3 are larger than others. However, these
components occur at different time instants and thus do not contribute to the magnitude

of the total acceleration.
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Figure 3.12 Peak values of the pulse component and the IMFs of
the residual acceleration of the RRS 228 record

Pu. C1 C2 C3 C4 C5 C6

Figure 3.13 Dominant periods of the pulse component and the IMF
components of the residual acceleration of the RRS228
record: C1~C6 are for the IMF components and “Pul”
represents the pulse component.

Dominant Period: The dominant periods of the pulse component (denoted as “Pul”
in abscissa) and the IMFs of the residual acceleration are shown in Fig. 3.13. It is clear
that the dominant periods of these residual IMFs are out of the range of the pulse period

(7,=1s). Among these components, C1, C2 and C3 are “high-frequency” components and
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their periods are less than the pulse period, other components are “long-period”
components and have longer periods. Hence, subtracting the pulse component from the
total record eliminates the component having frequency contents close to the

predominant period of the record.
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Figure 3.14 Maximum response of a SDOF structure (7,=1.0s) subject to the pulse
and the IMF components of the residual acceleration of the RRS228
record: a) Displacement; b) Velocity and c¢) Absolute Acceleration.

Peak Responses: Fig. 3.14 presents the maximum displacement, velocity and
acceleration responses of a SDOF structure (7;,=1.0s, 5% inherent damping) subject to the
pulse component and the IMF components of the residual acceleration of the RRS228
record. It is observed that the responses corresponding to the pulse component are the
largest in each case. This demonstrates that the dominant frequency component of the

record has been successfully extracted by the pulse model. On the other hand, the
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responses to other components are much smaller since 1) the corresponding peak
accelerations are small; 2) the periods are far from the predominant earthquake period

and 3) the peak values of different components occur at different time instants.

3.4.3 Dominant Pulse Components

It is observed from Fig. 3.5 that the component C3 and C4 of the total acceleration
obtained by EMD analysis show distinct impulsive characteristics. The dominant periods
of these two components are close to that of the earthquake (Fig. 3.8) and the peak
responses corresponding to these two components are also much larger than others (Fig.
3.9). On the other hand, the pulse component of the RRS228 can also be extracted using
the pulse model described in Eg. (3.1), as shown in Fig. 3.10. Fig. 3.15 shows the
comparison of the pulse components resulted from the pulse model and the EMD analysis
(which is taken as the summation of C3 and C4 from Fig. 3.5). It is observed that the
major pulses of the two plots match each other well, although the summation of C3 and

C4 has more spikes during other time instants.
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Figure 3.15 Comparison of the pulse component extracted using the
pulse model and the EMD analysis
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Fig. 3.16 shows the response histories of a SDOF structure (7,=1.0s, 5% inherent
damping) subjected to the pulse components obtained by the pulse model and the EMD
analysis. It is observed that the responses corresponding to the two types of “pulse”
excitations match very well in the entire history for all three quantities. Hence, the effects
of the pulse components obtained by the EMD analysis and the pulse model on structural
responses are equivalent. However, it is observed from Fig. 3.15 that the pulse
component expressed by the pulse model is smooth and is a continuous function of time.
Hence, the pulse model is preferable over the EMD approach in obtaining pulse

components of near-field earthquakes for systematic studies.

— Pulse(315.3)

— Pulse (50.5) e0n )
+ .

- C3+CA(49.2) ||

Vel.,cm/s

. 10 400 5 _
Time,s Time,s

— Pulse(2004.8)
- C3+C4(1952.0)

0 5 . 10 15
Time,s

Figure 3.16 Comparison of the response time histories of the pulses component
extracted using the pulse model and the EMD: a) Displacement; b)
Velocity and c) Acceleration.
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3.4.4 Responses of Short-, Intermediate- and Long-period Structures

Linear Structures: It is observed from Fig. 3.11 and 3.13 that the dominant periods
of the IMFs of the residual acceleration are either greater or less than the dominant period
of the full acceleration (1.0s). The components of the full acceleration are then divided
into three categories based on their dominant periods: the pulse component (represented
by the pulse model), high-frequency component (summation of C1, C2 and C3 in Fig.
3.11) and long-period component (summation of C4, C5, C6, C7 and R in Fig. 3.11).
Fig.3.17 shows the time-history plot of the three distinct components. It is noted that the
summation of high-frequency and long-period components accounts for the total

broadband frequency effect.
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Fig 3.17 High-frequency, dominant pulse and long-period
components of RRS228 record.

Fig.3.18 shows the displacement, velocity and acceleration response histories of

three different SDOF structures (7,=0.2, 7,,=1.0s and 7,=5s) subjected to the full RRS228
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excitation and it’s components in Fig.3.17. These three structures are used to represent
short (rigid), intermediate and long period (flexible) structural systems correspondingly.
For simplicity, the SDOF structures are assumed to have unit mass (m=1). The peak
response quantities of each case are shown in the parentheses of Fig. 3.18. It is noted that
the responses to the total acceleration are equal to the summation of the responses to the
components at every time instant for linear structural systems.

It is observed from Fig.3.18a that the responses to high-frequency component are
prevailing in each plot during most of the time instant. The pulse component only has two
response cycles (between 2 and 4s) and does not obviously affect the response at other

time instants. However, it contributes a significant portion to the peak responses.
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Figure 3.18 Response histories of SDOF structures subjected to the total acceleration, pulse,
high-frequency and long-period component: a) 7;,=0.2s
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For the case of intermediate structure (7, =1.0s) shown in Fig. 3.18b, responses to
the pulse component are dominating and match the corresponding total responses very
well. The contributions from both the high-frequency and long-period components are
very small.

For the case of long-period structure (7, =5s) shown in Fig. 3.18c, the responses to
all three components are all significant. The pulse component again makes significant
contribution to the overall peak responses during 2 ~ 4s. However, the high-frequency
and long period components are dominating during other time instants. It is observed
from Fig. 3.18c that the peak responses to the high-frequency and long-period
components are comparable in all three response plots. However, the responses to these
two components counteract with each other due to the phase difference; which results in a
smaller broadband frequency component response (summation of high-frequency and
long period components). Since the pulse characteristic only exists during a short time
(approximately 2~4s for this case), the response to the total acceleration is almost
coincident with that of the broadband frequency component when ¢ is out of this range.
Compared with Fig. 3.18a and 3.18b, it is observed that the acceleration response in Fig.
3.18c (long period structure) is much smaller and the displacement response is much
larger, which are the distinct response characteristics of long period structures.

It is concluded from the above analysis that the pulse component controls the peak
responses of a structure, which occur during a short time range. Broadband frequency
components (i.e., high-frequency and long period) affect responses of other time instants

over which the magnitude is relatively small.
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Nonlinear structures: To further investigate the effects of pulse and broadband
frequency components on structural responses, three elastic-perfectly-plastic SDOF
structures with the corresponding elastic periods equal to 0.2s, 1.0s and 5.0s are
employed in this investigation. To simplify the analysis, the nonlinear SDOF structures
are assumed to have unit mass and have ductility factor 4 = 4 when subjected to the full
excitation. The other properties of these nonlinear SDOF structures are presented in
Table 3.2. In Table 3.2, 7, is the elastic period, x« is the ductility factor resulted from the
full RRS228 excitation, £ is the elastic stiffness, U, is the yielding displacement limit at x
= 4, Uy is the maximum elastic structural displacement subjected to the full excitation,
Unax 1s the maximum nonlinear structural displacement and F, is the yielding force. It is

noted that the U,, Umax, U, and F, are corresponding to the full RRS228 excitation at

u=4.
Table 3.2 Property of SDOF nonlinear structures with unit mass
T.(s) |u k U, F,(N) |U Unax
SDOF1 0.2 4 986.96 | 0.80 792.42 | 1.47 3.19
SDOF2 1.0 4 39.48 10.84 | 428.06 |45.34 |43.32
SDOF3 5.0 4 1.58 15.66 | 24.73 54.22 | 62.54

The nonlinear structural behavior is modeled by the Bouc-Wen model with
parameters a = 0, f = 0.5, y = 0.5, n = 3, and 4 = 1.0. Details of using the Bouc-Wen
model in representing nonlinear structural behaviors will be covered in Chapter 4 and 5.
Figs. 3.19~3.21 show the response information of the three SDOF structures subjected to
the full excitation, pulse component and broadband frequency component of the RRS228

record, respectively.
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It is observed from Fig. 3.19a that when the 7,=0.2s (“rigid”) structure is subjected
to the full excitation, it is displaced to a new position due to yielding after experiencing
several elastic oscillation cycles with respect to its original position during first few
seconds. The inelastic deformation causes the mass center shifted by 2.2 cm and this
inelastic deformation cannot be recovered. It is noted that the inelastic deformation is
formed by a single pulse motion (“displacement jump”) rather than cumulative
displacement. It is also observed that the response to the broadband frequency component
alone has the same oscillation style as that of the total acceleration when ¢ < 2.0s or ¢ >
4.0s.

It is known from Table 3.2 that the yielding displacement limit for this case is
0.80cm, which is shown by the two dashed horizontal lines in Fig. 3.19a. The inelastic
deformation is formed during 2~4 seconds for this case, which is primarily caused by the
pulse effects. The response to the total acceleration during other time is determined by
the broadband frequency component in that the two response curves are essentially
similar if the influence of permanent displacement is disregarded.

Fig. 3.19b shows the structural force response history. The yielding strength for
this case is 792.42 N as shown in Table 3.2. The circle in this plot denotes the time
during which the structure reaches yielding. It is observed that the pulse force history has
similar trend as that of the total acceleration during 2 ~ 4 seconds and the major plastic
deformation is formed herein. During other time, the force corresponding to the
broadband frequency component almost coincides with that of the total acceleration
while the force corresponding to the pulse is almost zero. It is noted that the structure

experiences elastic deformation with respect to its original position when ¢ < 2.0s and it
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vibrates at a new position with permanent deformation when t > 4.0s. Pulse component
in near-field ground motion imposes much higher level of displacement demand than
broadband components and is responsible for inelastic deformation. The pulse component
pushes the structure close to yielding limit and a small additional contribution from
broadband frequency component eventually drives the structure beyond elastic limit and
results in large inelastic deformation. These phenomena can be further verified by the

hysteresis plot in Fig. 3.19c.
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Figure 3.19 Response information of the rigid nonlinear SDOF structure (7, =0.2s):
a) Displacement history; b) Structural force history; ¢) Hysteretic loop
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Fig.3.20 shows plots for intermediate nonlinear structure with 7, = 1.0s. It is noted
that the effect of the pulse component is distinctive in this case since the elastic structural
period is close to the predominant period of the record. The yielding displacement limit
for this case is 10.84 cm, as shown by the two dashed lines in Fig. 3.20a. The pulse
component is strong enough to cause inelastic deformation of the structure, although the
structure develops permanent displacement because of combined effects of the pulse and
broadband frequency components. The displacement jump observed from the hysteretic
loop in Fig. 3.20c shows that the permanent displacement is developed during just one
loading cycle. The area enclosed by the hysteretic loop because of the pulse component
alone contributes most significantly to the area enclosed by the total ground acceleration,
which confirms that the pulse component alone can cause significant inelastic
deformation in this case.

Fig. 3.21 shows the result for a flexible structure with 7,=5.0s subjected to pulse,
broadband and total ground accelerations. The yielding displacement limit for this case is
15.66 cm. The structure is excited strongly by the broadband frequency component in this
case because this component has frequency contents in the range of the structural
frequency. However, the pulse component alone is also capable of pushing the structural
displacement to the yield displacement limit. As a result, the pulse component develops
permanent displacement and the magnitude of this permanent displacement increases
because of the contribution from the broadband frequency component.

Hence, it can be concluded for the above three cases that the pulse effect is

dominating in causing the major inelastic deformation for all types of structures during
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pulse-type ground motions and the broadband frequency components are more influential

on the post-yielding behavior of structures.
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Figure 3.21 Response information of the flexible nonlinear SDOF structure (7, =5.0s): a)

Displacement history; b) Structural force history and c) Hysteretic loop.

Formation of Inelastic Displacement: It is observed from the force-displacement
plots in Fig. 3.19 ~ 3.21 that permanent displacement caused by the total ground
acceleration is formed within one loading cycle in these cases, which is displayed as

“displacement jump” in the displacement time history plot of each case. This happens
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because there is only one major pulse cycle in the RRS228 record. However, if an
earthquake has several dominant impulsive cycles (such as the KIM090, TAKO090 and the
LGPO090 records in Fig. 3.4), the permanent displacement is developed in a cumulative

manner through cyclic accumulation.
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Figure 3.22 Displacement response history and corresponding hysteretic loop for nonlinear
structures with an elastic period of: a) Tn=0.2s; b) Tn=1.0s and c¢) Tn=5.0s, subjected
to the full excitation of TAKO090 record and its component.

As a comparison, Fig. 3.22 shows the displacement response history of the three

nonlinear structures subjected to 1995 Kobe earthquake recorded at Taktori station
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(TAKQ090 component). The hysteretic loop corresponding to the total ground acceleration
in each case is shown on the right of each plot. It is noted that the pulse behavior is the
major factor causing the structure undergoing plastic deformation. Obviously, this record
has more pulse cycles than the RRS228 record. As a result, the permanent displacement
builds up gradually within 2 to 10 seconds and the corresponding hysteretic loop

gradually expands with repetitive loading-unloading cycles in each case.

3.4.5 Peak Responses during the Recorded Earthquakes and Their Components
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Figure 3.23 Peak accelerations and the dominant periods of the total acceleration, pulse
component and broadband frequency component of the eight near-field ground
motions, a) Peak accelerations and b) Dominant periods.

The pulse and broadband frequency characteristics of the eight near-field records

listed in Table 3.1 are investigated in this section. Fig. 3.23 shows the peak accelerations
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and dominant periods of the eight near-field ground motions and their pulse and
broadband frequency components. Pulse components of these earthquakes are obtained
using the pulse model as shown in Fig 3.4. Broadband frequency components are
obtained by subtracting the pulse components from the total accelerations.

It is observed from Fig.3.23a that the PGAs of the pulse components are less than
those of the broadband frequency components for these records, although the pulse
components are dominant in nature. It is noted that the periods of these records vary from

0.8s to 8.0s and the corresponding pulse components also have the similar periods.
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Figure 3.24 Peak displacement and acceleration responses of linear SDOF structures
having 7, =T, subjected to the total acceleration, pulse component and broad-
band frequency component excitations of the eight near-field ground
motions, a) Peak displacement response and b) Peak acceleration response
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Fig.3.24 shows peak displacement and acceleration response quantities of linear
SDOF structures subject to total ground accelerations, pulse and broadband frequency
components. Response quantities in Fig. 3.24 are obtained for the case of 7,/7,=1.0, i.e.,
periods of the SDOF structures are the same as those of total ground accelerations. It is
observed that response quantities for the pulse component of each earthquake are very
close to those for total ground acceleration in all cases. On the contrary, response
quantities for the broadband frequency components are much smaller, although peak
values of these components may be larger than those of the pulse components. It is noted
that the peak displacement of TCUO068 earthquake is much larger than others since the
dominant period of this earthquake is much longer (8.0s).

Fig. 3.25 shows peak displacement and acceleration responses of a linear SDOF
structure with 7,=2.5s, subjected to total excitation, pulse and broadband frequency
components of the eight near-field records. It is observed from Fig. 3.25 that peak
responses subjected to the broadband frequency components of TAKO090 and TCUO068
are larger than those of the pulse components for these two earthquakes. This happens
because the dominant periods of the broadband frequency components of these two
earthquakes are closer to 2.5 sec. Response quantities of pulse components are dominant
for all other earthquakes. It is noted that peak response quantities for broadband
frequency components and the pulse components cannot be added to obtain peak
response quantities for total excitations, since peak values of broadband frequency

components and pulse components occur at different time instants.
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Figure 3.25 Peak displacement and acceleration responses of a linear SDOF structure
having 7,=2.5s subjected to the total acceleration, pulse component and broad-
band frequency component excitations of the eight near-field ground motions,

a) Peak displacement response and b) Peak acceleration response
Hence, the accuracy of the pulse model in characterizing the dominant near-field
ground motion effects depends on the ratio of structural period and the predominant
period of ground motions. When the two periods are close to each other, the pulse

excitation effect of a near-field record is more noteworthy. In practice, this will be the

worst scenario since the structure will be subjected to largest deformation demands.

3.5 CONCLUSIONS

The characteristics of near-field ground motions are investigated in this Chapter.

Utilizing the velocity pulse model proposed by He (2003), dominant pulse components of

60



near-field ground motions can be successfully extracted. An earthquake record can also
be decomposed into a series of Intrinsic Mode Functions having different frequencies via
the Empirical Mode Decomposition approach. Using these two methods, a near-field
ground motion record can be separated into three components, i.e., high-frequency
component, dominant pulse component and long-period component. The summation of
high-frequency component and long-period component is also regarded as broadband
frequency component.

Characteristics of different components and their effects on structural responses are
investigated using 8 near-field ground motion records. It is demonstrated that the pulse
effect is a distinct characteristic of near-field ground motions and the pulse component is
responsible for imposing excessive deformation demand on both linear and nonlinear
structure. In fact, the pulse component has the most significant contribution in pushing a
nonlinear structure to the limit of elastic deformation or into inelastic stage. The
broadband frequency components account for post-yielding deformation with respect to
permanent displacement.

Responses of a linear SDOF systems with 7,=2.5s and 7,,=T, subjected to the eight
recorded earthquakes and their pulse and broadband frequency components show that the
pulse model can be very effective in representing recorded ground motions when the
period of a structure and the predominant period of an earthquake are close to each other.
Under this situation, the peak structural response behavior is mainly dominated by the

pulse characteristic of a near-field record.
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CHAPTER 4

PERFORMANCE OF PASSIVE ENERGY DISSIPATION

SYSTEMS DURING NEAR-FIELD GROUND MOTION

TYPE PULSES FOR LINEAR STRUCTURES

4.1 INTRODUCTION

Passive energy dissipation systems (PEDS) have been used widely for the retrofit
of existing structures and performance based design of new structures to reduce structural
responses during seismic and wind excitations [e.g., Soong and Dargush (1997), Soong
and Spencer (2002), Spencer and Nagarajaiah (2003)]. Most widely used PEDS are
linear and nonlinear viscous dampers [Terenzi (1999), Lin and Chopra (2002)], frictional
dampers [Pall and Marsh (2002)] and yielding dampers [Aiken and Kelly (1992)]. It has
been observed that the performance of PEDS in a linear structure varies during different
near-field ground motions, even though PEDS are assumed to be linear [Agrawal and
Yang (1999)]. In this Chapter, performance of PEDS during pulse type near-field ground
motions is investigated extensively through pulse response spectra and energy balance
analysis.

Systematic study of dynamic behavior of structures based on energy characteristics
was first proposed by Housner (1959) for earthquake-resistant design. Iwan (1980) has
investigated the input energy dissipated due to the inelastic deformation. Uang and

Bertero (1988a, 1988b, and 1990) have proposed to use energy concepts as a basis for
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structural design and investigated input energy and energy dissipated in structures in the
forms of viscous and hysteretic energy. Goel (1997) and Fu and Kasai (1998) have
discussed the idea of energy balance for designing supplementary energy dissipation
devices. These studies have demonstrated that PEDS not only dissipate energy input to a
structure, but also can increase or reduce the total energy input.

It has been observed from recent earthquake records that motions in fault-normal
direction contain destructive long-period pulses with high peak ground velocities. Several
analytical models have also been proposed by different researchers as mentioned in
previous chapters. Among these models, the velocity pulse model proposed by He (2003)
is a continuous and is quite simple in form. The validity of this model has been
established through comparison with numerous recorded ground motions and
corresponding response spectra in several recent studies [He (2003), Wang et al (2002)].
Applications of the pulse model have been demonstrated for pulse strength reduction
factor spectra for inelastic structures [Agrawal and He (2004)], and response control of a
cable-stayed bridge [He and Agrawal (2005)]. A pulse filter based on the pulse model
has also been developed for an optimal design of active and semi-active controllers that
can significantly reduce the base and super-structure responses of base-isolated buildings
simultaneously [Agrawal et al (2006), Agrawal et al 2005), Xu et al (2005)]. In this
Chapter, the pulse model is used to systematically investigate the performance of

different PEDS during near-field ground motions.
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4.2 BACKGROUND INFORMATION

4.2.1 Motion Equation with Passive Energy Dissipation Systems
The motion equation of a single-degree-of-freedom (SDOF) system can be
expressed as
mi(t)+cx(t)+ f, +u=-mx,(t) 4.1
where m and c are the mass and damping coefficient, x(#) and X(¢) are the velocity and

acceleration of structure, respectively, X, (¢) is the earthquake excitation, u is the control

force due to passive dampers. For linear structural systems, f, is the elastic structural
restoring force only, i.e.,
f.=kx(t) (4.2a)
where k; is the structural elastic stiffness. For nonlinear structures, f, consists of both
elastic restoring force and hysteretic force, i.e.,
f.=f.(tx,x) (4.2b)
which can be described as a combination of elastic and inelastic forces:
fo=akx(®)+(A-a)kU , z(t) (4.2¢)
where o is the parameter that controls the post-yielding stiffness of structure, U, is the

structural yielding limit and z(?) is a dimensionless hysteretic quantity given by the Bouc-

Wen model [Wen (1988)]

U, 24y, 13O z|z["" +B,x(0) | 2" —4,5(1) =0 (4.3)

where S, %, ns and A are the dimensionless parameters that control the shape of the

hysteretic loop of the structure.
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The control force u by nonlinear viscous dampers with damping coefficient ¢, is

expressed as

u=c,|¥" sgn(x) (4.4)
In Eq.(4.4), the exponent o controls the damper nonlinearity and has typical values in the
range of 0.35 ~1 for seismic applications [Lin and Chopra (2002)]. For the special case of
o=1, Eq.(4.4) represents the force applied by linear viscous dampers. For a simplified
analysis, equivalent viscous damping ratio (&, ) of nonlinear viscous dampers during

sinusoidal excitation is expressed as [Terenzi (1999), Lin and Chopra (2002), Pekcan et

al (1999)],

a-2 2
¢, = c, A Do 2z : /1:4.2a1“ (1+a/2) (4.5)
27mm, I'2+a)

where I(.) is the gamma function, D is the maximum displacement, 7, is the effective
natural period and m; is the structural mass.

The behavior of yielding damper is also represented by Bouc-Wen model in this
investigation and the control force u is then given in terms of damper yielding
displacement U4, damper post-yielding stiffness ratio ¢, and damper reference stiffness
K, as,

u=aK, x()+(1-a)K,U ,z(¢) (4.6)
in which z(z) is the dimensionless hysteretic quantity given by the Bouc-Wen model
[Wen (1988)],

Uty 1 x@)|z]z " B x(t) | z | —A,%(t) =0 (4.7)
In Eq. (4.7), shape of the damper hysteretic loop is controlled by dimensionless

parameters [, yi, hqg and Ag,.
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4.2.2 Relative and Absolute Energy Balance

The energy input to an elastic structure during an earthquake is dissipated by
damping mechanism, either inherent or supplemental, exclusively, by the end of the
earthquake. However, for an inelastic structure, input energy is dissipated by the
combination mechanism of damping and structural yielding. The energy balance
information can be obtained by integrating Eq. (4.1) with respect to a small displacement

dx as [Chopra (2001), Uang and Berto (1988a, 1988b, 1990)]
[msi(t e+ [ ei(t)d+ [ £+ [ude = [ m, (1 )dx (4.80)
0 0 0 0 0

1.e.,

E, +E +E +E =FE, (4.8b)

In which the kinetic energy can be expressed as

x X )
E, (0) = [ mi(t)dx = [ mi(t)dic ==~
0 0 2 (4.9)
The energy dissipated by the inherent viscous damping is
E, = j cx(t)dx = jcxzdt (4.10)
0 0

For nonlinear structures, the energy of the third term consists of the recoverable strain

energy as well as the yielding (hysteretic) energy, i.e.,
X t
E =E +E, =jfdx=jfxdt (4.11)
0 0

where the E, is the recoverable energy and £ is the structural hysteretic energy

dissipated through the structural yielding, i.e.,
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X X t
E,=E -E, ZIfdx—Ikxdxzjﬁdt—%kxz (4.12)
0 0 0
The energy dissipated by supplemental energy dissipation systems is obtained as

E = jiudx = j.w'cdt (4.13)
0 0

u

If only supplemental linear viscous damping is provided, it has a similar form as that of
Eq. (4.10). For other types of dampers, £, can be obtained by directly integrating Eq.
(4.13).

The total input energy is obtained by integrating the right side of Eq. (4.8a), as

follow,
E, =- j mi, (t)dx = j mi, (t)xdt (4.14)
0 0

The above definitions correspond to “relative” input energy; in conjunction with the
“relative” energy equations defined above, the “absolute” energy equations can also be

derived as follows [Uang and Berto (1988a, 1988b, 1990)]:

[ms,(t)dx + [ it )dx + [ f, e + [udx = 0 (4.15)

Note that x, =x+x,, X, =x+x, and X, = ¥+ X, the first term of Eq. (4.15) can also be

expressed as

.2
[, (1 ) =[ mi, (1) (dx, - dx, ) = m;f ~ [ i dx, (4.16)
Inserting Eq.(4.16) into Eq. (4.15), one obtains
mx’
Tw j cx(t )dx + j fdx+ j udxz.[m)'étdxg (4.17)
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i.e.,
E!+E, +E +E, =E/ (4.18)
where E; and E| are called “absolute” kinetic energy and ‘“absolute” input energy,

respectively. Other terms are as defined as before.

Rewriting the absolute input energy as

E; = Im)'étdxg :J.m)'c't(dxt —dx)

(4.19)
. . . m ., m ., .
zjmx,dxt—jm(x +xg)dx=?xt —7)6 —jmxga’x
One obtains
. m., m., m., .. a
E; —EI:?xf—ExZ:?x§+mxxg=Ek—Ek (4.20)

In this chapter, the “relative” energy balance information is investigated as a criterion in
evaluating the structure and damper property. The “absolute” energy will be investigated

for comparison purpose in section 7 of Chapter 5.

4.2.3 Pulse-type Excitations

The analytical velocity pulse model proposed by He (2003) and He and Agrawal
(2006) is used in this chapter to generate impulsive excitations in the investigation of
various passive energy dissipation systems. Details of the analytical model are described
in Chapter 3.

Fig. 4.1 shows time-history plots of displacement, velocity and acceleration for a

velocity pulse with parameters 7, = 27'C/(Dp =1 sec, n=1, a = 2.51, and C=7.17 in Eq.

(3.1). These parameters have been selected to obtain 1 m/sec peak pulse velocity and
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0.6g peak pulse acceleration. It is observed that the velocity pulse consists of only one
and half cycles, and causes 0.13m permanent ground displacement. This type of behavior
has been frequently observed in near-field ground motions. It has been shown in Chapter
3 that the pulse model can represent the pulse components of near-field ground motion

records reasonably well.
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Fig. 4.1: Displacement, velocity and acceleration time histories of the pulse-type ground
motion with Tp =1 sec, n=1, a = 2.51, peak velocity = Im/s and peak

acceleration of 0.6g.

4.2.4 Excitation and Damper Parameters

Performance of PEDS is investigated by subjecting SDOF structures with 5%
inherent damping ratio to pulse, sinusoidal and recorded near-field ground motions. The
pulse ground motion records (pulse excitation) are generated by assuming parameters

n=1, a = 2.51/T, and peak ground acceleration of 0.6g for different pulse period, 7, in

Eq.(3.1) of Chapter 3. Peak values and periods for sinusoidal ground accelerations are
assumed to be the same as those of the pulse excitations.

Viscous dampers are designed by considering equivalent damping ratios of ¢, = 15%

and 25% using Eq. (4.4). Effects of damper nonlinearity are investigated by considering

69



aq=0.3,0.5 and 1.0. Parameters of yielding dampers in Eqs. (4.6) and (4.7) are taken as
aqg =0, pa = 0.5, ya = 0.5, ng = 3, and 4; = 1.0. The yield stiffness (k;) and yield
displacement (U,4) of yielding dampers are expressed in terms of stiffness and
displacement capacity of the structure and are varied to investigate their effects on
damper performance. Fig. 4.2 shows the behavior of a SDOF linear structure equipped
with a yielding damper. It is observed from Fig. 4.2 that the yielding damper increases

both stiffness and damping of the structure.

LN F A
FO ___________ kd
ks !
| Fya |-
Up u ” Uyd u ” u ”
a) Elastic structure b) Yielding damper ¢) Structure + yielding damper

Figure 4.2: Force-deformation behavior of an elastic structure without
and with yielding damper.

4.2.5 Performance Criterion
Performance criteria in terms of normalized spectral displacement, ./, , normalized
spectral acceleration, J,, and normalized maximum input energy, Jg , are defined to

evaluate performance of various PEDS as,

_SD%+{) , _SAG%+E) . EI(5%+) @21)
PSDG%) Tt SAG5%) Y EI(5%) '

where, SD(5%+( ), SA(5%+()), EI(5%+({) are the spectral displacement, spectral

acceleration and input energy of the structure equipped with PEDS; and SD(5%), SA(5%),
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EI(5%) are the corresponding response quantities without PEDS, respectively.

4.3 RESULTS AND DISCUSSIONS

4.3.1 Response Spectra for Pulse-type versus Sinusoidal Excitations
Extensive numerical simulations are carried out to compare the effects of damping
during pulse-type and sinusoidal excitations. Plots in Figs. 4.3(a) and (b) show three-

dimensional displacement spectra (SD) as functions of pulse period (7,) and structural

period (7,) for the SDOF structure subject to pulse-type and sinusoidal excitations,
respectively. Plots in Fig. 4.3 are obtained for the cases of the structure without dampers
and with linear viscous dampers capable of adding 25% supplemental damping. Both
structural and excitation periods are varied from 0.1 to 5 seconds in Fig. 4.3.

It is observed from Figs 4.3(a) and 4.3(b) that the displacement increases with

increase in 7, and 7, for both pulse and sinusoidal excitations. For a given T, or 7,
maximum displacement response occurs when 7, ~T,. The displacement response

caused by sinusoidal excitation is much higher than that by pulse excitation in the vicinity

of T, =T, for the structure with and without dampers. A larger displacement response

in the case of sinusoidal excitation is caused by the buildup of response at resonance.
The resonance effect during pulse excitation is not as strong as that during sinusoidal
excitation since the pulse excitation does not contain enough repeated excitation cycles
for the displacement response to build up, as seen from Fig. 4.1. Displacements during
both excitations are significantly reduced by the 25% supplemental damping, as

demonstrated by the response surfaces corresponding to ¢, =0 and ¢, =25% in each plot.
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(a) Pulse-type excltatlon

T, sec

Figure 4.3. 3-Diemsional pulse period (7' ») — structural period (T,) — peak displacement

response spectrum using (a) Pulse-type excitation; (b) Sinusoidal excitation.
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(a): Pulse-type excitation

T,, sec

T, sec

(b): Smusoidal excitation

T,, sec

T, sec

Figure 4.4: Pulse period (7' ) — structural period (T,) — normalized spectral displacement (J )

contour plot using (a) Pulse-type excitation; (b) Sinusoidal excitation.
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Fig. 4.4 shows contour plots of normalized displacement (., ) as functions of
pulse period (7,) and structural period (7). It is noted that a smaller value of J,, means
a better effectiveness of supplemental damping. The hatched areas (mainly within the
range of 3/5<T, /T, <5/3 ) in Figs. 4.4(a) and (b) show the region in which more than
40% displacement reduction (i.e., J, < 0.6) can be achieved during the pulse-type and
sinusoidal excitations. The J, in Figs. 4.4(a) and (b) for pulse-type and sinusoidal
excitations equals to 0.48 and 0.18, respectively, along the 7, = T, line. This

demonstrates that supplemental damping is significantly more effective during sinusoidal
excitation than during pulse-type excitation near resonance. It can also be observed in

the hatched area that the increase in J,, for sinusoidal excitation is much faster than that
for pulse-type excitation when (7,,7,) pairs move away from the resonance line (i.e.,
T,=T, ). Overall, the effectiveness of supplemental damping remains almost the same

(J, between 0.5 and 0.6) in the entire hatched area in Fig. 4.4(a) for the pulse-type

excitation. Hence, the performance of supplemental damping is less sensitive to
resonance during pulse-type excitations.

Plots of J, versus 7, for the structure with viscous dampers are shown in Fig.
4.5(b). For T, T, (near resonance), it is observed that J,, of sinusoidal excitation is

much smaller than that of pulse-type excitation, i.e., viscous dampers perform better

during sinusoidal excitation near resonance. However, as the excitation period (7))

increases beyond 4 sec, viscous dampers perform significantly better during pulse-type

excitation.
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Figure 4.5 Response of a SDOF structure (7, =2.5 sec) subject to sinusoidal and pulse
excitations: a) Spectrum displacement; b) Normalized displacement
4.3.2 Pulse Response Spectra for Linear versus Nonlinear Viscous Dampers

Linear viscous dampers have been found to perform well during mild to moderate

earthquakes. However, the force demand on linear dampers during pulse type excitations
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may be excessive, leading to device capacity saturation and larger force demands on
structural components. Nonlinear viscous dampers may be more suitable in such
situations because of their inherent force saturation capability at high velocities. Lin and
Chopra (2002) have investigated the response of elastic SDOF structure with nonlinear
viscous dampers using selected ground motion records and have shown that the damper
nonlinearity doesn’t have significant effect in the velocity sensitive region and up to 14%
difference in other regions. In this section, the effects of damper nonlinearity on the
performance of nonlinear viscous dampers during pulse-type ground motions are
investigated.

Left column of Fig. 4.6 shows contour plots of spectral displacement (SD),

acceleration (SA) and input energy (EI) as functions of pulse period (7, ) and structural
period (7)) for linear viscous dampers capable of adding 25% supplemental damping. In
Figs. 4.6(a) and 4.7(c), SD=0 and EI=0 contour line exists when either 7, or T, =0, and
the contour plots have the largest gradient along the line 7, =7, . For a structure with 7,

= 1s, displacement response in Fig. 4.6(a) remains around 0.22 m as the pulse period
increases from 1s to 5s. However, for a structure with 7, = 5s, the displacement response
increase from 0.22 m to a value larger than 3.85m as the pulse period increases from 1s to
5s. This shows that an increase in pulse period will increase the displacement response of
long period structures more significantly than that of short period structures. Although
the peak value of pulse acceleration is 0.6g (i.e., PGA=0.6g), it is observed from Fig.

4.6(b) that the peak absolute acceleration of the structure with linear viscous damper is

larger than the PGA when 7, > %T ,» and it is reduced below 0.6g PGA when T, <%T .
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Plots in Fig. 4.6(c) for the input energy spectrum show a trend similar to that of
displacement spectrum. It is observed that input energy contour plots are nearly symetric

with respect to 7, =7,. Hence, both T,

n

and T, play a similar role in terms of input

energy response.

Right column of Fig. 4.6 shows corresponding plots of SD(« =0.5)/SD(a =1.0),
SA(a =0.5)/SA(a =1.0) and EI(« =0.5)/El(a =1.0), where SD(a =0.5), SA(« =0.5)
and El(a =0.5) are spectral displacement, acceleration and input energy for a structure
equipped with nonlinear viscous dampers having « = 0.5 and equivalent damping of 25%.

It is observed from Fig. 4.6(d) that the damper nonlinearity gives 5 to 10% additional

. . 4 .
reduction in peak displacement only when7, > gT ' . The peak acceleration because of
. . . 2 o
damper nonlinearity remains almost unaffected when 7', > ng and it is reduced up to

40% whenT, < %T ", as shown in Fig. 4.7(e). The damper nonlinearity causes the input

n

energy in Fig. 4.6(f) decreases up to 10% when ;T . <T,< %T and increase up to 20%

around 7, = 0 or 7, = 0; however, the increase in input energy does not have practical

significance because these cases either represent zero pulse loading or rigid structural
systems. Moreover, peak magnitudes of response quantities for these cases are very small.
Hence, nonlinear viscous dampers are more advantageous than linear viscous dampers in
reducing peak structural displacements and peak input energies when a structure is

subject to pulse-type excitation with pulse period longer than the structural period.
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Figure 4.6: Influence of damper nonlinearity on structural response; (a)-(c): Displacement,
acceleration and input energy spectrum for structures with 25% linear viscous damping
(=1, ¢=25%); (d)-(f): Ratios of response quantities with nonlinear (a=0.5, £;=25%)
and linear viscous dampers (0=1.0, {;=25%) showing effects of damper nonlinearity.
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4.3.3 Pulse Response Spectra for Yielding Dampers

As shown in Fig. 4.2, yielding dampers protect structures by undergoing inelastic
deformation at preset displacement when the structure is subject to large displacement
demand. Figs. 4.7(a) — (c) show contour plots of spectral displacement (SD), acceleration

(SA) and input energy (EI) as functions of pulse period (7)) and structural period (7))
for the uncontrolled structures subject to pulse-type excitation. Figs. 4.7(d)-(f) and
4.7(g)-(1) show contour plots for J,, J, and Jg; using yielding dampers with k;= k;, U4
= 0.2uy[i.e., F,=02F] and ks= k, U,u=0.8uy [i.e., F,,=08F], respectively. Here,
ks is the structural stiffness, and uy and F) are the maximum elastic displacement and

force responses of the structure without dampers. The yielding damper with £, = 0.2F
is considered as “small capacity” damper, whereas that with ', = 0.8F is considered as

“large capacity”. It is observed from Figs. 4.7(a)-(c) that SD, SA and EI increase with

increase in 7, when 7, < T, and decrease with decrease in 7, when 7, >T,. The

performance indices J,, J, and Jg are less than 1 mainly when 7, > 7, , as shown by
hatched regions in Fig.s 4.7(d) — (). In fact, up to 60% reduction in peak displacement
and peak input energy and up to 30% reduction in peak absolute acceleration can be
obtained in the T, > T, region. It is noted that the effective period of a structure with
yielding damper decreases compared with its uncontrolled counterpart due to the action
of damper stiffness. Hence, the displacement spectrum is “pushed” toward larger
structural period side after adding yielding dampers. As a result, structures with period

T, <T,will experience smaller displacement response and those with 7, >7, might

experience larger displacement response.
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T) Uncontrolled 1) F,=0.2F, 11I) F,q=0.8F,

Figure 4.7: Displacement, acceleration and input energy spectra and corresponding normalized spectra
for yielding dampers; Column I: Displacement, acceleration and input energy spectra
without dampers; Column II: Normalized displacement, acceleration and input energy
spectra with F,,=0.2F, capacity yielding damper; Column III: Normalized displacement,
acceleration and input energy spectra with F,,~0.8F) capacity yielding damper.

It is also observed from pulse spectra for “small capacity” and “large capacity”
yielding damper in Figs 4.7(d)-(f) and 4.7(g)-(i) that the yielding capacity F),

significantly affects the level of response reduction. The larger the yielding capacity,
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more reduction is obtained in the hatched region. On the other hand, response quantities

are futher amplified with increase in yielding capacity in the 7, < T, region.

4.3.4 Comparisons of Pulse Spectra for PEDS

Fig. 4.8 shows plots of J, and J, as the function of period ratio 7,/7, for

structures with linear viscous and yielding dampers for structural periods in the range of
0.1 to 5 seconds subject to the pulse-type excitation in Fig. 4.1. Figs. 4.8(a) and 4.9(b)

show J, and J, spectra for structure with linear viscous dampers capable of adding

15% and 25% supplemental damping. It is observed from Figs. 8(a) and 8(b) that higher
reduction in displacement is obtained for larger supplemental damping, and the largest

reduction is obtained for 7, / T, =~1. However, acceleration response only decreases with
increase in supplemental damping when 7, / T, <2 and it is amplified for both levels of
supplemental damping when7, /T, > 2.

Figs. 4.8(c) and (d) show J, and J, spectra for structures equipped with yielding
dampers having yielding capacities F, =0.1F;, F, =0.5F, and F,, =0.8F; . It is
observed from Fig. 4.9(c) that the J, can be divided into three regions of 7, / T,. In
region I (0 < 7, /T < 1.5), J, is less than 1, and it decreases with an increase in
F,, /F, from 0.1 to 0.5; which is caused by the increase in the area enclosed by the
damper hysteretic loop as the increase of F, /F0 . Increasing the yielding capacity
F,,/F, from 0.5 to 0.8 doesn’t yield further reduction in.J/,,. Significant displacement

reduction (more than 50%) is obtained only for 7, /T » < 1, since the effective natural
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period of the structure decreases caused by the addition of damper stiffness. In region II

(1.5<T, / T, <3.5), J,, increases with an increase in F, / F, and yielding dampers are
detrimental to the structural safety. In Region III (7, / T, >3.5), yielding dampers don’t

offer any noticeable advantage since J, is close to 1. It is observed from Fig. 4.8(d) that

the peak absolute acceleration is decreased only for 7, /T » < 1, and it is amplified
significantly for 7, /T » > 1. Figs. 4.8(e) and (f) show J,, and J, spectra for structures

with yielding dampers having stiffness coefficientsk; = k;, k; =5k, andk; =10k, and
the same yielding strength /7, = 0.1F;. It is observed from Figs. 4.8(¢) and 4.8(f) that J ,

and J, don’t change significantly with the increase in damper stiffness. This happens

because an increase in damper stiffness does not significantly increase the enclosed area

of the damper hysteretic loop, if the yielding strength is fixed.
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4.3.5 Correlations with Recorded Near-field Ground Motions

In order to show the correlations of pulse spectra J, with those using recorded
ground motions, Figs. 4.9 (a) and (b) show J, spectra as a function of period ratio
T, / T, for both viscous and yielding dampers. Linear (o = 1) and nonlinear (a = 0.5)
viscous dampers are designed to add 25% supplemental damping. The parameters of
yielding dampers are considered as F,, = 0.1F; and k; =10k, . In addition to the pulse-

type excitation, 11 near recorded field ground motions in Table 4.1 have been used to

obtain plots in Fig. 4.9.

Table 4.1. Recorded Near-field Ground Motions

Description of earthquakes T, (sec) | PGA (g)
FN Erzikan, 1992 2.1 0.43
FP Erzikan, 1992 1.9 0.46
FN Northridge Rinaldi 1994 1.0 0.89
FP Northridge Rinaldi 1994 2.7 0.39
FN Northridge Olive View 1994 2.6 0.73
FP Northridge Olive View 1994 0.5 0.60
FN Kobe Takatori 1995 1.3 0.79
FP Kobe Takatori 1995 1.2 0.42
TCU065 EW Chi-chi 1999 4.5 0.81
TCUO065 NS Chi-chi 1999 6.4 0.60
Gebze Turkey 1999 4.2 0.27

Fig. 4.9(a) shows comparisons between J, spectra for pulse and those obtained by
average of 11 recorded ground motions for both the linear and nonlinear viscous dampers.

It is observed from Fig. 4.9(a) that the J, pulse spectra possess a trend similar to that of

the average of recorded ground motions, and the plots match closely around 7, / T,~1.

In both cases, viscous dampers perform best when 7}, / Ty, ~1. The reduction factor J,,
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for the pulse excitation is larger than that for the recorded earthquakes when 7T, / T,>15
or T,/T,<0.5 . This happens because the contribution of broadband frequency

components in the recorded ground motions for structures with periods in these ranges is
effectively damped out by PEDS. However, these broadband components are excluded in
the analytical pulse model. It is also observed from Fig. 4.9(a) that nonlinear viscous

damper perform better in acceleration-sensitive region (7, / T, <<1) than linear viscous

dampers in terms of displacement mitigation, which is consistent with Fig. 4.6(d).
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0.9 a) | — puise (@ =0.5) | b) | = Individual Earthquakes
’ =0- Recorded Average ( o =1) ’ 1.2 === Pulse Model
0.8 ~.m- . == Pulse (a=1) /' 1.0 n =
; . : — - g m [ ]
ol 0.7 A 0_8; .l. .“lh ..‘“I il
~ 0.6] ” 06t " ¥\ -
05f 04 | . . . ‘.. ]
| ]
0.47 0.2
0.3 ‘ 0.0 .
0.2 0.3 0.40.5 0.70.9 20 3.0 0.2 030405 0709 20 3.
To/T, TolT,

Fig. 4.9: Spectra of normalized displacement for pulse type and recorded ground motions
with: (a) Linear viscous damper; (b) Yielding damper

Fig. 4.9(b) shows J, spectra of the yielding damper for both pulse and recorded
ground motions.  For recorded ground motions, the minimum average J, 1is

approximately 0.5 around 7, / T, = 0.85, although J, for some individual ground

motions could be much smaller. The minimum value of J, equals to 0.6 during pulse

excitation occurs around 7, /T » = 0.7, instead of T, /T » = 0.85 for recoded ground

motions. Significant scattering in J,, values for recorded ground motions are attributed
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to the nonlinear behavior of yielding dampers and the presence of high frequency
components in recorded ground motions. Nevertheless, pulse J, spectra can be used as

conservative estimate of performance of yielding dampers. Better correlations with
recorded ground motions can be obtained by using simulated near-field ground motion

records proposed by Tan et al (2005).

4.3.6 Damping Effects vs Earthquake Components

It is noted from Chapter 3 that a near-field earthquake record can be decomposed
into dominant pulse, high-frequency and long-period components using the pulse model
and the Empirical Mode Decomposition method. A combination of the high-frequency
and the long-period component is also regarded as “broadband” frequency component as
compared with the pulse component.

It is known that the effectiveness of PEDS is not only related to structural properties,
but also related to the excitation properties. To study why the performance of PEDS with
respect to excitation properties, it is necessary to investigate the performance of PEDS
subjected to different excitation components.

Fig.4.10 shows the effectiveness of 25% linear viscous dampers in reducing
displacement and acceleration responses subjected to the excitation of full accelerations
and their components. The results plotted in Fig. 4.10 are the average of the eight near-
field ground motion records described in Chapter 3. Details of the eight records can be
found in Table 3.1 of Chapter 3.

It is observed from Fig. 4.10 that the linear viscous dampers perform the best in the
range of 0.7< T,/T, <1.3 for both total acceleration and pulse component results. In this

range, response reductions obtained for the total accelerations and pulse components are
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almost the same. Performance indices J,, and J, using pulse components are larger

than those using the total accelerations and other components when 7,/7), is out of this
range since the pulse components only have a narrow-band frequency content compared
to others. The dependency of displacement and acceleration reduction on frequency
contents is also obvious in other regions: for 7,/7T, <0.7, viscous dampers are much more
effective in reducing responses caused by high-frequency components than those caused
by the pulse and long-period components; When 7,/7, >1.3, they are more effective in

reducing responses caused by long-period excitations.
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Figure 4.10 Average performance index spectra of 25% supplemental damping on different
frequency components: a) Displacement performance index; b) Acceleration
performance index.

It is also observed from Fig. 4.10 that although linear viscous dampers do not
perform effectively for the pulse and long-period excitation components when 7,/7), is
less than 0.7, the performance in terms of the total acceleration is still significant due to
the existence of high frequency contents. For relatively short period structures, periods
of the pulse and long-period components are much longer than the structural periods and

these two excitations can be regarded as ‘“static force”. Hence, the effectiveness of
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damping is limited for these two types of excitations. For 7,/7, >1.3, linear viscous
dampers seem to perform best during long-period and broadband excitations and they
perform the worst during pulse excitations. However, the performance degrades for all
types of excitations as 7,/7, continually increases, which indicates a degradation of
damping efficiency for flexible structures.

Hence, linear viscous dampers perform effectively for short period structures during
high frequency excitations, for long-period structures during long-period excitations and
for intermediate structures during pulse type excitations. When the excitation contains
distinct pulse component, the effectiveness of viscous dampers is only significant when

T, 1s in the vicinity of 7).

4.3.7 Energy Response of Passive Damper Systems during Pulse-type Excitation
The dynamic behavior of a structure depends on relative balance of input, dissipated,
kinetic and strain energies in the structure during an earthquake. To investigate this
phenomenon, performance of PEDS is evaluated through energy balance approach in the
following.
i) Instantaneous energy balance
Fig. 4.11 shows time-history plots of instantaneous input, dissipated, kinetic and
strain energies for three SDOF structures (7,=0.2 sec, T, =1 sec and T,=5 sec) with 25%
supplemental damping subjected to the pulse excitation in Fig. 4.1. The nonlinearity
exponent of viscous dampers are considered as & = 0.3, 0.5 and 1 herein. It is observed
from Fig. 4.11 that the input energy (E)) increases significantly with an increase of

damper nonlinearity (i.e., decrease of «) for the 7, = 0.2 sec structure, and it decreases
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for the 7, = 1.0 sec and the T, = 5.0 sec structures. Hence, linear viscous dampers (i.e.,

a = 1) will increase the input energy for intermediate and long period structures.
Instantaneous damper dissipated energy (E,) follows the same trend as the input energy
for three levels of damper nonlinearity. Strain (E;) and kinetic (Ex) energies are not
noticeably affected by the damper nonlinearity in all three cases.

For T, = 1.0 sec structure, it is observed from Fig. 4.11(b) that the instantaneous
damper dissipated energy builds up in phase with input energy at all time instants,
whereas both instantaneous strain and kinetic energies are significantly smaller than the
input energy. Hence, both nonlinear and linear viscous dampers are effective in

dissipating the input energy at every time instant for structures with 7, / T,~1. Onthe
other hand, while the instantaneous input energy fluctuates significantly for 7, = 0.2 sec

and 7, = 5.0 sec structures, the instantaneous damper dissipated energy builds up

monotonically for these structures. Hence, the dampers are not able to dissipate input
energy instantaneously during first few seconds of the pulse motion when input energy
fluctuates significantly. For 7, = 0.2 sec structure, the instantaneous input energy not
dissipated by dampers is converted mostly into strain energy and for 7, = 5.0 sec

structure, this part of energy is converted mostly into kinetic energy. In both cases, the
effectiveness of viscous dampers degrades and the residual (not dissipated) instantaneous

input energy may cause the structures undergo excessive deformation.
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i)

Maximum energy balance

Fig. 4.12 shows plots of maximum energies and ratios of maximum energies as a

function of 7, /T, for viscous (a =1 and ¢;= 25%) and yielding (Uys= 0.08U), ks = 10k;)

dampers subjected to the pulse-type excitations. In Fig. 4.12, “Elmax”, “Edmax”,

“Esmax”, and “Ekmax” represent maxima of input energy,

strain energy, and kinetic energy, respectively.
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Fig. 4.12: Maximum energy information for structures with PEDS; (a) — (b): Linear viscous

damper; (c) — (d): Yielding damper.
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It is observed from Fig. 4.12(a) that Edmax and Elmax evolve in a similar way with

the increase of 7,,/T, . However, difference between Edmax and Elmax increases as
T, / T, increase beyond 2. This happens because of the fluctuation in instantaneous input

energy and the monotonic buildup style of instantaneous damper dissipated energy, as

illustrated in Fig. 4.12(c) for 7, = 5 sec structure. Maximum strain energy, Esmax,

increases for 0< 7, /T » < 1, and it decreases gradually to zero for 7}, / T, >1. On the
other hand, maximum kinetic energy, Ekmax, increases for 7, / T}, <1 and stays almost
constant for 7, /T, > 1. In fact, Ekmax is greater than Edmax when T, /T, > 2.9; which

implies that a significant part of input energy is converted into kinetic energy and the
damper is not able to dissipate the input energy synchronously herein. Fig. 4.12(b) shows

plots of ratios Edmax/Elmax, Ekmax/EImax and Ekmax/EImax as the function of T}, / T, .
It is obsertved that Edmax is more than 60% of the Elmax in the range of 0.3 < 7, /T, <
2.9. Hence, dampers are most effective in this range. For 7, / T, > 2.9, more energy is

converted into kinetic energy than instantaneously dissipated by dampers. Hence, plots
in Figs. 4.12 (a) and 4.12(b) show that linear viscous dampers are less effective for short
and long period structures due to transfer of a significant portion of input energy into
strain and kinetic energy, respectively, in these structures. Although total input energy
will ultimately be dissipated by supplemental damping and the inherent damping in each
case, conversion of the input energy that is not dissipated by dampers to strain energy
(for short period structures) and kinetic energy (for long-period structures) may still cause

damages in these structures, if displacement demand exceeds the design limit.
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Figs. 4.12(c) and 4.12(d) show maximum energy and energy ratio plots for yielding
dampers. Plots in Fig. 4.12(c) are similar to those for viscous dampers in Fig. 12(a),

except that the peak value of Elmax occurs around 7, / T, ~1.8; which is caused by the

addition of stiffness by yielding dampers. It is further observed from Fig. 4.12(d) that
yielding dampers are effective in dissipating 90% of input energy for structures in the

range of T, /T » < 2.2 and between 60% to 90% of input energy for structures in the
range of 2.2 <T,, / T, <2.9. Effects of yielding dampers are similar to those of viscous
dampers for structures in the range of 7, / T, > 29.

iii) Influence of damper parameters on energy balance

In order to further investigate the performance of viscous and yielding dampers,
changes in maximum input energy and damper dissipated energies are compared for
different levels of supplemental damping and yielding force. Figs. 4.13(a) and 4.13(b)
show plots of maximum input energy and maximum energy dissipated by dampers as a

function of T, /T » for linear viscous dampers adding 15% and 25% supplemental

damping ratios. It is observed from Figs. 4.13(a) and 4.13(b) that the maximum input
energy decreases significantly and the peak damper dissipated energy increases slightly

around 7, / T, ~ 1, as the increase of supplemental damping ratio. For 7}, / T, <1, while

the maximum input energy decreases with increase in supplemental damping, maximum

damper dissipated energy does not change noticeably. For structures with 7, / T,>1.7, the

input energy is actually increased due to an increase in supplemental damping. In fact,
increase in input energy is followed by a slightly larger increase in damper dissipated

energy. Hence, displacement is still reduced herein. However, the amount of reduction
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caused by the increase in damping ratio is not as significant as that in the vicinity of

Tn/Tp =1, as shown by the Jp spectra in Fig. 4.8(a).
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Yielding dampers.

Figs. 4.13(c) and 4.13(d) show plots of maximum input energy and maximum

damper dissipated energy for yielding dampers with stiffness k; = k; and yielding

strengths F,4=0.1F), F\,;4=0.5F)and F,;=0.8F). It is observed from Fig. 4.13(c) that the

peak value of the maximum input energy shifts towards 7,/7T, > 1.0 with an increase in

Fy,a/Fy, due to the increase in effective supplemental damper stiffness. Both maximum
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input energy and maximum damper dissipated energy decrease for 7, / T, <12 with the

increase in F,/Fy; and the decrease in the maximum input energy is more than the
decrease in the damper dissipated energy. Hence, yielding dampers effectively reduce the
displacement and acceleration responses for structures in this range as observed from
Figs. 4.8(c) and 4.8(d). On the other hand, both the maximum input energy and the

maximum damper dissipated energy increase when 7, / T,, > 1.2. Moreover, the increase

in the input energy becomes larger than the increase in the damper dissipated energy as

T, /T ), increases beyond > 1.2. Hence, displacement reductions by yielding dampers
gradually decrease for structures with 7}, / T, > 1.2 and the displacement of the structure
with yielding dampers will eventually be amplified when 7, / T, increases beyond 1.5, as

observed in Fig. 4.8(c).

4.4 CONCLUSIONS

In this chapter, the performance of passive energy dissipation systems during
pulse-type near-field ground motions is investigated through response spectrum and
energy balance analysis. An analytical ground velocity pulse model is used to represent
dominant characteristics of near-field ground motion pulses. In addition, 11 near-field
ground motion records are used to verify the conclusions based on the pulse model.

For viscous fluid and yielding dampers, systematic investigations are performed to

develop displacement and acceleration response spectra as functions of pulse period (7)),

structural natural period (7,) or the ratio of 7,/7,. The response spectra can be used to

design most effective PEDS for a particular structure considering site conditions.
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It is concluded that the performance of viscous dampers during pulse-type and
sinusoidal excitations is significantly different. Near resonance, response quantities as
well as response reductions during sinusoidal excitations are much larger than those
during pulse-type excitations. For a SDOF structure with 2.5s period and 5% inherent
damping, displacement reductions by linear viscous dampers with 25% supplemental
damping are 82% and 52% during sinusoidal and pulse-type ground motions, respectively,
when 7,> T,. However, linear viscous damper achieve more displacement reduction

during pulse-type ground motion when 7, > T}, .

The damper nonlinearity does not significantly influence the displacement response.

Nonlinear viscous dampers with nonlinearity factor a=0.5 can give 5 to 10% additional

reduction in peak displacements over those by linear viscous dampers when 7, > —T,,

n

(NN

and additional 40% reduction in peak absolute acceleration when 7, >2.5T),. Yielding

dampers are more effective than viscous dampers in reducing response of short period
structures. They are effective in reducing displacement, acceleration and input energy

only when 7}, >7,, and may amplify these quantities when T}, <7, . Hence, yielding
dampers may actually be detrimental to structural safety when 7, <7, due to the

decrease of equivalent system period

Performance of PEDS depends on their absorbability of instantaneous input energy.
If a PEDS cannot dissipate the input energy instantaneously, even though it may have an
excellent ability to dissipate the total input energy, the structure may still undergo
damage due to the instantaneous accumulation of input energy during the course of an

earthquake. In other word, PEDS are most effective when the variation of instantaneous
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damper dissipated energy is in phase with instantaneous input energy at all time instants.
When the instantaneous damper dissipated energy doesn’t follow the variation in
instantaneous input energy, PEDS become less effective.

For a given structure, performance of different PEDS depends significantly on the
period of excitation. For example, a yielding damper can actually amplify response

quantities of a structure when 7, <7, . Dominant excitation periods based on site

conditions must be carefully considered in designing PEDS to achieve best performance.
It is also found that the performance of viscous damping during a recorded earthquake
depends on the frequency content of this earthquake. When the excitation contains
distinct pulse component, the effectiveness of damping is only appreciable when 7}, is in
the vicinity of 7, and significantly degrades when 7, is out of 7,. Due to the distinct
impulse characteristics of near-field earthquakes compared with the broadband frequency
characteristics of far-field earthquakes, the same amount of damping would perform
better in controlling structures subject to far-field earthquakes than near-field earthquakes

especially when the dominant period is much different from the structural period.
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CHAPTER 5

BEHAVIOR OF NONLINEAR STRUCTURES SUBJECTED

TO NEAR-FIELD AND PULSE-TYPE EXCITATIONS

5.1. INTRODUCTION

Parameters required for characterizing the severity and the damage potential of
earthquake excitations include both the ground motion properties and structural
properties [Veletsos and Newmark (1960), Anderson and Bertero (1987), Bertero et al
(1991), Chopra and Chintanapakdee (2001) and Singh (1995)]. Ground motion properties
can be characterized by peak ground motion parameters (e.g., PGA, PGV and PGD),
frequency contents, duration, velocity, displacement, incremental velocity, incremental
displacement, and the ratio of PGD/PGV and PGV/PGA. The structure and response
parameters include the structural frequency and damping characteristics, which determine
both strength-related (e.g., relative and pseudo response spectra) and energy-related
response spectra (e.g., input and hysteretic energy spectra).

To quantitatively define the damage potential of a structure, a damage index can be
established to account for the maximum and cumulative responses of the structure, as a
function of desired behaviors for different design ground motions. For ductile RC
structure without supplemental devices, Park et al (1987) has developed a damage index
to investigate the level of nonlinear structural deformation. According to this model, the

damage consists of linear combination of the normalized values of maximum
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displacement and hysteretic energy via the use of combination parameters. The model has

the form of

E
DI = S + e
5 EV511

where o is the maximum lateral displacement demand during the design ground motion,
0, 1s the ultimate displacement capacity under monotonically increasing lateral
deformation, Ep, is the hysteretic energy dissipation demand during the design ground
motion, F, is the yield strength and f is a parameter determined experimentally.
According to this definition, a value of DI less or equal than 0.4 can be interpreted as
repairable damage; from 0.4 to less than 1.0, as nonrepairable damage; and larger than
1.0 as failure; while 0.15 corresponds to the median of the values of f obtained
experimentally (Gilmore 1997).

Spectrum analysis has been used widely for investigating the seismic response
characteristics of various structures. The earliest work on nonlinear structural response
spectra can be dated back to 1960. Veletsos and Newmark (1960, 1965) have developed
u-related strength reduction factors for elasto-plastic structures. This relationship was
later on modified by Newmark and Hall (1982) to better fit the results of far-field
earthquakes and is widely employed in current design practice. Recently, many
researches have proposed other types of R-u relationships, e.g., site-dependent R-u
relationship with the consideration of long period pulses [Miranda (1993)], R-u
relationship for bilinear and stiffness degrading structures [Vidic et al (1994)], R-u
relationship for RC structures [Priestley (1995)], etc. Cuesta and Aschheim (2001b) have
investigated isoductile strengths and strength reduction factors of elasto-plactic SDOF

systems subjected to simple waveforms. They have also investigated inelastic response
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spectra by comparing conventional and pulse R-factors [Cuesta and Aschheim (2001a,
2004)]. More recently, Chopra and Chintanapakdee (2001) have compared the response
of structures subject to near- and far-field earthquakes and concluded that the Newmark-
Hall (1982) relationship is wvalid for near-field earthquakes, provided that the
characteristic period values, T,, Tp, and 7. are modified for these ground motions.
Mavroeidis et al (2004) have concluded that the Newmark-Hall relationship is valid for
near-field earthquakes, provided that the expression is presented with normalized time
scale, T,/T,, which is determined by investigating the acceleration, velocity and
displacement-sensitive regions in response spectra. MacRae et al (2001) have
investigated the rupture directivity effects on inelastic responses of SDOF structures
using an ensemble of 154 records.

In addition to conventional earthquake-resistant design, recent studies have focused
on the use of energy concepts as an alternative way for identification of both the seismic
demands imposed by earthquakes and the structural capacities to meet such demands
[Uang and Bertero (1988a, 1988b, 1990), Naeim and Anderson (1993), H. Akiyama
1998]. Naeim and Anderson (1993) have developed input energy spectra and hysteretic
energy spectra for a large database of recorded ground motions. Fajfar and Vidic (1994)
have investigated the relationship of the hysteretic to input energy ratio with ductility
factor, structural period and hysteretic model. Climent et al (2002) have proposed input
energy spectra for seismic design of structures located in low-to-moderate seismicity
regions. Wong and Yang (2001, 2002) have used state-space method to evaluate the
energy transformation and distribution of multi-degree-of-freedom systems. They found

that the damping energy of the upper floors is larger than that of the lower floors, and the
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plastic energy of lower floors is larger than those of the upper floors. Decanini and
Mollaioli (2004) have proposed a methodology for the assessment of the seismic energy
demands imposed on structures by investigating nonlinear design input energy spectra
and by comparing elastic to nonlinear input energy spectral ratio, and the spectra of the
hysteretic to input energy ratio. Yamaguchi and EI-Abd (2003) have defined the
performance of hysteretic dampers as the ratio of hysteretic energy to the input energy

and have demonstrated through an example of 10-story shear-type building that the

efficiency of hysteretic dampers is affected by equivalent velocity (Ve =,|—2% ),

energy-based effective excitation duration and dominant response period (obtained by
normalized PSD spectrum). Pavlou and Constantinou (2004) have investigated the effect
of near-field and soft-soil ground motions on elastic and inelastic structures with viscous
damping systems and compared the results with those in specifications recommended by
NEHRP (2000).

It is noted that both the elastic and nonlinear strength-related response spectra are
mainly concerned with peak responses and they do not account for the duration of input
ground motions [Singh (1995)]. However, energy-related spectra can better address this
issue by considering the relationship between the energy dissipation demands and the
duration of an excitation. For example, pulse-type near-field ground motions show
distinct energy response characteristics compared with far-field earthquakes. Near-field
impulsive ground motions usually result in a sudden burst (impulsive release) of energy
into the structures, which must be dissipated immediately. Otherwise, the rapid energy
accumulation will result in a single or finite number of unidirectional large yield

excursions [Xu et al (2006)]. On the other hand, the far-field earthquakes have longer
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duration and they require steadier energy dissipation over a longer period of time with
numerous yield reversals.

Hence, it is necessary to investigate energy response characteristics of nonlinear
structures subjected to pulse-type and near-field excitations for a better understanding of
the nonlinear structural and damping behavior and to facilitate the performance-based
design of structures. In this chapter, the nonlinear structural behavior and the
performance of passive energy dissipation systems subjected to pulse-type and recorded
near-field ground motions are investigated. The strength-related property, i.e., the R-u
relationship and the influence of structural parameters are analyzed in the beginning.
Then, the energy-related property of nonlinear structures, e.g., the input energy spectrum
(E)), yielding (hysteretic) energy spectrum (£j), damper-dissipated energy spectrum (E,)

and the spectra of the ratio of hysteretic to input energy ( E,,,) for pulse-type and near-

field excitations are investigated. For structures equipped with supplemental energy

dissipation devices, the ratio of damper dissipated energy to input energy ( £, ,,) are also
investigated. The E; and E,,, spectra facilitate the evaluation of seismic demands in
terms of maximum input energy. The E; and E,,, spectra provides effective criteria for

evaluating the performance of passive energy dissipation systems. The significance of the
spectra lies in the fact that once the nonlinear design input energy spectra are decided for
a particular structure, energy dissipated by means of nonlinear structural deformations

and supplemental dampers follows directly from the knowledge of E,,, and E, ,

spectra.
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5.2 BACKGROUND INFORMATION

In this investigation, performance of PEDS in protecting nonlinear structures is
investigated by subjecting SDOF structures with 5% damping ratio to pulse-type
excitations and 50 recorded near-field ground motions. The pulse-type excitations are
generated by the pulse model described in Chapter 3 with the parameters n = 1, a =

2.51/T, and peak ground acceleration of 0.6g for different pulse period, 7, as described

in Chapter 3.

Fifty near-field earthquake records downloaded from PEER Website
(http://peer.berkeley.edu/) are used in this investigation. They are either fault-normal or
fault-parallel records and have magnitude (ML) > 5.5, distance to fault < 10kM, PGA >
0.25g and PGV > 25cm/s. Soil type of these records varies from types A, B and C per
USGC soil classification standards. Detailed information of these 50 recorded ground
motions is presented in the appendix.

Viscous dampers are designed by considering equivalent damping ratios ¢, = 15%,

25% and 45%, corresponding to different damping levels. Influence of damper
nonlinearity on nonlinear structural responses is also investigated by considering a = 0.5
and 1.0, using both pulse-type excitations and recorded ground motions. Parameters of
yielding dampers are taken as a; =0, f;= 0.5, 4= 0.5, n;=3, and A;= 1.0 in Eq (4.7) of
Chapter 4. The yielding stiffness (k;) and yielding strength (F)4, or equivalently, yielding
displacement, U,,;) of yielding dampers are expressed in terms of the corresponding
structural parameters and are varied to investigate their effects on damper performance.
The nonlinear SDOF structures investigated in this study are represented by Bouc-

Wen model with S, = 0.5, y, = 0.5, ny = 3 and 4, = 1.0. The parameter o,, which controls

103



the post-yielding capacity of nonlinear structures, is taken as 0~0.5 times of the elastic
structural stiffness (k). Both the yielding dampers and the structures are assumed to be
inelastic without pinching and degradation behaviors. Inelastic behavior of the structures
is investigated by considering ductility ratios u=2, 4, 6 and 8. Fig. 5.1 shows the
definition and relationship of strength reduction factor (R), ductility factor («) and other

quantities, using bilinear structural behavior.

Figure 5.1 Nonlinear and linear structural behavior

In Fig. 5.1, F),, Fiyand F) are yielding strength, maximum nonlinear strength and
maximum elastic strength of the structure, respectively. Parameters U, U, and U, are
yielding displacement, maximum nonlinear displacement and maximum elastic
displacement of the structure, respectively. The elastic stiffness is ks and the post-yielding
stiffness is asks, in which o is the ratio of post-yielding stiffness over the elastic stiffness.

By definition, the ductility factor (1) and strength reduction factor (R) are expressed as

p=— (.1

s

F
s
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Hence, 1 and R is related as,

(5.3)

Fig. 5.2 shows the behavior of a SDOF nonlinear structure equipped with a
yielding damper. For the controlled system, the total dissipated energy in Fig. 5.2c
consists of both the energy dissipated by the yielding damper (£,;) and the hysteretic
energy of the structure (£;). Hence, both the effective stiffness and the energy-dissipation
capacity of the controlled structure-damper system are increased. As a result, both the

damage and the energy input to the structure are expected to be decreased.

Foa F A F A ack,
ok, ky
o I 3 A Fe [\ k . E,
Uw w Uya e u >
a) Nonlinear structure b) Yielding damper ¢) Structure + damper

Figure 5.2: Force-deformation behavior of nonlinear structure with and without yielding
damper.

In addition to strength reduction factor (R) and ductility factor (u), the performance
indices used to evaluate the nonlinear structural behavior also include the spectrum
displacement (SD), spectrum acceleration (SA), maximum input energy (£;), maximum
hysteretic energy (Ej) and normalized response quantities, e.g., the linear displacement,
acceleration and input energy spectra normalized by the corresponding nonlinear spectra:

SD(u>1)/SD(u=1), SA(>1)/SA(u=1) and EI(xz>1)/El(u=1). The performance indices
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used to evaluate the performance of passive energy dissipation systems are the damper
dissipated energy (E,) and the corresponding controlled structural responses. In addition,
the following two performance indices are also defined to evaluate energy-related

characteristics of the structures,

E
E — 5.4
h/T E, (5.4)
E
E — 5.5
=g (5.5)

It is noted that in order to limit structural damage, the normalized structural
yielding energy (Ej;) should be as small as possible and the normalized damper-

dissipated energy (E4;) should be as large as possible.

5.3 BEHAVIOR OF NONLINEAR STRUCTURES SUBJECTED TO

PULSE-TYPE EXCITATIONS

5.3.1 Displacement and Acceleration Responses

The behavior of nonlinear structures without supplemental passive energy
dissipation systems subjected to the pulse-type excitations is investigated in this section.
Fig. 5.3 shows the contour spectra of displacement and acceleration as a function of 7,
and T7,, where T, being the elastic structural period and 7, being the excitation (pulse)
period, respectively. Both 7, and 7, vary from 0.1 to 5 sec. The constant ductility ratio is
kept as 4 and the post-yielding stiffness ratio a, is chosen to be 0, i.e., the structure is
elastic-perfectly-plastic. As a comparison, contour spectra of displacement and
acceleration for linear structures and the normalized nonlinear responses are also

presented in Fig. 5.4 and 5.5, respectively.

106



a) SD(u=4), m b) SA(u=4), g
L ' IS %%\\s'.%%::g":
| NP phy A
g Aot
‘@\2 3%//2\29;;1: .
| o R
4 . 14—
R 1 70—

1l ¥ —0.38——0.358—

i

T,
N
L

s
‘ @ &
!—_'_0.35*———88‘01
O———076—

e —
-2
L
&

1 2 3 4 5
T, s

Figure 5.3: Contour response spectra of (a) Displacement and (b) Acceleration as a function
of 7, and 7, for nonlinear structures with u=4 subject to the pulse type excitations
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Figure 5.4 Contour response spectra of (a): Displacement and (b): Acceleration as a
function of T, and T, for linear structures subject to the pulse type excitations
It is observed from Fig. 5.3a that nonlinear spectral displacements increase with an
increase in 7, and 7). Hence, the isolines become denser with increase in 7, and 7, as a
result of increasing displacement gradient. The vertices of isolines also shift into the
region of 7, > T, because of increase in effective structural period for nonlinear structures.
However, the linear displacement spectrum is almost symmetric with respect to the axis

of T, = T, and the vertices of isolines also occur herein, as shown in Fig. 5.4a. Hence, T,

107



and T, play a similar role in terms of linear displacement response. However, this is not
the case for nonlinear structures.

The nonlinear acceleration contour spectra plotted in Fig.5.3b show that
acceleration response decreases with an increase in 7,/7,. The spectral acceleration is in
the range of 0.57~0.64 when T,/T, < 4/5 and it gradually decreases to 0 with increase in
T,/T,. Compared with the linear acceleration spectra in Fig. 5.4b, it is observed that the
nonlinear spectral accelerations are much smaller in the entire region. It is also observed
that acceleration contour spectra for both linear and nonlinear structures are the function

of the ratio 7,,/T,,.

a) SD(u=4)/ SD(u=1) . b)SAG4)/ SAG=D)

7y

0.A% Vf!

Figure 5.5 Normalized nonlinear responses: a) Displacement spectrum and b)
Acceleration spectrum.

It is observed from Figs. 5.5a and 5.5b that the normalized nonlinear displacement
and acceleration spectra are constant along 7,/7, lines. The normalized displacement
spectrum in Fig. 5.5a can be divided into three regions in terms of 7,/7,: When T,/T,
<4/5, the value is greater than 1 and it decreases with an increase in 7,/7, (as shown by
the horizontal arrow on the top border of the plot); when T,/7, >5/2, the value is

approximately equal to 1; and when 4/5< T,/T, <5/2, it is less than 1 which indicates a
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displacement decrease in nonlinear structures compared with that of the linear structures
herein. It is noted from Eq. (5.4) that the displacement ratio plotted in Fig. 5.5a is
essentially the ratio of ductility factor over strength reduction factor, i.e, 1/R. Hence, the
contour value is close to u (equals to 4 for this case) for the extreme case of 7,/7, >0
since R approaches 1 in this range. For the case of T,/7,>5/2, the contour value is close
to 1 since u is approximately equals to R for flexible structures. It is observed from Fig.
5.5b that the nonlinear acceleration is reduced by as much as 79%, depending on the
value of T7,/T, as compared to that of the linear structures. Generally, the reduction
around the region of 7, or 7,, = 0 is less compared with the region of 7,=7,.

Fig. 5.6 shows the displacement and acceleration spectra subject to a pulse-type
excitation with 7, =1s. The ductility factor of nonlinear structures in Fig. 5.6 varies from
2 to 8 corresponding to different yielding levels. The other structural and pulse
parameters are the same as before.

It is observed from Fig. 5.6a that the displacement spectra can be divided into three
regions with respect to 7,,: when 7, <0.8 sec, displacement increases with an increase in
ductility. For a 7, within 1.0~3.0 sec, displacement decreases significantly with the
increase of ductility. The peak displacement also shifts towards left due to the increase of
effective period in this region. For 7, > 3 sec, all curves start converging to peak pulse
displacement. Spectrum acceleration in Fig. 5.6b decreases significantly with increase in
ductility, especially when 7, <2.0 sec. This is the effect of significant strength reduction
for structures undergoing nonlinear deformation. It is also observed that the sensitivity of

acceleration response to structural nonlinearity decreases with increase in ductility since
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the acceleration decrement for the case of linear and x=2 is much larger than that for y=2

and p=4.

— Linear

b)SA, g

Figure 5.6 Displacement and acceleration spectra of nonlinear structures subject to the
pulse-type excitation with 7, =Is: a) Displacement spectrum; b) Acceleration
spectrum.

5.3.2 R-p Relationship for Pulse-type Excitations

It is observed from Fig. 5.5 that the normalized nonlinear displacement
SD(u=4)/SD(u=1) is a function of 7,/T, and is not solely dependent on 7, or 7. Hence,
strength reduction factor R is also the function of 7,/7), since SD(u=4)/SD(u=1) equals to
WwR. Fig. 5.7 shows the plots of R versus T,/T), for elastic-perfectly-plastic structures with
ductility factors u=2, 4, 6 and 8. It is observed from Fig. 5.7 that (i) R = 1 when 7,/T, <
0.1, regardless of y; (i) R = u when T,/T, >3.0, and (iii) R increases from 1 to its peak
value and then decreases towards x4 with increase in 7,/7, for 0.1<7,/T, <3.0. The peak
value of R in Fig. 5.7 for each case is about 1.5 to 2 times u, occurring at a 7,/7, between

1 and 2.
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The R-u relationship in Fig. 5.7 as a function of 7,/7), can be approximated by

(5.6)

where C is the peak value factor having the form of
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in which Ry is the peak value of R corresponding to (

P

and Ry are 1.9 and 3.1, 1.3 and 8.1, 1.1 and 12.0, 1.1 and 15.5 for x=2, 4, 6 and 8,
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respectively. Values of R corresponding to € ((T—”)*, 3) are obtained by linear

p p
interpolation.

A more conservative R-u relationship can be obtained by setting Ry =« when R > p,
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where (— );=0.1, (= ),=0.8 for all cases of ductility.
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Fig. 5.8 shows the plots of R for the pulse model results and the proposed R-u
relationships in Egs. (5.6) and (5.8). It is observed from Fig. 5.8 that that the proposed
relationship in Eq. (5.6) matches with plots obtained for pulse-type excitation accurately.
The R-u relationship in Eq. (5.8) ignores the portion of R > x4, which is conservative for

inelastic design of structures.
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Figure 5.8 Pulse R-u relationships as the function of 7,/T},.

Influence of Post-yielding Stiffness on the Pulse R-p Relationship

Fig. 5.9 shows the plots of w/R as a function of 7,/7, for nonlinear structures
having post-yielding stiffness coefficient a; varying from 0 to 0.5 and subjected to pulse-
type excitations. The ductility factor x equals to 4 in this analysis. It is observed from Fig.
5.9 that the influence of the post-yielding stiffness on R-u relationship depends on the
region of 7,/T,. It has been seen earlier that R = 1 is valid when 7,/T,, <0.1 for the case of
elastic-perfectly-plastic structures. However, it is observed from Fig. 5.9 that w/R
decreases from 3.9 to 1.6 as ay increases from 0 to 0.5 for 7,/7, =0.02, i.e., R increases

and is larger than 1 with increase in o, herein and as a result, x/R decreases with increase
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in ay when 7,/T, < 1.0. The minimum value of /R occurs in the range of 1.0 < 7,/T, <
2.0, and it increases from 0.5 to 0.75 with increase in o, from 0 to 0.5. As a result, the
peak value of R decreases from 8 to 5.3 in this region. When 7,/T), >3.0, /R equals to 1

and is independent of a.

4

WR
N

Figure 5.9 Influence of post-yielding stiffness (o) on the relationship of
wand R for constant ductility u=4.

Influence of x on Spectral Acceleration (SA) and R

Fig. 5.10 shows the normalized nonlinear acceleration spectrum SA(x>1)/SA(u=1)
as a function of 7,/T, for elastic-perfectly-plastic structures with ductility factors u =2, 4,
6 and 8, subjected to pulse-type excitations. Also presented is the inverse of strength
reduction factor (1/R) shown as bold curves.

It is observed from Fig. 5.10 that SA(x>1)/SA(u=1) is less than 1 for all cases
during the entire 7,/T, range. This demonstrates that the spectral acceleration of inelastic
structure is always reduced because of yielding. When 7,/7, <0.1, the ratio of
SA@>1)/SA(u=1) is between 0.8~1 for all four cases and the influence of ux is not
significant. The ratio decreases as the increase of 7,/7, when T,/T, is less than 1~2,

depending on u. When T,/T, >1~2, the ratio increases and converges to 1 as the further
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increase of 7,/T, Hence, nonlinearity reduces acceleration response and thus lowers the

base shear demand of structures all the time.

0.5

¥/1 ® (1=")vS/(1<MVS

Figure 5.10 Influence of ductility factor on acceleration ratio and 1/R as the

function of T,/T,.

It is observed from Fig. 5.10 that plots for both the 1/R and the ratio of SA follow

T,/T,< 1~2. However, when 7,/T, > 3, the plots of 1/R become

each other closely when

constant while the plots of the SA ratios continue increasing towards unity. This is due

to the fact that R is equal to u herein and the sensitivity of acceleration response to

structural nonlinearity decreases for long period structures either. It is also observed that

1) during the entire range

This happens because the strength reduction factor, R, is related to Pseudo

I/R in Fig. 5.10 is less than the corresponding SA(u>1)/SA(u

of T/T,.

Spectrum Acceleration (PSA) while pseudo acceleration is less than absolute acceleration

due to the existence of damping. And the difference increases as the increase of structural
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period [Chopra (2001)]. Both the SA and 1/R are reduced by more than 50% when 7,/7,

is within the intermediate range and this value increases with increase in ductility.

5.3.3 R-p Relationship for Recorded Near-field Ground Motions

The R-u relationship for nonlinear structures subjected to recorded earthquakes has
been an essential research topic since 1960. Although many researchers have developed
different R-u relationships based on various structural and ground motion properties
recently [e.g., Miranda (1993), Vidic et al (1994)], the R-u relationship proposed by
Newmark and Hall (1982) for far-field earthquakes is still widely accepted in current
design practices. In this section, the validity of Newmark-Hall principle for elasto-plastic
structures subjected to the 50 recorded near-field earthquakes as well as pulse-type
ground motions is investigated in detail.

Considering distinct impulsive characteristics of near-field earthquakes, the

Newmark-Hall relationship is expressed in terms of 7,/7, as,

1 Ly,
p P
T T T
R=1\2u-1 (), << (1), (5.10)
Tp Tp Tp
T T
7 <20,
T, T,
where
T, 2u-1 T,
(T )e = ><(T )e (5.11)
14 ’Ll P

Fig. 5.11a, b, c and d show the plots of R for the recorded earthquakes and the

pulse excitation as the function of 7,/T), for ductility factors u =2, 4, 6 and 8, respectively.
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Scattered thin curves in Fig. 5.11a, b, ¢ and d are the results for each of the 50 individual
earthquakes and the hatched region is bounded by the mean plus one ¢ and mean minus
one ¢ results of the recorded earthquakes. The width of the hatched region in vertical
direction reflects the variation of individual results as the increase of 7,/7,. For some

earthquakes, the maximum value of R could be 2~3 times of the corresponding u value.

T T T
In Fig. 5.11, ( T—” ). ( T—” ), and ( T—” ). are obtained by matching the Newmark-Hall

p p p

relationship in Eq.(5.10) with that of mean plot for recorded earthquakes corresponding

T
to the ductility factor 4=4 shown in Fig. 5.11b. Hence, ( T—" ), 1s obtained by linearly

P

extending the mean curve and intersecting it with R=1, which results in ( T” ),=0.008.
P
T T : : . .
Parameters ( T” ), and ( T” ). are determined by intersecting R =,/2u—1and R=u with
P j2

T T
the mean R curve, which results in ( T” ),=0.19 and ( T"

p P

).=0.75, respectively. It is noted

that these parameters can also be identified by curving fitting or by investigating the
boundaries for acceleration, velocity and displacement-sensitive regions [e.g., Chopra
and Chintanapakdee (2001), Mavroeidis et al (2004)].

These parameters are applied to other cases shown in Figs. 5.11a, 5.11c and 5.11d.
It is observed from Fig. 5.11 that the modified Newmark-Hall relationship in Eq. 5.10 fits
all 4 cases very well and is bounded by mean and mean minus-1c curves. The R curve of
each case starts from 1 for very small 7,/7, and increases towards the peak value

occurring around 7,/7, = 1.0 and then gradually converges to u as the further increase of

117



T,/T,. The peak mean values of R are approximately 1.4 to 1.5 times of the corresponding

ductility factors.
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Figure 5.11 Strength reduction factors as the function of 7,/T,: a) u=2; b) u=4; c) u=6; d)
u=8.

Dot-dashed curves in Fig. 5.11 represent the results for pulse-type excitations. It is
observed that the pulse R curves are close to the lower boundaries of the hatched regions
in Fig. 5.11 when (7,/T,)<( T,/T,).. Hence, the pulse results yield more conservative
estimation for recorded ground motions than the Newmark-Hall relationship when

(TwWT,)<( T/Ty).. When T,/T, is greater than 3.0, the pulse and Newmark results are
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coincident and converge to x in a faster manner than the mean result. For a 7,/7, between
1.0 and 2.0, the pulse R-factor is larger than that of the mean result, and is close to the
mean plus one ¢ boundaries. However, the peak value of mean R could also be 1.4~1.5
larger than the corresponding ductility factor around 7,/7, =1.0 and the mean R is still
larger than the 4 by 10~15% when 7,/7, is not great than 10. The peak values of the
mean results occur around 7,/7, =1.0 for all u cases as observed in Fig 5.11. On the other
hand, the peak values for the pulse R-factors occur around 7,/7T, =2.0 for =2 (Fig. 5.11a)
and shift to 7,,/T, ~= 1.0 for x=8 (Fig. 5.11d).

Differences and similarities between pulse and mean results are due to the distinct
properties of the analytical pulse model and recorded near-field earthquakes. The
analytical pulse-model extracts the dominant pulse components of near-field earthquakes
and excludes broadband frequency components [Agrawal et al (2005, 2006)]. Although
pulse behavior is the distinct character of near-field earthquakes, broadband frequency
contents influence the post-yielding behavior of nonlinear structures obviously as
investigated in Chapter 3 and 4. Depending on the structure and excitation periods, high-
frequency components play a considerable role for relative rigid structures. For
intermediate structures, pulse component is dominant and for flexible structures, long-
period component is important. Reflected in Fig. 5.11, pulse R is smaller than the mean
result when 7,/T, <0.75 and T,/T, >2~3 and is greater otherwise.

A more detailed investigation on varies results is shown in Fig. 5.12, in which the
R factors for the pulse, recorded earthquakes, Newmark-Hall relationship in Eq.(5.10)
and the proposed relationship in Eq.(5.8) are plotted as a function of 7,/T, for ductility

factor u=4. Characteristic values of (7,/T,)1 and (7,/T,), are taken as 0.1 and 0.75,
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respectively, for the pulse R relationship in Eq. (5.8). It is observed that the proposed R
expression in Eq.(5.8) is close to the pulse result and thus also fits the lower bound of the
mean earthquake result when 7,/7,< 0.75. Compared with the Newmark-Hall relationship,
it is noted that the proposed R expression in Eq.(5.8) results in more conservative strength

requirement when 7,/7, < 0.5 they have same result when 7,/T,>0.5.

— Mean of Earthquakes|
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Figure 5.12 Strength reduction factors as the funétion of T,/T, for u=4

Influence of Post-yield Stiffness on Mean Spectrum Using Recorded Earthquakes

Fig. 5.13 shows the influence of post-yielding stiffness on some mean spectra
obtained using the 50 earthquake records. The ductility factor y=4 and post-yielding
stiffness coefficient o, varies from 0 to 0.5. It is observed from Fig. 5.13a the mean
displacement is only slightly influenced by variations in ¢, in the range of 1 < 7,/T, < 2.
On the contrary, mean spectral acceleration (SA) increases significantly with increase in
ay for T,/T, <3.

It is observed from Fig. 5.13c that u/R decreases significantly with increase in o,
for 7,/T, <0.8. Hence, the assumption of R =1 in Newmark-Hall relationship is only true

for a,=0 and only when 7,/T, is very small. When 7,/T, is greater than 1, u/R gradually
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increases and converges to 1. The R plot in Fig 5.13d is consistent with /R in Fig.5.13c.
The influence of a; when 7,,/T), is greater than 0.8 may be neglected since R is assumed to
be equal to u in this region for both the Newmark-Hall relationship and the proposed

pulse R-factor relationship in Eq.(5.8).

Figure 5.13 Influence of post-yielding stiffness on the average spectra using 50 near-field
earthquake records: a) Displacement spectrum; b) Acceleration spectrum; c)
Ratio of ductility and strength reduction factor; d) Strength reduction factor.

5.4 EFFECTS OF PASSIVE ENERGY DISSIPATION SYSTEMS ON

NONLINEAR RESPONSES

5.4.1 Effects of Viscous Damping and Damper Nonlinearity
Fig. 5.14 shows the contour spectra of SD, x4 and SA for nonlinear structures

equipped with linear viscous dampers (a=1) capable of providing 25% supplemental
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damping and subjected to pulse type excitations. The uncontrolled nonlinear structures
are elastic-perfectly-plastic with constant ductility equal to 4 when subjected to the pulse
excitations.

It is observed from Fig. 5.14a that the displacement response with supplemental
viscous damping is significantly reduced compared with that in Fig. 5.3a. Consequently,
ductility factor in Fig. 5.14b is decreased from 4 to 2 when 7,/T), <4/5 and is in the range
of 2~3.5 for other values of 7,/7,. However, the acceleration response in Fig. 5.14c¢ is
amplified to some degree compared with the uncontrolled result in Fig. 5.2b as a result of

decreased structural nonlinearity.
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Figure 5.14 Response spectra of nonlinear structures with 25% linear viscous
damping (=1, {/=25%) subjected to the pulse-type excitations: a)
Displacement spectrum, b) Ductility spectrum and c¢) Acceleration
spectrum.
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The influence of damper nonlinearity on nonlinear structural responses is similar
to that on linear structures, as investigated in Chapter 4. Fig. 5.15 shows the ratios of
average displacement and acceleration spectra of the 50 recorded earthquakes as a
function of 7,/T,. The hatched area represents the region bounded by the mean + 1o for
the average results in each plot. The supplemental damping ratio is 25% for both linear
(e=1) and nonlinear (0=0.5) dampers. It is observed from Fig. 5.15a that nonlinear
viscous dampers can more significantly reduce the average displacement response when
T,/T, <1 but are less effective than their linear counterparts when 7,/7, >1. For 7,/T, in
the vicinity of 1, they have similar efficiency. The acceleration spectrum ratio in Fig.
5.15b shows that damper nonlinearity does not affect acceleration response when 7,/7,<1.
However, structures with nonlinear dampers have smaller acceleration responses
compared to those with linear dampers when 7,/T, > 1 as seen from Fig 5.15b. It is also
observed from Figs. 5.15a and 5.15b that the variation of displacement ratio due to

damper nonlinearity is much larger than that of the acceleration ratio.

0.5)/SD(0=1)

b) SA(a=0.5)/SA(a=1)

a) SD(a

Figure 5.15. Influence of damper nonlinearity on nonlinear displacement and acceleration
responses: a) Displacement spectrum ratio; b) Acceleration spectrum ratio.
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5.4. 2 Effects of Yielding Dampers

Fig. 5.16 shows contour spectra of displacement, absolute acceleration and
ductility for nonlinear structures equipped with yielding dampers subjected to pulse-type
excitations. Displacement and accelerations in Figs. 5.16a and 5.16b are normalized by
the corresponding uncontrolled response quantities. The behavior of yielding dampers is
modeled by Bouc-Wen model with zero post-yielding stiffness (a;~0). Tha damper
yielding strength, F,,, equals to 0.5F), and initial stiffness k; is taken as the same as £,
where F), and k; are the yielding strength and elastic stiffness of the corresponding

nonlinear structures.

a) SD(ks=ks, F,i=0.5F,;)/SD(unctrl) b) SA(ks=ks, F,i=0.5F,)/SA(unctrl)
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Figure 5.16 Response spectra of nonlinear structures with yielding dampers
(Fy=0.5F,, ks/k): a) Ratio of controlled displacement and uncontrolled
displacement; b) Ratio of controlled acceleration and uncontrolled
acceleration; ¢) Ductility.
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It is observed from Fig. 5.16a that yielding dampers are effective in reducing
displacement response of nonlinear structures when 7,/T,<1. For T,/T,>1, displacement
of structures with and without the dampers are almost the same, except in the vicinity of
T,/T,=5/4, where the displacement is even amplified up to 10%. This is also reflected by
the ductility spectrum in Fig. 5.16c, in which the u is reduced down to 1 when T,/T, <1
and increased up to 4.5 otherwise. The acceleration response is always increased for
nonlinear structures as shown in Fig. 5.16b. The maximum amplification could be
20%~35% when 3/5<T,/T, <5/2.

Fig. 5.17 shows mean displacement, ductility and acceleration spectra for nonlinear
structures (u=4, a,=0) with yielding dampers subject to 50 recorded earthquakes. Initial
damper stiffness is taken as the same as the elastic structural stiffness (k;=k;) and the
damper post-yielding stiffness coefficient a;= 0. Two levels of damper yielding capacity,
re., F,~0.1F,, (low yielding capacity) and F,;~0.5F) (high yielding capacity), are
considered.

It is observed from Fig. 5.17a that the yielding dampers reduce displacement only
when T,/T, <1~2.0. When T,/T, is greater than 2.0, displacement is slightly amplified in
fact. Correspondingly, the ductility in Fig. 5.17b is reduced when 7,/7T, <1~2.0 and is
increased thereafter. The dampers with larger yielding capacity could achieve more
displacement and ductility reduction when 7,/7, <2.0; however, amplification in these
response quantities is also larger otherwise. Similar to the pulse response result, the

controlled acceleration is amplified in the entire 7,/T, range, as shown in Fig. 5.17c.
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Figure 5.17 Performance of yielding damper on the average spectra of recorded
earthquakes: a) Displacement spectrum; b) Ductility spectrum; c)
Acceleration spectrum

It has been observed for linear structures in Chapter 4 that the performance of
yielding dampers depends both on their stiffness and damping characteristics. The
amplification of displacement and ductility for 7,/7,,> 1~2.0 is resulted from the stiffness
effect of the yielding dampers. For yielding dampers with small yielding strength, their
energy dissipation capacity is more significant than their stiffness effect and they
dissipate energy through cyclic hysteretic deformation at small amplitudes. As a result,
the effective structural period is not significantly affected and the amplification in
displacement and ductility is negligible. For yielding dampers with large yielding
capacity, both energy dissipation and stiffness effects are obvious and the effective

structural period could be apparently decreased by the dampers. For nonlinear structures,
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the effective period is not only influenced by the supplemental stiffness but also is a
function of the structural deformation. Hence, the stiffness and yielding strength of
yielding dampers should be carefully chosen in order to effectively control structural

resSponses.

5.5. ENERGY-RELATED PROPERTIES OF NONLINEAR
STRUCTURES SUBJECTED TO PULSE-TYPE AND NEAR-
FIELD EXCITATIONS

5.5.1 Nonlinear Input Energy Spectra of Pulse-type Excitations

Fig. 5.18 shows the input energy spectra for nonlinear structures with x = 4, zero
post-yielding stiffness and subjected to the pulse excitations. It is observed from Fig.
5.18a that nonlinear input energy increases with an increase in 7, and 7), and vertices of
contour lines gradually shift into the region of 7, > 7, Compared to its linear counterpart,
the nonlinear input energy could be significantly amplified when 7,/7, <3/5, as shown in
Fig. 5.18. On the other hand, it could also be reduced up to 35% compared to linear input
energy when 7,/T, >4/5. For structures with 7,/T, >5, the input energy is not affected by
structural nonlinearity.

Fig. 5.19 shows nonlinear input and hysteretic energy spectra subjected to the
pulse-type excitation with 7, =1s. It is observed from Fig. 5.19a that the peak value of the
input energy occurs around 7, = 1s for 4 = 1 (linear structure) and decreases with
increase in ductility. The variation of hysteretic energy in Fig. 5.19b follows the same
trend as the input energy. Moreover, the input and hysteretic energy could be increased or

decreased as the increase of ductility depending on the structural period. For long period
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structures with 7, > 3s, hysteretic energy is negligible since input energy is mainly

transformed into strain energy at all ductility levels.
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Figure 5.18 Absolute nonlinear input-energy spectra and the corresponding
normalized spectrum subject to pulse excitation with x=4, a,=0.
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Figure 5.19 Nonlinear input and hysteretic energy spectra subject to the pulse-type
excitation with 7, =1s. a) Input energy spectrum; b) Structural hysteretic

energy spectrum

5.5.2 Influence of Post-yielding Stiffness on Input and Hysteretic Energy during
Recorded Near-field Earthquakes

Fig. 5.20 shows the influence of structural post-yielding stiffness on nonlinear input

and hysteretic energy spectrum as a function of 7,/7, for the 50 recorded near-field

earthquakes. The ductility factor is taken as 4 in this investigation. It is observed from Fig.
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5.20a that the input energy E; increases with increase in a; only in the region 0.5<
T,/T,<2 and is only significant as a, increased from 0 to 0.1. Otherwise, a; does not

obviously affect the input and hysteretic energy.

a) E;, N.m/Mass
b) E;, N.m/Mass

Figure 5.20 Influence of post-yielding stiffness to the input and hysteretic energy
spectra: a) Input energy spectrum; b) Hysteretic energy spectrum.

5.5.3 Influence of Ductility Factor on the Input and Hysteretic Energy during

Recorded Near-field Earthquakes

Fig. 5.21 shows the influence of structural ductility on the input and hysteretic
energy of elastic-perfectly-plastic structures using the 50 recorded earthquakes. It is
observed from Fig. 5.21a that the absolute value of the input energy spectrum is
significantly reduced as the increase of ductility when 0.5< 7,/7, <3. However, the input
energy ratio in Fig. 5.21b decreases from a value close to the corresponding ductility
factor and gradually converges to 1 as the increase of 7,/7, for all cases. Hence, the input
energy for structures have small T,/7, ratio is more significantly affected by structural
nonlinearity. It is also observed that the normalized hysteretic energy in Fig. 5.21c

increases with an increase in 4 when 7,/7, <l. For T,/T, >1.0, this influence is
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insignificant. Moreover, the sensitivity of the normalized hysteretic energy to the

variation of ductility factor decreases as the increase of ductility factor.
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Figure 5.21 Influence of ductility factor on energy characteristics of nonlinear structures:
a) Input energy spectrum; b) Normalized input energy spectrum and c)
Normalized hysteretic energy spectrum.

5.6. EFFECTS OF PASSIVE ENERGY DISSIPATION SYSTEMS ON
ENERGY-RELATED PROPERTIES OF NONLINEAR
STRUCTURES

5.6.1 Energy Dissipation of Viscous Dampers
Fig. 5.22 shows the contour plots for nonlinear input energy, hysteretic energy and
damper-dissipated energy spectra using pulse-type excitations. The nonlinear structures

are supplemented with 25% linear viscous damping.
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Figure 5.22 Energy response spectra of nonlinear structures with 25% linear
viscous damping (u=4, £;=25%): a) Input energy spectrum; b)
Structural hysteric energy spectrum and c¢) Damper-dissipated energy
spectrum

It is observed from Fig. 5.22a that the controlled input energy spectrum is similar
to that of the uncontrolled one in Fig. 5.18a, except that the energy magnitude in Fig.
5.22a is smaller in the majority of the region. The hysteretic energy in Fig. 5.22b is much
smaller than the energy dissipated by the 25% damping in Fig. 5.22c¢ since significant
amount of input energy is dissipated by the supplemental damping and thus plastic
deformation decreases accordingly. It is noted that the underlying basis of an energy
demand-supply relationship for a structure to withstand strong ground motions is that the
total energy input should be less than or equal to total energy dissipation capacity. For

this case, the combined energy dissipation capacity of the inherent and supplemental
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damping mechanism is still not enough to dissipate the total input energy since part of the
input energy is also dissipated by structural hysteresis.

Fig. 5.23 shows the effect of supplemental damping on various types of energy
using the 50 recorded earthquakes. Results in Fig. 5.23 are obtained for nonlinear
structures with constant ductility 4 and zero post-yielding stiffness. The linear viscous
damping ratio varies from 0 to 45%. It is observed from Fig. 5.23a that the influence of
supplemental damping on input energy depends on the ratio of 7,/7,: the input energy
increases with an increase in supplemental damping for 7,/7, > 1.0 and decreases for
T/T, < 1.0. On the other hand, hysteretic energy Ej in Fig. 5.23b always decreases with
increase in supplemental damping, since more energy is dissipated by a larger capacity
damper. As a result, the ratio of hysteretic to input energy (E;,) decreases with increase
in supplemental damping as observed in Fig. 5.23c. Ej; is highest when 7,/T, <0.1 and
almost keeps constant in the range of 0.1< 7,/7,, <1.0 for all cases. When 7,/T), >1.0, the
ratio decrease towards zero as the further increase of 7,/7, due to the increase of kinetic
energy for flexible structures. Fig. 5.23d shows the spectra for damper dissipated energy
(Eg). Tt is observed that E; increases with increase in supplemental damping ratio as a
result of increasing energy-dissipation capacity. It is also noted that the increase in E, for
T/T, > 1 is larger than that for 7,/7, < 1 for the same amount of damping increment.
However, the input energy also increases when 7,/T, > 1 due to the increase of damping
ratio, as shown in Fig. 5.23a. Hence, it is important to investigate the ratio of damper-
dissipated energy, E4, in Fig. 5.23e. It is observed from Fig. 5.23e that the dampers
dissipate most of the input energy in the range of 0.1 < 7,/T,<3 for all supplemental

damping levels. For example, more than 60% of the input energy is dissipated by the
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25% supplemental damping in this region. For T,/7, > 3, energy dissipated by
supplemental dampers decreases gradually with increase in 7,/7),. It is noted that the E;
and Ey; provide an efficient and direct way of evaluating the effectiveness of damping

with respect to structural and excitation characteristics.

15 T T TTTTT T T 11T T 15 T T TTTTT T T TTTTTm T
Uy | — =0 N |
©n e | RN R AR AT
g e | 1% 2 D 1 ] TTem15%
> R 3 $=25% S R e A RN AE T &=25%
= g Lioun 1 B _ico L T R ST o
B N WL e 645% T4 T S45%
Z L | x [ Z RN Lo o
= L | RN o Lo
€3] L ) | Lﬁs RN | ro
S 050771 "~ O0BFTTAmr-; M-
L \ : | o) RN Lo
L | 0 RN Lo
P T e
I L1 il mibfia aeeer®” ik mdmm ki
0 0.1 1 10 50 0 0.1 1 10 50
TJ/T, T,/T,
1 B S PR
g ) T e 15%
gos i HiE- LI - oo
S | i Hf%wl)l‘ § e a=45%
S E 06 7 it =7 gy
e @2 ARTIAT
S Z R \,:\(.)\mm “\\ Py
— 3 N >, N A S L S B O
° R T AR S AL
= P G \'\Arm\‘q,m Lo
Looruuingdes oo - ot ot s L L
S o
o I
0.1 1 10 50
TJ/T,
p
T TTTT T T T TTTTT L
| I N N TR A
| I N N TR A
1 ettt S T
TR TR
X 0.6F LS ET L T, EJL’-‘T‘L,LLL
N R TP T
> LA \\‘\mm" Lo
LTI SN S 1
0-477‘;'\1\%\7777\7T\T\ﬂ777\7\\,\7\7\7%‘\7\7\7
T [ o |
02 | 11| grasg 1IN
| e C45% | TR
G Lol LIl s e e e e — | | Il L1
0.1 1 TIT 10 50
nlLp

Figure 5.23 Effects of damping on the energy characteristics of structural and damper: a) Input
energy spectrum; b) Yielding energy spectrum; c¢) Normalized hysteretic energy
spectrum; d) Damper-dissipated energy spectrum; e¢) Normalized damper dissipated
energy spectrum.
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Fig. 5.24 shows the influence of ductility factor on Ej,; and E,; using the 50
recorded earthquakes. The supplemental damping ratio is 25% for each case. It is
observed from Fig. 5.24a that the energy dissipated by the supplemental damping
decreases as the increase of ductility factor since more energy is dissipated by structural

hysteresis as #increases from 2 to 8 as shown in Fig. 5.24b. Nevertheless, dampers with

25% supplemental damping can reduce the input energy by 60%, irrespective of ductility

level, for nonlinear structures with 0.2< 7,/T,, <3, as observed from Fig. 5.24a.
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Figure 5.24 Influence of ductility factor on damper efficiency: a) Normalized
damper-dissipated energy spectrum; b) Normalized hysteretic energy
spectrum.

5.6.2 Energy Dissipation of Yielding Dampers

Fig. 5.25 shows contour energy spectra as a function of 7, and T, for nonlinear
structures controlled by yielding dampers. The yielding dampers are modeled by Bouc-
Wen model with yielding strength F,;~0.5F),, initial stiffness k;=k; and post-yielding

stiffness a,~0. The uncontrolled structural ductility = 4 and post-yielding stiffness a;=0.
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Figure 5.25 Normalized energy response spectra of nonlinear structures with yielding
dampers (F,;~0.5F,,, k;~k;): a) Ratio of controlled and uncontrolled input
energy; b) Ratio of structural hysteretic energy and input energy of controlled
structures; c) Ratio of energy dissipated by yielding damper and the input energy
of controlled structures.

Fig. 5.25a shows the ratio of controlled and uncontrolled input energy. It is
observed that the input energy is reduced only when 7,/7,<1 although this reduction
could be as much as 80% if 7,/T,< 2/5. As a result, structures with the yielding dampers
almost do not undergo nonlinear deformation in this region, as shown in Fig. 5.16c. It is
observed from Fig. 5.25b that the maximum energy dissipated by structural yielding is
less than 40% in the entire plot region. From Fig. 5.25¢, it is noted that the yielding
dampers can dissipate more than 40% of total input energy when 7,/7, <1.0. Although

yielding dampers still dissipate input energy when 7,/7, >1.0, the structures may undergo
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larger plastic deformation due to the increase of input energy caused by the dampers

herein.
T T TTTTIT T T TTTTTI 15 T T TTTTIT T T TTTTT T TTTTIT — T
1.5 + +H i+ — + = +1+# 1 == Uncontrol (R I —— Uncontrol
Lo [ B AR [ R
% (RN [ 3 Fyd:O.lF}“» ” (IRERE (R FWFO,IF%v
B T ) ¢ R oy 58 01U e Fym0SE,
2 Lo [ P [ [ 2 l,iLuu\L,L,\JL\ U === e
1 1F -+ +1 + HH— —1— + H (IR o fiNg [ [
E. [ | (RN [ E B AR Lo n [ IR [
Z 1 Jé ) MEERE e SRR AV R
| Eay MEERE A SN
—~ )5 4L :.\JL ) Ml — —= L Lﬂ ).57TT\—H_HT7 . '\T\T'WT\ aTimimnmT T T
< : [ Foron | (AR [ 5\ B AR | iH‘H'\H"‘\ IR [
[ [ [ vﬂ".([.,u]___\__\_ B AR ) \\Q)’\HH AL [
[ [ [ AN [ [EERERERY) Toagetinnn "‘ IR [
[ [ [ AN [ [Ny \'J\HHH \‘..\\HHH [
[ [ AN [ | L™ Let® | | 111 [
O"\"\‘HHH L1 LI | L1 O .-i'\'\‘871 1 \\\HHJ\- 1 \\mt])-‘-o .‘..J.Jéo
0.1 1 10 50
T,,/Tp T,,/Tp
1 T T TTTTTT T T T TTTTIT T T T TTTIT T T T T TTTTTT T T T TTTTIT T “7‘““‘7 7‘7“
i L 0,6 L1 1 1y Fy~0.1F,, |
LR L O T e BumOSEy
- & 050 1A T
2 B AR | \\_'HHH'-_ [ IR [
= 0.4 + +HHIE — 4 e = 1
B AR [ I N - N B A AT [
= Z 03 1l R R
[&] ,a B AR \:.\ RN '_{ ::HHH : ::
B AR YL
- 0.2r trrmr —Faammnyy womanm- —im T
B AR ..'\ L \'_‘\ [ERN [
0.0 § ™ T3 Tk - MmN T
\\J‘V‘HH [ R | I\"HHH [
0"\"\‘\\\\\\ 1 Ll | \\\.‘"P-;..L..\..‘.
0.1 1 10 50
TJ/T,
0.8 T T T TTTIT T T T
RERRRE Fy=0.1Fy,
0 ,: UJ UH, . ,: JJ UJ! ...... F,=0.5F
. [N [ R [ [
IR Lo [ RN [
~ ..L_\..\.\HH Lo [ RN [
= ST 7 Y PO | _\_L\HH [ RN [
I * .7
040 e T
o IR (SRR "'\ IR RN [
IR LN [ EN] [
IR [ e N \"l RN [
0.28 44 = T Ny T T T
IR Lo | \\’UHH [
IR Lo | \HN.\H [
IR Lo [N NTRCN [
0 L Ll | R L1 1 I ILITT 4 | PPV
0.1 1 10 50
T,,/pr

Figure 5.26 Energy response characteristics of controlled structure with yielding
damper: a) Input energy spectrum; b) Hysteretic energy spectrum; c)
Normalized hysteretic energy; d) Damper-dissipated energy and e)
Normalized damper dissipated energy.

Fig. 5.26 shows the average spectra of E;, E; E; E; and Eg; for nonlinear

structures (u=4, a,=0) with or without yielding dampers subjected to the 50 recorded
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earthquakes. Initial damper stiffness k;equals to &, and post-yielding stiffness a,~0 in this
figure. Two levels of yielding strength, F,;= 0.1F);and F,;= 0.5F), are considered.

It is observed from Fig. 5.26a that the input energy shifts towards right after
addition of yielding dampers. This results in the decrease of input energy when 7,/T,
<0.8 and the increase when 7,/T, >1.0, which is consistent with the displacement and
ductility spectra presented in Fig.5.16. Addition of yielding dampers reduces hysteretic
energy dissipated by structural deformation. And this reduction is more significant for
T,/T, <1.0, as shown in Fig. 5.26b and Fig. 5.26¢. Plots in Fig. 5.26d domenstrates that
the absolute energy dissipated by yielding dampers is largest in the vicinity of 7,/7,=1
since the input energy is largest herein. However, it is noted from Fig. 5.26e that the
performance of yielding dampers degrades as the increase of T,/7, since the ratio of
damper dissipated energy and input energy decreases monotonically. Hence, the £;; and

Ey greatly facilitate the assessment of the efficiency of yielding dampers.

5.7. DISCUSSION

The input energy used in this paper is “relative” input energy, which is obtained by
integrating the “relative” energy equation as discussed in Chapter 4. In conjunction with
the “relative” input energy, “absolute” input energy is obtained by integrating the
“absolute” energy equation [Uang and Berto (1988a, 1988b, 1990)]. Recalling Eq.

(4.14) and (4.19) in Chapter 4, it is noted that, for very short period structures, x = 0,
x~dx=~0,X, ~3i,; hence, E] ~ %xé and E, =0, i.e., absolute input energy is larger

than relative input energy. For very long period structures, x ~ —x,, ¥ ~ —X, , hence,

g 9
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x, =0, X,

=0, E/ :J.m)'c',dxg ~0 and E, :J‘m)'c'gdx :%x; , i.e., absolute input

energy is smaller than the relative input energy. For intermediate structures, these two
quantities are essentially the same.

To illustrate the above properties, Fig. 5.27 presents the energy response history of
nonlinear structure with u=4, 7,=2.5s, post-yielding stiftness a,=0, 5% inherent damping
and subjected to the SYL090 record of the 1994 Northridge earthquake. Fig. 5.27a shows
the energy balance information in terms of relative input energy and Fig. 5.27b shows the
same information but in terms of absolute input energy. The lowest un-filled area in these
figures represents the energy dissipated by the inherent damping, and the upper areas
show the strain energy, kinetic energy and hysteretic energy, respectively. It is observed
that a majority of the input energy, both relative and absolute, is dissipated by structural
yielding although the inherent damping also accounts for a significant portion of it. The
kinetic and strain energy only have minor contribution to the total input energy during the
entire response history for this case. However, they cause fluctuations in input energy, as
seen from Fig. 5.27a.

Figs. 5.28 and 5.29 show spectra of relative and absolute input energy and
normalized hysteretic energy for SPV270 and SYLO090 records, respectively. The
relationship of “relative” and “absolute” input energy is obvious for short, intermediate
and long period structures in the plots. It is also observed that normalized hysteretic
energy spectra (Ej;) have contrary trends for short and long-period structures due to

inherent relationships between “relative” and “absolute” energy.
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Figure 5.27 Energy response history of a nonlinear SDOF structure (7,=2.5s, y=4, a,=0 and
$in=5%) subjected to SYL090 record of 1994 Northridge earthquake: a) Relative
energy balance history; b) Absolute energy balance history
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Figure 5.28 Comparison of absolute and relative spectra for nonlinear structures
subjected to SPV270 record: a) Input energy spectra; b) Normalized
hysteretic energy
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5.8 CONCLUSIONS

The behavior of inelastic structures with and without passive energy dissipation
systems (e.g., viscous dampers and yielding dampers) during near-field and pulse-type
excitations are investigated in this chapter.

It is noted that the level of structural damage due to earthquakes not only depends
on the maximum response quantities, but also on cumulative effects of inelastic hysteretic
cycles. In this chapter, both strength-based and energy-based inelastic structural
characteristics are investigated. R-u relationships for inelastic structures at different
yielding levels subjected to both pulse-type and near-field earthquakes are investigated in
terms of maximum response quantities. A R-u relationship for pulse-type ground motions
is proposed. This relationship matches well with the lower boundary (i.e., the mean-1c
curve) of the recorded ground motion result for 7,/7,<( T,/T,)c; when T,/T,>( T./T,)., the
proposed relationship yields same result as the Newmark-Hall relationship.

The cumulative excitation effects are evaluated by investigating the energy-related
properties of inelastic structures. It is noted that the energy-related properties provide
effective tools in characterizing cumulative damage process of structures and thus are
widely applied for performance-based design. This property is investigated by studying
the input energy spectra, hysteretic energy spectra, ratio of hysteretic to input energy as
well as spectra of damper dissipated energy for both pulse-type and near-field ground
motions.

Performance of passive energy dissipation systems for nonlinear structures is
another topic of this chapter. Because of significant nonlinearity inherent in inelastic

structures, performance of energy dissipation devices in nonlinear structures is inferior to
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that in linear structures, since a significant portion of input energy may be dissipated
through hysteretic structural behavior. As a result, it is found that energy dissipated by
supplemental dampers decreases with increase in structural nonlinearity (ductility).
However, for a given structure, supplemental energy dissipation devices still significantly
reduce the energy input to the structure and thus prevent the structure from excessive
damage during strong earthquakes.

It is noted that the performance of PEDS is significantly affected by the ratio of
T,/T,, i.e, viscous dampers are most effective when 7,/7, is in the vicinity of 1 and
yielding dampers are most effective when 7,/7,<1. Efficiency of these dampers can be

evaluated from the energy spectrum plots, such as E;, Ej/, Eqand Ey.

141



CHAPTER 6

GROUND MOTION PULSE-BASED SEMI-ACTIVE AND

ACTIVE CONTROLLER DESIGN FOR BASE-ISOLATED

STRUCTURES

6.1 INTRODUCTION

Significant progress has been made in the area of active and semi-active control of
civil infrastructures. A detailed literature review on the subject area can be found in
Soong (1991), Spencer and Sain (1997), Housner et al (1997), Soong and Spencer (2002),
and Spencer and Nagarajaiah (2003), Symans and Constantinou (1999). In active
structural control, control force based on certain algorithm using response measurements
or estimations is applied directly to the structure using direct actuation devices (e.g.,
hydraulic actuators) to achieve response control objectives. Other advantages of active
control systems include relative insensitivity to site conditions and ground motions,
applicability to multi-hazard situations (e.g., earthquakes and winds) and selectivity of
control objectives, e.g., human comfort during non-critical time and safety during severe
dynamic loading. To date, more than 40 buildings and towers, and more than 10 bridges,
have been installed with active/hybrid control systems, mostly in Japan [Spencer and
Nagarajaiah (2003)].

Although fully active structural control systems have been considered unsuitable

for seismic protection of large scale infrastructure systems because of large power
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demand requirement during earthquakes, hybrid control systems, e.g., active tuned mass
damper (ATMD), base-isolation bearings in parallel with actuators, etc., however, are
prospective due to the combined advantages of different control systems. Besides the
applications of hybrid control systems on top of tall buildings [Soong and Spencer
(2002)], their applications and performance have also been investigated for different
types of base-isolated structures and cable-stayed bridges [e.g., Luo et al (1998), Yang et
al (1995c, 1996¢), Jung et al (2004), Nagarajaiah et al (1993, 2003)]. Since the
performance of the control systems depends on the control algorithms, various modern
control theories have been investigated, e.g., LQG/H2/H., [Suhardjo et al (1990), Spencer
et al (1993), Yang et al (1996b), Zhou et al (1996)], Sliding Mode Control [Utkin (1992),
Yang et al (1994a-c, 1995a-b, 1996b), Moon et al (2003), Wu (2003), Wu and Yang
2004], optimal polynomial control [Agrawal and Yang (1995, 1996)], fuzzy logic and
artificial neural network [Wang (1994), Nagarajaiah (1994), Battaini et al (1999), Symans
and Kelly (1999)], etc.

Semi-active control devices inherit the advantages of both active and passive
control systems and thus are expected to provide stable, adjustable control with low
power demand. Various theoretical and experimental research results have shown that
appropriately implemented semi-active devices could perform significantly better than
passive devices and have the potential to achieve the majority of the performance of fully
active systems; which allows for the possibility of reliable response reduction during a
wide array of dynamic loading conditions. A detailed literature review of these devices is

presented in Spencer and Nagarajaiah (2003) and Symans and Constantinou (1999).
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Extensive investigations are being directed towards semi-active control of base-
isolated buildings, also known as “smart” base-isolation systems. The basic objectives in
the seismic isolation of building structures are to protect structural integrity and to
prevent injury to the occupants and damage to the contents [Skinner et al (1993), Kelly
(1997), Naeim and Kelly (1999)]. Base isolation systems, such as sliding and elastomeric
bearing systems, reduce the super-structure responses, but with increased base
displacements during near-fault ground motions. Current practice is to provide non-linear
passive dampers to limit the bearing displacements. However, protection of base isolated
buildings from strong and long-period pulses during near-field ground motions is
challenging. To address the need for high damping to limit the isolation drift and low
damping to improve the isolation effectiveness at high frequencies, various types of semi-
active systems have been proposed. Examples of some of these systems are Magneto-
rheological dampers [Spencer et al (1996, 1997a)], Electro-Rheological dampers [Ehrgott
and Masri (1993), Gavin et al (1996a-b)], controllable friction dampers [He et al (2003),
Hirai et al (1996)], variable fluid dampers [Symans and Constantinou (1995, 1997a-b)],
and variable stiffness dampers [Nagarajaiah and Mate (1998), Narasimhan and
Nagarajaiah (2005)].

Applications of semi-active control systems to base-isolated structures have
received widespread attention because of the vulnerability of these structures to long
period, high velocity near-field ground motion pulses. Ramallo et al (2002) and
Yoshioka et al (2002) have investigated the smart base-isolation structure using Magneto-
Rheological dampers. Their results show that it is possible to design a smart base-

isolation system that can reduce the base-drift, superstructure drift and absolute
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accelerations of the base and the super-structures simultaneously. Zhang and Iwan (2002)
have investigated the control of base-isolated building using tuned interaction damper.
With this system, it is possible to reduce the displacement of base isolators. However,
other response quantities always increase. Madden et al (2003) present experimental
verification for an adaptive sliding base-isolation system using shaking table tests and
demonstrated that it is possible to reduce the interstory drift and base displacement
simultaneously. Gavin et al (2003) have investigated the fault-tolerant semi-active control
of a base-isolated building for the presence of time-lag in the control device during the
application of control force and eccentricity in the structure. Their research showed that
the differential time-lag in the device has minimal effect on the performance of the semi-
active controller. On the other hand, mass eccentricity causes increase in torsional
moment and isolator drift.

Traditionally, seismic excitations are neglected or assumed to be white noises in
the design of optimal active and semi-active control systems. Hence, optimality of these
“optimal” controllers cannot be guaranteed in the presence of seismic excitations with
dominant pulse behavior. Yang (1975) has suggested designing controllers based on the
augmented system consisting of structure and filter in which the earthquake excitation is
modeled as a filtered white noise process and applied this approach for the control of
nonlinear hysteretic structures [Yang et al (1994a)]. Panariello et al (1997) have
proposed “optimal” structural control via training of an ensemble of earthquake ground
motions using neural network. Yoshioka et al (2002) have modeled the earthquake
excitation as second-order filtered white-noise shaping filter. In this model, ground

motion is the acceleration response of white noise passing through a second order
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dynamic system. The transfer function for the input shaping filter is obtained by fitting
the PSD of the recorded earthquake with that of a second order transfer function.
Ramallo et al (2002) have used the Kanai-Tajimi shaping filter [Soong and Grigoriu
(1993)] in modeling the ground excitation to obtain the structural-excitation augmented
system for the controller design. Although the use of Kanai-Tajimi based filters in
modeling input excitations may result in better controller performance compared to
regular LQG controllers, these filters overestimate the energy in the low frequency range,
which affects the response of long period structures. Thus, Kanai-Tajimi filter cannot
accurately characterize the near-field ground motion pulses for an effective controller
design.

In this chapter, design of active and semi-active controllers incorporating dynamic
models of pulse-type ground motions is presented. The Laplace domain transfer function
based on the pulse model, i.e., the pulse filter, was first proposed by He (2003). In the
design of active and semi-active controllers, the transfer function is converted into state-

space form and augmented with the structural system

6.2 ANALYTICAL MODEL OF THE PULSE FILTER

The analytical velocity pulse model proposed by He (2003) and He and Agrawal

(2006) has been described in Chapter 3. For convenience, it is repeated in the following:
i, =Ct"e" sinbt ,anda=¢ @,, b=w,\[1-{ (6.1)

where #, is the pulse velocity, n is the shape parameter of the envelope, ¢, is the pulse

damping factor, @, is the pulse frequency and C is the scaling factor for adjusting the

amplitude of the pulse. Differentiating Eq. (6.1), the pulse acceleration can be obtained as
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i, :Ct”e"”[(?—a)sinbt+bc0sbt] (6.2)
Through mathematical operations, the Laplace transform of the pulse model is obtained
as [He (2003)]:

(n)
F(s)=2u,®]=(-1)" -Cb-s-[;} (6.3)

(s+a)’ +b°
Forn=0, 1, 2, 3, the explicit form of Eq. (6.3) can be expressed as:

P, (1)] = Cb-s for n=0 (6.4)

[(s+a)’ +b°]

2Cb-(s+a)s
[(s+a) +b°]’

Llu,(1)] = forn=1 (6.5)

2Ch-[3(s+a)’ —b’]s
[(s+a)’ +b°]’

Pl ()] = for n=2 (6.6)

24Ch-(a+s)-(a’ —b° +2as+s"]s

g[up(t)]: [(s+a)2 +b2]4

for n=3 (6.7)

The model parameters, 7, &,, and » in Eq. (6.1), are determined for a particular ground
motion by nonlinear regression [He (2003)]. Difference and similarity between recorded
near-field ground motions and their pulse-type components have been investigated in
Chapter 3.

As mentioned earlier, several researchers have used the Kanai-Tajimi filter to
model external excitations. The commonly used form of the Kanai-Tajimi filter is given

as,

20.C s+ w?
F(S)= gé/g g

6.8
o) +2{ 0,5+ ©8)
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where @, and ¢, are ground motion frequency and ground damping factor, respectively.
Fig. 6.1 shows Power Spectral Density (PSD) plots of the pulse filter in Egs. (6.5)
and (6.7) for n = 1 and 3 respectively, Kanai-Tajimi filter in Eqg. (6.8), and recorded
ground motions RRS228 (Northridge 1999) and ERZ-NS (Turkey, 1992). Parameters of
various filters described above are obtained for the two ground motions. It is observed
that the Kanai-Tajimi filter has much higher Power Spectral Density (PSD) than those of
recorded ground motions in lower frequency range where pulse behavior is dominant. On
the other hand, the pulse filter can better represent the recorded ground motion character
in this region. In higher frequency region, the PSD of the pulse filter having n=1 is much

closer to that of the recorded excitation in both cases.
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Figure 6.1: Power Spectral Density (PSD) plots of Kanai-Tajimi filter and the
proposed pulse filter with » = 1 and » = 3 for 1994 Northridge
(RRS228) and 1992 Turkey (NS component of Erzikan) earthquake.

6.3 DESIGN OF ACTIVE CONTROLLERS

The equation of motion for an N degree-of-freedom system equipped with active

controllers and subjected to unidirectional ground motion can be written as

Mx + Cx + Kx = Hu— MyXx, (6.9)
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where M, C and K are (N x N) mass, damping and stiffness matrices of the structure,
respectively; u is (r x 1) control force vector, r being the number of controllers, x, x and

X are the displacement, velocity and acceleration vectors, respectively, X, is the

earthquake acceleration, H is (V x r) controller location matrix and #z is the earthquake
influence vector. Eq. (6.9) can be rewritten in state-space form as
X = AX +Bu+ E3, (6.10)

where X=[x” x']" is the state vector, and 4, B and E are the coefficient matrices

obtained as

e
A= y L iB=| , LE= (6.11)
-M'K -M'C M'H —

For the purpose of controller design, input excitation is modeled as filtered white
noise. Assuming that the ground motion %, in Eq. (6.10) is modeled by the pulse

acceleration in Eq. (6.2), transfer function in Eq. (6.4) — (6.7) for a particular value of n

can be converted to the state-space as

{SE:AW“B W (6.12)

¥, =C.¢
where w is scalar white noise excitation. Coefficient matrices, A,,, B, and C, depend on

the order and form of the transfer function used, e.g., Eq. (6.4) - (6.7).

Combining Eq. (6.10) and (6.12), the augmented system is expressed as

R e

Denoting X,=[X" £'] " as the augmented state vector, Eq. (6.13) can be rewritten as

X,=A,X,+Bu+Ew (6.14)
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The measured outputs of the control system are expressed as

Y,=CX,+Du+FJx, +v (6.15)
where C,, D, and F, are appropriate matrices, and v is the measurement noise. For the
base-isolated SDOF structural model employed in this investigation, the measured
outputs are the displacement of base isolator, absolute accelerations of base isolator and
superstructure, and ground acceleration. For the system in Eq. (6.14), the outputs to be
regulated can be expressed as

Z,=CX,+Du+FJ3, (6.16)

where C,, D, and F, are appropriate matrices. In this paper, regulated outputs are the
displacement of base isolator, relative displacement of super-structure with respect to
base isolator, and absolute accelerations of base isolator and super-structure.

The augmented system in Eq. (6.14)-(6.16) can be used to design active controllers
using any of the modern control approaches, e.g., Linear Quadratic Gaussian (LQG),
Sliding Mode Control (SMC), etc. In this investigation, an optimal controller for the
augmented system in Eq. (6.14) — (6.16) is designed by minimizing the following

performance index using the H,/LQG strategy

J = lim EEUOT {z70z + uTRu}dt} (6.17)

Ton T
where @ and R are weighting matrices for regulated outputs and control forces,
respectively. Minimization of the performance index J in Eq.(6.17) results in the optimal
control force as

u=-KX (6.18)
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where K is the control gain matrix. The augmented state vector X, is estimated as Xa
through the Kalman-Bucy filter, given as
X, =(A, -LC,)X,+(B, —LD, Ju+LY (6.19)

where L is the observer gain matrix. Schematic of the active controller design is

presented in Fig. 6.2.
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Figure 6.2 Schematic of the active pulse controller design using H2/LQG
algorithm

6.4 DESIGN OF SEMI-ACTIVE CONTROLLERS

Both passive and semi-active friction dampers have been demonstrated to be

effective in reducing peak response quantities during near-fault earthquakes. Inaudi (1997)
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proposed Modulated Homogeneous Friction (MHF) controller for semi-active friction
dampers. In this controller, the control force is directly proportional to the absolute value
of the previous peak of the drift across the damper. However, the potential problem with
this controller is that it doesn’t guarantee continuous slip in the damper due to sticking
and slipping phases, depending on the state and force across the damper. The
performance of MHF can be improved by maintaining the damper in slipping phase
continuously, since energy is dissipated in the slipping phase rather than in the sticking
phase. He et al (2003) proposed modified form of MHF by introducing smooth boundary

layer around zero velocity across the damper, i.e., x,(¢)=0, to eliminate high

acceleration spikes caused by rapid switching during the operation of the friction damper.
In this investigation, a semi-active controller is proposed by introducing the smooth
boundary layer around the optimal feedback controller in Eq. (6.18). The semi-active
controller obtained is then denoted as Semi-Active Continuous Friction Pulse (SACPF)

Controller, expressed as,

Srensaeive =~ 2| KX, tanh(ec?) (6.20)
where x is the friction coefficient and g is the control gain, o is a constant that determines
the “thickness” of the boundary layer and fanh(cax) is a hyperbolic function. In this

investigation, the magnitude of the control force is kept the same as that for the active

controller, i.e., ug = 1. The parameter « is taken as 1 based on a parametric study.

6.5 GROUND EXCITATIONS AND STRUCTURAL MODEL

Active and semi-active controllers in Egs. (6.18) - (6.20) are investigated through

numerical simulation using 24 recorded near-field ground motions. Details of these
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earthquakes are listed in Table 1 of the appendix. In addition, four earthquakes with full
intensity are considered to investigate the sensitivity of response quantities to variations
in filter parameters. These 4 earthquakes are: the 1940 EIl Centro earthquake recorded at
Array #9 (PGA = 0.348g, T, =1s); the North-South component of the 1992 Turkey
earthquake recorded at Erzikan (PGA = 0.515g, T, =1.8s); the 1995 Kobe earthquake
recorded at Takatori000 (PGA = 0.611g, 7, =1.2s) and the fault-normal component of the
1994 Northridge earthquake recorded at Rinaldi 228 station (PG4 = 0.838g, 7, =1.0s).
The far-field ElI Centro earthquake record is included with other three near-field
earthquakes for the sake of comparison. The parameter 7, is the pulse period in recorded
ground motions.

The building model used in this study is a single degree of freedom (SDOF) system
with a base isolation layer investigated by Ramallo et al (2002). The SDOF system
represents the fundamental mode of the 5-story building model used by Kelly et al (1987).

Schematic of the base-isolated model is presented in Fig. 6.3
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Figure 6.3 Schematic of the base-isolated model with controller
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.The combined SDOF super-structure and base-isolation system is modeled as a 2-
DOF system. The mass, stiffness and damping coefficient of the base isolator and the
super-structure are: m;, = 6800 kg, m, = 29485 Kg; k,=232kN/m, k; = 11912kN/m; ¢, = 3.7
KN.s/m, ¢, = 23.71 kN.s/m, respectively. The fundamental period and damping ratio of
the fixed-base building are 0.3 sec and 2%, respectively. With base-isolation, the
fundamental periods and damping ratio are calculated to be 2.5s and 4%, respectively

[Ramallo et al (2002)].

6.6 PERFORMANCE OF VARIOUS CONTROLLERS USING 4

RECORDED EARTHQUAKES

Fig. 6.4 shows plots of peak response quantities of the base-isolated building with
different types of controllers as a function of control force for the four earthquakes
mentioned above. The peak response quantities are base displacement, superstructure
drift, and absolute base and superstructure accelerations. In Fig. 6.4, plots in rows (a)-(d)
are for the El Centro (1940), Turkey (1992), Kobe (1995) and Northridge Rinaldi (1994),
respectively. Six controllers representing passive, active and semi-active mechanisms are
considered for comparison purpose in this investigation. They are: (i) Linear Viscous

Damper (LVD, control force u(t)=c,x,(t), where cq is the damper coefficient and
x,(t) is the base velocity), in which the control force is varied by varying cg; (ii) Linear
Quadratic Regulator (LQR) designed by using 2x2 Q matrix with non-zero elements as

o)1) = 2x10%and 0(2,2)= 2x10" and full-state measurement; (iii) Linear Quadratic
Gaussian (LQG): LQG controller implemented by the observer in Eq. (6.19); (iv) Active

Kanai-Tajimi Filter (AKTF) controller: active controller in Eq. (6.18) incorporating state-
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space form of Kanai-Tajimi filter; (v) Active Pulse Filter (APF) controller: controller in

Eq. (6.18) by assuming » = 1 for pulse model in Eq. (6.3). The non-zero elements of the

4x4 O matrix are: O(1,1) = 2x10%and 0(2,2)= 2x107. The weighting R is varied to
obtain desired control force level; (vi) Semi-Active Continuous Pulse Friction (SACPF)
controller as described by Eq. (6.20). It is observed from Fig. 6.4 that although all six
controllers are capable of reducing peak base displacement (or drift of isolators), other
response quantities such as peak drift of the superstructure, peak base absolute
acceleration and peak super-structure absolute acceleration decrease slightly in the
beginning and then starts increasing beyond certain control force level for all controllers.
However, for APF and SACPF controllers, the reductions in above three quantities are
substantially larger than other controllers. Response quantities corresponding to the APF
controller are even much smaller than those of the SACPF controller.

The plots in Fig. 6.4 demonstrate that the APF and SACPF controllers are capable of
reducing both the peak displacement and acceleration response quantities of the base
isolator and the superstructure simultaneously and significantly. This is a distinct
advantage of the proposed active and semi-active controllers designed for the augmented
system using the pulse filter. It is also observed from Fig. 6.4 that, by incorporating the
pulse filter, the active controller based on the augmented system is also effective in
reducing the response quantities for far-field earthquakes (e.g., EI Centro earthquake),

although such ground motions do not have distinct velocity pulses.
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Figure 6.4: Peak response quantities using active and semi-active controllers subjected to (from Top): El Centro (1940);
Turkey (1992); Kobe (1995) and Northridge (1994) earthquake.
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Fig. 6.5 shows the plots of RMS response quantities for the four earthquakes. The
relative effectiveness of all controllers in reducing RMS response quantities is similar to
those of peak response quantities in Fig. 6.4. It is noted again that the overall
performance of APF is significantly better than other controllers. The overall
performance of the SACPF controller is inferior to APF and is slightly better than other

controllers.

6.7 ROBUSTNESS OF THE APF CONTROLLER

The objective of incorporating the pulse filter in the design of controller is to
include the influence of ground excitation characteristics, such as the frequency content,
ground damping factor, and the magnitude. Due to the uncertainty and stochastic nature
of ground motions, parameters of the pulse model are not known as a priori. However, it
is possible to estimate these parameters based on available ground motion records, soil
and rock conditions [Sommerville (1998)]. Since the design of active controllers in Eq.
(6.18) depends on preset model parameters, the performance sensitivity of the APF
controller with respect to the pulse filter parameters 7,, (pulse period), &, (damping factor)

and n (filter order) is investigated in this section.

6.7.1 Influence of Pulse Period, 7,

Several recent studies have shown that the pulse period is the most important
parameter affecting the response of structures [He and Agrawal (2004a, b), Mavroeidis et
al (2004)]. Using near-fault records that exhibit forward directivity effect and assuming

that the duration of the pulse is independent of the source-station distance for stations
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located within 10 km from the causative fault, Mavroeidis et al (2004) have shown that
the pulse period, 7,, varies as a function of moment magnitude A7, as

logT, =—-2.9+0.5M, (6.21)

Although 7, can be estimated from Eq. (6.21) for a design earthquake magnitude, the
estimated value is likely to be significantly different than the actual value during an
earthquake. Hence, error analysis needs to be carried out to obtain reasonable limits on
the variation of the estimated 7), .

The sensitivity of APF controller to the variation of period, 7,, of the pulse filter is
investigated by decreasing and increasing 7, with respect to the actual pulse period, 7, of
the recorded ground motion. The influence of 7, on the shape of the pulse history can be
found in Fig. 3.1 of Chapter 3.

In the investigation of the controller sensitivity to the pulse period, 7, the
magnitude of the filter is first chosen by trial-and-error for 7, =T, to obtain a reasonable
control gain matrix. Then, the filter magnitude is adjusted at different pulse periods by
keeping the maximum instantaneous kinetic energy of the pulse excitation at any pulse

period, 7,;, the same as that at 7 , i.e.,

max| E(T,,.)]
max[ E,(T,,t)]

Coe(T,,) = oe(T, ) (6.22)

In Eq.(6.22), T, is the pulse period used in filter design, 7, is period of the pulse in the
recorded earthquake ground motion, ¢ is the duration of the pulse model, Ey(...,z) is the
instantaneous kinetic energy, and Coe(T) is the magnitude of the filter at 7, which
equals to a constant C divided by the corresponding design frequency, i.e.,

Coe(Ty) = C/wy (6.23)
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In Eqg. (6.23), the constant C is appropriately chosen to obtain reasonable control
performance for 7, =T,, which may be different for different earthquakes. Based on
simulation results, it is noted that usually a C value between (50-100)w, is a suitable
choice for most of the earthquakes investigated. It needs to be pointed out that the filter
magnitude is manipulated according to Eq. (6.22) only to study the sensitivity of
variation in 7,. It is noted that for a known 7, a better control effectiveness can also be
realized by carefully adjusting the magnitude. The damping factor, ¢,, and the order of
the filter, n, are chosen as 0.15 and 1, respectively, in investigating the influence of 7,,.

Fig. 6.6 shows the response quantities of the controlled structure subjected to the El
Centro (1940), Turkey (1992), Kobe (1995) and Northridge (1994) earthquakes. The
actual pulse periods, T, for these earthquakes are 1.0s, 1.8, 1.2s, and 1.0s, respectively.
In numerical simulations, controller design is carried out for each pulse period, T, for
individual earthquakes. In Fig. 6.6, curves corresponding to 7,=7, are shown by solid
lines without symbols.

It is observed from Fig. 6.6 that the base displacement does not change
significantly with variations in 7, when it is under-estimated or over-estimated by
approximately 20%, for all the four earthquakes. However, if 7, is over-estimated
beyond 20%, the base displacement becomes quite sensitive to variations in 7,. For
example, the base displacement for Turkey earthquake (7, = 1.8 sec) doesn’t change even
if the T, is under-estimated as 1.0s or over-estimated as 2.2s. However, it increases
significantly compared to that for 7, = 1.8 s if 7, is over-estimated as 2.6 sec. For inter-
story drift and absolute accelerations of the base and the superstructure, the controller is

robust if the 7, is not over-estimated more than 20% for a control force level of
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approximately 20% of the corresponding peak ground excitation force (inertia force, mi, )

during these earthquakes. For higher control forces, these quantities increase. For
practical applications, a control force of 20% maximum peak inertia force during an
earthquake is already very high. Hence, the proposed Active Pulse Filter (APF) controller
is robust with respect to uncertainties in the pulse period, if the pulse period is

underestimated or overestimated by up to 20 % within practical range of control force.

6.7.2 Influence of the Damping Factor, ¢,

The influence of the damping factor is investigated by varying the value of ¢, in
the filter model. Fig. 6.7 shows the plots of different response quantities as a function of
control force for ¢, =0.15, 0.35, 0.55 and 0.85. The magnitude and the period of the pulse
for each earthquake are kept constant during the analysis. The design pulse period, 7, is
taken to be equal to actual pulse period, T, for each earthquake and the magnitude C is
chosen according to Eq. (6.22) and (6.23). The order of filter, » is chosen as 1.

It is observed from Fig. 6.7 that the base displacement response doesn’t change
significantly for £, = 0.15, 0.35 and 0.55. For a peak control force less than 20% of the
peak inertia force during each earthquake, the influence of ¢, is insignificant on all
quantities. More reduction in the base displacement is achieved as ¢, increases from 0.15
to 0.55. For inter-story drift and absolute accelerations of the base and the superstructure,
lower value of ¢, results in better reduction in these quantities. In this sense, ¢, of the
pulse model has similar effect as the supplemental damping for base-isolators. Overall, it
is observed that a ¢, between 0.15 and 0.35 is reasonable for reduction in all the response

quantities.
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6.7.3 Influence of the Order of the Filter, n

In the pulse model, » is an important parameter that affects the rate of increase in
the beginning of the pulse and the shape of pulse. As an example, time-history plots of
displacement, velocity and acceleration pulses for n=0, 1, 2 and 3, have been presented in
Fig. 3.3 of Chapter 3.

Fig. 6.8 shows the plots of peak response quantities as a function of control force
for different values of » using the four earthquakes. The design pulse period is taken as
1.5 sec for all the four earthquakes and the pulse damping factor, ¢, is taken as 0.30 for
simplicity. It is observed from Fig. 6.8 that the maximum reduction in base displacement
is obtained for » = 0, and base displacement increases slightly for higher values of n,
except for the case of Kobe earthquake, of which the base displacement is reduced most
for n = 3. Difference in base displacement for different values of » is very small for
control force up to 20% of the peak inertia force of the building during these earthquakes.
For all these earthquakes, the peak base displacement always decreases as the increase of
peak control force. Likewise, drift and accelerations of the base and superstructure
decrease and are also insensitive to variations in n» when the control force is less than 20%
of the peak inertia force.

Hence, for control force less than 20% of the peak inertia force, any value of # is
acceptable. And a larger value of n can be selected for overall best performance if super-

structure drift and accelerations are more concerned.
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6.8 PERFORMANCE EVALUATION USING 24 RECORDED NEAR-

FIELD EARTHQUAKES

An ensemble of 24 recorded near-field ground motions is used to compare the
average performance of the proposed APF and SACPF controllers with other control
strategies. The detailed information of these records is presented in Table A-2 of the
appendix. The properties of these earthquakes are quite different. Hence, the average
results of these controllers can represent the general efficiency of these controllers during
near-field excitations. For the sake of simplicity, the period and the damping factor, of
the filter are taken as 1.5 sec and 0.3, respectively. The order of the pulse filter is taken as
1. The magnitude of the filter is chosen for different earthquakes in order to obtain
reasonable control force level. The frequency and damping factor, of the Kanai-Tajimi
filter are taken to be the same as the pulse filter, i.e., 7,=1.5 s and &, =0.3.

Fig. 6.9 shows the average peak response reduction factors of the controlled model
using Linear Viscous Damper (LVD), LOR, LQG, Active Kanai-Tajimi Filter (AKTF)
controller, Active Pulse Filter (APF) controller and Semi-Active Continuous Pulse
Friction (SAPF) controller. It is observed from Fig. 6.9 that the proposed APF controller
has much better overall performance than other controllers in simultaneously reducing
these response quantities. Although the efficiency in reducing the peak base displacement
response is similar for all these controllers, the proposed APF controller can achieve
20~30% more reduction than other controllers in terms of superstructure drift, and
absolute accelerations of the base and the superstructure. The performance of the SACPF
controller is similar to the Linear Viscous Damper. However, it is interesting to see that

these two controllers are even more effective than the LQR, LQG and AKTF controllers
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in terms of achieving larger amount of response reductions with similar control force
levels, even though these three controllers are fully active systems. These three active
controllers have a similar average effectiveness regardless of the AKTF is designed using
an augmented system. This indicates that design of active controllers by incorporating
earthquake excitations as white noise modeled by the Kanai-Tajimi filter is not effective

for near-field earthquakes.
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Figure 6.9: Average reduction of peak response quantities by various controllers
subjected to the 24 near-field earthquakes.

Fig. 6.10 shows the average RMS response quantities of different controllers using
the 24 near-field earthquakes. Similar to the peak response quantities, the RMS response
quantities are also normalized by the corresponding uncontrolled RMS responses for each

earthquake. It is observed that the APF controller is much better than other approaches in
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the reducing all four RMS response quantities. The active controllers, i.e., LQR, LQG,
AKTF and APF, are slightly better than the SACPF controller and the LVD in reducing
the RMS base displacement. However, the SACPF controller and the LD could exert
larger control force without causing the increase in other RMS quantities compared to the

LQR, LQG and AKTF, which is similar to the peak control results.
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Figure 6.10: Average reduction of RMS response quantities by various controllers
subjected to the 24 near-field earthquakes.

Fig. 6.11 shows time-history plots of base displacement, superstructure drift and
absolute accelerations of the base and the superstructure for the structure subjected to the
Kobe earthquake. Plots in Fig. 6.11 correspond to the peak control force of 60 kN in Fig.
6.9. It can be observed from the time history plots also that the peak response quantities

corresponding to the APF controller are much smaller than those of the LQG and the
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SACPF controllers. And the response quantities corresponding to the SACPF controller
are also smaller than those of the LQG controller. It can also be observed that the
response quantities corresponding to the APF controller are mitigated in a much faster

manner than the LQG controller.

e

©

o 50 e Unctrl (89.5cm)

0 0 — LQG(54.4cm)

a —— SACPF (52.7cm)

® -50 = APF(47.2cm)

S

oM 0 5 10 15 20 25 30 35 40 45

e 1+ e Unctrl (1.43cm)

f_{_ 0 —— LQG(1.07cm)

= —— SACPF (0.86cm)

o -1 = APF(0.36cm)

2 0 5 10 15 20 25 30 35 40 45

8 0.5 e Unctrl (0.57g)

< 9 \ | = LQG(0.44q)

o —— SACPF (0.36g)

g -0.5 e APF(0.15Q)

o 5 10 15 20 25 30 35 40 45

o: 0.5 e Unctrl (0.599)

1) — LQG(0.44g)

< 0 —— SACPF (0.350)

S5 = APF(0.150)

n 5 10 15 20 25 30 35 40 45

Z 50 T T _

X — | QG(59.8kN)

5‘ 0 = SACPF (62.6kN)
e APF(57.2kN)

L—E -50 | | _

S 5 10 15 20 25 30 35 40 45

Time,s

Figure 6.11: Time-history plots of response quantities using active and semi-active

controllers.

In the design of APF and SACPF controllers above, pulse parameters are the same
for all earthquakes. Although values of &, and » are within reasonable range for all
earthquakes to obtain good performance, the pulse period, 7, is likely to vary more than
20% from the recorded ground velocity pulse period 7,, for quite amount of the

earthquakes considered, resulting in inferior performance of APF and SACPF controllers
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for those particular earthquakes. A much better performance can be obtained by choosing
pulse period for each earthquake considering the actual dominant period of the record. In

that case, average performance will be much better than those shown in Fig. 6.9 and 6.10.

6.9 CONCLUSIONS

In this chapter, a state-space model of near-field ground motion pulses is
presented based on a near-field ground motion pulse model filter. The pulse filter is
combined with the structural system dynamic equation to form the augmented system.
This augmented system can be used to design active and semi-active controllers for base-
isolated buildings using any of the modern control theories. Using Linear quadratic
Gaussian (LQG) approach, Active Pulse Filter (APF) and Semi-Active Continuous Pulse
Filter (SACPF) controllers are investigated in reducing response quantities of a base-
isolated building model. For comparison, other active controllers, e.g., Linear Quadratic
Regulator (LQR), Linear Quadratic Gaussian (LQG) and Active Kanai-Tajimi Filter
(AKTF) controller, and passive linear viscous dampers are also investigated. It is
observed that the APF controller performs significantly better than other controllers by
reducing the peak values of base displacement, superstructure drift and absolute
accelerations of the base and the superstructure simultaneously and more significantly.
Other controllers can reduce the peak base displacement to the same level as the APF
controller. However, other response quantities start increasing significantly after certain
level of control force. The pulse filter used for the APF depends on the pulse period,
damping factor and pulse shape factor. Based on sensitivity analysis, it is shown that the
performance of the APF controller doesn’t change significantly when the pulse period in

the pulse filter is underestimated or overestimated by 20% with respect to the actual
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ground pulse period, the damping factor is in the range of 0.15 to 0.35 and the shape
factor is between 1 and 3, for a peak control force not exceeding 20% of the peak inertia
force. Performance of APF and SACPF controllers is demonstrated through specific
analysis using 4 individual earthquakes and the average results of an ensemble of 24

near-field earthquakes.
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CHAPTER 7

ACTIVE AND SEMI-ACTIVE CONTROL OF A BASE-

ISOLATED BENCHMARK BUILDING STRUCTUE

7.1INTRODUCTION

Different thanconventional earthquake-resistant design which focuses on increasing
the strength capacity of structures to resist ground shakings without collapse at the
expense of alowing damage during extreme events, seismic isolation mitigates the
earthquake-induced damage through reduced inertia load by shifting the fundamental
frequency of the structure out of resonance range and concentrating the deformation and
energy dissipation at the isolators [Skinner et al (1993), Kely (1997), Naeim and Kelly
(1999), Komodromos (2000)]. In addition to adequate vertical loadcarrying capacity, a
practical base-isolation system should be flexible enough in horizontal direction so that
fundamental period of the tota system is lengthened sufficiently to reduce the
acceleration response At the same time, these systems should al so be capable of resisting
low load levels such as wind and minor earthquakes. In addition, they should also contain
adequate energy dissipation capacity, which could either be directly provided by isolation
devices or by supplemental dampers. The following three types of isolation systems are

typically used in practice (Hg. 7.1).
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Elastomeric base isolation system: The bearings consist of aternate layers of
vulcanized rubber sheets bonded with thin steel plates. The geel plates povide the

vertical load capacity and prevent lateral bulging of rubbers and rubber layers

173



provide horizontal flexibility. High damping rubber can be used in elastomeric
bearings to effectively dissipate input seismic energy.

Lead-rubber bearing system: Lead-core can be inserted into the elastomeric or
high-damping rubber bearing systems to improve vertical bearing capacity and
energy-dissipation capacity. Since lead has large initia shear stiffness with low
shear strength, it provides excellent energy dssipation through shear deformation.
The compressive strength of lead is al sostrong enough for the purpose of supporting
superstructure load.

Sliding/friction pendulum system: The lateral-resistant ability of diding systemsis
provided by the friction developed at the contact surface, such as teflon and stainless
steel. When the earthquake force is beyond the friction force, the superstructure
starts diding. A restoring force can be provided to eliminate the permanent offset of
the superstructure through optimal design of geometry of the contact surface, e.g.,

friction pendulum system (FPS).

Recent studies have shown that although tase isolation systems can significantly

reduce the super-structure response, base displacements may be excessive, especialy

during near-fault ground motions [Heaton et a (1995), Nagargaiah and Ferrell (1999),

Makris and Chang (1998, 2000)]. Current practice is to provide nonlinear passive

dampers to limit bearing displacements. However, protection of base isolated buildings

from strong and long-period pulses during near-field ground motions is chalenging. A

study by Heaton et al (1995) showed that a base-isolated building subjected to a near-

field My, 7.0 earthquake could result in large isolator drifts in excess of 50 cm, evenwhen
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damped at 25% critical damping. Large displacements at the isolation interface during a
strong earthquake can lead to buckling or rupture of the isolation bearings [Nagargaiah
and Ferrell (1999)]. Although, large levels of damping reduce isolator displacements in
the fundamental mode, they impart forces into the structure which can increase structural
accelerations and deformations in higher modes, and can increase inter-story
displacements [Kelly (1997)]. To address the need for high damping to limit the isolation
drift and low damping to improve the isolation effectiveness at high frequencies, various
types of active and semi-active systems have been proposed.

In active structural control, control force based on certain algorithm using response
measurements or state estimation is applied directly to the structure using direct actuation
devices (e.g., hydraulic actuators) to achieve certain response control objectives. The
performance and applications of active control systems for base-isolated structures have
been investigated in the past by Luo et al (1998), Yang et a (1995a, 1996c), Nagargjaiah
(1994), Nagargjaiah et al (1993), etc. The advantages of semi-active systems include their
reliability during earthquakes, adaptability to the random nature of ground motions, lesser
power requirement and instantaneous local or partial response measurements required for
feedback. The applications of active and semi-active systems or hybrid control systems
(active or semi-active systems combined with passive systems) have been conducted in
new and existing structures [ Spencer and Nagaragjaiah (2003)].

However, developments of new and novel active and semi-active control algorithms
that can reduce both base and superstructure response quantities of base-isdated
structures simultaneously are challenging for a widespread adoption of structural control

technologies in practice Traditional LQR/LQG controller design neglects the seismic
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excitations. Recently, researchers have started designing controllers basedon augmented
systems with the assumption of excitation as white noise input through Kanai-Tajimi
filter [e.g., Yang (1975, 1994), Yoshioka et a (2002), and Ramalo et a (2002)].
Although using Kanai- Tajimi based filter to model input excitation is beneficia to overall
performance, these filters overestimate the energy in the low frequency range, which
affects the response of long period structures. Nagargjaiah and Narassmhan (2005) have
proposed a modified form of Kanai-Tgjimi filter and have used it fa the design of sample
controllers for the base-isolated benchmark building. The modified Kanai-Tajimi filter
has lower overestimation of energy in low frequency range, as compared to the origina
Kanai-Tgimi filter.

In this chapter, the frequency-domain pulse filter developed by converting the
analytical pulse model proposed by He (2003) in Laplace domain is used in the design of
active and semi-active control systems for the application to the base-isolated model.
Details of the pulse filter have been introduced in Chapter 6 of this dissertation. The
active controller based on the augmented structural and pulse filter model, termed as
Active Pulse Filter (APF) controller, and two semi-active friction-type controllersthat are
based on the APF controller designed for fully active systems and are applied to the
benchmark base-isolated building model. The performance of these active and semi-
active systems is thoroughly investigated through comparison with the sample controllers

and other existing controllers
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7.2 THE BENCHMARK BASEISOLATED BUILDING MODEL
The benchmark base isolated building model developed by Narasmhan et a

(2005) is based on an existing building in Los Angles, California. The super-structure has
eight stories and is considered to be a linear elastic system with lateral-torsional behavior.
Three kinds of base isolation systems are considered for control design purpose, e.g.,
linear elastomeric system with low damping, nonlinear friction isolation representing
friction pendulum system and bilinear elastomeric isolation system representing lead
rubber system

Tota of 92 isolators are connected between drop panels under the column locations
and the footings. The superstructure and the isolation system are modeled by three master
degrees o freedom (DOFs). Hence, total 27 DOFs are considered. The schematic
presentation of the base isolation plan, FEM model and the elevation view is shown in
Fig. 7.2 The first three periods of the fixed base model in three directions are 0.78 sec,
0.27 sec, and 0.15 sec in north-south direction, 0.89 sec, 0.28 sec, and 0.15 sec in east-
west direction and 0.66 sec, 0.21 sec, and 0.12 sec in rotation.

Seven earthquake records each consisting of fault parallel (FP) and fault normal (FN)
components are provided in the benchmark package to compare the performance of
different controllers. These ground motions are. Newhall (Northridge 1994), Sylmar
(Northridge 1994), El Centro(1940), Rinadi (Northridge 1994), Kobe (1995), JiJi (1999)
and Erzinkan (1999). Nine evaluation criteria, J; to J, are prescribed to evaluate the
effectiveness of different control systems and algorithms. These evaluation criteria are
Ji=Peak base shear (isolation-level); L= Peak structure shear (at first story level);

J=Peak base dsplacement or isolator deformation; J=Peak inter-story drift; JF=Peak
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absolute floor acceleration; Js= Peak force generated by all control devices J;=RMS base

displacement in the controlled structure; k=RMS absolute floor acceleration; b= Tota

energy absorbed by all control devices.

normalized with respect to corresponding

Evduation criteria J; to J, J; and %k are

response quantities for the uncontrolled

building. The evaluation criterion J6 for peak control force is normalized by the peak

base shear of the controlled building. More

detailed information about the base-isolated

building can be found in Narasimhan et a (2005).
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7.3 GROUND MOTION PULSE-BASED ACTIVE CONTROLLER

DESIGN

The analytical pulse model described in Chapter 3 has been used to develop a pulse
type ground motion filter. Details of the pulse filter can be found in Chapter 6. Design of
active pulse filter controller for the application to the base-isolated building modd is
described in this section.

It is noted from Chapter 6 that the frequency domain model of the analytical pulse
model can be obtained through Laplace Transform as,

<(n)
e 1 u

F(s) =(-1)"*Cb xsxéemﬂ (7.9

In Eq.(7.1), exponent n represents n'" derivation of the function in square brackets with
respect to s. In order to use Eq.(7.1) in the design of seismic protective systems, it is
assumed that the function F(s) represents a transfer function with white-noise W as input
and earthquake ground acceleration as output. Then, the transfer function F(s) in Eq.(7.1)

can be transformed into state-space form as

X, =A/X; +B,W 7.2
U, =C,x,

where W is the white noise excitation and x; isthe state variable d the pulse filter F(s)
in Eq.(7.7). The coefficient matrices A; , B; and C; depend on the order of the transfer
function F(s) in Eq.( 7.J).

The full-state three dimensiona finite element model developed by Narasimhan et

al (2005) consists of 54 states. For the purpose of controller design, the 54 states are

further reduced to 24 states using the state-order reduction method [Nagargaiah and
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Narasimhan (2005), Yang et a (2004)]. The equation of the reduced order system in
state-space is expressed as,
X, =AX, +Bu+EU,

Z,=C,X, +D,u+F,U, (7.3
Yo =Cp X, +D u+F_U_ +v,

where A,, B, and 2, are reduced order system matrices, z, is the regulated output
vector, which is obtained by choosing the appropriate mapping metrices C,,, D, and
F,. Vector Y, is the measurement vector and ?, is the measurement noise vector.

Egs. (7.2) and (7.3) can be combined to obtain the augmented system as

X, =AX,+B,u+EW
Za :Czaxa + Dzau + anUg (7'4)

Y, =C X, +D u+F U +v,

where X, =[ X] X]]T isthe augmented state vector. Augmented matrices in Eq.( 7.4
are obtained as

A ECru

U N U
Aj=e G Ba=é. ¢ Ea=é, G (7.9
60 Ar g &0 B4

in which C D

yar Dyas Fyas Czas Dsq @ F,, are appropriate mapping matrices to obtain

desired measured and regulated outputs.

For a direct comparison with sample controllers, measured and regulated outputs
are taken to be the same as those for the sample controller in Nagargaiah and
Narasimhan (2005), i.e., the measurement outputs are absolute accelerations of the eighth
floor, base and ground denoted by Y, =[Xga Xea X oo Xoax Xoay X e Uge Ugy ] aNd

8ax bax bay

the outputs to be regulated are the inter-story drifts and base displacements at the farthest

180



corner of the building and absolute accelerations for all degrees of freedom given by
Z =[X, X,- X, X, X,.]",i=1,2,..8 The measured responses contain identically
distributed RMS noise of 0.14V modeled as Gaussian rectangular pulse processes with a
pulse width of 0.005 seconds. The sensor gains are given by (10/9.81)[I]V/(m/sec?),
where | is an identity matrix of order 8. The noise and sensor data are the same as those
for the sample controller. The ground excitation and the measurement noises are
assumed to be independent of each other. The optimal active control gain is then obtained

by minimizing the following performance index function:

_ é U
J =I|m1EédZ;QZa +u"Ru )dty (7.6)
& i

te¥t

where Q and R are weighting matrices for regulated outputs and control forces,
respectively. Minimization of the performance index J in Eq.( 7.6) resultsin the optimal
control force as

u=-KX, (7.7
where K is the control gain matrix. The augmented state vector X, is estimated as

X 4 through the Kaman-Bucy filter,
Xa=(Aq- LCy)Xy+(By - LDy )u+LY (7.9
where L is the observer gain matrix.

To have a direct comparison with other active control methods, active controllers
such as Linear Quadratic Gaussian (LQG,), active control with Kanai-Tajimi shaping
filter are aso investigated in addition to the proposed active pulse filter (APF) controller
and the sample active controller. The transfer function of the Kanai-Tajimi shaping filter

is expressed as,
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2
F(s)= (7.9

where the z jand wg are the ground decay factor and ground frequency, respectively.

Design procedure for controllers by incorporating the input ground excitation as filtered
white noise modeled by the Kanai-Tgjimi filter is similar to that of the APF controller.

For the design of sample active controller, Nagargaiah and Narasmhan (2005)
have proposed a modified form of Kana-Tgimi filter which can approximately model
the ground excitation characteristics of the set of earthquakes chosen for the benchmark
study. The modified Kanai- Tgjimi filter is given by

4z w_S
F(s) = 29

W, = rad/sec, z_ =0.3 7.10
s +2z wstwz C » 9 (7.10

o
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Figure 7.3: Power Spectrum Density Plots of the Kanai-Tajimi Filter,
the modified Kanai-Tgjimi Filter and the pulsefilter.

Fg. 7.3 shows the power spectrum density (PSD) plots of the Kanai-Tajimi filter

in Eq. (7.9), the modified Kanai-Tgjimi filter in Eq. (7.10) and the pulse filter in Eq.( 7.1).

182



The frequency and damping parameters for these filters are chosen as ? g= ? ;= 4.2 rad/s
(Tp = 1.5 sec) and z,=0.3. For the pulse filter, Cisequal to 1 and nis equa to 3 in Eq.
(3). It is observed from Fig. 4 that the pulse filter has lower PSD compared to Kanar
Tajimi models in Egs. (7.9) and (7.10) in both low and high frequency ranges. The
Kanai-Tgimi filter, Eq. (7.9, has larger PSD vaue in lower frequency range and the
modified Kanai-Tgjimi filter in Eq.( 7.10) has larger PSD in higher frequency range. The

pulse filter has larger PSD around ? ¢ =? = 4.2 rad/s.

7.4 SEMI-ACTIVE/PASSIVE CONTROL ALGORITHM/DEVICES

In addition to the active controllers described above, performance of various semi-
active controllers and linear passive damper is aso investigated using this benchmark
model. Two of these semi-active controllers, i.e., Semi-Active Continuous Pulse Friction
(SACPF) controller and Semi-Active Discontinuous Pulse Friction (SACPF) controller
are designed through applying different semi-active constraints on the Active Pulse Filter
(APF) controller.
Semi-Active Continuous Pulse Friction (SACPF) Controller

For semi-active implementation d the active controller in Eq. (7.7), a semi-active

friction controller, termed as the Semi-Active Continuous Pulse Friction (SACPF)

controller, is designed as

tanh(a d) (7.11)

fSA =- ng| KS(a
The controller in Eq. (7.11) is based on the semi-active friction controller proposed by He

et d (2003). In this controller, friction force in the damper is regulated by the normal

force mg|K>2 a|. In Eq.(7.12), mand g are the control gains, tanh(.) is the hyperbolic
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function which assures the continuous slippage of the semi-active friction damper, a isa

parameter that measures the thickness of the boundary layer, and d isthe velocity across
the damper. In this paper, ng is taken as unity in order to use the full amplitude of the
active feedback force and a = 1, which is an appropriate choice for this problem.
Semi-Active Discontinuous Pulse Friction (SADPF) Controller

The second friction controller, termed as Semi-Active Discontinuous Pulse Friction

(SADPF) controller, is proposed as

0 otherwise (7.12)
u

|
T =1 usgn(d) <0

where u is the active force in Eq. (7.7). It is noted that both controllersin Egs. (7.11) and

(7.12) are intrinsically dissipative in nature. It is noted that controllers in Egs. (7.11) and

(7.12) can be implemented by a semi-active friction damper or MR damper [ Saharabudhe

and Nagarajaiah (2005)].

Semi-active Friction Damper (SAFD)

Friction dampers exhibit two phases of behavior, ie., sticking and dipping. To
increase the performance of semi-active friction dampers (SAFDs), one should maintain
the dampers in their dipping phase as much as possible to continuously dissipate energy.
He et a (2003) proposed a Smooth Boundary Layer Semi-Active Friction (SBLSAF)
controller that guarantees the continuous slippage in the friction damper at al time
instants by introducing a boundary layer to eliminate the undesirable acceleration spikes
caused by high speed switching dynamics. The SBLSAF controller is expressed as [He et

al (2003), Inaudi (1997)]

u(t) = - ng|P[d (t)]| tanh(ad) (7.13)
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inwhich m, g, a, d and tanh(.) have the same meanings as those in Eq. (7.11). The

function |P[d(t)]| in Eq(9) is the absolute value of the local maximum (peak or trough)
prior to the current time, t, i.e,,

P[d(t)] = d(t- s), where s={minf 3 0: d(t- ) =0} (7.14)
in which s = time duration since the previous loca maximum (peak or trough).
Semi-active Stiffness Damper (SASD)

The semi-active stiffness damper (SASD) consists of a cylinder - piston system with
an on-off valve in the bypass pipe connecting two sides of the cylinder filled with
hydraulic oil [Bobrow et a (2000), Yang et a (2000), Agrawal et a (2003), Jabbari and
Bobrow (2002)]. When the valve is closed, the damper serves as a stiffness element with
an effective stiffness ke provided by the bulk modulus of the fluid inside. The semi-active
stiffness damper can be operated either in the resetting mode (RSASD) or switching
mode (SSASD). In the resetting mode, the value is pulsed to open and then closed
quickly at appropriate time instants. Since the valve is closed most of the time, the energy
is stored in the form of potential energy of the compressed oil in the damper system. At
appropriate time instants, the value is opered to quickly release the energy. At this
instant, the piston of the damper is reset to a new position. The control force in the
damper isexpressed as

u(t) = ke (d - ds) (7.15)
where ke is the effective stiffness of the damper, d is the relative displacement at the
device location and ds is the previous piston position at the instant of resetting. The valve

in the damper is reset when [Yang et a (2000), Agrawal et a (2003)],

d+gd=0 (7.16)
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where gis a gain parameter. In this investigation, g=0 is used so that resetting is made
when the potential energy of the compressed oil in the damper is maximum.

In the resetting semi-active damper, stiffness ke is added whenever the valve is
closed. Another type of semi-active stiffness damper in which damper stiffness can be
varied continuously has been investigated by Nagargjaiah and Mate (1998), Nadathur and
Nagargjaiah (2004), and Narasimhan and Nagarajaiah (2005).

Visco-elagtic Friction (VEF) Controller

The semi-active visco-€elastic friction (VEF) controller, based on the nonlinear Reid
damping and viscous damping mechanism, has been proposed by Chen and Chen (2000)
to control a piezoelectric friction damper. The control force exerted by this damper is

expressed as

_infed(t)+gd(t)]  dd3 0

f(t)=i : :
T ed(t)- gd(t)] dd <0

(7.17)

where mis friction coefficient, eand g are the gain coefficients of displacement and

velocity, respectively, and d(t) and d(t) are the displacement and velocity across the
damper.
Linear Passve Viscous Damper

To compare the performance of different control strategies, linear viscous damper
isaso considered The force generated by the linear passive viscous damper is expressed
as

u(t) = Cyd (7.18)

where Cy is the damping coefficient and d is the velocity across the damper.
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7.5 RESULTS AND DISCUSSIONSOF THE ACTIVE

CONTROLLERS

The APF controller in Eq.(7.17) is designed by considering n= 3, C=1, z,=0.3, and
Tp =1.5=c(i.e., Wy = 4.2 rad/sec), resgectively. These parameters are based on extensive
numerical and parametric studies. Parameters wy and zg for the Kanai-Tajimi filter are
taken as 17 rad/sec and 0.3, respectively. For the sample controller, parameters wy and z
for the modified Kanai-Tgimi filter are taken as 2p rad/sec and 0.3, respectively.
Outputs to be regulated are the same as those for the sample active controller. These
outputs include the inter-story drifts and absolute accelerations of the base and super-
structure along all three degree of freedoms. A controller weighting matrix Q is selected
by assuming diagona elements corresponding to drift and absolute acceleration in X and
Y directions are nonzero and diagonal elements corresponding to relative rotations and

rotational accelerations are zero. In addition, al non-diagona terms are zero, i.e.,

éq, | U
Q=a" " g (7.19)
é anDU

where Ip is a 27" 27 diagond matrix with either 1 or O in the diagond. In the sample
active controller design, the weighting ratio of g4/gs = 8/0.2 = 40 is used. However, the
ratio of gu/ga = 100 is taken in the design of all active controllers in order to increase the
weighting on displacement reduction. The R matrix istaken asa 3 3 unit matrix. Various
levels of control force are achieved by adjusting the values of qq and g, while keeping the

ratio of gy/ga unchanged Active control forces are applied through 16 hydraulic actuators

with 8 in each of the X and Y directions placed at same locations as the sample controller.
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The capacity of these actuators is also kept the same as the sample active controller for a

fair comparison. The maximum capacity of actuator is 2,200kN.
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Figure 7.4 Average of performance evaluation criteria using 14-earthquake load cases as a
function of applied force.

Fig. 7.4 shows the plots of the average of evaluation criteria using 7 earthquakes
applied in two orthogonal directions as a function of peak control force for different
active controllers. The average of evauation criteria is obtained by calculating the
evaluation criteria for each earthquake and then taking average of al of them at a
particular level of control force. It is observed from Fig. 7.4 that peak base shear (J),
peak structure shear (%), pesk inter-story drift (J4) and peak absolute floor acceleration

(J5) start increasing for the LQG controller beyond 6000 kN control force. Evaluation
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criteria J, b, %, % and J are aimost the same for LQG and Sample controllers. However,
the inter-story displacement (J;), the pesk (Js) and RMS (Js) floor accelerations for the
sample active controller are superior to those of LQG controller. The performance indices
Ji, b, I and J; corresponding to AKT are much inferior to other three active controllers,
which indicates that modeling near-field ground motion pulses as filtered white noise
through Kanai-Tgjimi filter is not beneficia to the control of structures against near-field
ground motions. On the other hand, all the evaluation criteria decrease with increase in
control force significantly for the APF controller compared to all other active controllers,
while the required normalized control forces (k) and total dissipated energy are only
dightly higher than other active controllers. This shows that the APF controller is more
effective than other active controllers in reducing response quantities of the benchmark
base-isolated building.

Table 7.1 presents the average results of the 9 performance indices for the peak
control force of 10,000 kN. Intable 7.1, “Sample” represents sample active controller,
“LQG” epresents the results obtained by using pure LQG active controller, “ AKT’
represents the results obtained by using LQG with Kanai-Tgimi filter, “ APF’ represents
the results obtained by using the Active Pulse Filter controller. It is observed from Table
7.1 that, for the same level of control force, the performance indices J; to Js, J; and Jg for
the APF controller are significantly smaller than those for other controllers. This again
demonstrates that the APF controller is more efficient in smultaneously reducing all the
response quantities, e.g., base displacement, drift, accelerations of base and super-
structure. The sample controller has smilar performance as that of the pure LQG

algorithm for most of the performance indices, except J, } and &%, where the sample
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controller performs much better than the LQG controller. The Active Kanai-Tajimi filter

(AKT) controller is inferior to others in terms of the magority of performance indices.
Table 7.2to 7.8 present the results of the benchmark model equipped with different

active controllers subject to all 7 prescribed earthquakes. For comparison purposes, the

results of the AKT controller based on the same parameters as those of the APF

controller (i.e, z4=0.3 and wy :i—p:f—i’:4.2rad/s ) are adso listed in table 2-8,
p L

designated by “AKT1". In Tables 28, “C.D” represents the percent corner drift and the
other variables have the same meaning as those in Table 7.1. Different controllers
investigated are designed by keeping the performance index, Js (peak control force
normalized by the peak base shear in controlled case), less than 0.15, which is consistent
with the sample active controller. The same design parameters are used for each control
approach in obtaining the values corresponding to the 14 load cases, i.e., 7 earthquakes in
FP and FN directions. It is observed from table 7.2 to 7.8 that for a smilar J,
significantly better reduction of J to %, J;, s and corner drift (C.D) can be achieved for
the APF controller compared to the others.

To show a comparison between different controllers in Table 7.2to 7.8, minimum
values of J-Js, J-% and corner drift among the 5 controllers is highlighted by bold. It is
observed from Table 7.2-7.8 that the response quantity evaluation criteria J-J5, J-J%
using the APF controller are significantly smaller than all other controllers, except for J
and % for Newhall earthquake (3,=0.88, $=0.89 for APF versus J=0.84, §=0.87 for
sample in FP-X, FN-Y direction and 14=0.92, J=0.95 for APF versus J1=0.85, 5=0.84 for
sample in FN-X, FP-Y direction), J for Sylmar component of Northridge earthquake in

FP-X, FN-Y direction (%=0.97 for APF versus }=0.95 for sample), J; and J for Rinadi

190



Component of Northridge Earthquake (J4=0.95 for APF versus J,=0.94 for sample in FP-
X, FN-Y direction and 3=0.97, 3=0.99 versus 4=0.95, }=0.94 for sample in FN-X ,F>-
Y direction), § for Kobe earthquake (J5=0.98 for APF versus 5=0.90 for FP-X, FN-Y
direction and 1=0.97 for APF versus J=0.94 for samplein FN-X, FP-Y direction), and J
for JiJi earthquake in FN-X, FP-Y direction (J3=0. 84 for APF versus J3=0.79 for sample).
The overall performances of AKT and AKT1 are similar, which indicates that the active
controller based on LQG with Kanai-Tajimi filter is robust to the parameter ? 3. However,
the AKT1 isdightly better than AKT for some earthquakes in reducing J;, b, % and J.

It is noted that the same controller is used to evaluate performance during al 14
cases of earthquake response. For APF controller, this has been done by assuming the
same ground motion pulse parameters in the controller design for all earthquakes. A
significantly better performance can be achieved by designing the APF controller for a
specific site using site specific ground motion pulse parameters [Agrawal et a (2006)].

Hg. 7.5 shows the time history plots of building response quantities using Kobe
earthquake in FP-X and FN-Y direction for the uncontrolled, sample active and APF
cases. It is observed that the controlled response quantities for both the sample controller
and APF are much smaller than those d the uncontrolled case. For the same control force
level, the base displacement, drift at 8" floor and base acceleration for the APF are much
less than those of the sample controller, although the maximum acceleration at 8" floor
using APF controller is larger than that of the sample controller and is almost the same as
the uncontrolled case. It is aso observed that the amplitudes of the response quantities

using the APF controller decrease much faster than those of the sample controller.
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Figure 7.5 Time history plots of Kobe earthquake in FP-X and FN-Y direction.
The response quantities are for X-direction. From above: Base displacement at the
center of mass, Drift at 8" floor, Base acceleration at the center of mass,
Acceleration at 8" floor, Control force.
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7.6 RESULTS AND DISCUSSIONS OF THE SEMI-ACTIVE AND

PASSIVE CONTROLLERS

In this study, the hardware locations and the number of the control devices are

again taken to be the same as the sample controllers in order to compare the results with

that of the sample controllers.

Tables 7.9 to 7.15 present the results of the benchmark model equipped with
different controllers subject to al 7 prescribed earthquakes. In these tables, column 1
presents the evaluation criteria J; through &, percent Corner Drift (C.D) and control force
normalized by the structure weight (F/W). Column 2 to 9 in Tables 7.9 through 715
present the corresponding quantities for al eight controllers, i.e., sample passive
controller, Linear Passive Viscous (LPV) damper, sanple semi-active controller, Smooth
Boundary Layer Semi-Active Friction (SBLSAF) controller, Resetting Semi-Active
Stiffness Damper (RSASD), ViscoElastic Friction (VEF) damper, Semi-Active
Continuous Pulse Friction (SACPF) controller and Semi-Active Discontinuous Pulse
Friction (SADPF) controller.

In Tables 7.9through 7.15, the same design parameters are used for a particular
controller for all 14 earthquake cases, i.e., 7 earthquakes in each of the FP and FN
directions. In order to have a direct comparison with the sample controllers, the
parameters for each controller are chosen so that the peak control force of that controller
is almost the same as the corresponding sample controller during the Erzinkan earthquake
with FP-X and FN-Y. In other words, the peak control force of the Linear Passive
Viscous damper is almost the same as the sample passive controller, and the peak control

forces of the five semi-active controllers are almost the same as that of the sample semi-
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active controller, see the last row of Table 7.15a. The parameters for different controllers
are: damping coefficient C = 1400 kKN.s/m for linear passive viscous damper; a=1, m=0.2
and g=20000 for SBLSAF; ke=1500 KN/m for RSASD; n¥0.2, e=6000 and g=2000 for
VEF. Also, q=3.5 10° for SACPF and q=1.9" 10° for SADPF are used in the design of
active controller using LQG in Eq. (7.19). For SACPF and SADPF controllers, ng=1 and
a = 1 are chosen. The active controller in Eq.(7.7) is designed by considering n = 3 for
the transfer function in Eq. (7.1). The coefficient of the magnitude of the pulse filter, C, is
taken as 1 in the controller design and the damping factor z, and the period T, are taken
as 0.3 and 1.5sec.

In Tables 7.9 to 7.15, the performance indices larger than 1 indicate that the
response of the controlled structure is larger than that of the uncontrolled structure. These
quantities are highlighted in bold. In order to present a systematic comparison for the
performance of different controllers, a detailed analysis of the capability d a controller in
reducing different response quantities are presented in the following.

a) Controller Performance in reducing a Particular Response Quantity

A detailed analysis of the results presented in Table 7.9-7.15 is carried out to
characterize the performance of a controller in reducing a particular response quantity.
Only evauation criteria J to § are considered, since ¢ and J are RMS response
quantities corresponding to the peak response quantities. The evaluation criterion J9 is
the total energy dissipated by dampers normalized by the energy input into the controlled
structure.  The value of § varies with the earthquake ground motion, since both the
energy dissipated and the input energy to the structure depend on the behavior of

controllers. Likewise, the evaluation criterion J6 is the peak control force normalized by
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the peak base shear, and it varies with different earthquakes. In order to show the
comparison between the peak control forces required by different controllers, the last row
of Tables 7.9-7.15 shows the ratio of the peak control force to the building weight, F/W.
As mentioned previoudly, al controllers are designed for similar levels of peak control
forces during the Erzinkan earthquake with FP-X and FN-Y. It is observed from Table
7.15a that passive and semi-active controllers require maximum control force of 6.3%
and 5.9% of the building weight, respectively.

Peak Base Shear (J;): It is observed from Tables 7.9to 7.15 that the best performancein
reducing the peak base shear (J;) to 0.66 is obtained by SACPF controllers during the JiJi
FN-X, FY-Y earthquake. The peak base shear increases by 25% (i.e., J = 1.25) during
the El Centro earthquake for the sample semi-active controller. Peak base shear using
RSASD increases during the Sylmar FP-X, FN-Y, El Centro, Rinaldi, Kobe FN-X, FP-Y,

and Erzinkan FP-X, FN-Y earthquakes, with maximum increase being 17% during the
Kobe FN-X, FP-Y earthquake. Table 7.16 presents average of the evaluation criteria for
14 earthquakes corsidered. It is observed from Table 7.16 that LPV, SACPF and SADPF
have the best average performance in reducing the peak base shear by 18%. Performance
of al other controllers is superior to the sample semi-active and RSASD controllers, in
which the sample semi-active controller only has 3% average reduction and RSASD does
not reduce the average peak base shear (J;=1.0).

Peak Structure Shear (J2): The minimum (best) value of } is obtained as 0.65 for the
JJ FN-X, FN-Y earthquake for the SACPF controller and the worst value is obtained as
1.24 during the El Certro earthquake for the sample semi-active controller. It is observed

that } increases during several earthquakes for the RSASD and sample semi-active

195



controllers. The value of J increases for LPV and VEF controllers only during the
Rinaldi earthquake. It is observed from Table 7.16 that the LPV, SACPF, SADPF,
SBLSAF and VEF controllers are the most effective in achieving the best average % and
the RSASD controller has the worst performance.

Peak Base Displacement (J3): The reduction on the peak base displacement of the base
isolated building is one of the most important criteria during strong earthquakes. The
minimum (best) value of J = 0.14 is obtained for the EI Centro FP-X, FN-Y earthquake
for the sample passive case, athough the peak base shear, peak interstory drift and peak
absolute acceleration increase drastically for this case during several earthquakes.
Compared to this case, J; = 0.39 is obtained by the LPV for the El Centro FP-X, FN-Y
earthquake, with relatively lesser increase in the peak base shear, peak interstory drift and
peak absolute acceleration during different earthquakes, as compared to the sample

passive case. For semi-active controllers, best value of J = 0.40 is obtained by the VEF
during the EI Centro FP-X, FN-Y earthquake, and the worst value of J; = 0.89 is obtained
for the RSASD during the Sylmar FP-X, FN-Y earthquake. It is further observed from
Table 7.16 that among semi-active controllers, the VEF controller performs the best in
reducing peak base displacement, followed by the sample semi-active, SBLSAF, SADPF,
SACPF and RSASD controllers. The two passive controllers have better performance
than other six semi-active controllers, in which 52% and 44% reductions can be achieved
by the sample passive controller and LPV respectively. However, other response
quantities start to increase because of the use of sample passive and LPV dampers.

Peak Superstructure Drift (J4): The minimum (best) value of J; = 0.62 is dotained for

the SACPF controller during the JiJi FN-X, FP-Y earthquake. The worst values are 2.18
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and 1.37 for the sample passive and sample semi-active controllers, respectively, during
the El Centro FN-X, FP-Y earthquake. It is observed from Tables 7.9to 715 that this
response quantity increases beyond 1.0 frequently for the sample semi-active and RSASD
controllers during severa earthquakes because of the addition of controllers/dampers.
The peak superstructure drift for SACPF increases during the Newhall earthquake, and
that for the VEF controller increases during the Newhall FN-X, FP-Y earthquake and
Rinaldi earthquake. For the base-isolated buildings, superstructure drifts are reduced
significantly compared to the corresponding fixed-base building because of the isolation
from the ground motion. Hence, a controller that reduces or doesn’t increase the peak
superstructure drift, while reducing the base displacement significantly, is desirable for
practical applications. In this respect, all controllers, except the sample passive and
sample semi-active controllers, have been observed to perform well. This fact can also be
observed from Table 7.16.

Peak Superstructure Acceleration (Js): It is well known that the peak absolute floor
acceleration of a kase-isolated building with supplemental dampers installed in parallel
with isolators decreases with an increase of damping in the supplemental damper up to a
certain level of the damper force, and it starts to increase beyond that force. For the
sample passive damper, it is observed from Tables 7.9-7.15 that the evaluation criterion
Js increases drastically for al earthquakes, except the JiJi earthquake. In fact, the peak
absolute floor acceleration for the El Centro FN-X, FP-Y earthquake increases by a factor
of 3.45 for the sample passive damper (i.e.,, 5 = 3.45). This typically happens when the
level of supplemental damping is high. For semi-active controllers, the minimum (best)

value of J = 0.70 is obtained for SBLSAF and SADPF controllers during the JJ FN-X,
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FP-Y, and the worst value of 2.08 is obtained for sample semi-active controller during the
El Centro FN-X, FP-Y earthquake. It is observed from Tables 7.97.15 that the
performance for % is the worst for the sample passive, sample semi-active and RSASD
controllers. It is observed from Table 7.16 that SBLSAF and SADPF have the best
average performance in reducing k.

Corner Drift (C.D.): The percent corner drift is different for different earthquakes and it
doesn't vary significantly for different controllers with the same earthquake.

Average of Peak Response Quantities The last column of Table 7.16 shows the average
of peak evaluation criteria J, to J for different controllers. It is observed that the LPV,
SBLSAF, VEF, SACPF and SADPF hawe the best capability to reduce al response
quantities simultaneously. The performances of the RSASD and sample semi-active
controllers are inferior to these controllers.

b) Evaluation Criteria versus Peak Control Force

To evaluate the relationship between the evaluation criteria and the peak control
forces, Fig. 7.6and 7.7 show plots of peak evaluation criteria J to %, as a function of
peak control force for controllers discussed in Tables 7.9to 7.15 for El Centro and
Rinaldi earthquakes. Both earthquakes are applied with fault-parallel (FP) component in
X direction and fault-normal (FN) component in Y direction. It has been observed from
Tables 7.9-7.15 that the overall performance of controllers for the Rinaldi earthquake is
inferior to that for the El Centro earthquake.

Different control force levels in Fig. 7.6 to 7.7 are achieved by varying the
characteristic parameters for each controller, e.g., the damping coefficient C for LPV,

control gain g for SBLSAF with friction coefficient m= 0.2 and boundary layer thickness

198



parameter a=1, damper diffness ke for RSASD, the displacement and velocity gain
coefficients (eand g) for VEF, the weighting coefficient g for SACPF and SADPF with
ng =1land a =1 For the sample semi-active controller, data caresponding to only
certain range of control forces could be obtained for different earthquakes by varying the
controller and state weighting coefficients.

It is observed from Fig. 7.6and 7.7 that the normalized peak base displacement, J,
always decreases with an increase of the peak control force, where almost 70% reduction
can be achieved for the El Centro Earthquake and only 30% reduction can be achieved
for the Rinaldi earthquake for most of the controllers using approximately 12,000 kN
control force. However, increasing the control force results in the amplification of other
criteria for some controllers during different earthquakes. It is observed that the
performance of SADPF is better than other controllers in reducing J, %, J; and J during
these two earthquakes. The performance of the sample semi-active controller is worse
than all other controllers in reducing the peak base displacement (Js) during both the El
Centro and Rinaldi Earthquakes, as indicated by scattered square points in Fig. 7.6 and
7.7. For the El Centro earthquake, it is observed from Fig. 7.6 that the sample semi-
active controller is only dightly better than the RSASD and is inferior to al other
controllers in reducing the evaluation criteria J, %, J and % when the control force is
less than a certain level. For higher control force levels, evaluation criteria &, -, % and
J increase rapidly for the sample semi-active controller and the RSASD while these
evaluation criteria decrease continuously for a significant range of control forces for the
SADPF and other controllers For the Rinaldi earthquake in Fig. 7.7, evaluation criteria J,

%, J and J for the sample semi-active controller are superior to those for the RSASD,
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comparable to those for the SBLSAF, but inferior to those for the SACPF and SADPF
controllers.

Fig. 7.8 presents the average of evaluation criteria for the 6 controllers as a
function of the control force. Average of evaluation criteria is calculated for all 14 cases
of earthquakes considered. It is observed from Fig. 7.8 that the overal performance of
RSASD in controlling J, %, Xk J; and J is worse than other controllers. The
performances of other controllers in reducing the peak response quantities are
comparable to each other. It can be further observed from Fig. 7.8 that the LPV and
SADPF are dightly better than others in reducing J and %, VEF and LPV are dightly

better in reducing J, and the SBLSAF is dlightly better in reducing J, and Js.
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c) TimeHistory Plots

Fig. 7.9and 7.10 show the time-history plots of various response quantities for the
uncontrolled building, and the building with SACPF, SADPF and Sample controllers in

Tables 7.9-7.15 using Erzinkan FP-X, FN-Y earthquake.
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Figure 7.9: Time history plots of Base shear, Super-structure shear, Base
displacement at the center of mass, and Drift a 8" floor using
Erzinkan earthquake in FP-X and FN-Y direction.

Fig. 7.9 presents the plots for the base shear, structure shear, base displacement (the

Center of Mass) and super-structure drift between 7" and 8" floor. The plotted quantities
in Fig. 7.10 are the 8" floor acceleration, control force, total energy dissipated by the
controllers and the total input energy. All the quantities plotted in Fig. 7.9and 7.10 are

for the response quantities in Y-direction of the building, except the energy plots which
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are the summation of both X and Y directions. The control forces of the three controllers
are kept at a same level as shown in Fig. 7.10 in order to have a fair comparison for

different quantities.
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Figure 7.10: Time history plots of 8" floor acceleration, Control force,
Dissipated energy and Input energy using Erzinkan earthquake in
FP-X and FN-Y direction.

It is observed from Fig. 7.9and 7.10 that the controlled response quantities can be
effectively reduced as compared to the uncontrolled case with the only exception of the
8" floor acceleration. It is observed that the peak acceleration of the 8" floor is increased
from 2.53 m/s* to 3.23 /s’ for the sample semi-active controller. The peak base shear,
peak structure shear, peak super-structure drift and peak 8" floor acceleration for the

SACPF and SADPF are smaller than those for the sample semi-active controller, while
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the peak base displacements at the center of mass are aimost the same for the three
controlled cases. This again demonstrates that the proposed semi-active controllers based
on the active algorithm with pulse filter (APF) are more effective in controlling different
response quantities of a baseisolated building simultaneously. The total input energy
does not change significantly for the controlled cases compared to the uncontrolled case,
and the total energy dissipated by the sample semi-active controller is only dlightly larger

than that for the SACPF and SADPF controllers.

d) Performance Difference of Controllers

It is observed from Fig. 7.8 that the performance of al controllers in reducing
base-displacement (J;) is quite similar. The performance of RSASD is quite inferior to
other controllers in reducing base shear (J;), structure shear (J), inter-story drift (&) and
floor acceleration (Js) since RSASD adds force to the base-isolators by adding stiffness,
thereby, reducing the isolation effect (i.e., higher acceleration, base-shear and inter-story
drifts). All other controllers are primarily dissipative in nature and reduce al response
quantities by dissipating energy simultaneously in the practical range of control forces

(i.e., lessthan 6% of building weight as see from last row of Table 7.16).

7.7 CONCLUSIONS

The performance of different active .g., Active Pulse Filter (APF) controller,
sample controller, Active Kania-Tgimi filter (AKF) controller and LQG), semi-active
(e.g., Semi-Active Continuous Pulse Friction (SACPF), Semi-Active Discontinuous Pulse
Friction (SADPF), and Smooth Boundary Layer Semi-Active Friction (SBLSAF) and

Visco-Elastic Friction (VEF) controllers) and passive controllers are investigated for their
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effectiveness in reducing response quantities of the benchmark base-isolated building
model.

Among active controllers, he APF controller is designed by augmenting the
structural system with a state-space model of near-field ground motion pulses.
Comparison of various active controllers demonstrates that the APF controller is capable
of reducing base displacement (drift of isolators), super structure drift and absolute
accelerations of al floors simultaneously. Performance indices using 7 near-field
earthquakes in two directions show that the APF controller is significantly more effective
than other active controllers for the same level of control force. Besides the peak
response guantities, the amplitude of different response quantities also decreases much
faster than those of sample controller with time. This shows that the APF controller is
more effective in suppression of vibration, compared to other active controllers.

Among semi-active controllers, SACPF and SADPF are designed by augmenting

the structure with a pulse filter model. Detailed numerical results indicate the
performance of a particular controller varies from one earthquake to another and all semi-
active controllers considered are quite effective in reducing the base displacement of the
building. Average results of the performance indices J; to J indicate that approximately
20% reduction can be achieved by SACPF, SADPF, LPV, VEF and SBLSAF controllers
for the 5 peak response criteria, only 4% reduction can be achieved for the sample semi-
active controller and 6% reduction is achieved for the RSASD. The average of i to b
increases by 1% for the sample passive controller, athough it has the best overall
performance in reducing the base displacement response compared to other controllers.

Overdl, SACPF and SADPF controllers have better capability of reducing all response
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guantities compared to other semi-active controllers.

Table 7.1: Average result of performance indices at 10,000kN Control Force

Sample] LQG | AKT | APF

J1 (Base Shear) 095 | 095 | 1.06 | 0.81
J2 (Struct. Shear) 098 | 100 | 1.0/ | 082
J3 (Base Disp.) 071 [ 071 [ 080 | 0.64
J4 (Drift) 090 | 100 | 1.20 | 0.85
J5 (Floor Acc.) 1.07 | 141 | 1.08 | 097

J6 (Control Force) 025 | 025 0.23 | 0.32
J7 (RMSBaseDisp.)| 065 | 064 | 0.72 | 0.52
J8 (RMS Foor Acc)| 075 | 099 | 091 | 0.63
J9 (Device Energy) 055 | 055 | 055 | o.61

Table 7.2: Evauation criteriafor the building subject to Newhall earthquake.

FP-X, FN-Y N-X, FP-Y
Sampld LQG]AKTIAK T JAPHSample] LQG[AKT]AKTJ APF
0.86 |0.92[0.89] 0.89 |0.84] 0.80 [0.84]0.82] 0.820.76
0.88 [0.94[0.91] 0.91 |0.86] 0.86 [0.88[0.89] 0.87 [0.79
0.80 |0.82]0.79] 0.79]0.75] 0.75 [0.75]0.71] 0.71[0.64
0.84 |0.91]0.87] 0.90 [0.88] 0.85 [0.99]0.90] 0.77 [0.92
0.87 |0.97[0.90] 1.01 |0.89] 0.84 [1.02[0.89] 0.84 [0.95
0.14 |0.12]0.14] 0.21 [0.12] 0.15 [0.14|0.15] 0.25[0.16
0.68 |0.72]0.70] 0.69 |0.62] 0.72 [0.72|0.72] 0.71]0.69
0.79 |0.85[0.8[ 0.82|0.77] 0.72 [0.77[0.73[ 0.71 [0.68
0.44 |0.46]0.45] 0.46 |0.54] 0.43 [0.50(0.46] 0.48[0.56
0.17 |0.18[0.17[ 0.18 [0.17] 0.24 [0.29]0.26] 0.22 [0.27]

O O 8| &| 9| 5| & = &B| S| =

Note: Minimum of each evaluation criteria indicated by bold.
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Table 7.3: Evaluation criteria for the building subject to Sylmar earthquake

FP-X, FN-Y FN-X, FP-Y
Sample] LQG|AKTIAKTHYAPF|Sampld L QG|AKT|AK T APF
Ji1] 093 |0.92]0.99| 0.95|0.86] 0.96 | 0.89]1.02] 0.99 [0.85
0.94 10.94]11.00{ 0.96]0.89] 0.94 | 0.88|1.01| 0.98 |0.84
0.93 10.91]0.95| 0.93]0.87] 0.91 | 0.88]0.93| 0.91 |0.81
0.95 10.95]1.02| 0.98|0.90] 0.92 | 0.83]0.95] 0.94 |0.81
095 ]0.99]1.01| 1.07|0.97] 0.92 | 0.84|0.94] 0.98 |0.82
0.13 |0.12|0.20{ 0.19|0.15} 0.13 | 0.13]0.19] 0.19 |0.15
J7] 0.72 ]0.72]0.73] 0.70]0.65] 0.71 ] 0.69]0.68] 0.67 [0.62
Jg] 0.84 10.81(0.87| 0.83|0.75] 0.73 | 0.71]0.76] 0.73 |0.64
J9| 045 |0.51]0.55| 0.560.54] 0.54 | 0.59]0.61] 0.62 |0.61

0.33 ]0.34]0.38| 0.36|0.32] 0.37 |0.34|0.38] 0.37 [0.33

5| G| & &)<

Note: Minimum of each evauation criteria indicated by bold.

Table 7.4: Evauation criteria for the building subject to El Centro earthquake

FP-X, FN-Y FN-X, FP-Y
Sample]LOG[AK TIAK T I APF|Sample]LQG [AKT|AK T APF
Ji] 0.97 |1.00]1.01] 0.97 [0.92] 0.99 | 1.01|1.02| 0.97 [0.94
J2] 0.95 [0.97]0.98] 0.95 [0.90] 0.98 | 1.01 [1.02] 0.99 [0.94
0.83 [0.81[0.81] 0.80 [0.73] 0.93 [0.89[0.85] 0.84 [0.77
0.81 [0.85]0.84] 0.83 [0.80] 0.97 [1.01]1.01] 0.97 |0.94
0.82 [0.87[0.85] 0.930.82| 1.02 [1.01[1.06] 1.04[0.95
0.10 [0.09]0.12] 0.15[0.22] 0.09 [0.11]0.12] 0.13]0.12
J7] 0.78 |0.77]0.76| 0.75 |0.68] 0.80 | 0.77|0.75] 0.74 |0.67
8] 0.70 [0.71]0.72[ 0.71 [0.63] 0.77 [0.76 [0.77] 0.77 [0.69
J0] 0.37 [0.41]0.42] 043 [0.46] 0.37 [0.42]0.41] 0.43]0.46

0.17 ]0.16/0.16f 0.16 |0.15] 0.11 |0.11|0.11] 0.10|0.10

slel =l

Note: Minimum of each evaluation criteria indicated by bold.
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Table 7.5: Evaluation criteria for the building subject to Rinadi earthquake

FP-X, FN-Y FN-X, FP-Y
Sample] LQG|AKTIAKTHYAPF|Sampld L QG|AKT|AK T APF
Ji1} 097 |1.06(1.02| 0.99|0.96] 0.90 | 0.9910.96| 0.88 [0.89
0.96 [11.06]1.01]| 0.94]0.96] 0.94 |1.04]1.00] 0.91 |0.94
0.95 10.92]0.95| 0.93]0.86] 0.74 | 0.74]0.75| 0.73 |0.71
0.94 |1.04]0.98| 0.94]0.95] 0.95 | 1.07]1.00] 0.94 [ 0.97
0.97 [1.06]1.01| 1.05]0.97] 0.94 [ 1.07]0.98] 1.02 | 0.99
0.13 | 0.11)0.19| 0.18|0.13] 0.10 | 0.11]0.14] 0.15|0.12
J7] 0.73 ]0.71]0.69] 0.680.61] 0.67 ] 0.66]0.60 0.60 [0.55
Jg] 0.74 10.74{0.73| 0.72|0.66] 0.63 | 0.65]0.61| 0.60 |0.55
J9| 046 |0.49]|0.53| 0.530.54] 0.48 | 0.52]0.55] 0.55 |0.58

0.35 10.34]0.35| 0.35]0.31] 0.36 | 0.39]0.37]| 0.35 | 0.36

5| G| & &)<

Note: Minimum of each evauation criteria indicated by bold.

Table 7.6: Evaluation criteria for the building subject to Kobe earthquake

FP-X, FN-Y FN-X, FP-Y

Sample] LQG [AKTIAKTL| APF [Sample] LQG | AKT|AKT1| APF

0.90 | 0.89 {0.91| 0.90|0.87| 0.86 | 0.83 | 0.86] 0.83 | 0.78

0.89 | 0.89 [0.91] 0.90]0.87] 0.85 | 0.82]0.85] 0.83 | 0.78

0.85 | 0.83 [0.81] 0.80]0.82] 0.79 | 0.81 | 0.79] 0.79 | 0.84

0.89 | 0.90 (0.91] 0.89]0.88] 0.84 | 0.81 | 0.83] 0.81 | 0.77

0.90 | 091 {0.92] 0.90]0.89] 0.84 | 0.81 | 0.83] 0.81 | 0.78

0.09 | 0.08 {0.12] 0.12]0.14}] 0.12 | 0.10 | 0.15| 0.14 | 0.15

0.81 |1 0.79 |0.73] 0.73]10.68] 0.78 | 0.77 | 0.74] 0.74 | 0.72

0.87 | 0.84 |{0.86| 0.84|0.77] 0.75 | 0.73 | 0.74] 0.73 | 0.67

Ed&d%l&ib-llﬁs&sfd&

0.34 | 0.36 {0.38] 0.38]0.44] 0.41 | 0.42 1 0.45| 045 | 0.49

@)
o

0.44 | 0.44 |0.43] 042]10.41] 0.56 | 0.53 | 0.57] 0.55 | 0.52

Note: Minimum of each evaluation criteria indicated by bold.
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Table 7.7: Evaluation criteria for the building subject to JiJi earthquake

FP-X, FN-Y

N-X, FP-Y

Sample

LQG[AKT

AKTL

APF

Samplg

LQG

AKT

AKTY APF

0.84

0.90

0.90

0.88

0.81

0.98

1.05

1.04

1.00 | 0.94

0.85

0.90

0.91

0.88

0.81

0.98

1.04

1.03

0.98 | 0.95

0.79

0.80

0.78

0.78

0.72

0.83

0.86

0.84

0.84 1 0.77

0.82

0.83

0.86

0.79

0.74

0.96

1.04

1.01

0.95| 0.96

0.90

0.96

0.94

1.04

0.98

0.94

1.03

0.99

0.98 | 0.97

0.10

0.10

0.12

0.16

0.11

0.10

0.10

011

0.16 | 0.11

0.75

0.75

0.73

0.73

0.66

0.87

0.88

0.88

0.87 ] 0.81

0.69

0.70

0.67

0.66

0.60

0.79

0.83

0.80

0.80 | 0.74

| 8| 9| 5| 5| =| & S| =

0.41

0.44

0.43

0.45

0.50

0.27

0.31

0.28

0.32 ] 0.38

O
o

0.21

0.21

0.21

0.21

0.19

0.24

0.24

0.23

0.22 | 0.23

Table 7.8 : Evaluation criteriafor the building subject to Erzinkan earthquake

Note: Minimum of each evaluation criteria indicated by bold.

FP-X, FN-Y

FN-X, FP-Y

Sample|L QG

AKT

AKT1

APH

Sampl &

LOd

AKT

AKT

APE

Ji

0.99

0.95

1.06

1.04

091

0.90

0.86

0.97

0.95

0.83

J2

1.02

0.97

1.09

1.08

0.93

0.90

0.86

0.97

0.96

0.82

J3

0.79

0.77

0.75

0.73

0.66

0.74

0.75

0.72

0.70

0.63

NT

0.85

0.82

0.91

0.89

0.77

091

0.86

1.02

0.96

0.82

J5

0.99

0.94

1.05

1.10

0.88

0.92

0.89

1.02

101

0.82

J6

0.11

0.11

0.16

0.16

0.17

0.12

0.12

0.16

0.15

0.14

J7

0.80

J8

0.77

0.78 |0.76

0.73
0.79

0.72

0.66

0.73

0.73

0.70

0.70

0.63

0.77

0.68

0.71

0.71]

0.71

0.69

0.62

J9

0.45

0.49

0.50

051

0.55

0.52

0.54

0.58

0.58

0.61

C.
D

0.29

0.29

0.30

0.28

0.25

031

0.30

0.34

0.32

0.27

Note: Minimum of each evaluation criteriaindicated by bold.
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Table 7.9a. Evaluation criteria for the base-isolated building subject to Newhall
earthquake in FP-X, FN-Y directions.

FP-X, FN-Y
Sam_ple LPV SaSrerPﬁile SBLSAHRSASD| VEF |SACPF SADPF
Pessive active

N} 0.91 0.85 0.97 0.87 0.97 0.87 0.84 0.82
N 095 | 0.85 1.02 0.89 099 | 087 | 0.86 0.85
N 0.51 0.57 0.56 0.69 0.68 0.58 0.69 0.68
N/ 1.30 1.02 1.04 0.91 0.94 0.99 1.01 0.94
J 2.49 1.05 1.49 1.02 0.96 1.03 1.08 1.00
N 0.34 0.34 0.30 0.29 0.19 0.30 0.29 0.24
N7 0.25 0.36 0.33 0.47 0.42 0.37 0.51 0.44
Js 1.07 0.70 0.89 0.73 0.73 0.70 0.77 0.70
J 0.89 | 0.80 0.79 0.69 067 | 0.79 | 0.64 0.71
CD 0.25 0.19 0.21 0.18 0.18 0.18 0.19 0.17
FWwW T onse T nns3 0 NR3 nnas T nnra T nnar T nnaa 0 N3F

Table 7.9b. Evaluation criteriafor the base-isolated building subject to Newhall
earthquake in FN-X, FP-Y directions.

N-X, FP-Y
| |

%ﬁ’lg LPV SersﬁimagtiseSBLSAF RSASD| VEF |SAcPF| saDPF
I 083 | 0.78 0.88 078 | 087 [ 079 | 0.76 0.74
X 0.93 | 0.79 0.92 081 | 090 | 081 | 0.81 0.77
% 051 | 056 0.55 067 | 067 | 057 | 063 0.60
Ja 1.32 | 1.08 1.24 082 | 105 | 107 | 112 1.00
J 1.85 | 1.19 1.40 085 | 109 | 118 | 119 1.03
Jo 0.33 | 0.34 0.30 029 | 019 | 030 | 0.35 0.29
J; 0.34 | 0.46 0.42 059 | 058 | 048 | 0.61 0.54
J 1.05 | 071 0.84 073 | 078 [ 071 | 0.77 0.67
X 0.89 | 0.79 0.80 068 | 065 | 0.78 | 0.66 0.72
CD | 040 [ 0.32 0.37 026 | 031 | 032 [ 0.32 0.31
F/W | 0.056 | 0.053| 0053 | 0.045 | 0.033] 0.047 | 0.053 | 0.043
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Table 7.10a. Evaluation criteria for the base-isolated building subject to Sylmar
earthquake in FP-X, AN-Y directions.

FP-X, FN-Y

%ﬁ’/‘g LPV Sasﬁ{ggi‘f/essLSAF rsasD| VEF |sAcPr| sappr
i 0.90 | 0.78 0.90 079 [ 101 [ 080 [ 081 | 0.83
X 093 [ 0.79 0.91 082 [ 102 [ 0821 082 | 085
T 0.66 | 0.71 0.73 072 | 089 | 073 | 0.76 | 0.78
X 0.81 | 0.80 0.87 084 [ 096 | 081 | 08 | 0.82
J5 1.48 | 1.00 1.16 095 | 113 | 102 | 097 | 0.97
Je 0.25 | 0.34 0.24 027 | 020 | 030 | 030 | 0.27 |
J; 040 | 0.44 0.45 045 | 056 | 046 | 047 | 0.48
X 0.82 | 063 0.74 060 | 0.78 | 064 | 063 | 0.62
Jo 0.86 | 0.80 0.81 0.76 | 069 | 0.79 | 0.75 | 0.74
CD | 027 | 029 0.35 030 | 037 | 030 | 032 | 0.30
F/W | 0062 [ 0072 0.059 | 0.058 | 0.055 | 0.065 | 0.065 | 0.061

Table 7.10b. Evaluation criteria for the base-isolated building subject to Sylmar
earthquake in FN-X, FP-Y directions.

FN-X, FPY

%@g LPV Sesﬁ{“agt'ﬁ/eSBLSAFRSASD VEF |SACPF|SADPF
% | 079 |070| 08 | 070 | 092 072] 073 | 077
% | 078 [ 067 | 079 | 069 | 092 | 069 | 071 | 0.76
% | 068 | 065 | 074 | 064 | 086 | 066 | 068 | 0.70
3, | 080 [073| 079 | 073 | 088 | 073 | 070 | 0.76
3 | 15 | 089 | 092 | 076 | 095 | 087 | 078 | 080
T | 025 [ 033 | 023 | 026 | 020 | 029 | 030 | 0.9
3, | 046 | 047 | 051 | 046 | 061 | 048 | 049 | 050
5 | 067 | 040 | 061 | 048 | 067 | 050 | 054 | 055
T | 085 | 080 | 08L | 076 | 060 | 079 | 074 | 0.76
CD | 033 | 030 | 034 | 030 | 038 | 030 | 0.0 | 031
FW | 0061 | 0.073 | 0.059 | 0.057 | 0.061 0.066 | 0.070 | 0.069
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Table 7.11a. Evaluation criteria for the base-isolated building subject to EI Centro

earthquake in FP-X, FNFY directions.

FP-X, FN-Y

%ﬁ}g LPV Sasgmag'ﬁeSBLSAFRSASD VEF |SACPF|SADPH
NN 0.73 | 0.86 1.25 095 | 1207 [ 089 | 093 [ 0.86
b 0.87 | 0.82 1.24 093 | 1204 [ 085 [ 091 [ 0.83
N 0.14 | 0.39 0.54 053 | 048 | 040 | 0.71 | 055
Iy 1.22 | 072 1.26 082 [ 091 [ 074 | 0.80 | 0.73
J 2.86 | 092 1.61 084 | 102 [ 092 [ 082 [ 0.79
X 0.67 | 0.31 0.38 015 | 020 | 027 | 015 | 0.23
N 0.09 | 0.29 0.42 050 | 042 [ 030 | 067 | 0.49
Jg 1.61 | 047 0.76 059 | 061 | 047 | 069 | 053
J 0.82 | 0.79 0.65 059 | 069 | 0.78 | 0.48 | 0.66
CD [ 021 | 011 0.18 013 | 013 [ 011 | 024 | 011
FW | 0048 0.026 | 0.047 | 0.014 | 0.021 | 0.023 | 0.014 | 0.020

Table 7.11b. Evaluation criteria for the base-isolated building subject to El Centrc
earthquake in FN-X, FP-Y directions.

N-X, FP-Y

SISl | py | SAMPe Ispl SARSASD| VEF |SACPF|SADPF
i 0.73 | 086 1.25 095 [ 107 [ 088 | 093 | 0.88
N 093 | 085 1.24 0.96 | 1.07 | 087 | 094 | 0.89
T 0.19 | 058 0.65 0.7L | 067 | 059 | 0.7L | 0.65
J 2.18 | 0.87 1.37 097 [ 107 [ 089 | 095 | 0.91
J5 3.45 | 0.9 2.08 098 | 1.07 | 095 | 097 | 0.92
Je 0.69 | 0.30 0.37 015 | 020 | 027 | 015 | 0.24
J; 0.12 | 039 0.42 061 | 050 [ 041 | 067 | 047
Jg 2.00 | 0.60 0.92 0.70 | 0.77 | 061 | 0.73 | 058
Jo 081 [ 0.79 0.69 056 | 068 | 0.78 | 049 | 0.68
CD | 024 | 010 0.15 0.10 | 022 [ 010 | 010 | 0.09
F/W | 0.048 | 0.025| 0.044 | 0.014 | 0.020 | 0.022 | 0.013 | 0.020
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Table 7.12a. Evaluation criteria for the base-isolated building subject to Rinadi
earthquake in FP-X, FN-Y directions.

FP-X, FN-Y

Sample Sample

Pag'?/e LPV SemiagtiveSBLSAFRSASD VEF |SACPHSADPH
N 095 | 1.05 1.04 1.00 [ 111 | 105 [ 095 | 0.92
N 096 | 1.05 1.02 1.00 | 111 | 1.05 [ 0.95 | 0.92
b 050 | 0.61 0.60 066 | 078 | 062 [ 068 | 0.71
A 097 | 1.07 0.96 099 [ 109 | 107 | 096 | 0.92
X 112 | 117 1.01 1.01 | 111 | 116 | 1.03 | 0.96
% 029 | 0.34 0.27 032 [ 020 [ 030 [ 025 | 0.24
J 027 | 0.39 0.38 042 | 053 | 040 | 0.47 | 0.45 |
% 0.83 | 0.58 0.71 059 | 072 [ 058 [ 063 [ 0.57
B 0.86 | 0.80 0.77 072 | 068 | 0.78 | 070 | 0.71
CD | 031 | 035 0.31 031 | 036 | 034 [ 031 [ 0.29
Fw | 0.065 [ 0084 | 0067 | 0.077 [ 0.054 [ 0.076 | 0.056 [ 0.053

Table 7.12b. Evaluation criteriafor the base-isolated building subject to Rinaldi
earthquake in FN-X, FP-Y directions.

FN-X, FP-Y

%ﬁ’/‘g LPV Sasﬁ{ggi‘f/essLSAF rRsAsSD| VEE |sacPF|saDPF
3 | 088 ] 097 | 008 | 092 | 203 | 097 | 089 | 0.87
3 | 093] 102 | 1oL | 097 | 208 | o2 | 094 | 0.92
T [ 053] 062 062 | 072 | 070 | 062 | 060 | 0,68
% | 093 | 108 | 099 | 100 | Lit | 109 | 100 | 0.96
% | 112 | 117 | 102 | 101 | 111 | 117 | 1o7 | 100
% | 028 032 | 02 | 033 | 020 ] 030 022 | 021
3, | 024 | 037 | 030 | 042 | 050 | 038 | 043 | 037
% | 058 | 043 | 047 | 046 | 054 | 044 | 049 | 0.42
% [ 087 | 080 078 | 072 | 068 | 078 | 071 | 073
CD | 034 | 040 | 036 | 037 | 040 | 040 | 038 | 036
F/W | 0.064 | 0.081 | 0067 | 0.076 | 0.052 | 0.075 | 0.050 | 0.048
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Table 7.13a. Evaluation criteria for the base-isolated building subject to Kobe

earthquake in FP-X, FN-Y directions.

FP-X, EN-Y

Sample Sample

Pa&i?/e LPV Semiag[iveSBLSAF RSASD| VEF |SACPF|SADPF
N 0.84 | 0.78 1.04 0.78 | 097 | 080 | 0.78 | 0.80
X 0.84 | 0.77 1.03 078 [ 095 [ 079 [ 078 | 0.79
X 0.36 | 0.44 0.52 049 | 051 | 045 | 057 | 051
J4 1.19 | 093 1.00 0.78 | 092 | 088 | 084 | 0.74 |
J5 234 | 131 1.63 1.00 | 206 | 1222 | 100 | 1.05
J 0.39 | 0.33 0.28 021 | 020 [ 028 | 024 [ 0.20
J; 0.16 | 0.31 0.26 045 | 045 | 033 | 054 | 0.46
J 1.14 | 0.5 0.73 059 | 066 [ 054 | 062 | 0.50
Jo 0.87 | 0.79 0.73 066 | 065 | 0.78 | 060 | 0.66
cD | 028 | 023 0.25 019 | 022 [ 022 | 020 | 0.19
FW [ 0056 [ 0044 0051 | 0.028 | 0.033] 0.038] 0.032 | 0.028

Table 7.13b. Evaluation criteria for the base-isolated building subject to Kobe
earthquake in FN-X, FP-Y directions.

N-X, FP-Y
| |

%ﬁg LPV Se?na{“agﬂ‘f/eSBLSAF RSASD| VEF |SACPF|SADPF
N 0.96 | 0.94 1.15 095 [ 1127 [ 09 | 092 | 0.91
b 1.00 | 0.94 1.20 094 [ 116 [ 096 | 092 | 0.92
% 0.40 | 0.46 0.52 054 | 06568 | 047 | 063 | 058 |
Ja 1.30 | 0.96 1.33 097 | 116 [ 098 ] 095 | 0.95
J 224 | 0.99 1.47 1.00 [ 121 [ 100 [ 098 | 0.95
J 041 | 0.34 0.30 010 | 020 | 029 | 028 | 0.24
X, 0.20 | 0.35 0.38 047 | 049 | 036 | 062 | 059
J 1.44 | 0.74 0.98 068 [ 076 | 072 | 074 | 0.65
J 0.87 | 0.79 0.72 065 | 065 | 0.78 | 056 | 0.61
cD [ 028 ] 021 0.30 023 | 025 [ 0221 022 | 0.22
F/W | 0055 | 0.045| 0050 | 0.026 | 0.033 | 0.039 | 0.037 | 0.031
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Table 7.14a. Evauation criteria for the base-isolated building subject to JiJi

earthquake in FP-X, FN-Y directions.

FP-X, FN-Y

Sample Sample

Pagele LPV SemiagﬂveSBLSAF RSASD| VEF |SACPF|SADPH
32 |08 [076] 084 | 078 | 090 | 079 | 0.74 | 0.77
3 | 082 | 077 | 084 | 079 | 091 079 0.73 | 0.76
% | 065 | 066 | 065 | 063 | 067 | 066 | 068 | 0.73
L | 08 | 0709 08 | 081 | 001 ] 081 071 | 077
T | 002 |08l | 087 | 084 | 092 ] 083 | 0.74 | 080
% | 017 | 023 | 017 | 023 | 020 | 021 | 022 | 0.3
3 | 042 | 044 | 046 | 045 | 049 | 045 | 047 | 049
F | 082 | 061 072 | 061 | 0.73 ] 061 | 062 | 062
3 | 070 | 065 | 064 | 065 | 064 | 065 | 063 | 063
CD | 045 | 037 | 044 | 038 | 045 | 038 | 032 | 037
F/W | 0.067 | 0.086 | 0.069 | 0.087 | 0.087 | 0.080 | 0.080 | 0.087

Table 7.14b. Evaluation criteriafor the base-isolated building subject to JiJi

earthquake in FN-X, FP-Y directions.

N-X, FP-Y
| |

%ﬁg LPV Se?na{“agﬂ‘f/eSBLSAF RSASD| VEF |SACPF|SADPF
I 0.74 | 0.68 0.74 068 [ 083 ] 070 | 066 | 0.71
b 0.74 | 0.68 0.73 068 | 083 | 070 | 065 | 0.70
N 0.63 | 0.64 0.63 058 | 066 | 064 | 065 | 0.72 |
J 0.75 | 0.67 0.73 068 | 085 | 069 | 062 | 0.68
X 0.77 | 0.69 0.80 070 [ 092 [ 071 | 065 | 0.70
J 0.17 | 0.23 0.17 023 | 019 | 022 | 022 | 0.22
X, 040 | 0.44 0.46 045 | 056 | 044 | 051 | 052
Jg 0.74 | 052 0.61 052 [ 071 ] 052 | 054 | 055
J 0.70 | 0.65 0.64 065 | 050 | 065 | 062 | 063
cD | 053 | 048 0.51 048 | 057 | 049 | 043 | 0.48
FW | 0068 | 0.087 | 0.069 | 0.087 | 0.087 | 0.084 | 0.082 | 0.087
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Table 7.15a. Evaluation criteria for the base-isolated building subject to Erzinkan

earthquake in FP-X, FN-Y directions.

FP-X, FN-Y

Sample Sample

Pmﬁle LPV SemiagtiveSBLSAFRSASD VEF |SACPF|SADPH
) 094 | 076 | 003 074 | 105 | 078 | 0.76 | 0.82
T 095 | 0.78 | 093 077 | 106 | 080 | 0.78 | 0.85
T 049 | 045 | 047 046 | 058 | 046 | 049 | 051
) 085 | 0.76 | 086 073 | 092 | 077 | 0.8L | 0.79
E | 121 | 084 | 13 078 | 110 | 084 | 089 | 0.82
X 0.26 | 033 | 025 029 | 021 | 029 | 0.30 | 0.28
T, 032 | 038 | 034 041 | 053 | 040 | 042 | 040
T 0.60 | 051 | 063 054 | 070 | 053 | 057 | 053
X 087 | 080 | 0.80 074 | 070 | 079 | 0.72 | 0.76
CD | 027 | 024 | 027 023 | 030 | 024 | 024 | 0.5
F/W | 0061 0.063 | 0.059 | 0.055 | 0.055 | 0.056 | 0.056 | 0.058

Table 7.15b. Evaluation criteriafor the base-isolated building subject to Erzinkan

earthquake in FN-X, FP-Y directions.

FN-X, FP-Y

Sample Sample

P&Fz/e LPV Semiag[iveSBLSAFRSASD VEF |SACPF|SADPH
N 0.85 | 0.68 0.84 068 | 097 | 0.70 | 0.72 | 0.80
X 0.85 | 0.69 0.83 068 | 096 | 071 | 0.72 | 0.80
X 051 | 0.46 0.50 045 | 058 | 047 | 052 | 053
I 095 | 0.71 0.89 072 | 095 | 0.74 | 0.73 | 0.79
J5 1.13 | 0.73 1.14 076 | 1207 [ 077 | 0.77 | 0.83
J 025 | 033 0.24 028 | 021 | 028 | 030 | 025
¥ 029 | 0.34 0.32 037 | 046 | 035 | 045 | 042
Je 0.48 | 0.42 0.52 044 | 060 | 043 | 050 | 048
Jo 0.87 | 0.81 0.79 074 | 072 | 080 | 0.72 | 0.76 |
CD | 033 [ 0.24 0.34 025 | 03L | 025 | 025 | 0.27
F/W | 0.061[ 0.064 | 0.059 | 0.055 | 0.056 | 0.057 | 0.061 | 0.058
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Table 7.16 Average Evaluation Criteria for the base-isolated building using

average of the 14 cases in Tables 1-7.

FN-X, FP-Y

Sample Sample

Passir\’/e LPV SemiagtiveSBLSAFRSASD VEF |SACPF|SADPF
N 085 | 082 | 097 083 | LO00O| 084 082 o082
N 089 | 082 | 098 084 | 100[ 084 082 083
X 048 | 056 | 059 061 | 067 057| 065| 064
J, 110 | 087 [ 101 0.84 | 098] 088 086 084
% 1.73 | 098 | 127 089 | 105 098] 093] 0.90
Js 034 [ 032 o027 025 020 028 026 025
T, 028 | 039 | 039 047 | O5L| 040 052 047
X 099 [ 057 072 059 | o70[ 057 063 057
X 084 | 078 074 068 | 067 077 064 070
CD | 032 | 027 0.31 027 | 031 028 027 027
Fw [ 0.059 [ 0.061] 0.058 0.052| 0.049] 0.055] 0.051] 0.050
Fis | 1.01 | 081 096 080 | 094 082 082 081
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CHAPTER 8

DESIGN OF HYBRID CONTROLLERSFOR

DISPLACEMENT CONTROL OF FLEXIBLE

STRUCTURES SUBJECT TO LONG-PERIOD
EXCITATIONS

8.1 INTRODUCTION

It has been observed from historic earthquakes that some near-field earthquake
records contain distinct long period pulses. For example, the 1999 Chi-Chi earthquake
has pulse type components with period in the range of 10 seconds. The long-period
pulses may impose very large displacement demands, especially on long-period flexible
structures such as nonlinear base-isolated structures [He and Agrawa (2005),
Nagargjaiah and Ferrell (1999)]. On the other hand, acceleration responses are usualy
smaller for flexible structures compared to rigid and intermediate structures. Hence,
mitigation of displacement responses during long-period pulse-type excitations is the
main objective in designing seismic protective systems.

Effectiveness of most of the existing structural control strategies is attained through
adjusting damping and/or stiffness property of the target structural systems. Performance
of supplementa stiffness and damping varies significantly depending on the structures

being controlled as well as the excitations they might be subjected to. It is noted from the
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results presented in Chapter 4 and 5 that although the effectiveness of passive viscous

dampers degrades when the excitation period is not in the vicinity of structural period, i.e,
out of resonant region, viscous dampers are effective in reducing displacements caused
by the broadband components of near-field ground motions. On the other hand, the
performance of passive yielding (diffness) dampers depends on the ratio of structural and
pulse-type excitation periods and they are not effective for long-period structures [Xu et
al (2006)].

Some recent investigations have shown that variable damping and stiffness
mechanisms could have better control effects than their passive counterparts [ Nagarajaiah
and Mate (1998), Nasu et a (2001)]. In this chapter, a hybrid semi-active stiffness
controller is proposed based on a combined mechanism of viscous damping and variable
stiffness. The viscous damping term in the hybrid controller aims at reducing the
displacement responses caused by the broadband components of earthquakes while the
semi-active stiffness term is designed to mitigate displacement responses caused by
dominant pulse components of earthquakes. The stiffness of the proposed controller
varies with respect to the displacement across the damper, and the stiffness force is only
triggered when the displacemert is greater than certain preset value. Hence, the operation
of the hybrid control system is divided in two different stages: (i) the control system
behaves as passive viscous damper for small and moderate earthquakes (ii) the semi-
active stiffness controller istriggered when structural response exceeds certain preset

value. During the second stage, stiffness and damping properties of semi-active system
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are adjusted depending on instantaneous response. Following this approach, both the
damping and giffness mechanisms are designed to be aways energy-dissipative during
the operation to guarantee unconditiona stability of the system. In this chapter, he
behavior of the proposed controller is investigated through parametric study and
spectrum analysis using nonlinear SDOF systems followed by an investigation using a
benchmark base-isolated highway bridge model developed recently by Agrawal et a

(2005) and Tan and Agrawal (2005).

8.2. DESIGN OF OPTIMAL STIFFNESS DAMPER BEHAVIOR
Passive and semi-active dampers reduce structural responses by dissipating the input
energy. Besides, nonlinear energy dissipative mechanism consisting of a combination of
different hysteretic behaviors such as viscous, yielding and friction, etc., has beenshown
to be more effective than pure displacement or velocity dependent mechanisms. A
dissipative nonlinear behavior can be obtained by a suitable combination of viscous,
nonlinear tiffness and hysteretic damping components expressed by the following

equation,

F = F(x,%p) = Viscous mechanism+ Stiffnessmechanism+ Hysteresis mechanism (8.1)

where p represents an ensemble of characteristic parameters, e.g., damping, stiffness, etc.,

and x and x are respectively the displacement and velocity across the device The
nonlinear damping in EQ.(8.1) can be modeled by a hysteretic model, e.g., Bouc-Wen

model, with selected parameters to shape the loop for a desired form of force. The
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combined nonlinear behavior of the controller can be realized by driving hysteretic
dampers such as ER or MR damper with command current and applied selectively to

various structures.

For a generalized design problem, an example of stiffness force can be obtained

through a combination of polynomial functions such as

f= kX% kX3 K X+ kX3 + KX+ 8.2
where Kis, ki3, k1, ks and ks are the caefficients controlling the shape of stiffness shaping
function in EQ.(8.2), where hardening (i.e., adding stiffness) or softening (i.e., positive
secant stiffness and negative tangential stiffness) damper behavior can be obtained by
choosing appropriate values of these coefficients. Exponents in Eq.(8.2) control the rate
of force variation and they can be chosen according to practical design requirement and
damper capacity. In this investigation, the following type of nonlinear stiffness shaping

function is chosen to model stiffness force applied by dampers,

i k, X IX| £ X, Stage , linear increase

i Fio+Ky(x- X,)® X, <|x£X, Stege |, rapidincrease
F(X)=1Fyp+ks(x- Xz)""° X, <|[EX, Stage ,mildincrease (8.3)

¢ Faom ky(x= X5)* X, <|x|£ X, Stage ,damper softening

f 0 4> X, Stage , no damper force

where X;, Xz, X3 and X, are threshold displacements for different stages, k1, ko, ks and kg

are corresponding damper stiffness coefficients which have the units of N/m, N/n?,
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N/m”® and N/n?, respectively. In Eq.(8.3), Fio, Fao and Fso are forces at the
corresponding threshold displacement X;, X, and X3, respectively, i.e.,
Fo = kX,
F,o =k X, +k, (X, - X,)? (8.9
Fao =k X, +K, (X, - X)P+ ks (X,- X,)Y3

Eq. (8.3) indicates that the instantaneous stiffness of the nonlinear stiffness damper varies
with displacement. The damper behavior is controlled by the threshold displacement X; to
X4 and stiffness ki to ks. By adjusting these parameters, the stiffness damper can emulate
different types of behavior with increase in displacement.

Fig. 8.1 illustrates the application of the proposed stiffness damper to a SDOF
system possessing bilinear behavior. It is observed from Fig. 81 that the damper shows
different force-displacement characteristics during different stages. When the
displacement is less than the threshold displacement X;, damper force increases linearly
with displacement. When displacement increases beyond X, the damper force is a cubic
function of displacement increment since it is pre-assumed that the structure is likely to
undergo excessive displacement during this stage. The damper force increases in a milder
way beyond X, considering the practical capacity limit. The displacement X3 corresponds
to the maximum capacity of the damper. If the displacement continues to increase beyond
X3, the damper can either take a softening type behavior or be saturated. It is noted from
Fig. 8.1 that saturation behavior is equivalent to the case of setting up a very large

threshold displacement X,
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Figure 8.1: Force-displacement Relationship of Nonlinear Structure and Proposed
Stiffness Damper

By deriving the damper force with respect to the displacement across it, the

instantaneous stiffness of the damper can be obtained as,

: K, i IME X, Stage
o ]:13k2(x' X1) X1<M£X2 Stage
X | B
d(x ) :_.'_gks(x- X, ¥ X, <|MEX, Stage (8.5)
Fo3Kk,(x- X, )2 Xa<[XEX, Stage
P o X>X,  Sage

Eqg. (8.5) shows that the instantaneous stiffness of damper is a function of the initial
stiffness, instantaneous displacement and the preset threshold displacements. The damper

stiffness is constant in stage 1. In stage 2, damper stiffness is quadratic function of
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displacement across the damper. In stage 3, the instantaneous damper stiffness is still

positive but starts decreasing with further increase in displacement beyond X,. When the
damper reaches its saturation point (maximum force capacity, corresponding to Xs),
instantaneous stiffness starts decreasing into negative values, which accounts for
softening behavior of the damper.

The behavior of damper during different stages can be adjusted by setting the
threshold displacements X (i=1, 2, 3, 4) appropriately. The following procedure can be
used to preset damper parameters:

1. Determine the threshold displacement X;, Xp, X3, and X4 of the damper according to

the property of the target structure. If the damper is to be applied in a nonlinear
structure, threshold displacements should be determined according to yielding
displacement and maximum allowable displacement of the structure. For a base
isolated structure, the characteristic displacements can be set according to the
maximum allowable isolator deformation.

2. Assume a reasonable/practical damper force capacity, Fgmax, Which is F3p a
displacement Xz as shown in Fig. 8.1.

3. Determine the reference stiffness by

k

ref

=
=_30 (8.6)
XS

4. Assuming that points (0,0), (X%, F2) and (Xs, F3o) are collinear, stiffness kp ks and k4

are determined as;
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k.X,-F
K X5 = Fpp +Ky(X; - X1)39 k, :M

(X2 X)°
kyX,-F
K X5 = Fon (X - XD by = 820y ®7)
3 2
F
0=- k4(X4 - X3)3+F309 k4 =m.

The stiffness k; can be set equal to zero or it can be provided by a small elastic spring for

the purpose of providing restoring force.

8.3 PARAMETRIC STUDY OFTHE PROPOSED CONTROLLER

The proposed polynomial stiff ness function contains an ensemble of parameters and
it can emulate different forms of linear and nonlinear behavior through an appropriate
selection of damper parameters. For example, by setting X; equals to a sufficiently large
value, the expression in EQ. (8.4) represents a linear stiffness damper; by setting
X1=Xo=X3 and a sufficiently large X4, the function represents an elasto-plastic friction or
yielding damper.

To investigate the influence of these parameters, a nonlinear SDOF structure with
constant displacement ductility factor p= 4, and tiffness corresponding to a linear
structural period of T, = 0.6 seconds (which results in effective period Te = 1 second) is
used. The nonlinear SDOF structure is modeled usng Bouc-Wen modd with the
parameters As = 1.0, as=0.1, bs=g=0.5, ns= 3.0 Details of the Bouc-Wen model and
the parameters can be found in Chapter 4. The proposed stiffness damper is applied to the

nonlinear structure to determine various parameters by subjecting the structure to the
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pulse-type excitation in Fig. 4.1 of Chapter 4. The nonlinear structure is assumed to have

unit mass and the corresponding elastic stiffness, ke, is 109.66 N/m. The maximum
uncontrolled displacement of the nonlinear structure is 0.201m (Umax=0.201m) and the
yielding displacement limit is 0.05m (Uys=0.05m for p= 4) under the pulse excitation.

Fig. 8.2 shows the influence of the damper parameters on the displacement and
acceleration responses as well as the damper hysteretic behavior. One parameter is
investigated in each case, where Fig. 8.2a, 82b, 8 2c, 8.2d, 8.2e and 8.2f show the results
for parameter Xi, X, X3, X4, ki and Fq/Fy, respectively. The damper parameters are

determined according to the procedure described previoudly.

It is observed from Fig. 8.2 that the displacement responses are significantly reduced
after adding the stiffness damper in al cases. In Fig. 8.2(a), the controlled case of X;=0

significantly reduces the peak displacement responses from 0.201m to 0.059m with an
increase of acceleration from 0.758g to 1.135g compared with the uncontrolled case. For
the controlled cases, as the X; increases from 0 to 0.8Jys, the displacement response
increases from 0.069m to 0.08m and the acceleration response increases from 1.135 to
1.1659. The variations are small compared with that of the uncontrdled case. This
indicates that the action of the damper starting from small structural deformation is not
significantly helpful in overall control effect. Hence, stiffness damper force only needs to
be applied when the structure deformation is larger than certain safety limit.

It is observed from Fig. 8.2b that displacement increases from 0.061m to 0.086m

and acceleration response also increases from 1.108g to 1.176g as X; is increased from
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0.5Uy to 1.0 Uy. Hence, a smaller X2 is more beneficia in terms o displacement
mitigation. As a result, when structural deformation exceeds the critical displacement X,
the control force should be applied as quickly as possible.

It is observed from Fig. 8.2(c) that both the maximum displacement and acceleration
decrease with increase in Xs. It is noted from the force-displacement plot in Fig. 8.2c
that X3 corresponds to the peak value of the control force. Hence, a smaller Xz implies
that the damper reaches its full capacity at a smaller deformation. This fact indicates that
the full damper capacity should be reached soon after the displacement exceeds the
critical value X, in order to effectively limit the buildup of excessive displacement
thereafter.

The parameter X, controls the post-yielding behavior of the damper. As it is
observed from the force-displacement plot of Fig. 8.2(d), the damper shows eastic-
plastic behavior (i.e., saturation) for avery large X4 (€.9., X4=10Uysin this case). For the
case of X4 = 1.5Uys and X4=1.8Uys, the damper exhibits softening-type behavior. However,
it is seenthat a softening-type behavior is not effective in reducing displacement, since
the peak displacement increases with decrease in Xs.

A larger initial stiffness ki can only dightly decrease the maximum displacement
and acceleration compared tok,=0 as seen in Fig. 8.2e. This indicates that initial stiffness
of supplemental damper does not affect the overall control effect. However, nonzero
elastic spring ki is helpful in reducing permanent displacement, as shown in displacement

plot of Fig. 8.2e.
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Figure 8.2 Parametric analysis of the proposed nonlinear stiffness damper

Plots in Fig. 8.2f show that the maximum damper capacity significantly affects the
displacement and acceleration responses. An Fq increasing from 0.5F, to 2F, results in a
significant reduction in displacement from 0.127m to 0.048m. However, acceleration
also increases from 0.949g to 1.602g. Generaly, a larger damper capacity can achieve
better displacement reduction. However, this is accompanied by the amplification in

acceleration response.
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8.4. INFLUENCE OF EXCITATION FREQUENCY ON THE

PROPOSED CONTROLLER PERFORMANCE

Fig. 8.3 shows ductility, displacement and acceleration responses as a function of
excitation period for a nonlinear SDOF system with elastic period T,=0.6s, u=4. The
parameters of the nonlinear stiffness damper are: k1=0; X;=0.9Uy; X%=0.8Uy; X3=1.0Uy;

X4=100Uy and Fq=Fy. The pulse excitation period isin the range of 0.1 and 5 sec.
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Figure 8.3 Ductility, displacement and accel eration spectrum versus pulse period: a)
Ductility; b) Displacement; c) Acceleration.

It is observed from Fig. 8.3a that the ductility factor of the controlled system can be
effectively reduced to 1 (i.e., without inelastic deformation) when T, = 1 second. The
reduction in ductility is consistent with displacement spectra in Fig. 8.3b. However, the
acceleration response is amplified by 20 to 30% after adding the stiffness damper, as

shown in Fig. 8.3c.

8.5. HYBRID SEMI-ACTIVE STIFFNESS DAMPER
It is noted that the stiffness of the proposed stiffness damper is a function of the
displacement across it. To increase the energy-dissipation capacity, a secondary semi-

active constraint is applied as the following,
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=) s %00 69
i- fo xx<0
in which the fs is the stiffness damper force given by Eqg. (83), and x and x are
respectively the displacement and velocity across the damper. Since the damper force
obtained from Eq. (8.2) is the odd function of x, the semi-active damper force in Eq. (8.8)
isaways dissipative.

A viscous damping term can also be added to increase the energy-dissipation

capacity of the proposed semi-active stiffness damper in Eq. (8.8). A hybrid controller is

then obtainedas,
\I A\ S
u=j (8.9
i

in which f, is the force applied by viscous damper. It is noted from the parametric
analysis in Fig. 8.2 that the parameter X; does not obviously influence on the total

stiffness of the stiffness damper. Hence, the hybrid controller can also be expressed as

I f HEX,
u=if,+f, |X>X, adxx>0 (8.10)
L, - fo, [{> X, andxx<0

Viscous damping force is applied at al time instants to dissipate input energy through
cyclic motions. The damper behavior described by EQ.(810) is designated as Hybrid
Semi-Active Stiffness Damper (HSASD). It is noted that the HSASD is a combination of

stiffness, damping and hysteretic mechanisms.
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8.6. PERFORMANCE OF PROPOSED HYBRID STIH-NESS

DAMPER DURING RECORDED GROUND MOTIONS

The effectiveness of the proposed hybrid stiffness damper described in Eq. (8.10) is
investigated by subjecting a nonlinear SDOF structure with ductility factor of 4 and
elastic period of 2.5 sec. to 25 recorded near-field ground motions. For smplicity, the
structure is assumed to have a unit mass. Detailed information o the 25 records is listed
in Table 3of Appendix. The characteristic parameters of the stiffness damper are taken as:

X1=0.5Uy; Xo=0.8Uy, Xa=1.0Uy, X4=100Uy, k1=0, Fdma=0.8F, (811)
inwhich Uy and Fy are yielding displacement and initial yielding force of the structure,
respectively. The stiffness k; = 0 indicates that no stiffness force is applied when the
structural displacement is less than 0.9Jy. Preset displacement X4 =100Uy indicates that

the damper force saturates at Fgmax When the displacement across the damper exceeds Xa.
The stiffness ko, ks and k4 are determined according to the procedure describedin section
8.2. The viscous force of the hybrid damper is obtained by linear viscous dampers
capable of adding 15% equivalent damping.
8.6.1 Peak Responses

Fig. 8.4 shows displacement, ductility and acceleration spectra of the SDOF
structure with and without the damper and subjected to the 25 recorded ground motions.
It is observed from Fig. 8.4athat proposed hybrid stiffness damper is capable of reducing
displacement responses significantly. Average displacement of the structure without

dampers is 0.571m for 25 earthquakes and it is reduced to 0.313m using the proposed
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approach. Similarly, the reduction is aso obvious in the ductility plot of Fig. 8.4b. In

particular, it is noted that the ductility reduction for long-period excitations is much more

significant than that for short period excitations. This is a distinct characteristic of the

proposed stiffness damper.
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Figure 8.4 Controlled and uncontrolled displacement, ductility and accel eration spectrum for

a SDOF structure (T,=2.5s) subject to 25 recorded near-field ground motions

8.6.2. Response Time-history Characteristics

Fig. 8.5 shows the displacement, acceleration and force time history plots of the

SDOF inelastic structure subjected to the TCU068-NS record of 1999 Taiwan earthquake.

The dominant period of thisrecord is 8.0s.
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It is observed that proposed HSASD reduces the peak displacement significantly
compared with the uncontrolled case. Peak acceleration in Fig. 8.5 by the HSASD is
amplified due to the addition of stiffness force. The control force applied by the stiffness
mechanism is only triggered at a few time instants while the viscous damping force is

always active as long as the vibration does not stop.
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Figure 8.5 Time history plots of the nonlinear SDOF structure subjected
to the NS component of the 1999 Chi-Chi earthquake recorded
at TCUO68 station with and without control.

8.6.3. Hysteretic Behavior

Fig. 8.6 shows the hysteretic loop of the HSASD during the TCUO68-NS record of
1999 Taiwan earthquake. It is observed from Fig. 8.6 that the hysteretic loop takes a
dumbbell shape: when displacement is within + 0.12m (which equals to 0.3Jy for this
case), the damper force is generated by viscous damping mechanism. As the
displacement increases beyond 0.12m, the stiffness mechanism rapidly produces large

control force to limit peak dynamic response.
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8.6.4 Average Control Effects of the HSASD Controller

It is shown that structural responses are significantly influenced by the ratio of the
structural period to the excitation period, i.e.,, To/Tp. A control system that works very
well for one structure may perform much different for another structure due to the
variation of structural property. Likewise, the effectiveness of the same controller may
vary significantly in protecting structures against different excitations. To evaluate the
performance of the proposed hybrid controller, the average ductility and acceleration
spectra of the 25 recorded near -field ground motions are shown in Fig. 8.7 as the function
of Tn/Tp. It is observed from Fig. 8.8 that the ductility demand of the structures with
SAHSD is significantly reduced over the entire T/T, range compared to the uncontrolled
case. The largest reduction occurs when 0.5<T,/T,<1, where the ductility factor is
reduced to 1.9 for the SAHSD. Generally, the ductility demand in the region of T,/T,<lis

reduced more significantly than that of T,/Tp>1.
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Figure 8.7: Average controlled end uncontrolled response spectra of SDOF structures subject
to 25 recorded near-fault ground motions. a) Average ductility spectrum; b) Average
accel eration spectrum

The decrease in displacement is accompanied by an increase in acceleration, as
shown in Fig. 8.7. The amplification caused by the HSASD is largest in the region of
0.5<T,/Tp<1 aso. Generdly, the controlled acceleration is amplified in the amount of

(0.05~0.2)g compared with the uncontrolled case, depending on the value of T/ T,.

8.7 APPLICATION OF THE HYBRID SEMI-ACTIVE STIFFNESS
CONTROLLER TO THE BENCHMARK BASE-ISOLATED

NONLINEAR BRIDGE MODEL

8.7.1 The Benchmark Bridge Model

Highway bridges are key nodes in transportation network connecting major
transportation routes. A higher level of performance with less structural damage is
required for the bridges for continual functioning after an earthquake. To increase the
performance of highway bridges against strong earthquakes, various seismic protective

systems have been proposed for the application in bridge structures [e.g., Yang et al.
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1995, Nagargjaiah et al. 1993, Saharabudhe et al. 2004, Saiidi et a 1999]. Recently, a

benchmark structural control problem for seismically excited highway bridge was
developed by Agawal et a (2004) for the evaluation of various control strategies,
including devices, algorithms and sensors, for base-isolated bridge structures.

The benchmark problem is based on the newly constructed 91/5 highway over-
crossing in Orange County Southern California. The schematic elevation and plan view
of the bridge model is shown in Fig. 8.8. It is a continuous two-span, cast-in-place
prestressed concrete box-girder bridge with four lanes. Each span is 585 m long and

skews at 33° with respect to end abutments. The width of the deck along east span is
12.95 m and that of the west spanis 15 m. The deck is supported by a 31.4 m long and
6.9 m high prestressed outrigger resting on two pile groups, each consisting of 49 driven
concrete friction piles. The bridge deck is isolated using four traditional non-seismic
elastomeric pads at each abutment, and the total eight fluid dampers are installed between
the end abutments and deck (four dampers at each end) to reduce seismic responses.

A 3D finite element model, shown in Fig. 8.9, has been developed by Agrawal et
a (2005). In the FEM model, the superstructure components of the bridge, including the
deck and the bent beam, are assumed to be elastic. Both the abutments and deck-ends are
assumed to be rigid and have a skew angle of 33°. Structural member nonlinearities are

included to capture the inelastic moment-curvature behavior of columns and shear-
displacement relationship of bearings. Moreover, lead rubber bearings are used to replace

eight traditional non-seismic elastomeric pads for increasing seismic perfamance. The
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finite element model has a total of 108 nodes, 4 rigid links, 70 beam elements, 24 springs,

27 dashpots and 8 user-defined bearing elements. The full nonlinear model of the bridge

has 430 degree of freedoms.
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Figure 8.8 Schematic elevation and plan view of the bridge model
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Figure 8.9 FEM model of the bridge
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The first 6 natural frequencies of the bridge model and the mode descriptions are

displayed in Table 8.1. The inherent damping of the superstructure is assumed to be

Raleigh damping, i.e., alinear combination the mass and initial elastic stiffness matrix of
the superstructure. The damping parameters are computed by assuming a 5% modal

damping ratio in the first and second modes.

Table 81 Natural Frequencies of the FEM Model

Mode | Frequency Mode
(Hz) Description
1 1.23 Torsional
2 1.28 Torsional+Vertical
3 155 Vertica
4 1.69 Transverse
5 1.77 2"%Vertical
6 3.26 2" Transverse

Six earthquake ground motions in two orthogonal directions covering the soil types
from A to D based on NEHRP classification are selected for the benchmark investigation.
These earthquakes are: North Palm Springs (1986), TCU084 component of Chi-Chi
earthquake, Taiwan (1999), El Centro component of 1940 Imperial Valley earthquake,
Rinaldi component of Northridge (1994) earthquake, Bolu component of Duzce, Turkey
(1999) earthguake and Nishi-Akashi component of Kobe (1995) earthquakes.

Three types of sample control systems, namely nonlinear viscous dampers, ideal
hydraulic actuators and magnetorheologica (MR) fluid dampers, are designed for
illustrating the implementation of various controllers by Tan and Agrawa (2004). In

addition, a semi-active Lyapunov Controller is also developed for the phase Il study by
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Nagargaiah et a (2004). A reduced-order model of the system retaining the dominant

characteristics of the full-order evaluation system is developed for the design of sample
active and semi-active controllers. Details of the sample controllers, system modeling,
and the requirements of sensors can be f ound in Tan and Agrawal (2005) and Nagargjaiah
et a (2004).

A set of 21 evaluation criteria in 3 categories is defined to evaluate the
effectiveness of different control devices and algorithms, where J1 to J7 are the peak
controlled responses normalized Ly the corresponding uncontrolled responses, including
the peak base shear force (J1), peak overturning moment (J2), pesk middle-span
displacement (J3), peak middle-span acceleration (J4), peak deformation of bearings (J5),
peak curvature at the bent column (J6), and peak dissipated energy of curvature at the

bent column (J7). Evaluation criterion J8 is the number of controlled plastic connections
normalized by the corresponding uncontrolled number. Evaluation criterion J9 to J14 are
controlled normal responses normalized by the corresponding uncontrolled responses,
including the normal base shear force (J9), normal overturning moment (J10), normal
middle-span displacement (J11), normal middle-span acceleration (J12), norma
deformation of bearings (J13), normal curvature at the bent column(J14). J15~J21 are the
control requirements, including the peak control force generated by the control device(s)
normalized by the seismic weight of the bridge based on the mass of superstructure (J15),
peak stroke of the control device(s) normalized by the maximum deformation of bearings

in the uncontrolled structure (J16), peak instantaneous power required by the control
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device(s) normalized by the product of the weight and the maximum velocity of bearing
in the uncontrolled structure (J17), peak total power required for the control of the bridge
normalized by the product of weight and maximum deformation of bearings in the
uncontrolled structure (J18), rumber of control devices (J19), number of sensors (J20)
and dimension d the discrete state vector required for the control algorithm(J21).

The benchmark bridge model has been developed into two phases. In Phase I, the
bridge deck is fixed to the outrigger. In Phase I, the deck is isolated from outrigger
through elastomeric bearings. As a result, the period of first fundamental mode of the
bridge is elongated to approximately 3.0s, which isa flexible structure. In this study,

Phase || mode of the benchmark bridge problem has been used.

8.7.2 Effectiveness of the Hybrid Semi -active Stiffness Controller in Controlling the
Bridge Model subjected to the Prescribed Earthquakes
The proposed hybrid stiffness controller is applied to the Phase Il modd in this
investigation. The same controller is designed for all six earthquakes. In order to develop
an appropriate stiffness shaping function, the reference stiffness k¢ is determined

according to the following expression:
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where Vi is the peak uncontrolled base shear and D, is the peak displacement response

of the bridge subjected to all six prescribed earthquakes. The coefficient Ris taken as 1.5.
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Through numerical simulation of response quantities of the bridge subject to all six
earthquakes, the resulting stiffness k¢, is obtained as 4.265 10° N/m. The threshold
displacement X; is taken as 50% of the average uncontrolled peak displacements over all
six earthquakes (0.34m), i.e., X3 = 0.17m. The stiffness k; istaken as 10% of the reference
stiffness. The threshold displacement X; is taken as 0.2X3. The threshold displacement X
Is taken as 0.8X3 and any number of X4 >>X3 can be taken as long as the saturation of the
damper is obtained when the deformation is larger than Xs. Other parameters are derived
according to Eq. 8.7.

The linear viscous damping force in Eg.8.10 is generated by assigning damper
coefficient cg=1.5" 10° N.s/m. In addition, a boundary layer isintroduced to eliminate the

chattering effect caused by the switching of the semi-active stiffness damper:

f X2 d

- f xx£-d (8.13)
ftanh(axx) -d<xx<d

—— —— —

The parameters a and d determining the thickness of the boundary layer are taken as 10
and 0.05, respectively.

To apply the controller, total of forty measurements are used to measure the
displacement and velocity at the isolation bearings for the controller implementation in
two directions. It is noted that the displacement and velocity can aso be obtained by
measuring acceleration data and passing the measured data through filters (integrators).

Twenty devices are installed in parallel with isolation bearings for the response control of
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the bridge in two directions, as shown in Fig. 8.10. The SIMULINK® block of the hybrid

controller implemented is shown in Fig.8.11. The smulations are performed within the

control implementation framework set forth in the benchmark definition papers.
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Figure 8.10 Locations of Control Devices on the Bridge
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Figure 8.11 SIMULINK block of the hybrid controller
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Table 8.2 shows the results of numerical simulations for the bridge subjected to the
precribed earthquakes. Results for the proposed hybrid stiffness damper are indicated by
“HB” in this table. For comparison purposes, the results of the sample active (“SAC”)
and sample passive (“S.PA” ) controllers are aso shown. The minimum values of
evaluation criteria J3 and J5 for each earthquake are marked in bold. It is observed that
the proposed hybrid stiffness damper is significantly more effective than ssmple active
and sample passive controllers in reducing peak mid-span displacement (J3) and peak
bearing displacement (J5). Compared with the sample passive controller, the hybrid
stiffness damper can achieve 14% more reductions for both J3 and J5; while this value is
about 48% in case of sample active controller.

Reductions in mid-span and bearing displacements are accompanied by the

amplification of base shear and mid-span acceleration responses during some earthquakes,
such as TCUO84 component of Chichi and Rinaldi earthquakes. It is aso observed that
the reduction in displacement and increase in acceleration are proportional to the peak
control force applied (J15) for most of the earthquakes, except for the Kobe-NIS
earthquake. For this earthquake, significant more reduction in J3 and J5 can be achieved
by the hybrid controller for the same amount of control force applied by sample
controllers, while other quantities remain comparable. The peak dissipated energy of
curvature (J7) and the number of plastic hinges (J8) are zero during al earthquakes,
which indicates that the bent column does not experience plastic deformation, even

though the peak bent column curvature (J6) increases for the hybrid controller during
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some earthquakes. It is aso seen that the normalized response quantities, J10 through
J14, follow the trend of corresponding peak response quantities.

Fig. 8.12 presents response time history plots in transverse direction of the bridge
subjected to Rinaldi earthquake for the cases of uncontrdled, controlled with the hybrid
stiffness damper and with the sample passive controller. The locations on bridge at which
these response quantities are measured are marked in Fig.8.10. It is observed that the
mid-span displacement (Fig. 8.12a) and end-bearing displacement (Fig. 8.12b) are
significantly reduced by the hybrid controller compared with those using sample passive
controllers. The mid-span acceleration is increased at some time instants as shown in Fig.
8.12c because of the high spikes in @ntrd forces. On the other hand, both the peak
displacement and peak shear force at the end bearing are significantly reduced by the
hybrid stiffness damper controller as shown in Fig. 8.13d. As a result, the lead-rubber
bearing experiences a much smaller bilinear hysteretic deformation in the case of the
proposed hybrid stiffness damper.

It is noted that the results presented herein are for a particular form of stiffness
shaping function. Much better results can be obtained using optimal form of stiffness
shaping function. The objective of the current work on the proposed hybrid stiffness

damper is to show the feasibility of concept for long-period flexible structures.
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Table 8.2 Performance indices for the hybrid, sample active and sample passive controllers

J1: Pk. Base Shear
J2: Pk.Over.Mom.
J3:Pk.Mid.Disp.
J4:Pk.Mid.Acc.
J5:Pk.Bear.Def.
J6: Pk.Ductility
J7:Dis.Energy

J8: Plas.Connect.
J9:Nor.BaseShear
J10:Nor.Over.Mom
J11:Nor. Mid. Disp.
J12:Nor.Mid.Acc.
J13:Nor.Bear.Def.
J14:Nor.Ductility
J15* :Pk.Con.Force
J16:Pk.Stroke
J17:Pk.Power

J18: Total power
J19:No.Con.Dev.
J20:No.Sensors
J21:Comp.Res.s

NPamspr

ChiChi

El Centro

Rinaldi

TurkBolu

Kobe-NIS

HB S.AC SPA

HB SAC SPA

HB S.AC SPA

HB SAC SPA

HB SAC SPA

HB S.AC SPA

1.00
1.03
0.85
1.10
0.87
1.03
0
0
112
1.14
0.99
0.91
0.99
1.14
0.00
0.87
0
0
20
40
0

0.94
0.92
1.01
1.13
1.01
0.92
0
0
0.97
0.97
0.94
0.91
0.94
0.97
0.00
1.01
0.01
0.00
20
16
28

1.06
1.10
0.87
117
0.88
1.10
0
0
119
121
1.02
091
1.03
121
0.00
0.88
0
0
20
0
0

208 1.05
1.75 0.97
058 1.09
245 0.95
056 109
1.75 0.97
0 0
0 0
072 111
0.66 1.10
044 1.27
210 101
044 131
0.66 1.10
0.02 0.00
0.56 1.09
0 0.02
0 0.00
20 20
40 16
0 28

0.91
0.95
0.76
1.13
0.76
0.95
0
0
0.98
0.98
0.98
1.19
0.98
0.98
0.00
0.76
0
0
20
0
0

0.67
0.66
054
0.89
0.57
0.66
0
0
0.81
0.80
0.75
0.95
0.78
0.80
0.00
0.57
0
0
20
40
0

0.74
0.77
0.69
0.79
0.73
0.77
0
0
0.92
0.91
0.92
090
0.9
0.91
0.00
0.73
0.01
0.00
20
16
28

0.62
0.61
0.50
1.09
0.49
0.61
0
0
0.61
0.60
0.59
0.95
0.62
0.60
0.00
0.49
0
0
20
0
0

139 0.86 1.07
140 096 1.04
0.65 0.96 0.90
206 093 1.05
0.63 0.99 0.90
140 096 1.04
0 0 0
0 0 0
127 0.79 0.84
124 0.79 0.82
1.06 080 0.76
140 0.89 0.98
1.09 0.79 0.76
124 0.79 0.82
0.02 0.00 0.00
063 099 0.90
0O 002 O
0O 000 O
20 20 20
40 16 O
0O 28 O

1.15
1.19
0.56
1.49
0.53
1.19
0
0
0.34
0.34
0.31
0.95
0.32
0.34
0.02
0.53
0
0
20
40
0

0.96
0.97
0.93
0.82
0.93
0.97
0
0
0.%
0.%
0.92
0.85
0.92
0.%
0.00
0.93
0.01
0.00
20
16
28

0.78
0.70
0.59
0.92
0.56
0.70
0
0
0.58
0.58
0.52
0.87
0.52
0.58
0.00
0.56
0
0
20
0
0

0.93
0.93
0.64
1.13
0.65
0.93
0
0
0.90
0.89
0.91
1.01
0.90
0.89
0.00
0.65
0
0
20
40
0

0.89
0.88
0.96
0.93
0.9
0.88
0
0
0.91
0.91
0.94
0.91
0.94
0.91
0.00
0.96
0.01
0.00
20
16
28

0.91
0.90
0.83
1.16
0.83
0.90
0
0
0.97
0.96
0.96
0.99
0.96
0.96
0.00
0.83
0
0
20
0
0

* Vadue 0.00 indicates that the peak control force is less than 0.005.
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Figure 8.12 Response quantities of the bridge in transverse direction subject to Rinaldi
earthquake for the uncontrolled and controlled cases with hybrid stiffness
damper (HB) and sample nonlinear passive damper (S. PA).

8.7.3 Effectiveness of the Hybrid Semi -active Stiffness Controller in Controlling the

Bridge Model subjected to Long-period Pulsetype Excitations.

It is shown that the proposed hybrid stiffness damper can reduce peak structural
displacements effectively during long-period excitations. Dominant periods of the
prescribed earthquakes in the benchmark problem are less than @ equa to 1.1s; except
for that of the EW component of El Centro record, which is 2.1s. To investigate the
performance of the proposed hybrid stiffness damper for the benchmark bridge model

during long period excitations, TCUO68-NS component of 1999 Chichi earthquake and
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its dominant pulse component, which is expressed by the pulse model as shown in
Chapter 3 are used. The dominant period of the TCUO68-NS record is 8.0s and the period
of its pulse component is approximately 10s, as described in Chapter 3.

Table 8.3 presents the peak uncontrolled responses of the bridge during these two
excitations. Tables 8.4 and 8.5 present evaluation criteria for the hybrid and sample
controllers during these two excitations, respectively, where “HB” , “ SAC’ , “S.SA” and
“S.PA” represent the hybrid stiffness controller, the sample active controller, the sample
semi-active controller and the sample passive controller, respectively. The parameters of
these controller s are the same as before. It is observed from Tables 8.4 and 8.5 that the
peak mid-span displacement (J3) and the peak base displacement (J5) for the proposed
hybrid dtiffness controller are significantly smaller than those for other
controllers/dampers. Best values of J3 and J5 among sample controllers are achieved by
the sample semi-active controller. However, they are much larger than those for the
hybrid controller. Most of the evaluation criteria for the sample active controller are
larger than 1. The sample passive damper can reduce al response quantities
simultaneously. However, the percent reduction is quite smal for al the important
quantities. Although the reduction in displacement by the hybrid stiffness damper is
accompanied by amplifications in base shear, moment and acceleration, percent increase
in these quantities is comparable for different controllers. Hence, the hybrid stiffness
damper is superior to sample controllers in terms of achieving better displacement

reduction with similar level of amplification in base shear and accelerations.
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Table 8.3 Peak uncontrolled response quantities subjected to the TCUO68NS and the
pulse excitations

Pk.Base | Pk Over. |Pk. Mid.| Pk. Mid. |Pk. Bear.|Pk. Curv.

Shear (N) [Mom. (N/m)|Disp. (m) |Acc. (m/s?) | Def. (m) | (rad)
TCUO68NS | 1.25 10° | 8.74 10° 0.89 2.46 0.88 [0.42" 10°
Pulse 9.92 10° | 6.93 10° 0.64 180 0.63 |0.33 10¢

Table 8.4 Performance indices for various controllers subjected to the

TCUO068-NS earthquake

HB SAC S.SA S.PA
J1: Pk. Base Shear 1.21 1.01 0.95 0.93
J2: Pk. Over.Mom. 1.19 1.01 0.95 0.93
J3:Pk.Mid.Disp. 0.41 1.06 0.77 0.86
J4:Pk.Mid.Acc. 1.49 0.97 1.44 0.91
J5:Pk.Bear.Def. 0.41 1.06 0.77 0.86
J6:Pk.Ductility 1.19 1.01 0.95 0.93
J7:Dis.Energy 0 0 0 0
J8:Plas.Connect. 0 0 0 0
J9:Nor.BaseShear 1.08 1.083 0.97 0.95
J10:Nor.Over.Mom 1.07 1.03 0.96 0.95
J11:Nor. Mid. Disp. 0.51 107 0.82 0.89
J12:Nor.Mid.Acc. 1.09 0.9 1.09 0.97
J13:Nor.Bear.Def. 0.51 1.07 0.82 0.89
J14:Nor.Ductility 1.07 1.08 0.96 0.95
J15:Pk.Con.Force 0.02 0.00 0.01 0.00
J16:PKk.Stroke 0.40 1.04 0.76 0.85
J17:Pk.Power - 0.02 - 0
J18:Totalower - 0.00 - 0
J19:No.Con.Dev. 20 20 20 20
J20:No.Sensors 40 16 40 0
J21:Comp.Res. 0 28 28 0
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Table 8.5 Performance indices for various controllers subjected to the

pulse excitation

HB SAC SSA S.PA
J1: Pk. Base Shear 1.2 1.03 1.08 0.90
J2: Pk.Over.Mom. 1.29 1.03 1.05 0.90
J3:Pk.Mid.Disp. 0.46 1.07 0.59 0.83
J4:Pk.Mid.Acc. 1.44 0.99 1.35 0.91
J5:Pk.Bear.Def. 0.47 1.07 0.60 0.83
J6:Pk.Ductility 1.9 1.03 1.05 0.90
J7:Dis.Energy 0 0 0 0
J8:Plas.Connect. 0 0 0 0
J9:Nor.BaseShear 0.93 1.04 0.96 0.94
J10:Nor.Over.Mom 0.93 1.04 0.96 0.94
J11:Nor. Mid. Disp. 0.66 1.08 0.71 0.92
J12:Nor.Mid.Acc. 0.92 1.01 0.92 0.95
J13:Nor.Bear.Def. 0.66 1.08 0.72 0.92
J14:Nor.Ductility 0.8 1.04 0.96 0.94
J15:Pk.Con.Force 0.02 0.00 0.00 0.00
J16:PK.Stroke 0.46 1.06 0.59 0.82
J17:Pk.Power - 0.01 - 0
J18:Totalower - 0.00 - 0
J19:No.Con.Dev. 20 20 20 20
J20:No.Sensors 40 16 40 0
J21:Comp.Res. 0 28 28 0

Fig. 8.13 presents response quantities for the bridge in longitudinal direction during
TCUO68-NS earthquake. It is observed from Fig. 8.13a that the mid-span displacement
using hybrid stiffness damper is reduced to 0.321m, compared with 0.565m and 0.895m
using sample semi-active and sample active controllers, respectively. On the other hand,
peak mid-span acceleration and peak base (bearing) shear using hybrid stiffness damper
are larger than those for other controllers, see Fig. 8.13b and 8.13c. The shear response of
mid-span bearings is significantly reduced as shown in 8.13d for the hybrid stiffness
damper. On the other hand, end bearing shear in Fig.8.13c is only dightly increased

compared with that for the sample active controller.
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Figure 8.13 Longitudina (Y -direction) response information for the cases of hybrid
stiffness controller (HB), sample semi-active controller (S.SA) and
sample active controller (S.AC), subjected to the TCU068-NS excitation.

8.8 CONCLUSIONS

A dtiffness-based hybrid semi-active controller, termed as Semi-Active Hybrid
Stiffness Damper, is proposed for displacement reduction of flexible structures subjected
to long-period pulse-type near-field ground motions. It is known that displacement
reduction of short and intermediate structures subjected to pulse type and broadband

excitations can be realized using existing protective/damping systems. However, it has
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been observed that these systems are not effective during flexible structures subjected to
long-period pulse-type excitations.

The hybrid controller proposed in this investigation operates in two stages. The
viscous damping force is the only force applied when structural deformation issmall. As
displacement exceeds a preset threshold value, variable stiffness force is built up rapidly
to limit peak dynamic responses. The stiffness of the damper is a nonlinear function of
displacement across it. A friction-type constraint is applied to make the proposed
controller dissipative in nature.

Detailed parametric analysis is performed to investigate the characteristics of the
proposed hybrid stiffness damper. Effectiveness of the hybrid stiffness damper is
evaluated using nonlinear SDOF systerns as well as the nonlinear base-isolated highway
bridge benchmark model. Results indicate that the proposed hybrid stiffness damper is
very effective in reducing structura displacement and ductility demands during long-
period pulse-type excitations. The reduction in displacement is accompanied by the
increase in acceleration caused by the application of stiffness force. It is observed that the
performance of hybrid stiffness damper is superior to those of sample controllersin terms
of better displacement reduction with similar amplification of shear and acceleration for
the benchmark bridge model.

Effective stiffness of structures decreases significantly because of nonlinear
deformation. Hence, the effects of stiffness variations by the proposed hybrid stiffness
damper for nonlinear structures are more obvious than those for linear structures.
Stiffness variation mechanism works effectively in reducing displacement caused by

satic-like long-period pulse-type excitations. The variable stiffness mechanism in the
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proposed hybrid stiffness damper can automatically adjust the incremental rate of applied
force in real time manner.

It is noted that the stiffness shape function used in this investigation is a group of
polynomial functions. However, other type of functions can aso be used to redlize the
continuous variation of stiffness. The hybrid stiffness damper can be realized by typically
used damper devices, such as MR dampers, ER dampers, variable orifice dampers, etc.
Further work need to be carried out for the practical application of the hybrid stiffness

damper as well as developing different types of stiffness shape functions.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE RESEARCH

9.1 CONCLUSIONS

The objective of this research is to investigate the effectiveness of various seismic
structure protective systems susceptible to disastrous earthquakes.. This objective is
achieved through: a) investigations of the effects of near-field ground motion pulses on
the performance of various control systems installed in linear and nonlinear structures; b)
development of innovative semi-active and active control systems by incorporating
dynamic pulse behavior in controller design; c) verification of performance of these
controllers using models of a base-isolated benchmark building and a base-isolated
benchmark highway bridge; and d) development of novel stiffness shape concept for
nonlinear flexible structures.

Typicaly, near-field ground motions consist of dominant pulse components and
broadband frequency components. Characteristics of near-field ground motions and
effects of pulse, broadband, long-period and high-frequency components of nearfield
ground motions on the responses of linear and nonlinear structures are investigated
extensively. Using a combination of the analytical pulse model proposed by He (2003)
and Empirical Mode Decomposition (EMD) method used by Huang et a (2001),

recorded acceleration histories are decomposed into dominant pulse components and
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broadband frequency components. Through this decomposition it is demonstrated that
the analytical pulse model proposed by He (2003) matches very well with the pulse
components obtained through the EMD method. Response quantities and time history
plots obtained by the two forms of pulse components are almost the same. It is observed
that pulse components are the major sources causing displacement responses of linear and
nonlinear structures and they are responsible for pushing nonlinear structures to the
elastic limit or beyond this limit within a short period of ground shaking. Thisisfound to
be the case for short, intermediate and long-period structures. Although broadband
frequency components alone can cause significant amount of displacement responses,
these responses occur at different time instants than those of the pulse components and
thus they are not the cause of overall peak responses. However, the combined effects of
these two components during the same time period cause the overall inelastic structural
deformation. Hence, all types of structures (short period, intermediate period and long
period) develop permanent displacement during near-field ground motions with
predominant pulse components. The anaytical pulse model can be used for systematic
study of various seismic protective systems, since the pulse components of recorded
earthquakes are responsible for causing major structural deformation during earthquake
events.

Performance of passive energy dissipation systems (PEDS) during near-field
ground motions is investigated systematically using the analytical pulse model. These
results are verified using various recorded near-field ground motions. It is found that the
degradation in the effectiveness of viscous dampers during near -field ground motions is

due to the presence of distinct pulse-type components. When the ratio of structural and
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predominant ground motion periods, Tn/Tp, IS close to 1, the effectiveness of viscous
dampers during recorded near-field ground motions is similar to their effectiveness
observed when subjected to pulse components only and the viscous dampers perform the
best under this situation. However, when the Tn/T,, ratio is much different than 1, viscous
dampers can only effectively reduce the displacement caused by broadband frequency
components and they are much less effective in reducing displacement caused by the
pulse components. Yielding dampers are effective in reducing displacement, acceleration
and input energy only when Tn/T, <1, and may amplify these quantities otherwise. It is
also observed that the performance of PEDS depends on their absorbability of
instantaneous input energy. If a PED S cannot dissipate the input energy instantaneoudly,
even though it may have an excellent ability to dissipate the total input energy at the end
of excitation, the structure may still undergo damage due to the instantaneous
accumulation of input energy during the course of an earthquake.

To investigate the inelastic behavior of structures during near-field ground motions,
the response of nonlinear structures subjected to 50 recorded near-field ground motions
as well as pulse-type excitations is studied. It is noted that the level of structural damage
not only depends on the maximum response quantities, but also on the cumulative effects
of numerous inelastic hysteretic cycles during an earthquake. For this reason, both
strength and energy related response quantities are investigated. Inelastic behavior of
structures is investigated in detail by deriving Rmrelationships as a function of Tn/Tp
based on extensve smulations of nonlinear structures with various levels of
displacement ductility factors and subjected to both recorded ground motions and pulse

type excitations. It is observed that the Newmark-Hall’ s relationship is applicable for the
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design of inelastic structures if its parameters are adjusted in terms of T./T, using the
results obtained from 50 recorded near-field ground motions. A pulse model based R-p
relationship is aso developed and proposed for the inelastic design of structures. The
proposed R-u relationship matches very well with the lower bound values (mean minus
one sigma) of the R envelope obtained for recorded ground motions for T/Tp < (To/Tp)c
and it is more conservative than Newmark-Hall’ s relationship for the case of short period
structures subjected to relatively longer period pulse-type ground motions. For Ty/T, >
(Tw/Tp)c, the proposed Rmrelationship yields similar results to those in the Newmark
Hall formula.

The energy-related properties of inelastic structures are also investigated. It is
noted that the energy-related properties can be used to characterize the cumulative
damage of structures and they can be used effectively for performance-based design.
Input energy spectra, hysteretic energy spectra, ratio of hysteretic to input energy spectra
as well as gspectra for damper dissipated energy for pulse-type and near-field ground
motions are thoroughly investigated. Numerical results demonstrate the evolution process
of sismic energy in inelastic structures with and without supplemental passive energy
dissipation devices.

Performance of passive energy dissipation systems for nonlinear structures is aso
investigated systematically for both pulse-type and recorded ground motions. Because of
significant nonlinearity inherent in inelastic structures, performance of energy dissipation
devices in nonlinear structures is inferior to that in linear structures, since a significant
portion of input energy may be dissipated through hysteretic structural behavior. As a

result, energy dissipated by supplementa dampers decreases with increase in structura
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nonlinearity (ductility). However, for a given structure, supplemental energy dissipation
devices still significantly dissipate the energy input to the structure and thus effectively
reduce excessive damage during strong earthquakes.

Traditional design methods for active and semi-active systems do not consider the
characteristics of the seismic excitations or assume these to be white noise.. Hence, the
effectiveness of these controllers cannot be guaranteed in the presence of seismic
excitations with dominant pulse behavior. To address this issue, an approach to design
novel active and semi-active controllers by including the dynamics of pulse behavior in
ground motion design is proposed. Previously, He (2003) had proposed a pulse filter in
frequency domain, which can be converted to state-space form using MATLAB
subroutines. The pulse filter is combined with the structural system dynamic equation to
form the augmented system. This augmented system is utilized to design active and semi-
active controllers for base-isolated buildings using any of the modern control theories.
Using a Linear Quadratic Gaussian (LQG) approach, Active Pulse Filter (APF) and
Semi-Active Pulse Filter (SAPF) controllers are designed and their effectiveness is
investigated using a 2DOF based isolated building model and an eight story base-isolated
benchmark building model. It is observed that the APF controller performs significantly
better than other controllers by reducing the peak values of base displacement,
superstructure drift and absolute accelerations of the base and the superstructure
simultaneously and more significantly. The pulse filter used for APF depends on ground
pulse period, ground damping factor and pulse shape factor. Based on a sensitivity
analysis, it is shown that the performance of the APF controller doesn't change

significantly when pulse period in the pulse filter is underestimated or overestimated by
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up to 20% with respect to actual ground motion period, the damping factor is in the range
of 0.15 to 0.35 and the pulse shape factor is between 1 and 3, for a practical range of
control force.

A dtiffness-based hybrid semi-active controller is proposed for displacement
reduction of flexible structures subjected to long-period pulse-type near-field ground
motions. It is known that displacement reduction of short and intermediate structures
subjected to pulsetype and broadband frequency excitations can be obtained using
existing protective/damping systems. However, it is observed that these systems are not
effective during flexible structures subjected to long-period pulse-type excitations. The
hybrid stiffness damper operates in two stages. only a viscous damping force is applied
when structural deformation is small; and as the displacement exceeds a preset threshold
value, a variable stiffness force is built up rapidly to limit peak dynamic response. The
stiffness of the damper is a nonlinear function of its displacement.. A frictiontype
congtraint is applied to make the proposed controller dissipative in nature.

Applications of the damper to nonlinear SDOF structures and a nonlinear base-
isolated highway bridge model demonstrate that the proposed hybrid stiffness damper is
very effective in reducing structural displacement and ductility demands during long-
period pulse-type excitations. The reduction in displacement is accompanied by an
increase in the acceleration caused by the application of stiffness control force. It is
observed that the performance of the hybrid stiffness damper is superior to that of sample
controllers in terms of better displacement reduction with similar amplification of shear

and acceleration of the benchmark bridge model. Siffness variation mechanism works
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effectively in reducing displacement caused by dtatic-like long-period pulse-type

excitations.

9.2 FUTURE RESEARCH

There are till many issues that need to be addressed and further explored in the

area of response control of structures. These may include a) the development of highly
efficient and reliable control systems, b) large scale testing of various control devices, ¢)
applications in the design and retrofit of structures, d) code adoption of seismic protective
systems in future design guidelines. In terms of the application of seismic protective
systems in earthquake engineering, ground motion characteristics need to be specifically
considered in the future design and application of various control systems.

It is noted that advanced seismic protective systems are yet to be fully utilized in
practice, particularly in the U.S., although passive devices have been recommended in
many documents, such as UBC97, FEMA273 (1997), FEMA 368 (2000) and FEMA 356
(2000). Moreover, the design and analysis of structures with passive devices are still
based on code provisions developed for far-field earthquakes, even though a generaized
near-source factor is recommended to account for the near-fault effects in some of these
documents. This could result in a significant under-prediction of inelastic structurd
demand during near-field ground motions and the near-source effects on the performance
of seismic protective systems may not be accurately estimated. Hence, a systematic
evaluation and revision of current design and analysis methods considering near-field
excitation effects should be taken for increased safety and reliability of both the structure

and seismic protective systems. Interaction between structures and control devices should
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be properly addressed in the design and analysis of structures equipped with seismic
protective systems.

The development of more efficient, reliable and applicable semi-active and hybrid
control systems is always a challenging topic. Although controllers designed based on
traditional algorithms, such as LQR/LQG, could achieve favorable control effects, they
require accurate estimation of model parameters and response quantities, which is a
challenging task for nonlinear structures. To this end, experimental verification of
controller design by augmenting structural models with pulse filters is essentia and
should be carried out in future research. The concept of utilizing a stiffness shape
function to control stiffness deterioration due to nonlinear behavior (hysteretic, degrading,
pinching) is novel and needs to be investigated using different forms of the stiffness
shape functions. The research presented in this dissertation shows that the hybrid
stiffness damper can reduce displacements and ductility, although there is an increase in
peak base shear forces and accelerations. This issue can be resolved by designing
stiffness shape functions suitable for a particular form of nherent nonlinearity of the

structure.

263



¥9¢

APPENDIX-Ground Motion Records Used in this Dissertation Research

Table A-1. 50 Near-field Ground Motion Records Used in Chapter 5

NO ID Description Period|PGA| PGV |PGD|Magnitude| USGS Distance to
) (s) | (@) |(cm/s)[(cm)| (ML) |Soil Class| fault (km)
1 NORTHR/PUL104 Northridge, 1994/01/07 0.5 |1.585| 55.7 | 6.06 6.7 A 8.0
2 NORTHR/PUL194 Northridge, 1994/01/07 0.9 ]1.285| 103.9 |23.80 6.7 A 8.0
3 CAPEMEND/CPM000 Cape Mendocino 1992/04/25 0.9 1497|1274 141.01 7.1 A 8.5
4 | CAPEMEND/CPM090 | Cape Mendocino 1992/04/25 | 2.4 |1.039] 42.0 |12.39 7.1 A 8.5
5 LANDERS/LCN275 Landers 1992/06/28 42 |0.721| 97.6 |70.31 7.3 A 1.1
6 LANDERS/LCN000 Landers 1992/06/28 34 ]0.785| 319 |16.42 7.3 A 1.1
7 PALMSPR/WWT180 N. Palm Springs 1986/07/08 0.5 [0.492| 34.7 | 6.38 6.0 A 7.3
8 PALMSPR/WWT270 N. Palm Springs 1986/07/08 0.4 [0.612] 315 | 458 6.0 A 7.3
9 MORGAN/AND250 Morgan Hill 1984/04/24 0.5 |0.423| 25.3 | 4.58 6.2 B 2.6
10 MORGAN/AND340 Morgan Hill 1984/04/24 0.8 [0.289| 27.6 | 6.33 6.2 B 2.6
11 NORTHR/ARL090 Northridge 1994/01/17 1.0 ]0.344| 40.6 |15.04 6.7 B 9.2
12 NORTHR/ARL360 Northridge 1994/01/17 3.0 ]0.308| 23.2 |10.75 6.7 B 9.2
13 NORTHR/PKC090 Northridge 1994/01/17 0.9 |0.301| 314 |10.87 6.7 B 8.2
14 NORTHR/PKC360 Northridge 1994/01/17 0.7 0.433| 515 | 7.21 6.7 B 8.2
15 NORTHR/WPI1046 Northridge 1994/01/17 2.2 10.455]| 92.8 |56.64 6.7 B 7.1
16 NORTHR/WPI316 Northridge 1994/01/17 20 ]0.325| 674 |16.11 6.7 B 7.1
17 CHICHI/CHY028-N Chi-Chi, Taiwan 1999/09/20 0.8 ]0.821| 67.0 |23.28 7.6 C 7.31
18 CHICHI/CHY028-W Chi-Chi, Taiwan 1999/09/20 19 |0.653| 72.8 |14.68 7.6 C 7.31
19 CHICHI/TCUQ76-N Chi-Chi, Taiwan 1999/09/20 1.2 |0.416| 64.2 |35.37 7.6 C 1.95
20 CHICHI/TCUO76-W Chi-Chi, Taiwan 1999/09/20 3.2 |0.303| 62.6 |31.47 7.6 C 1.95
21 CHICHI/TCU129-N Chi-Chi, Taiwan 1999/09/20 0.9 |0.634| 36.1 |28.87 7.6 C 1.18
22 CHICHI/TCU129-W Chi-Chi, Taiwan 1999/09/20 41 | 101 | 60.0 [50.15 7.6 C 1.18
23 DUZCE/DZC180 Duzce, Turkey 1999/11/12 5.5 ]0.348| 60.0 |42.09 7.1 C 8.2
24 DUZCE/DZC270 Duzce, Turkey 1999/11/12 5.0 ]0.535| 83.5 |51.59 7.1 C 8.2
25 | IMPVALL/H-EMOO000 Imperial Valley 1979/10/15 3.0 ]0.314| 71.7 |25.53 6.5 C 0.5
26 | IMPVALL/H-EMO270 Imperial Valley 1979/10/15 3.0 ]0.296| 90.5 |31.71 6.5 C 0.5
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27 IMPVALL/H-E04140 Imperial Valley 1979/10/15 09 ]0.485] 374 |20.23 6.5 C 4.2
28 IMPVALL/H-E04230 Imperial Valley 1979/10/15 3.6 |036]| 76.6 |59.02 6.5 C 4.2
29 IMPVALL/H-E06140 Imperial Valley 1979/10/15 28 1041 ] 649 |27.69 6.5 C 1.0
30 IMPVALL/H-E06230 Imperial Valley 1979/10/15 3.4 10.439] 109.8 |65.89 6.5 C 1.0
31 IMPVALL/H-E07140 Imperial Valley 1979/10/15 15 ]0.338| 47.6 |24.68 6.5 C 0.6
32 IMPVALL/H-E07230 Imperial Valley 1979/10/15 3.2 |0.463] 109.3 |44.74 6.5 C 0.6
33 IMPVALL/H-E08140 Imperial Valley 1979/10/15 1.4 10.602| 54.3 [32.32 6.5 C 3.8
34 IMPVALL/H-E08230 Imperial Valley 1979/10/15 42 10.454] 49.1 |35.59 6.5 C 3.8
35 | IMPVALL/H-EDA270 Imperial Valley 1979/10/15 26 ]0.352| 71.2 | 458 6.5 C 53
36 | IMPVALL/H-EDA360 Imperial Valley 1979/10/15 14 048 | 40.8 |14.04 6.5 C 5.3
37 NORTHR/NWH090 Northridge 1994/01/17 1.3 ]0.583| 755 |17.57 6.7 C 4.5
38 NORTHR/NWH360 Northridge 1994/01/17 1.3 | 059 | 97.2 |38.05 6.7 C 4.5
39 NORTHR/SYL090 Northridge 1994/01/17 24 10.604| 78.2 |16.05 6.7 C 6.4
40 NORTHR/SYL360 Northridge 1994/01/17 2.6 0.843] 129.6 |32.68 6.7 C 6.4
41 NORTHR/JENQ22 Northridge 1994/01/17 2.8 10.424] 106.2 |43.06 6.7 C 6.2
42 NORTHR/JEN292 Northridge 1994/01/17 1.1 ]0.593| 99.3 | 24.0 6.7 C 6.2
43 NORTHR/RRS228 Northridge 1994/01/17 1.0 |0.838| 166.1 |28.78 6.7 C 7.1
44 NORTHR/RRS318 Northridge 1994/01/17 24 10.472| 73.0 |19.76 6.7 C 7.1
45 NORTHR/SPV270 Northridge 1994/01/17 0.8 |0.753| 84.8 |18.68 6.7 C 8.9
46 NORTHR/SPV360 Northridge 1994/01/17 0.9 |0.939] 76.6 |14.95 6.7 C 8.9
47 NORTHR/SCS052 Northridge 1994/01/17 3.0 |0.612] 117.4 |53.47 6.7 C 6.2
48 NORTHR/SCS142 Northridge 1994/01/17 1.6 |0.897| 102.8 |46.99 6.7 C 6.2
49 NORTHR/SCEO018 Northridge 1994/01/17 2.2 10.828] 117.5 |34.22 6.7 C 6.1
50 NORTHR/SCE?288 Northridge 1994/01/17 0.9 |0.493] 74.6 |28.69 6.7 C 6.1

Downloaded from PEER website (http://peer.berkeley.edu/)
General properties: Magnitude (ML)>5.5, Distance <10KM, PGA>0.25g, PGV>25cm/s

USGS soil classification: A: VVs>750 m/s, B: 360<Vs<750m/s, C: 180<Vs<360m/s



Table A-2. 24 Ground Motions Used in Chapter 6

No. | Description of earthquakes Period (s) | PGA (g)
1 FN Elcentro, 1979 1.0 0.313
2 FP Elcentro, 1979 2.1 0.215
3 EW Erzikan, 1992 2.0 0.496
4 NS Erzikan, 1992 1.8 0.515
5 EW Kobe JMA, 1995 0.8 0.631
6 NS Kobe JMA, 1995 0.9 0.841
7 FN Northridge Newhall, 1994 1.3 0.736
8 FP Northridge Newhall, 1994 0.3 0.655
9 FN Northridge Rinaldi, RRS228, 1994 1.0 0.840
10 FP Northridge Rinaldi, RRS228, 1994 2.3 0.476
11 FN Northridge Sylmar, 1994 2.6 0.875
12 FP Northridge Sylmar, 1994 2.4 0.604
13 FN Tabas, 1978 5.3 0.900
14 FN Loma Prieta, Los Gatos, 1989 2.9 0.717
15 FP Loma Prieta, Los Gatos, 1989 15 0.458
16 FN Loma Prieta, Lex. Dam, 1989 1.1 0.686
17 FP Loma Prieta, Lex. Dam, 1989 4.2 0.370
18 FN C. Mendocino, Petrolia, 1992 0.8 0.638
19 FP C. Mendocino, Petrolia, 1992 0.8 0.655
20 FN Northridge Olive View, 1994 2.6 0.732
21 FP Northridge Olive View, 1994 0.5 0.595
22 FN Kobe Takatori, 1995 1.3 0.786
23 FP Kobe Takatori, 1995 1.2 0.424
24 NS Chi-chi TCU065, 1999 6.4 0.603
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Table A-3. 25 Near-field ground motion records used in Chapter 8

No. Description Magnitude| Period,s | PGA, g
1 | FN Tabas, 1978 7.4 5.3 0.90
2 | FP Tabas, 1978 7.4 4.7 0.98
3 | FN Loma Prieta, 1989, Los Gatos 7.0 2.9 0.72
4 | FP Loma Prieta, 1989, Los Gatos 7.0 1.6 0.46
5 | FN Loma Prieta, 1989, Lex. Dam 7.0 1.1 0.69
6 | FP Loma Prieta, 1989, Lex. Dam 7.0 4.2 0.37
7 | FN C. Mendocino, 1992, Petrolia 7.1 0.8 0.64
8 | FP C. Mendocino, 1992, Petrolia 7.1 0.8 0.65
9 | FN Erzincan, 1992 6.7 2.1 0.43
10 | FP Erzincan, 1992 6.7 1.9 0.46
11 | FN Landers, 1992 7.3 4.6 0.71
12 | FP Landers, 1992 7.3 1.2 0.80
13 | FN Nothridge, 1994, Rinaldi 6.7 1.0 0.89
14 | FP Nothridge, 1994, Rinaldi 6.7 2.7 0.39
15 | FN Nothridge, 1994, Olive View 6.7 2.6 0.73
16 | FP Nothridge, 1994, Olive View 6.7 0.5 0.60
17 | FN Kobe, 1995 6.9 0.9 1.09
18 | FP Kobe, 1995 6.9 1.3 0.57
19 | FN Kobe, 1995, Takatori 6.9 1.3 0.79
20 | FP Kobe, 1995, Takatori 6.9 1.2 0.42
21 | Turkey Earthquake, 1999,Gebze 7.4 45 0.27
22 | EW of TCU065, 1999,Chichi 7.6 4.6 0.81
23 | NS of TCU065, 1999, Chichi 7.6 1.8 0.60
24 | EW of TCU068, 1999, Chichi 7.6 8.9 0.57
25 | NS of TCU068, 1999, Chichi 7.6 8.0 0.46

Note: first 20 records were used by the SAC project.
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