Seismic Study of Building Frames
with Added Energy-Absorbing Devices

by

W.S. Pong!, C.S. Tsai? and G.C. Lee®

June 20, 1994

Technical Report NCEER-94-0016

NCEER Task Number 92-5202B

NSF Master Contract Number BCS 90-25010
and
NYSSTF Grant Number NEC-91029

1 Research Assistant, Department of Civil Engineering, State University of New York at
Buffalo

2 Research Assistant Professor, Department of Civil Engineering, State University of New
York at Buffalo

3 Professor and Dean of Engineering, Department of Civil Engineering, State University of
New York at Buffalo

NATIONAL CENTER FOR EARTHQUAKE ENGINEERING RESEARCH
State University of New York at Buffalo
Red Jacket Quadrangle, Buffalo, NY 14261







PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand and
disseminate knowledge about earthquakes, improve earthquake-resistant design, and implement
seismic hazard mitigation procedures to minimize loss of lives and property. The empbhasis is on
structures in the eastern and central United States and lifelines throughout the country that are found
in zones of low, moderate, and high seismicity.

NCEER’s research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element 11, Applied Research, is the major focus of
work for years six through ten. Element III, Demonstration Projects, have been planned to support
Applied Research projects, and will be either case studies or regional studies. Element IV,
Implementation, will result from activity in the four Applied Research projects, and from Demon-
stration Projects.
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¢ The Nonstructural * Hospital and data processing
* Soils and geotechnical Components Project facilities
engineering * Short and medium span bridges
+ The Lifelines Project C * Water supply systems in
* Structures and systems Memphis and San Francisco
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* Mississippi Valley
* Protective and intelligent * San Francisco Bay Area
systems
* Societal and economic
studies | | I |
V A%
ELEMENT IV
IMPLEMENTATION
* Conferences/Workshops
* Education/Training courses
* Publications

Public Awareness

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid frames,
and masonry walls or infills. The research involves small- and medium-scale shake table tests and
full-scale component tests at several institutions. In a parallel effort, analytical models and computer
programs are being developed to aid in the prediction of the response of these buildings to various
types of ground motion.
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Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The protective and intelligent systems program constitutes one of the important areas of research
in the Building Project. Current tasks include the following:

1.

3.
4.

Evaluate the performance of full-scale active bracing and active mass dampers already in
place in terms of performance, power requirements, maintenance, reliability and cost.
Compare passive and active control strategies in terms of structural type, degree of
effectiveness, cost and long-term reliability.

Perform fundamental studies of hybrid control.

Develop and test hybrid control systems.

Passive energy dissipation with building applications is considered in this report. The focus is placed
ontwo combined devices - a combination of tapered-plate energy absorbers (I'PEA) and viscoelastic
dampers and a combination of TPEA and fluid dampers. Simulation results show that these combined
devices can compensate for possible shortcomings associated with each device when used singly and
they provide a strong safe-failure mechanism as reliable energy absorbing devices. They also can
sustain a wide range of loadings from minor to severe earthquake and wind loads.
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ABSTRACT

The concept behind passive vibration control is to add energy dissipating devices to a
structure so that energy dissipation can be primarily constrained to the designed location of these
passive control devices instead of the main load-carrying members. Since these passive control
devices are separated from the main structures, they can be easily replaced if extensively dam-
aged. The use of these energy-absorbing devices to dissipate the seismically induced energy is
one of the most economical and effective ways to mitigate the effects of earthquakes on struc-
tures.

This report is concemed with a study of two different devices, a combination of tapered-
plate energy absorber (TPEA) and viscoelastic dampers and a combination of TPEA and fluid
dampers. It starts with a general review of the developments in various energy dissipating
devices. Then a finite element formulation for fluid dampers is developed for this study. A com-
parison is made between numerical solutions and experimental results when a 2/5 scale steel
structure is equipped with added viscoelastic dampers. The structural response of high-rise build-
ings mounted with three energy-absorbing devices, tapered-plate energy absorber (TPEA), vis-
coelastic dampers, fluid dampers, and two combined devices, TPEA and fluid dampers and TPEA
and viscoelastic dampers, respectively, have been investigated. Next, a parametric study of TPEA
devices for high-rise buildings is conducted. The selected response parameters in this study
include: (1) story shear force; (2) floor displacement; (3) base shear force and (4) ductility ratio.

Finally, two combined devices, TPEA and viscoelastic dampers and TPEA and fluid
dampers are examined. Results show such combined devices provide a strong safe-failure mecha-
nism as reliable energy absorbing devices. They also can sustain a wide range of loadings from
minor to severe earthquake ground motion and wind loads. The combined devices can compen-
sate for each other’s shortcomings so that a satisfactory design for wind loads and seismic hazard
mitigation of the structures can be achieved.
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SECTION 1
Introduction

1.1 Background and Motivation

Earthquakes strike with little notice, often with severe ground shaking, claiming many
lives and causing much damage to property every year. The design and construction of earth-
quake-resistant structures has been a continuous goal of researchers and structural engineers.

The Mexico City earthquake on September 19, 1985 caused over 10,000 deaths from
building failures and at least 100,000 persons were left homeless. More than 400 buildings were
destroyed and an additional 3200 buildings were damaged in this populous city. The resulting
economic loss was measured at four billion dollars; this tremendous damage was done in only
three minutes [1]. The Richter magnitude of the Mexico City earthquake was 8.1. The earthquake
contained at least 20 sustained cycles of vibration with a dominant period of about two seconds.
Ground accelerations ranged from 5 to 20 percent of gravity in a period range of 1.5 to 3 seconds
[68]. The sustained shaking continued for about three minutes. Because of the long duration of
this shaking, deep soil deposits were excited resulting in amplified ground movements.

Two major dams, La Villita and El Infiemillo, the latter holding one of the world’s largest
reservoirs, were within 70 km of the epicenter. La Villita has a height of 60 m and an impound-
ment of 710,000,000 m? and El Infiemillo has a height of 146 m and an impoundment of
12,000,000,000 m?>. Both dams were built with the knowledge that a magnitude 8 earthquake was
expected to occur [1]. The dams survived the earthquake with only cosmetic damages, which
demonstrates that engineers can design and construct safe structures to withstand severe earth-
quakes.

1.2 Essence of Conventional Seismic Design

A basic principle in structural design against severe earthquakes is to allow the structure to
absorb and dissipate energy through ductility. Ductility is obtained in typical civil engineering
structures through inelastic deformation of the material developed in carefully chosen regions.
However, ductile structures can result in very large inelastic deformations so that they may not be
used after the earthquake from the viewpoints of cost and safety. In recent years, more emphasis
has been given to the development of cost effective devices for dissipating seismically induced
energy in the structure while keeping the structure’s responses as much as possible in the elastic
range of the material.

1.3 Essence of Structural Control

To add energy dissipating devices to a structure or to isolate the structure from earthquake
ground motion 1s generally known as structural control. Considerable progress has been made
over the last two decades in structural control. Based on the nature that the energy is dissipated,
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two control systems are categorized: passive control and active control [59]. Some of the specific
structural control approaches are briefly reviewed in the following sections.

The amount of energy imparted to a structure depends on several factors, some of which
are related to the characteristics of the ground motion, such as its amplitude and frequency con-
tent. Others are related to the properties of the structure, such as natural period, damping and
resistance (or load-deformation) properties [76].

To facilitate subsequent discussion, the amount of input energy imparted to a structure
from earthquake ground motion Ej [2] is expressed as

E = Ex+Eg+E +E; = Eg+E, (1.1)

where, E is the absolute kinetic energy, Eq is the elastic strain energy, Ey is hysteretic energy
dissipated by the structural system through inelastic or other actions, and E, is the energy of vis-
cous damping. Eg is the elastic vibrational energy which is the sum of E¢ and Eg. Ep, is the dissi-
pated energy which is the sum of Eyand E £ From Eq.(1.1), the use of supplemental damping
devices can increase the energy dissipation capacity, Ep, so that the response of the building dur-
ing the earthquake can be improved.

1.3.1 Active Control

An active control system relies on the ability to reuse the response information of the
structure and the availability of an external energy supply that can generate corrective forces to
reduce the undesirable responses [3]. These devices include the Active Mass Damper (AMD),
Active Tendons (AT), and Active Variable Stiffness (AVS). The ground acceleration and the sys-
tem’s response (displacement, velocity, and acceleration) at chosen locations are continuously
monitored and the control forces are properly applied to the structure through actuators [4,5]. An
active control system can change the dynamic characteristics of a structure. Compared to passive
control systems, an active system is a more flexible strategy, but considerable further studies are
required before it can be used in routine engineering practice.

An active structural control device with a linear optimal feedback control algorithm has
been tested experimentally using tendon control [6]. On the basis of the analytical and experimen-
tal studies carried out thus far, one may conclude that active control has the potential to be a suc-
cessful structural control method for seismic hazard mitigation, particularly when it is used in
conjunction with a passive device (hybrid control). Two active mass driver systems were installed
at the top of a 10-story office building in 1989 [7,8]. Such AMD system is also very effective in
reducing vibrations induced by wind [9]. In 1990, a full-scale active bracing system (ABS) was
designed and installed in a dedicated test structure for performance verification of the system
under actual seismic ground motions [70]. The observed performance of the full-scale active brac-
1.ig system shows that significant strides have been made in the implementation of active control
technology.
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1.3.2 Passive Control

The concept behind passive control is to add energy dissipating devices to a structure.
These passive devices can be easily replaced if extensively damaged. Base isolation, suitable for
lighter structures, and energy-absorbing devices are the two major passive control systems.

1.3.2.1 Base Isolation Systems

It is generally accepted that a base-isolated building can perform better than a conven-
tional fixed-base building during moderate or strong earthquakes. The most important feature of
seismic isolation is that its added flexibility increases the natural period of the structure. Because
the period is increased beyond that of the earthquake, resonance can be avoided and the seismic
acceleration response is reduced [10].

Base isolators for buildings are typically shock-absorbing bearings placed between the
base plates and columns. They are stiff enough to support the vertical load transmitted by the col-
umn; but, they are horizontally flexible enough to absorb energy generated by earthquake ground
movements. A building built on an isolation system should have a lower fundamental frequency
than both the fixed-base frequency of the structure and the dominant frequency of the ground
motion [11].

Most deformations of a base-isolated structure are attributed to the first mode of the iso-
lated structure. The higher modes, causing deformation of the structure, are orthogonal to the first
mode, and thus to the ground motion. As a result, if there is high energy in the ground motion at
the frequencies corresponding to the higher mode, the energy cannot be imparted to the structure.
In this way, the demand on the structural system is minimized and acceleration transmitted to the
internal non-structural components can be also reduced [12]. Base isolators also provide addi-
tional damping to the structure. Normally, the acceleration response of the structure is also
reduced. The number of base-isolated structures has grown considerably over the last decade. The
most widespread use of the base isolation approach is in Japan. The first application of base isola-
tion in the U.S. was the Foothills Community Law and Justice Center, completed in 1985.

1.3.2.2 Energy-Absorbing Devices

The use of energy-absorbing devices to dissipate the seismically induced energy is consid-
ered to be one of the most economical and effective ways to mitigate the effects of earthquakes on
buildings.

In recent years, many efforts have been given to the development of energy dissipating
devices by various investigators. Relatively speaking, the development of energy absorbing
devices is behind that of the base isolation techniques. A more general understanding of the
dynamic response of the structures implemented with energy absorbing devices need to be further
advanced.
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1.4 Practical Development of Energy-Absorbing Devices

Many energy-absorbing devices have been proposed and studied for possible applications
for seismic mitigation of buildings. Some of the major energy-absorbing devices currently in use
include friction dampers [13,14,15,16,60], metallic energy absorbers [17, 18, 19, 20, 21,22,61},
fluid dampers [23,62], and viscoelastic dampers [24, 25, 26, 27, 28,63]. Some of these energy-
absorbing devices are briefly reviewed in the following subsections.

1.4.1 Friction Dampers

The study of frictional damping elements for a variety of structural systems, ranging from
braced frames [29] to concrete shear wall [30] and panelled structures [31], equipped with damp-
ing elements, was first carried out by Pall [29,30,31]. Frictional damping elements have the
advantage of being adaptable to a particularly simple form of mechanical modeling and their
responses should be repeatable. Furthermore, they are fatigue resistant [14].

Although reductions in story shear force are moderate, by using friction dampers, a large
portion of the base shear force can be resisted by bracing or secondary members of the structure in
a controlled manner. Friction dampers have unique characteristics. Their behavior is relatively
less affected by the amplitude and frequency of the earthquakes, variations in temperature or the
number of applied loading cycles [32]. Experimental studies by Filiatrault and Aiken demon-
strated that friction devices can improve the seismic resistance of conventional structures with lit-
tle maintenance [33,34]. Adopting friction dampers as a seismic support for the piping system in
nuclear power plants was proposed by Japanese researchers [35]. Their studies revealed the fol-
lowing: (1) the dissipated energy increases proportionally with increases in the exciting displace-
ment. Further, the damping ratio also increases within certain ranges of excitation level; (2) the
friction damper can greatly increase the damping of piping systems in nuclear power plants com-
pared to conventional supports such as snubbers; and (3) the friction damper has the potential to
be an economical energy-dissipating device for buildings.

1.4.2 Metallic Energy Absorbers

Using metallic energy absorbers amounts to utilizing the ductile behavior of the material
concentrated at selected locations of the structure. The resisting force of metallic energy absorbers
depends on the nonlinear stress-strain characteristics and geometrical configuration of the mate-
rial. The two most commonly used materials are mild steel and lead [36]. The steel-plate energy
device was first adopted for piping applications in nuclear power plants [18]. Many subsequent
studies show that these energy absorbing devices can be applied to improve the seismic resistance
of high-rise buildings and other structures. There are several advantages for using these devices to
resist earthquake damages: (1) energy dissipation can be constrained to the location of the
devices; (2) the main structure can resist earthquake loads under simpler and less severe condi-
tions; (3) a more economical cost is possible in both the design and construction process; (4) a
substantial reduction in the energy dissipation demands on the structure; (5) the device can be
replaced easily; and (6) these devices can provide the building with stiffness and strength as well
as increased energy dissipation capacity.
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Extensive experimental tests conducted by Whitaker, et al. [20], indicated that all the
tested devices exhibited stable hysteretic behavior without any signs of pinching or stiffness and
strength degradation for displacement amplitudes of up to 13.6A_, where Ay is the yield displace-
ment of the devices. The tests also demonstrated that the devices can sustain an extremely large
number of yielding reversals (more than 100 cycles) and accumulate a large amount of plastic
deformation without any sign of degradation. The devices were also shown to increase the stiff-
ness and strength of the frames. But the most significant feature of the devices mounted to the test
structure was increasing the structure’s energy dissipation capacity. These results confirm that the
steel-plate energy devices are suitable for use not only in retrofitting flexible ductile moment
resisting space frames, but also in the construction of new buildings in regions of high seismic
risk.

The tapered-plate energy absorber (TPEA) shown in Figure 1-1 [66] is currently under
study by a cooperative research program between State University of New York at Buffalo and
the National Taiwan University. The TPEA devices are triangular shaped [22,49]. The advantages
of triangular shaped steel-plate energy dissipation devices over rectangular shaped devices can be
clearly observed in Figure 1-2 [37]. For rectangular plates, the plastic deformation is limited to
occur at a finite region at the ends. The curvature is uniform over the height when a finite dis-
placement is imposed at the top of the triangular plate (see Figure 1-3). Therefore, the yielding
occurs simultaneously in the entire plate without curvature concentrations. Because the bending
moment at the free end of the plate is equal to zero, a more simplified design of the braces sup-
porting the energy-absorbing devices is possible [66].

1.4.3 Viscoelastic Dampers

The application of viscoelastic material to vibration control has a long history, dating back
to the mid-1950’s. It was first used on aircraft to control the vibration-induced fatigue of air
frames [38,39,40]. Applications of viscoelastic dampers to civil engineering structures began
about 20 years later. Civil structures often require 10 to 20% of critical damping while aerospace
structures usually need 5 to 6% of critical damping [39,40]. Therefore, effective use of the vis-
coelastic material is important in vibration reduction in civil engineering structures.

Viscoelastic (VE) dampers are normally made of viscoelastic layers bonded to steel plates
under direct shear to dissipate input energy [26,41]. A viscoelastic (VE) material acts partly as a
viscous material which dissipates energy and partly as an elastic material which stores energy.
Figure 1-4 shows a currently used VE damper which is comprised of two viscoelastic layers
bonded by three parallel rigid surfaces [74]. The VE materials are acrylic copolymers manufac-
tured by the 3M Company.

The 3M materials are known to be very stable with acceptable aging properties. They are
resistant to environmental pollutants. It has been shown that mounting VE dampers to a structure
can be an effective method to reduce wind-induced sway of high-rise buildings [24,42]. The
World Trade Center in New York City and the Columbia Center and the Number Two Union
Square Building in Seattle are examples. VE dampers are relatively efficient in most high energy
damping applications. Recent research [25,26,27,28,43] has demonstrated that VE dampers may
also be suitable for enhancing the seismic resistance of buildings if equipped properly.
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The number and the thickness of layers, and the cross-section area of the VE dampers
determine the amount of damping provided. The location of dampers is a crucially important
issue in the design, which is not clearly understood at present. The results of a shaking table test
by Chang et al. [43] show that the behavior of the VE damper is dependent on the ambient tem-
perature. Test results, without concerning the locations and numbers of dampers, indicate that, in
general, VE dampers are very effective in reducing excessive vibration of the test structure due to
seismic excitations. However, the viscoelastic material softens and the effectiveness of the damp-
ers decreases as ambient temperature increases [43].

1.4.4 Fluid Viscous Dampers

Fluid viscous damping devices originated in the early 1960’s for use in steel mills as
energy absorbing buffers on overhead cranes. Variations of these devices were used as canal lock
buffers, as leg suspensions for offshore oil rigs, and mostly as shock isolation systems for aero-
space and military hardwares [23]. Recently, there have been several large scale applications of
these devices. In the West Seattle Swing Bridge, fluid dampers with a built-in hydraulic logic sys-
tem provide damping at two predetermined levels. The logical system can determine whether the
bridge condition is normal or faulty. The devices have also been installed at the New York Power
Indian Point 3 Nuclear Power Plant. Each nuclear generator is connected to the containment
building walls by eight fluid dampers of 300 Kips (1.34 MN) each. The dampers have been spe-
cially designed for seismic pulse attenuation. The dampers at the Virginia Power North Ana
Nuclear Station have 2000 Kips (8.92 MN) capacity and function the same as those at the Indian
Point 3 Plant. This type of device has also been used to suppress the wind-induced vibration of
launching platforms, such as those for the space shuttle and the Atlas Missile. The dampers’ linear
viscous behavior and independence over a wide temperature range (-40°C to 70°C) are the two
favorable characteristics in seismic design of structures.

Constantinou et al. [23] conducted an experimental study of fluid dampers during which
several conclusions were reached. First, fluid viscous dampers may be designed to exhibit an
essentially linear viscous behavior for motion frequencies below a certain cutoff frequency. It was
also shown that fluid dampers may be modeled as simple linear viscous dampers. The study also
revealed that temperature has a minor effect on the mechanical behavior of the fluid dampers that
were tested. It was shown that fluid dampers can provide a structure with supplemental damping
to enhance its structural seismic resistance. Finally, Constantinou’s study proved that fluid damp-
ers reduce drifts and column bending moments because of their viscous nature. At the same time,
additional column axial forces, out-of-phase with the bending moments, are introduced. This
behavior is beneficial to retrofit applications by preventing the possibility of compression failure
of weak columns.

1.5 Objectives
Three energy-absorbing devices, the viscoelastic dampers, the fluid dampers and the

TPEA devices were selected for this numerical study of structural response. Two combined sys-
tems, TPEA and viscoelastic dampers and TPEA and fluid dampers are examined.
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The main objectives of this study are:

(1) Parametric study of a 10-story building frame with fluid dampers, viscoelastic dampers
and TPEA devices, respectively.

(2) Investigate the response of the structure equipped with a combination of TPEA and
fluid dampers.

(3) Investigate the response of the structure equipped with a combination of TPEA
and viscoelastic dampers.

1.6 Scope of Work

The following tasks were carried out:

(1) a finite element formulation for structures equipped with fluid dampers was developed.

(2) a parametric study of a 10-story building frame implemented with fluid dampers.

(3) a parametric study of the same 10-story building frame implemented with viscoelastic
dampers.

(4) a comparison between numerical study and experimental results of the structure
equipped with viscoelastic dampers.

(5) the effect of stiffness ratio of TPEA on the dynamic response of the 10-story building
frames.

(6) the effect of stiffness ratio of braces which support the TPEA devices.

(7) a comparison between a frame with TPEA and a frame with a simple bracing whose
stiffness is the same as that of the TPEA.

(8) a numerical study of the 10-story building frame equipped with a combination of
TPEA and fluid dampers.

(9) a numerical study of the 10-story building frame equipped with a combination of
TPEA and viscoelastic dampers.

A finite element formulation of fluid dampers is developed for the numerical study of the
structure equipped with fluid dampers in the first part of Section 2. The seismic behavior of a 10-
story building frame equipped with fluid dampers is also presented in Section 2. An analytical
model and a finite element program of VE dampers are described first, then the seismic study of
the same 10-story building frame equipped with VE dampers is presented in the latter part of Sec-
tion 2. Section 3 presents the adopted analytical model of TPEA devices and the development of a
finite element program of TPEA. It briefly describes the seismic response analysis of a high-rise
building equipped with TPEA, where it is shown: (1) the TPEA provides a strong safe failure
mechanism; (2) maximum base shear force, roof displacement, and maximum story drifts are sig-
nificantly reduced by adding TPEA devices to the structure; and, (3) a preliminary study on the
location of the TPEA devices. A numerical study of the same frame equipped with viscoelastic
dampers is compared to experimental results. Section 4 investigates the response of the structure
equipped with a combination of TPEA and VE dampers and a combination of TPEA and fluid
dampers. Design implications of the energy-absorbing devices are made at the end of this section.
Finally, Section 5 is the summary and conclusions.
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SECTION 2
Seismic Study of High-Rise Buildings with Fluid Dampers and with
Viscoelastic Dampers

2.1 Current Status of Fluid Dampers Development

Fluid viscous damping devices originated in the early 1960’s for use in steel mills as
energy absorbing buffers on overhead cranes. Variations of these devices were used as canal lock
buffers, as leg suspensions for offshore oil rigs, and mostly as shock isolation systems for aero-
space and military hardware [23]. Fluid viscous dampers [23] have been adopted for some large
scale applications. Its linear viscous behavior and independence over a wide temperature range (-
40°C to 70°C) are the two major characteristics of interest in applications of seismic study.

2.1.1 Description of Fluid Dampers

The fluid damping device under investigation by Constantinou, et al., [23] is shown in
Figure 2-1. The device, filled with silicon oil, consists of a stainless steel piston with a bronze ori-
fice head and an accumulator. The fluid damper generates a proportional damping force because a
pressure volume is produced by the product of travel distance and piston rod area. The fluid is
compressible and also the reduction in fluid volume is accompanied by the development of a
resisting (spring-like) force. This is prevented by the use of the accumulator. In Constantinou’s
study, the tested device showed no measurable stiffness for piston motions with frequency less
than about 4 Hz. The cutoff frequency is considered a desirable asset for an energy-absorbing
device because additional viscous damping may be provided to the first mode and additional stiff-
ness and damping to the higher modes of the structure resulting in the reduction of the structural
response.

SEAL PRETAINER

HIGH STRENGTH CYLINODER ACCUMULATOR
IN HOUSING

ACETAL
g?LICO%I%EID

'y

=

CHAMBER 1 cumnj/
PISTON HEAD

WITH ORIFICES cwm m%

PISTON ROO

FIGURE 2-1 The ConStruction of the Fluid Viscous Damper [62]
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2.1.2 Analytical Model for Fluid Viscous Dampers

The fluid damper exhibits viscoelastic fluid behavior over a large frequency. The simplest
model to simulate the mechanical behavior of the fluid viscous damper 1s the Maxwell model [53]
given by

P+AP =C,U (2.1)
where X is the relaxation time, C, is the damping constant at zero frequency, P is the damping
force, U is the damper position velocity.

A more general Maxwell model may also be considered where the derivatives are of frac-
tional order [54]

P+AD'P = C DU (2.2)

where Drf () is the fractional derivative of order r of the time dependent function f. Eq.(2.2)
may provide better results than Eq.(2.1) in simulating the mechanical behavior of complex fluid

dampers. Due to the assumption that the damping coefficient is independent of the velocity over a
wide range of values, the parameter q can be set equal to 1. For g=1, the parameter C is the
damping constant at zero frequency. If r is also set equal to one, Eq.(2.2) is equal to Eq.(2.1).
2.2 Finite Element Formulation for Fluid Dampers

For convenience, mathematical models for fluid dampers should be easily implemented in
computer programs to facilitate their use in engineering practice. Towards this end, a finite ele-

ment formulation for the fluid dampers is developed and is described in this section.

The global coordinate system x, y, and z, and the local coordinate system &, {, and 1, are

depicted in Figure 2-2.
)
Z ’7
y \ A
2
1
X

FIGURE 2-2 Two-Node Element
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In order to generalize the formulation, dampers are assumed to be applied in the three
local directions &, {, and 1, respectively, although only one direction of the dampers along & axis
was used in the numerical examples. The global displacements at nodal points 1 and 2 shown in
Figure 2-2 are D (1) and D,(t), respectively. These global displacements are expressed as

1, (1)
i, (1) (2.3)

..u3 ( t).J

D,

and

-

uy (1)]
g (1) (2.4)

..u6 (t)-J

Dz(t)

where u;(t), uy(t), and us(t) are global displacements at nodal point 1 in the x, y, and z directions,
respectively, and uy(t), us(t), and ug(t) are those at nodal point 2, respectively.

As shown in Figure 2-2, the displacement in local coordinate system. Dl (1) ,and Dz ()
are expressed as

D,(n = RD, (1 (2.5)

and

D, () = RD,(» (2.6)

where R is a transformation matrix related to the local and global coordinate systems. The relative
displacements, U (¢) , between two nodal points 1 and 2 in the local coordinate system &, {, and
N, are defined as

U@ =Dy(t)-Di(») = RD, (1) -RD, (1) 2.7)
Eq.(2.7) can be rewritten as
U = BU®) (2.8)
where

B = [-R.R] (2.9)

u, (1)]

uz(t)

U - D, ()| _ |u3 ()

D, (» uy (1)

Ug (2)

_u6(t).

(2.10)
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Ug(t)

and

U = v, (2.11)
U, (1)
Therefore, the relative velocity between points 1 and 2, U (#) canbe givena
D, (1
Uu = aUa(t) = BaUa(’) =Bl (2.12)
g d oD, (1)
L o]
As aresult 'u ( t)_
1
U, (1)
U = BU = B2
iy (1)
us (1)
i (t
6 (1)) (2.13)
The model for fluid dampers is
P() +\P(2) = Cotj(t) (2.14)

If linear variation between two time steps, (n—1) At and n
one fractional derivation of the damping force can be expressed as
P(-P,_,(»

P = At

Applying Eq.(2.15) into Eq.(2.14), one obtains
P ++P®-P,_ 1) =0

Reorganizing Eq.(2.16), one obtains

A : A
(1 +E)P(‘) =c,U0( +A_zP"-1(’)

Then

CO

LA
At

: A1
10X6)! +A_t—XP"‘1(t)

1+—=
At

P =
1

2-4

At is assumed, then the order

(2.15)

(2.16)

(2.17)

(2.18)



Substitution of Eq.(2.13) into Eq.(2.18) yields

o BUM+ AL P (y (2.19)
A At Aol ’

1+ — 1+ —
At At

P =

Using the virtual work principle, one obtains the equivalent nodal forces, F(t).

c .

F() =B P = —- B'BU® + 2L
142 At A
At At

BTP, (1) (2.20)

Introducing a matrix, Cf, as the added damping resulting from fluid dampers, Eq.(2.20)
can be rewritten as:

_ 3 Aol T

F(I) = CfU €3] +Z—t1+—&B Pn—l(t) (2.21)

At
where
C, ,T
C, = "x B' B (2.22)
1+ A
2.3 A 10-Story Building

A 10-story moment resistant steel frame is shown in Figure 2-3. Both the columns and
beams have an elastic modulus and Poisson’s ratio equal to 3x107 psi and 0.3, respectively. The
weight of each floor is 25.47 Ibs/in. In the analysis, it was assumed that the floors were rigid in
their own plan. Three different ground motions are imposed in the lateral direction to the 10-story
building. The three selected motion records, shown in Figures 2-4 to 2-6, include the 1940 El
Centro Earthquake, the 1971 San Fernando Earthquake, and 1952 Taft Earthquake.As shown in
Figure 2.7, fluid dampers are installed on each floor and supported by Chevron braces.

2.4 Design Parameters of Fluid Dampers

The parameters of this study are the number, the position, and the damping coefficient of
the fluid dampers. The selected response parameters include: (1) the story shear force, which is
the total shear shared by the fluid viscous dampers and the frame; and (2) the floor displacement.
The unit of displacement is the inch and the unit of shear force is pounds in all the figures. Table
2-1 defines the symbols which represent the selected conditions. For example, if the number of the
fluid viscous dampers was selected as 10, 5, 3, 1, they were assigned FD10, FDS5, FD3, FD1,
respectively. 2FD5(1) means two dampers were mounted at fioors 1,2,3,4,5.

2.4.1 The Effect of Damping Coefficients
According to Eq.(2.1), it can be noted that the damping coefficient is a major factor for

deciding damping force values. A properly selected damping coefficient can help fluid dampers
achieve optimal performance. Figures 2-8 and 2-9 indicate that the curve of roof displacement
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TABLE 2-1 The Explanations of the Symbols

Symbois ’ Expianations
FDI10 Each door was mounted with a duid damper
2FDI0 Each door was mounted with wo fluid dampers
FDS(1) Floors 1,2.3.4.5 were mounted with a fluid damper
2FDS(D) Floors 1.2.3,4.5 were mounted with two fluid dampers
FDS(2) l Floors 1.3.5.7.9 were mounted with a fuid damper
2FDS(2) l Floors 1.3.5,7.9 were mounted with two tluid dampers
FD1 } Floor | was mounted with a fuid damper
2FDL ' Floor | was mounted with two duid dampers
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FIGURE 2-7 A 10-Story Building with Proposed Arrangement of Fluid Dampers
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decreases while the damping coefficient increases. Because the resisting force of the fluid damp-
ing is proportional to the damping coefficient, increasing the damping coefficient increases the
damping force so that the roof displacement decreases. Results also show that very small values
of damping coefficient could reduce the roof displacement greatly compared to the structure with-
out any device. The time-history response (roof displacement, shear force at column point B, and
base shear force) of the structure, with and without fluid dampers, were compared in Figures 2-10
to 2-18 when the values of the damping coefficient, 600 Ib-sec/in, 2400 Ib-sec/in, and 4800 1b-sec/
I, respectively, were adopted to the fluid dampers during the selected ground motions. In Figure 2-
10, the structure with fluid dampers has the same number of cycles as the structure without fluid
dampers in the same period of time. It can be said that adding fluid dampers to the structure does
not change the structure’s natural frequency. Furthermore, fluid dampers cannot provide supple-
mental damping to the structure in the earliest stages of the earthquake excitation. Thus, Figure 2-
10 shows that the roof displacement of the structure equipped with fluid dampers is not reduced
during the initial ground motion of a seismic event. The addition of damping from fluid dampers
eventually increases the structure’s energy dissipation capacity so that the roof displacement is
significantly reduced after a few cycles of earthquake excitation. The results indicate that the
structure with fluid dampers of high damping coefficient has better performance in seismic resis-
tance. But the manufacturing costs of a fluid damping device designed to achieve a higher damp-
ing coefficient would be greater. Therefore, selection of a proper damping coefficient plays a
major role in seismic design. As shown in Figures 2-10 to 2-18, it can be seen that the damping
value of 2400 1b-sec/in reduces about 50% of the roof displacement compared to the structure

without fluid dampers.

Roof Displacement (in)

0 1 2 3 6 9 12151821 24 27 30 33 36 39 42 45 48 51 54 57 60
Damping Coefficient (x100 Ib-sec/lb)

FIGURE 2-8 Relations between Damping Coefficient and Roof Displacement While the
Structure is Subjected to El Centro Ground Motion

2-9



Roof Displacement (in)

]
O 1 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96
Oamping coefficient (x100 |b-sec/in)

FIGURE 2-9 Relations between Damping Coefficient and Roof Displacement during San
Fernando Ground Motion
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FIGURE 2-10 Comparison of Roof Displacements When the Damping Coefficients (Ib-sec/
in) are 600, 2400, and 4800, respectively, during El Centro Ground Motion
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FIGURE 2-11 Comparison of Column Shear Force at Point B When the Damping Coeffi-
cients (Ib-sec/in) are 600, 2400, and 4800, Respectively during El Centro Ground Motion
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FIGURE 2-12 Comparison of Base Shear Force When the Damping Coefficients (Ib-sec/in)
are 600, 2400, and 4800, Respectively, during El Centro Ground Motion
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FIGURE 2-14 Comparison of Column Shear Force at Point B When the Damping Coeffi-
cients (lb-sec/in) are 600, 2400, and 4800 during San Fernando Ground Motion
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2.4.2 Positional Effects of Fluid Dampers

The effects of the number and the position of fluid dampers were observed in Figures 2-19
and 2-20 when the structure was subjected to the El Centro ground motion. The figures show that
when more dampers are mounted to the structure, smaller roof displacement and base shear force
are generated. Figure 2-19 indicates that FD10 reduces about 55%, FD1 reduces about 25%, and
FD5(1) reduces about 45%, of the roof displacement compared to the structure without fluid
dampers. Figure 2-20 has the same consistency in terms of reducing base shear force. Further-
more, the results indicate that even though the number of dampers of 2FD5(1) and FD10 are
equal, FD10 has better performance in seismic resistance. The figures also demonstrate that
mounting only one damper to the first floor would reduce about 27% of base shear force and 30%
of the roof displacement. Figures 2-21 and 2-22 show similar results when the structure is sub-
jected to a stronger earthquake, the San Fernando ground motion whose peak acceleration is
much stronger than that of the El Centro. Figure 2-21 indicates that FD10 reduces about 55%,
FD3(1) reduces about 42%, and FD1 reduces about 35%;, of the roof displacement compared to
the structure without fluid dampers. Figure 2-22 has the same consistency in terms of reducing
base shear force. Overall, the addition of one fluid damper to floors 1, 2, 3, 4, and 5 is an accept-
able arrangement for reducing the story shear force and roof displacement for an economical
design in all the cases shown in Figures 2-19-2-22.

Figures 2-23 to 2-26 show the relations between fluid damper position and the structural
response (roof displacement and base shear force) when the structure is subjected to El Centro
and San Fernando ground motions, respectively. Figures 2-23 and 2-25 indicate that 2FD10 has
the best performance in the reduction of roof displacement. They also show that FD10 has better
performance than 2FD5(1) although the number of dampers in FD10 is equal to that in 2FD5(1).
Figures 2-24 and 2-26 illustrate that there is a minor difference in the reduction of base shear
forces between FD5(1) and 2FD5(1), although the number of dampers in 2FD5(1) is double that
in FD5(1). They also demonstrate that there is little difference between FD5(1) and FD5(2);
although FD5(1) seems to have better performance.

In order to observe the effect of the number of fluid dampers, one damper placed in differ-
ent locations was compared to two dampers placed in the same locations. Figures 2-27 and 2-28
show that the structure with two dampers has smaller roof displacement and base shear force than
that with one damper mounted at the same location. But the difference in the reduction of roof dis-
placement and base shear force between the structure with one damper and the structure with two
dampers mounted is not great. The response (roof displacement and base shear force) of the struc-
ture without dampers and with one damper, two dampers, and three dampers mounted at each
floor was compared when the El Centro and San Femando ground motions were imposed on the
structure. Figures 2-29 to 2-32 show the results of these comparisons, respectively. They show
that there is little difference in the reduction of structural response among one damper, two damp-
ers, and three dampers mounted on the structure if the damping coefficient is properly determined.
It can be noted that one damper mounted on each fioor has almost the same total shear force for
each floor as those floors with two or three dampers mounted on them. In Figures 2-30 and 2-32,
we observe that three curves of the structure equipped with fluid dampers are almost indistin-
guishable. This means that if a damping coefficient is selected properly, the number of fluid
dampers does not have a great influence on improving seismic resistance.
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The behaviors of the structure equipped with and without fluid dampers on each floor were
compared for ten different earthquake peak accelerations from 100 Gal (cm/s) to 1000 Gal of the
San Fernando ground motion. Figures 2-33 and 2-34 show that the two curves are both linear, but

the curve of the structure with dampers has a smaller gradient.
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2.5 Discussion on the Fluid Dampers

The fluid viscous damper is a promising device for dissipating energy. Properly designed
fluid viscous dampers can provide additional damping to the structure to reduce the amplitude of
vibrations and to improve its seismic resistance. Numerical results show that the fluid damper
provides very reliable mechanical behavior for seismic hazard mitigation. Unlike viscoelastic
dampers, fluid dampers operate stably over a wide temperature range. The dynamic characteris-
tics of the fluid dampers depend primarily on the damping coefficient. Because the resisting force
is proportional to the damping coefficient, the floor displacement and shear force can be reduced
by adopting a higher damping coefficient. But the manufacturing costs of a fluid damping device
increases in order to achieve a higher damping coefficient. Therefore the selection of proper
damping coefficients must be carefully considered in order to achieve the most economical design
and optimal performance.

Results show that the addition of a fluid damper to the first floor effectively reduces the
structural response. According to the study, the number of fluid dampers mounted on each floor is
not a major parameter for increasing seismic resistance if the capacities of the fluid damper are
properly chosen. The relations of force and displacement of the fluid dampers located at the 1st,
and 10th floors, respectively, during the Taft (ERSF=4) ground motion are shown in Figures 2-35
to 2-36. Numerical results illustrate that fluid dampers located at the lower floors of a structure
absorb more energy than those at upper floors.

Figures 2-37 to 2-39 show the comparison of response (roof displacement, column shear
force at point B (see Figure 2-7), and base shear force) between the structure with and without
fluid dampers. Figure 2.38 indicates that the column shear force at point B of the structure with
fluid dampers takes a much smaller portion of shear force compared to that of a structure without
fluid dampers. The main load-carrying structural members may be optimized for their required
stiffness and load-bearing features at lower cost because the energy-absorption demands on the
main structure are reduced. These results indicate that properly designed fluid dampers could be
an effective device for seismic hazard mitigation.

However, the major disadvantage of using fluid dampers as energy-absorbing devices is
that structural response cannot be reduced greatly in the early stage of earthquakes. This is illus-
trated in Figure 2-37 where the roof displacement is shown to be substantially reduced after the
fourth second, while not much reduction took place from the beginning to the third second. The
main reason for this phenomenon is that the resisting force of fluid dampers is dependent on
velocity. Such velocity dependence in the device is generally regarded as unfavorable [56].

The dissipated energy is related to the displacement. The resisting force of the fluid damp-
ers is proportional to the velocity. But the maximum displacement and maximum velocity do not
exist at the same period. On the contrary, when the displacement reaches the maximum value, the
velocity is zero. Therefore, it is impossible to reach the maximum displacement and maximum
velocity simultaneously. This is why the fluid damper cannot reduce its response in time if a peak
response occurs during the early stage of earthquake excitation, which is generally true in most
earthquake events.
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Figure 2-39 also shows that the base shear force is not substantially reduced in the early
stages of seismic events; although, the maximum base shear force of the structure with fluid
dampers is reduced significantly compared to that of a structure without fluid dampers. The col-
umn shear force is reduced greatly and at the same time, the goal of constraining damage to the

supplemental devices is achieved.
Although the fluid device has been proven to be a promising one for seismic hazard miti-
gation, its failure to reduce the structural response in the early stages of earthquakes can be

viewed as a shortcoming. To overcome this drawback, a combination of TPEA and fluid dampers
may compensate for the shortcomings of each device. A study of a combined device is demon-

strated in Section 4.
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FIGURE 2-35 The Relation of Force and Displacement of Dampers at 1st Floor When the
Structure is Subjected to Taft (ERSF=4) Ground Motion
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FIGURE 2-36 The Relation of Force and Displacement of Dampers at 10th Floor When the
Structure is Subjected to Taft (ERSF=4) Ground Motion

Roof Displacement (in)
o

o
-
N
w
IN
w-
@D
~
@
©
o

Time (sec)

—— NOFD ~—— C=2400 Ib-sec/in

FIGURE 2-37 The Response of Floor Displacement When the Structure is Subjected to El
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2.6 Current Status of Viscoelastic Dampers Development

The feasibility of using viscoelastic dampers to mitigate earthquake-induced structural
response was studied by Zhang et al. [25]. Research on seismic behavior of viscoelastically
damped structure has been continuously conducted at the State University of New York at Buffalo
[41,43,72]. In particular, the temperature effect has been carefully investigated. Experimental
results to date show that the addition of viscoelastic dampers is effective in reducing structural
response due to seismic excitation.

2.6.1 Analytical Model for Viscoelastic Dampers

An advanced analytical model is adopted for the VE damper to account for the effects of
temperature and earthquake loadings [28,71]. The concept of fractional derivatives in the formu-
lation of a stress-strain relationship for viscoelastic material is employed.

The 3-parameter function derivative model given by Bagley and Torvik [51,52] was cho-
sen for the constitutive model. The fractional calculus model of VE behavior [52] is given by

T(r) = Gyy (1) +GID°‘[Y(,)] (2.23)

where 1 (r) is shear stress, Y () is shear strain, Gp and G are constitutive model parameters, and

jo (1) dr (2.24)

[0

Da['Y(t):l r‘(l_a) dr (r=1)

where O<a<1

In general, the model parameters, Gy and G, are not constant from the experimental
observations. Therefore, an advanced formula is adopted for describing the material behavior of
VE dampers due to arbitrary loadings and temperatures [28, 63, 67], that is

= G, = AOJLI + pe_ﬁUmY+e(T_T°))} (2.25)

where I' () = gamma function; a, A, B, L and © are unknown coefficients which remain con-
stant even for different arbitrary loadings and temperatures to be determined from the experimen-
tal data. T and T are reference temperature and ambient temperature, respectively.

G,

Eq.(2.25) demonstrates that the constitutive model parameters, G and G, decay as the
strain energy increases. The temperature effect is a type of initial energy stored in the material that
affects the material behavior of the viscoelastic dampers. If linear interpolation of shear strain
between two time steps, (n— 1) At and nAt, is assumed, the strain is expressed as

y(1) = (n-g—t)y((n—um) +(§-t- (n—l))y(nAt) (2.26)

where (n—1) At <1< nAt.
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Substitution of Eq.(2.25) into Eq.(2.23) and Eq.(2.24) leads to the constitutive law for vis-
coelastic dampers at time step NAt; that is

- G (A

T(NA?) =

In the above equation, the previous time effect of the strain, F' (NA¢) , is defined as

F(NAY) = G, (an— N-Dl-04 (-N+1-0) N2} y(0
( f)—m)—{{( -1) (- - Q) 1Y (0)
N-1
+ 3 {(N-n=1)1=0—2(N=n) =%+ (N=n+1)1-9} y(nAr) } (2.28)
n=1

It should be noticed that the first term on the right hand side of Eq.(2.28) is equal to zero at
the first step, n=1, while the fifth term is equal to zero when n=N-1. There is no singularity
although the initial conditions are involved.

2.6.2 Finite Element Formulation for the Viscoelastic Dampers

A finite element formulation for the viscoelastic damper is adopted so that the damper can
be easily implemented in computer programs for engineering practice [28]. Nodal points 1 and 2,
shown in Figure 2-2, represent nodes at the top and the bottom of VE dampers in the thickness
direction shown in Figure2-42. The global displacement at nodal points 1 and 2 shown in Figure
2-2 are D (t) and D,(t), respectively; these are represented as

]
u, (1) (2.29)

_u3 ( t)_.

D, (8

and

u, ()]
us (t) (2.30)

_u6 ( t)—

D, (1)

where u;(t), u,(t), and us(t) are global displacement at nodal point 1 in x, y, and z directions,
respectively, and uy(t), us(t), and ug(t) are those at nodal point 2, respectively.

The displacement in local coordinate system. D, (#) , and D, () are

D, (1) = RD, (¥ (2.31)

and

D, (1)

RD, (1) (2:32)
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where R is a transformation matrix related to the local and global coordinate systems. The relative
displacements, V (r) , between two nodal points 1 and 2 in local coordinate system &, {, and 1,
are defined as

V(1) = D, () -D; () = RD,(s) —~RD,(¢) (2.33)

Eq.(2.33) can be rewritten as

V() = BU(2) (2.34)
where
B = [-R.R] (2.35)
u (1)
also u, (1)
U = |P1O] 1O
D, (1) uy (1)
Ug (1)
s (9] (2.36)
and Vg(t)
V@ = v (2.37)
vy ()

The shear strain of VE dampers in the &, {, and 1 directions, are

Ly ()
'Ygg(t) hlé :
Yoo (O] = ;l—gvg(t) (2.38)
Yrn (O 1

DR

where hg, h ¢ and h11 are the thickness of the dampers for the &, {, and 1 directions, respectively.
With the help of the virtual work principle, the equilibrium resisting force, P(t), is given by

ng (t)A‘g
P(r) = BY T (1) Ag (2.39)

Tam (HA
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where A;, A,, and A_ are the areas of the damper in the &, {, and 1 direction, respectively.
Substitution of Eq.(2.27), Eq.(2.34), and Eq.(2.38) into Eq.(2.39) at the time step, t=NA¢,
results in the following equation

P (NAt) = KU(NA?) +L (NA?) (2.40)

where P (NAr) is the equilibrium resisting force and the stiffness matrix K is

K = B’EB (2.41)

The previous time effect of equivalent nodal forces L (NAt) is given by
Fy (N At) A £
L (NAt) = BT Fy (NAr A (2.42)
F. (N Ar)A
In Eq.(2.41), the Matrix E is expressed as

E=]0 Eq O (2.43)
0 O En
h
where E;; is i A, i G (At) a,
ok F(T—)— (2.44)

=&£8n

where A A, and A = the total areas of the dampers in the &, {, and 1 directions, respectively.
F & F,, and 0’ deﬁned in Eq.(2.42), are the previous time effects of strains in the &, {, and 1
dlI'CCthIlS respectively. It should be noted that the E and E are relatively large value Lar-
grangian multipliers, compared to £ £e when the VE éampers are only applied in the ¢ direction.

2.7 Design Parameters of Viscoelastic Dampers

As shown in Figure 2.-40, viscoelastic dampers are placed on each floor and supported by
Chevron braces. Figures 2-41 to 2-42 show some details of the arrangement of VE dampers. The
parameters which should be taken into careful account to properly design viscoelastic dampers for
the building include: (1) area of VE dampers; (2) thickness of VE dampers; (3) position of VE
dampers; and (4) ambient temperature.

The selected response parameters include: (1) the base shear force, which is the total shear
shared by the viscoelastic dampers and the frame; and (2) the floor displacement. The meaning of
the symbols which represent the selected conditions are represented in Tables 2-1I to 2-V. For
example, if the number of the viscoelastic dampers were selected as 10, 5, 3, 1, they were
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assigned as VE10, VES, VE3, VEI. The total area of damper at first floor was assigned as area 1
while those for the remaining dampers were assigned as area 2. The area 2 is equal to 60% of the
area 1. The unknown coefficients Ag=10.26 psi, B = 0.001,p = 3.0, o = 0.60,

8 = 107,T, = 28°C were adopted in this study.

Detalt 2.2 (Visteelnaie Xuopen)

FIGURE 2-40 Arrangement of Viscoelastic Dampers Design
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FIGURE 2-41 and 2-42 Detail of Viscoelastic Dampers
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TABLE 2-II The Symbols of the Location of VE Dampers

Symbols Explanation
VE10 Each Floor was mounted with a VE Damper
VES Floors 1,23.4,5 were mounted with a VE Damper
VES(2) Floors 1.3.5,7,9 were mounted with a VE Damper
VE3 Floors 1.2.3 were mounted with a VE Damper
VE3(2) Floors 1.3.5 were mounted with 2 VE Damper
VEL Floor | was mounted with a VE Damper

TABLE 2-III The Symbols of Area of VE Dampers

Symbol | Area 1 (in®) | Asea 2 (in)
al 220 132
2 250 150
%) 230 168
” 310 186
33 463 279

TABLE 2-IV The Symbols of Thickness of VE Dampers

Symbol Thickness (in) ]
tl 1.30 "
) 1.45
3 - 1.60
w [ 11
&5 1.00 N
6 1.38
t7 1.34

(8 1.77 I

TABLE 2-V The Symbols of Temperature of VE Dampers

Symbol Temperature (°C)

TO 0

TS 5

T10 | 10

T15 15

T20 20
EE

T30 30

T35 35
I ]
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2.7.1 Positional Effects of Viscoelastic Dampers

The effect of the number of viscoelastic dampers mounted on the structure was shown in
Figures 2-43 and 2-44. Figures 2-43 indicates that when more dampers are mounted on the struc-
ture, the smaller maximum roof displacement (MRD) is produced. However, VE5(2) has a
smaller MRD than VES. This indicates that a viscoelastic damper mounted to every other floor
starting from the 1st floor performs better than that mounted on the structure from floor 1 to floor
5. The results also show that the structure with VE(a3t1) has the best performance among the six
cases and prove that viscoelastic dampers with greater area perform better. On the other hand,
decreasing the thickness of viscoelastic dampers has resulted in better performance; however, this
does not mean that the thinner the damper, the smaller the MRD responses. When the thickness of
the damper is too small, the viscoelastic damper develops strain greater than its performance limit
of 0.3. Therefore, the thickness of a viscoelastic damper should be carefully considered so that it
will not be too small to induce large strain. At the same time, it should not be too large to increase

its cost and to reduce its performance.

Figure 2-43 shows that VE3 reduces about 27% of the roof displacement, and VE10
reduces about 50%, compared to the structure without VE. Although the VE10 produces the
smallest base shear force, mounting only one viscoelastic damper to the first floor could effec-
tively reduce both base shear force and roof displacement.

The relations between the thickness of damper and its developed strain were shown in Fig-
ure 2-45. It indicates that when the thickness as are 1.0 in and 1.15 in, the strain measurements are
greater than 0.3 which causes the damper to fail to perform properly.

T.j \
< 65 5\\*\

- -\
gs.s | \\\\

NOVE VE1 VE3 VE3() VES VES@ VE10

— atlt] —+— a1t2 —#— adt1
—S— a2t2 —¢ a3t1 —k— adt2

Fig.2.43 Comparison of Floor Displacement When the Structure is Subjected to El Centro
Ground Motion
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2.7.2 Effects of the Ambient Temperatures

The behavior of the viscoelastic damper is dependent on the ambient temperature. Since
the viscoelastic dampers transfer dynamic energy into heat, their temperature rises during earth-
quake excitation. The temperature increase can affect the capacity of the dampers causing a
severe problem. The effect of ambient temperature is, however, very complicated. Temperature
increases can reduce the effective performance of the damper while temperature decreases can
also increase material stiffness [43]. Both outcomes are regarded as unfavorable for the design of
dampers.

The result of the temperature effects on the developed strain of the viscoelastic dampers is
shown in Figure 2-46. It illustrates that the optimal selection of the viscoelastic damper at the
ambient temperature 20°C is not satisfactory when its temperature increases because the dampers
develop strain greater than 0.3 during which the dampers fail to improve the seismic resistance.
Figure 2-47 demonstrates that the thickness and the total area of the damper should be larger
when the ambient temperature is higher to reduce its MRD while the thickness and the total area
of the damper can be much smaller when the ambient temperature is lower in order to reach the
same effects.

t

The maximum developed strain of the viscoelastic dampers was compared when the struc
ture was subjected to ten different earthquake peak accelerations from 100 Gal to 1000 Gal of the
San Fernando ground motion. Figure 2-48 shows that the strain of VE dampers is within its per-
formance limit, 0.3, when the earthquake peak acceleration is less than or equal to 700 Gal of the
San Femando ground motion.

The response of the structure, with and without dampers, was compared when the struc-
ture was subjected to ten different earthquake peak acceleration from 100 Gal to 1000 Gal of the
San Fernando ground motion. Figures 2-49 and 2-50 show that the curve of the structure without
dampers and the curve of the structure with VE dampers are both linear when the peak accelera-
tion is smaller than or equal to 700 Gal. The curve of the structure with VE dampers has a much
smaller gradient. They also show the VE dampers fail to provide proper energy absorbing capac-
ity when the peak acceleration is larger than 800 Gal because the strain measurement is greater
than 0.3 which causes the damper to function improperly.

2.8 Comparison between Numerical Solutions and Experimental Results

In order to provide evidence of the accuracy of the numerical results, a comparison is
made between numerical solutions and experimental results when a 2/5 scale steel structure,
equipped to added VE dampers, is subjected to Hachinohe earthquake (1968) ground motion.

2.8.1 Test Structure

The test structure is a 2/5-scale five-story steel frame constructed under a U.S.-China
cooperative research program on dynamic testing and analysis [73]. Overall dimensions of the
test frame are 52.0” x 52.0” in plan and 224.0” in height, as shown in Figure 2-51 [74]. The modal
member properties are listed in Table 2-VI [75].
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FIGURE 2-51 Five-Story Steel Frame with Added Viscoelastic Dampers [74]
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TABLE 2-VI Prototype and Model Member Properties (Unit: Inches) [75]

b
COLUMN | PROTOTYPE MODEL S
THEORETICAL | ACTUAL £
5 9.84 3.94 3.75 X N Quw
3 0.55 0.2 0.25 t.
d, 11.02 141 425 Lol
t, 039 016 0.125 1
Area 15.19 2.43 2.41
I, 4075 10.43 10.30 i
Sy 67.2 43 434 Y
zZ, 7472 478 435
I $7.65 224 2.20
S. 1731 114 1.17
z, 271 1.73 1.76
bA(2t) 8.93 8.93 7.50
d it 27.97 27.97 34.0
BEAM PROTOTYPE MODEL
THEORETICAL | ACTUAL
b 463 1.86 L75
L 51 0.20 0.25
d, 8.82 3.53 3.38
- 039 0.16 0.125
Area 829 133 1.30
I, 126.95 3.25 328
S, 25.79 165 1.69
z 30.07 1.92 192
bJ(2L) 454 454 3.50
d/e 738 2238 27.0

A lumped mass system simulating the dynamic properties of the prototype structure was
accomplished by adding steel plates at each floor level. The weight at each floor is 1.27 kips for
the first four floors and 1.31 kips for the fifth floor. All the girder-to-column joints are fully
welded as rigid connections. This type of design produces a frame which behaves as a lumped
mass five-degree-of-freedom system when subjected to lateral loads [74].

A total of ten viscoelastic dampers were mounted on the five-story model structure, of
which one damper was installed in diagonal bracing at each panel of the model. The diagonal
bracing members with added VE dampers were connected by bolts to the gusset plates welded to
the girders. Each set of bracing is composed of two double angles (L 1-1/2 x 1-1/2 x 1/8) with a
VE damper connected at the upper 1/3 part of the bracing [74].
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2.8.2 Analytical Results and Experimental Results

The time-scaled 0.12g peak acceleration of Hachinohe earthquake ground motion record,
shown in Figure 2-52, was used as the input excitation to the model structure. The thickness and
area of added VE damper adopted for this study are 0.2 in and 1.5 in?, respectively. The calculated
natural frequency of the model structure without added dampers corresponding to the first mode
of vibration is 3.175 Hz. The critical damping used in the analytical study is 0.6%. The experi-
mental and analytical results of the floor displacement at different temperatures are listed in Table
2-VIIL. The comparisons of absolute accelerations between analytical and experimental results are
listed in Table 2-VIII. The results of the response of model structure, with and without added
dampers, are very satisfactory.

Figures 2-53 and 2-54 present the experimental and analytical results of the damper effec-
tiveness on roof displacement. Figures 2-55 and 2.-56 show the analytical and experimental
results of the damper effectiveness on absolute acceleration at fifth floor. The results are satisfac-
tory according to these figures.

A comparison between experimental and analytical results on temperature effect is also
made. Figure 2-57 shows the displacement at each floor of the structure with and without dampers
at 25°C and at 30°C. The structure’s floor displacement curves of experimental and analytical
results for the structure with added viscoelastic dampers are almost indistinguishable. Figure 2-58
demonstrates the absolute acceleration at each floor of the structure with and without dampers at
25°C and at 30°C. The structure’s absolute acceleration curves of experimental and analytical
results for the structure with added viscoelastic dampers are almost indistinguishable. Figures 2-
59 shows the response of floor displacement at the fifth floor when the dampers are exposed to
different temperatures. The difference between analytical and experimental results are very barely
noticeable. Overall, the correlation between numerical results and test results is illustrated in Fig-
ures 2-57, 2-58, and 2-59 where a very good agreement can be seen.
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FIGURE 2-52 Time-Scaled Hachinohe Earthquake Ground Motion
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TABLE 2-VII A Experimental Results (Floor Displacement: Inches)

oory No | gs0c | 30°c | 3ac | 3sc | azc
oor Damper
5 1066 | 0213 | C282 | 0366 | 0461 | 0538
P 0.874 | 0183 | 0262 | 0318 | 0401 | 0.490
3 0677 | 0.145 | 0.190 | 0250 | 0314 | 0383
2 0426 | 0091 | 0.122 | o162 | 0200 | 0242
1 0.149 | 0039 | 0049 | 0060 | 0070 | 0.082

TABLE 2-VII B Analytical Results (Floor Displacement: Inches)

Sto No
Flo;yr Da‘mpcr 25°C 30°C 34°C 38°C 42°C
5 1.063 | 0211 0285 | 0336 | 0485 | 0549

0.944. 0.188 0.253 0.298 0.429 0.485
0.734 0.148 0.198 0.233 0.333 0.375
0.448 0.093 0.123 0.144 0.204 0.229
0.131 ’ 0.030 J 0.038 0.044 0.061 0.068

w

o~

—

TABLE 2-VIII A Experiment Results (Absolute Acceleration: g)

Story | - No a°c | 30°c | m°c | 3sc | axc
Floor Damper
5 151 | 0251 | 0200 | 0371 | 0466 | 0576
s 0909 | 0229 | 0270 | 0338 | 0418 | 0508
3 0777 | 0.195 | 0243 | 0286 | 0340 | 0404
2 0538 | 0166 | 0197 | 0221 | 0255 | 0286

1 0.241 0.136 0.149 0.148 0.153 0.164

TABLE 2-VIII B Analytical Results (Absolute Acceleration: g)

Story No as°c | 30°c | s°c | 3°c | 42°C
Floor Damper

1.099 0.248 0.293 0.356 0.428 0.500
0.930- 0222 0.280 0.331 0.3%0 0.440
0.820 0.200 0.245 0.285 0.321 0.368
0.554 0.166 0.191 0.212 0.242 0.269
0.221 0.136 0.143 0.147 0.149 0.154

Rlwl sl w

—
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2.9 Discussion on the Viscoelastic Dampers

Properly designed viscoelastic dampers can increase the overall level of structural damp-
ing to improve seismic resistance of buildings. Numerical results show that the energy-absorption
capacity of the viscoelastic damper decreases as.ambient temperature increases. Due to tempera-
ture effects, the optimal design of viscoelastic dampers may need to be changed for different tem-
perature environments. Therefore, the temperature effect should be considered one of the most
important factors in damper design.

Results also show that the thickness of the damper plays an important role in improving
the seismic resistance. During the design stage, critical decisions must be made about selecting
the optimal damper thickness to maintain strain measurements under 0.3 and to ensure that the
damper design is effective and economical. The total area of the viscoelastic dampers should also
be determined properly to strengthen its capacity of seismic resistance without high cost. Mount-
ing dampers to all stories of the structure is not necessarily the most economical design, but add-
ing a viscoelastic damper to the first floor will effectively reduce the response of the structure.

Numerical results illustrate that VE dampers located at the lower floors of a structure
absorb more energy than those at upper fioors. Figures 2-60 to 2-65 show that relationship of
stress and strain of the VE dampers located at the 1st, 5th, and 10th floors, respectively. The time-
history responses (roof displacement, column shear force at point B, and base shear force) of the
structure with and without VE dampers are shown in Figures 2-66 to 2-68 when the structure is
subjected to El Centro ground motion. Figures 2-66 to 2-68 illustrate that not only floor displace-
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ment, but also shear stress of the structure are significantly reduced during earthquakes by adding
viscoelastic dampers properly. In Figure 2.-66, the structure with VE generates 13 peaks while the
structure without VE generates 12 peaks. Thus, we can say that the natural frequency is not
changed significantly because adding VE dampers to the structure does not generally increase the
structure’s stiffness.

Figure 2-67 indicates that the columns of the structure with VE dampers take a much
smaller portion of base shear force compared to those of the structure without VE dampers. The
main structural components may be optimized for their required stiffness and load-bearing fea-
tures at lower cost because the energy-absorption demands on the main structural members are
lessened.

A drawback of adopting viscoelastic dampers as energy-absorbing devices for seismic
hazard mitigation is the structural response cannot be reduced greatly in the early stages of an
earthquake and cannot provide a safe-failure mechanism in the event of strong earthquakes. As
shown in Figure 2-66, the roof displacement is substantially reduced after the fourth second.
Meanwhile, it is not reduced from the first to third seconds. The main reason for this phenomenon
is the velocity dependence in these devices is generally regarded as unfavorable, as it casts uncer-
tainty upon the magnitude of the resisting force [56]. The viscoelastic dampers are made from a
velocity proportional viscous material. Because the maximum displacement and the maximum
velocity of the dampers never occur at the same time, there exists a conflict between dissipating
the energy and developing resisting forces. Therefore, if a peak response occurs during early
stages of earthquake excitation, which is generally true for most events, the VE dampers would be
unable to reduce its response greatly in time. As a result, the structure may suffer severe damage
under extreme earthquake loadings.

The selection of design parameters for the VE dampers depends on the structure’s
dynamic characteristics, the expected earthquake intensity, and ground motion characteristics,
such as amplitude, frequency content and duration of the ground motion. According to the numer-
ical results, determination of the design properties of viscoelastic dampers is a complex process.
Multiple layers of viscoelastic dampers could be considered as an alternative design to overcome
the possibility of developing large strain during earthquakes. This design, producing different
strains in the viscoelastic damper, will provide reliable energy absorption capacity when subjected
to different earthquakes. In addition, a combination of TPEA and VE dampers may be considered
a reliable energy-absorbing systern because each can compensate for the shortcomings of the
other device. A combination of VE and TPEA will be discussed later.
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SECTION 3
Seismic Study of High-Rise Buildings with TPEA

3.1 Current Status of TPEA Device Development

The use of a plate energy absorber (TPEA) is a relatively new concept. At the present
time, a cooperative research project to investigate the effective of the tapered-plate energy
absorber (TPEA) for earthquake-resistant structures is being carried out jointly by the National
Taiwan University and State University of New York at Buffalo. From the test results [66], it is
confirmed that TPEA can sustain an extremely large number of yielding reversals. Thus, such
devices are a promising alternative for seismic hazard mitigation of buildings and other struc-
tures.

3.1.1 Analytical Model for TPEA Devices

A two-surface plasticity model [49, 66] is adopted so that the behavior of the TPEA
devices subjected to earthquake loadings.can be predicted accurately. The analytical model is ver-
ified by the experimental results described in the following section.

The derivation procedure of the adopted model is similar to that used by Chen and Powell
[45] by using the Mroz Theory. The constitutional relationship formulated will be a stress result-
ant and deformation relationship instead of a stress resultant and displacement relationship. Fig-
ure 3-1 shows that the yield and bounding surfaces [49, 66] follow the kinematic and isotropic
hardening rules, respectively. The stress resultant (force) within the yield surface will be purely
elastic, and the changes in the generalized plastic modulus will be related by a shape factor while
the stress resultant is located on the yield surface and moves toward the bounding surface. In the
two-surface plasticity model proposed by Tseng [46, 49, 66], the shape and the size of the bound-
ing surface will not change when the plastic strain is developed due to the movement of yield sur-
face inside the region bounded by this bounding surface. The yield surface, which moves within
or with the bounding surface, however, can expand or contract because of accumulated plastic
strain and plastic energy.

The generalized stress resultants, F, for the general case are shown in Figure 3-1. In the
formulation, the stress resultants include two forces only. The two forces are axial force, P, and
transverse shear force, V. It should be noted that the flexural characteristics of the TPEA element
are a function of the transverse shear force V. The generalized resultants may be written as:

F = [P, V] (3.1)

Assuming @ is the generalized yield function for the TPEA element, the outward normal
direction to the yield surface is given by:

R ¢
= [?—;’—]-175 (3.2)
FPOF
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where

and R is the unit outward normal vector to the yield surface.

The plastic deformation increment dﬁp is defined as follows, according to the normality
rule:

dﬁp =n- dup (3.4)

where du, is the magnitude of the plastic deformation.

The increment of stress resultants dF in the normal direction n is defined as dF ;
that is

af, = " aF ) (3.5)

Assuming the relationship between the increment of stress resultant in the normal direc-
tion, dr »» and the plastic deformation, d&p, follows the flow rule, one obtains



dF, = K i, (3.6)
where K is a 2 x 2 diagonal matrix of generalized plastic stiffness from the individual force-

deformation relationship.

Assuming K. and K; represent this relationship in the axial and transverse directions,
respectively, then Kz can be expressed as

K, = diag[K,, K] 3.7

because the projection of the tangent component of the stress resultant increment in the normal
direction vanishes

alaf, = n' - ap (3.8)

Substituting Eq.(3.4) and Eq.(3.6) into Eq.(3.8) yields

T T T T
ndF =n-dF, =R -Kdn, =0 KR du) (3.9)

From Eq.(3.9), one can obtain

T
du, = hT'dF (3.10)
K n
P
Substitution of Eq.(3.10) into Eq.(3.4) leads to
T
a = 2 g 3.11)

Pk
p

The total deformation diz can be decomposed into the elastic part dit,, and the plastic part
10 in the premise that the deformation decomposition principle holds in the theory of incremen-
ta{) plasticity. If this condition is met, one can obtain

dn = di,+dn, (3.12)

The relationship between the increments of the elastic deformation and the force is given
by

dF = K dn, (3.13)

where K, is a 2 x 2 diagonal matrix of elastic stiffness from the individual force deformation rela-
tionship. If KZ and K : are elastic moduli for the axial and transverse directions, respectively, then
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K, is given by )
K, = diag[KZ, Ke:l

(3.14)
Substituting Eq.(3.13) and Eq.(3.11) into Eq.(3.12), one obtains
_ T
dh = di,+dn) = K+ 2P (3.15)
nK R
p
Obviously, Eq.(3.15) can be rewritten as
T-1
b= K+ 2D = K, b (3.16)
AK N
P
where
T-1
K, = |K'+22 (3.17)
n K h

It should be noted that K, is the modified stiffness of K due to the plastic flow and can be
obtained by using the Sherman-Morrison formula [47]. The Sherman-Morrison formula [47] is
given by

-1 T, -1
-1 _
[A+un']” = a7 A 224 (3.18)

uA u+l

With the aide of Sherman-Morrison formula, Eq.(3.17) may be rewritten as follows:

Y r . KK,

K, = |K'+ = K,- (3.19)
g { RN RK A K R

Assume that the yield funtion ¢ for the TPEA element is given by [45]

P X1 2 V Xz z 5
= S T I o Y S 3.20
¢ a(Pu PuJ ( u u P ’ ( :

where P = axial force
V = shear force
P, = the axial force to cause the TPEA element fully plasticized
V, = the transverse shear force to cause the TPEA element fully plasticized
X, = current offset of the yield surface in the axial force direction
X, = current offset of the yield surface in the shear force direction
ko = size of the yield surface

then ¢ F may be expressed as



or - M _ %{

q),v 2
v,

. T 172
Designate { ¢ - ¢ F as N, hence

N = ((D;-(b’p)l/z _ (¢’2P+¢,2V)1/2

The unit normal direction, n, is given as

2P

n = q)f _ nl - 1 Pu Pu Pu
- 172 “ N

¢7;:¢F ny N& _Y.__xz

ViV, vV

where n; and n, are components of the normal directions, n, in stress resultant space.
From Eq.(3.19),K
follows

€p’

KK,
AEA+AK

ep

With the aid of Eq.(3.4), Eq.(3.11), and Eq.(3.24),
hTKeh = n?KZ + ngK:

and

T
n Kph

2 2 v
K, +nyK
Let

- WK = KK )

Then the K, of Eq.(3.24) can be obtained

[ 2 v—
Ka_(’ﬁKj) -nm KK,
K = € S S
ep - vV v 2
_”1”2K:Ke v (MK,
—~f e g_
.S ¢S
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the modified stiffness of the K, due to section plasticized, is given as

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)



From the geometrical relationship, the distance between the loading point at the yield sur-
face and the matching point at the bounding surface, &, as shown in Figure 3-2 is given by Tseng
and Lee [44]

s _ CFIFi+ |\ FFi | —FFA FF +Fy

__ (3.29)
JEF;
where F| = ;—:-,Fz = ‘;,Fl = CI—?,FZ = %—V,andFB = current size of the bounding surface.
u u u u

While the stress resultant is in yielding and falls between the yield and bounding surfaces,
the generalized plastic moduli K: and Kp can be obtained by the following equations,

) a
K = (1 +h1m) () (3.30)
A
h, = — (3.31)
6ini
K”—(1+h L)(K)” (3.32)
B zaini— 8 Op '
4y
h, = —- (3.33)
6ini
where &, . = the distance between the loading and matching points when the material starts yield-

igia
ing; (KJ » and (K,) = generalized plastic moduli associated with the bounding surface; A and
A, = unknown coefficients to be determined from the experimental results. It should be noted that
the ranges of h; and h, can also be attained from the experimental data.

The motion of the yield surface is essential for the determination of 6 and d, . to calculate
the generalized plastic modulus. Eq.(3.34) derives the motion of the yield surface. As shown in
the experimental results [48], the yield surface moves along the direction of the stress resultant
Increment.

As shown in Figure 3-2., the center of the yield surface moves from Oy and Ov» while the
stress resultant moves from the loading point to the matching point. If 1; and 1, are the component
of the unit direction of the stress resultant increment, the component of the unit vector v, and v,
along the direction of Oy and Oy can be readily obtained from trigonometrical consideration,
that is

(3.34)

114( (Fg—Fy) (F,+8L) _a]

B N

where L = the distance between the points Oy and Oy-; o; = the coordinate of the center of the
yield surface, and Fg and Fy are the size of the bounding and yield surfaces, respectively.
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If da; is defined as the motion of the center of the yield surface, then with the aid of the

consistency condition and Eq.(3.34), the following equations result

A(dP/P) +B(dV/V,)

|dod

Av, +Bv,
and
do,; = |dolv,
where
X
A=2¢ L1
Pu Pu
and

_—Matching Paint

@ ~ Stress Resultant
Incsement
‘@ Loading Point

\\ Yield Surfacs

Bounding Suriace

FIGURE 3-2 Motion of Yield Surface in Stress Resultant Space [44]
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3.1.2 Finite Element Formulation for TPEA Devices

In this section, a finite element formulation for the TPEA element is presented. The behav-
ior of the TPEA device 1s dependent on the relative displacement between the bottom and top of
the steel plate or nodal points 1 and 2 as shown in Figure3.1. There are three degrees of freedom
in the global coordinate system x, y and z, and three degrees of freedom in the local coordinate
system &, {, and 1 for each node. This is illustrated in Figure 2-2.

The global displacement increments at nodal points 1, and 2 at time t are W, (7) and
dW, (1) , respectively. That is

Pdwl (1)
aW, (1) = |dwy () (3.39)
dw, ()

and aw, (1))

dw, (1) (3.40)
dw ()

dw, (1)

where dw | (1) , dw, (7) , and dw, (#) are global displacement increments at nodal point 1 in x, y,
and z directions, respectively, and dw, (¢) , dws () , and dw (7) are those at nodal point 2.

As shown in Figure 2-2, the displacement increments in the local coordinate system,
dW, (t) and dW, (¢) for nodal point 1 and point 2, respectively, are

aw, (1)

R[dW (1)] (341
and

dw, (¢)

R[dW,(1)] (3.42)

in which R is a 2 x 3 transformation matrix associated with the local and global coordinate sys-
tems. The increment of relative displacement dU (r) , between nodal points 1 and 2, shown in
Figure 3-1 and Figure 2-2, in local coordinate system & and { is defined as

dU (1) = aWy (1) -dW, () = R[dW, (1) —dW, (1] (3.43)
Eq.(3.43) can be rewritten in the following matrix form:
dU (f) = BdD (1) (3.44)
where
B = [_R R] (3.45)
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AW
dD (1) = = (3.46)

and L J

(3.47)

in which dU 3 (¢) and dU ¢ (1) are the relative displacement increments in the & and { directions,
respectively.

Substituting Eq.(3.44) into Eq.(3.16) leads to
dF (1) = Kepa'U (1 = KedeD(t) (3.48)

Premultiplication of Eq.(3.48) by BT yields the finite element formulation for the TPEA
element at time t, that is

dP (1) = B'dF (1) = B'K, BdD (1) = KdD (1) (3.49)
where the stiffness K is
K=BK,B (3.50)
and the force increment dP () in the global coordinate system is
dP (1) = B dF (1) (3.51)
3.1.3 Verification of Analytical Model

Results obtained from the analytical model are compared with the experimental results in
order to demonstrate the performance of the analytical model for the TPEA device.

Assuming the base of the tapered plate is fully restrained anvd neglecting the shear defor-
mation, the theoretical elastic lateral stiffness of a TPEA device, K, of Eq.(3.14) is

v NEbt3

© o oen

K

(3.52)

where E is the Young’s modulus, N is the number of tapered plates, t is the thickness of the
tapered plate, b is the base width of the tapered plate, and h is the height of the tapered plate.
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The yield strength, Vy, and the plastic strength, Vp, of the device are [66]

v Gbet2 153
y = T en (3.53)
and
2
V = Gbet (3.54)
P 4h ’

where o, is the yield stress.

The TPEA device consists of several tapered plates welded to a common base plate (see
Figurel.1). The schedule of the TPEA specimens is given in Table 3-1.

TABLE 3-I Schedule of Specimens

No of B t h K’ K’
TPEA Plates (in) (in) (in) (Kipsfin) | (Kipsfin)
1A2 8 5.25 0.7874 8.642 153.48 151.83
1A3 8 5.35 ().7874 12.00 58.35 59.90
1B3 8 5.51 1.3780 16.32 128.3 136.13
(K :Ip is the experimental elastic lateral stiffness)

Both unknown coefficients A; and A, in Eq.(3.31) and Eq.(3.33) were taken as 20. The
ranges of h; and h; of Eq.(3.31) and Eq.(3.33) were taken as follows: 10 <k, <20, and
20 < h, < 30, respectively. The elastic modulus is 29000 ksi, and yield stresses for steel plates in
the TPEA specimens are 42.9 ksi for specimen 1A2, 39.29 ksi for specimen 1B3, respectively.

The comparisons of the analytical and experimental results are shown in Figures 3-3 and
3-4 [66]. They demonstrate that the analytical results are in good agreement with the experimental
results. It is also demonstrated in Table 3-I that the elastic stiffness is very predictable when con-
sidering flexural deformation only. It should be noted that the analytical model does not account
for sudden changes of the stiffness during the last few loading cycles resulting from the contacts
of the adjacent plates.
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3.2 The Parameters of TPEA Elements

A 10-story moment resistant steel frame, shown in Figure 2-3, has an elastic modulus and
Poisson’s ratio equal to 3x107 psiand 0.3, respectively. The weight of each floor is 25.47 1bs/in. In
the analysis, it was assumed that the floors were rigid in their own plan. Table 3.-1I presents the
properties of the column of the 10-story building. As shown in Figure 3-5, TPEA devices were
mounted on each floor, and supported by Chevron bracing.

TABLE 3-II The Properties of the Column of the 10-Story Building

Floor Arca(in®) UinY | Ky(Kips/im)
L 49.1 2020 115.6
2 20.0 1590 94.95
3 373 1480 84.70
4 35.0 1570 T7.47
5 | 527 1270 71.06
5 | 247 928 59.57
7 29 851 51.40
8 200 724 44.26
9 17.9 641 39.12
10 179 641 3637

may
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—
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>

uy

at

oo e __° Device TPEA

| e A —
\— Bracing (TYP.) L

FIGURE 3-5 Frames with TPEA Devices and Bracing Members
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3.2.1 Horizontal Stiffness of Bracing Members

The bracing members supporting TPEA devices must be designed strong enough to resist
either yielding in tension or buckling in compression. In other words, the bracing members should
remain elastic during earthquakes. The horizontal elastic stiffness of a bracing member can be
written as

K = AE/L (3.55)

where A is cross-sectional area of the bracing member, E is elastic modulus, and L is the length of
the bracing member.

In order to satisfy equations of equilibrium, the horizontal and vertical components of the
force and displacement for bracing one, and bracing two can be written as:

Fi, K coszy cosysiny o,

= ) 5 (3.56)
ly cosysiny sin Y ¥
F 2 ; )
2y cosTMsinm  sin M 6y
where 7y is the angle between the bracing member and the horizontal beam, and n 1s T—.
Eq. (3.57) can be rewritten as
2 .
Fy, = g| cosy —cosysiny 5, (3.58)
F, . 2 S
y —cosysiny  sin Y Y
The sum of the horizontal forces is given by
F = F, +F, =28 cosyK (3.59)
The horizontal stiffness of the two bracing members is given by
F
K, =< = 2Kcoszy = gécoszy (3.60)

) L

X

3.2.2 B/D and SR Ratios

The B/D ratio can be defined as the ratio of Ky, to the elastic lateral stiffness of a TPEA
device K : . The B/D ratio can be written as:

K, _ 12Ah3cos zy

B/D = = 3 (3.61)
LNbt

K
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Because a TPEA element consists of a TPEA device and the bracing members in series,
the elastic stiffness of a TPEA element, including supporting bracing member, K is a function of
.
Ky and K, such that

I_g_ - 1,1 (3.62)
T b K,
and
KK, K,
K, = - = - (3.63)
Kb +K 1+ —
¢ B/D

The stiffness ratio SR is defined as the ratio of the horizontal TPEA element stiffness, Kr,
to the building story stiffness, K, without the TPEA elements in place.

KT
SR = = (3.64)

s
In order to examine the effect of B/D and SR ratios on the response of the 10-story build-
ing frames, three ground motions, shown in Figures 2.-4 to 2-6, are imposed in the horizontal
direction to the 10-story building. Tables 3-III to 3-VIII display the property of TPEA elements at
each floor while SR is changed from 1 to 6 and B/D is 2. The yield stress for steel plates in the
TPEA devices is 42.86 ksi (0.2958 KN/mm?).

TABLE 3-III The Properties of TPEA (SR=1, B/D=2)

Story No. of b t h Brace Area

Floor Plates (in) (in) (in) (in=)
1 4 4.0 0.7874 6 2.94
2 4 3.26 0.7874 6 .79
3 4 292 0.7874 6 1.60
4 4 | 34 0.7874 63 1.46
5 4 ] 3.1 0.7874 65 1.34
6 3 | 348 0.7874 65 .12
7 3 | 30 0.7874 65 0.97
8 2 | 39 0.7874 65 0.84
9 PR B R 0.7874 6.5 0.74
10 2 | 3.2 0.7874 6.5 0.68

3-14



TABLE 3-IV The Properties of TPEA (SR=2, B/D=2

Story No. of b t h Brace Area

Floor Plates (in) (in) (in) (in")
1 5 49 0.7874 55 5.38
2 5 4.02 0.7874 5.5 3.58
3 5 3.6 0.7874 5.5 3.20
4 4 4.1 0.7874 5.5 2.93
5 4 3.77 0.7874 53 2.69
6 4 3.15 0.7874 55 2.24
7 3 4.66 0.7874 6 1.94
8 3 4.05 0.7874 6 1.67
9 3 36 0.7874 6 1.48
10 3 335 0.7874 6 1.37

TABLE 3-V The Properties of TPEA (SR=3, B/D=2)

Story No. of b t h Brace Area

Floor Plates (in) (in) (in) (in")
1 5 552 0.7874 5 8.83
2 5 4.54 0.7874 5 5.39
3 5 4.05 0.7874 5 4.81
4 4 4.62 0.7874 5 4.39
5 4 4.28 0.7874 5 4.03
6 4 3.57 0.7874 5 3.37
7 3 5.45 0.7874 55 2.92
8 3 4.70 0.7874 55 2.51
9 3 4.15 0.7874 55 222
10 3 3.86 0.7874 55 2.06

>
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TABLE 3-VI The Properties of TPEA (SR=4, B/D=2)

Story No. of b t h Brace Area

Floor Plates (i0) (ia) (in) (i)
L 6 6.13 | 07874 5 11.77
2 6 5.04 0.7874 5 7.19
3 6 4.50 0.7874 5 6.41
4 5 4.93 0.7874 5 5.85
5 5 453 0.7874 5 537
6 5 3.78 0.7874 5 4.49
7 4 4.09 0.7874 5 3.89
8 4 3.52 0.7874 5 3.35
9 4 3.12 0.7874 5 2.96
10 3 3.86 0.7874 5 2.75

TABLE 3-VII The Properties of TPEA (SR=5, B/D=2

Story No. of b t h Brace Area

Floor Plates (i) (in) (in) (i)
1 6. 5.59 0.7874 45 1471
2 6 4.59 0.7874 45 8.95
3 6 4.09 0.7874 4.5 8.0
4 5 45 0.7874 45 7.32
5 5 4.12 0.7874 45 6.715
6 5 3.45 0.7874 45 5.61
7 4 5.12 0.7874 5 4.855
8 4 44 0.7874 5 4.18
9 4 3.89 0.7874 5 3.695
10 4 3.62 0.7874 S 3435
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TABLE 3-VIII The Properties of TPEA (SR=6, B/D=2)

Story No. of b t h Brace Area

Floor Plates (in) (in) (in) (in®)
1 7 5.75 0.7874 4.5 16.56
2 7 472 0.7874 4.5 10.78
3 7 42 0.7874 4.5 8.16
4 7 3.86 0.7874 4.5 8.78
5 6 5.65 0.7874 5 8.07
6 6 4.73 0.7874 5 6.74
7 6 4.08 0.7874 5 5.86
8 5 4.23 0.7874 S 5.04
9 5 3.74 0.7874 5 4.44
10 5 3.48 0.7874 5 4.13

3.2.3 Structural Response Parameters

The unit of displacement is the inch and the unit of force is pounds in this study. The
response parameters used include: (1) the floor displacements (FD), which is the displacement at
a floor with respect to the ground; (2) the roof displacements (RD), which is the displacement at
the top relative to the ground; (3) the base shear forces (BSF), which is the total lateral shear par-
tially carried by the TPEA elements and partially by the frame members; (4) the column shear
force (CSF), which is the shear force taken by the column; and (5) the ductility ratio. The ductility

ratio is defined as

max - max2 (3-65)
y th

where A is the yield displacement of TPEA device and A is the maximum displacement of
TPEA device.
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A large value of story drift indicates large deformations of structural and non-structural
members at that story. Floor displacement should be controlled so that excessive deformations of
structural and non-structural members and the second order (P —A) forces due to these deforma-
tions can be avoided.

A large TPEA stiffness could be obtained by allowing a small yield displacement with a
designed device yield force. Thus, a TPEA device would yield early during earthquakes to dissi-
pate more hysteretic energy so that the main structural members have less chance to experience
inelastic response. However, a small yield displacement of the device could cause a large yield
ductility ratio which may result in exceeding the selected design ductility ratio. It is important to
select a proper yield displacement according to the expected earthquake intensity so that the
response ductility ratio will be within the design limit.

3.3 Effect of B/D

As shown in Eq.(3.63), the stiffness of TPEA element, K, is a function of X : and B/D
ratio which is the ratio of the stiffness of the bracing members to the stiffness of TPEA. A param-
eter o is defined as the function of B/D.

o= ——— (3.66)
1+ 1
B/D
Eq.(3.63) can be rewritten as
K. = ok, (3.67)

The relationship of o and B/D is shown in Figure 3-6. Note that o rapidly increases as B/
D increases from zero to 5 while & slowly increases to its limit 1 when B/D increases from 5 to
100. The effect of B/D has little influence on the reduction of the structural response during
ground motion. In other words, it would be ineffective to try to improve the seismic resistance by
adopting larger B/D ratios. The bracing members should only be designed economically to remain
elastic during earthquakes since the hysteretic energy dissipating capacity depends on the TPEA
devices only and is not affected by the stiffness of the bracing members.

The effect of the B/D ratio on the reduction of the structural response was studied with dif-
ferent B/D ratios. Ground motion records from the El Centro earthquake, San Fernando earth-
quake, and Taft earthquake with the Earthquake Record Scale Factor (ERSF) being 4, were
imposed on the structure to analyze the inelastic response. The influence of B/D on the maximum
floor displacement (MFD), maximum base shear (MBS), and maximum ductility ratio (MDC) can
be observed in Figures 3-7 to 3-15 while SR=4 is chosen when the structure was subjected to
three selected ground motions. According to Figures 3-7 to 3-15, B/D has little influence on the
reduction of the structural response which verifies the previous assumption. The results show that
the curves of the structural response (MFD, MBS, and MDC) do not change significantly when B/
D is changed from 1 to 5. As shown in Figure 3-7, displacement at each floor varies little when B/
D is changed from 1 to 5. Likewise, Figure 3-8 shows the same consistency. However, Figures 3-
8, 3-11, and 3-14 demonstrate that B/D=1 has the largest base shear force of all the cases.
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The results also show that: (1) B/D=1 has the largest ductility ratio while the structure was
subjected to the San Fernando and the Taft (ERSF=4) ground motions; (2) B/D=5 has the largest
ductility ratio when the structure was subjected to the EI Centro ground motion. The results con-
firm that it is not economical to try to improve seismic response by using large B/D ratios. For
design purposes, a B/D ratio in the range of 2 to 3 is recommended.

Several main concems must be addressed in the design of bracing members. First, the
bracing members should be strong enough to support the TPEA device without buckling in com-
pression or yielding in tension. Second, large B/D ratios need not be adopted to improve seismic
response since the energy dissipating capacity is not affected by the stiffness of the bracing mem-
bers. Last, the bracing members should remain elastic when the TPEA device yields during earth-
quakes.

3.4 Effect of SR

SR is the ratio of the TPEA element initial stiffness to the structural story stiffness which
is a function of K and K. The structural story stiffness K is given in Table 3-II. The SR ratio is
a very important parameter in the design of structures with TPEA because it is related to the stiff-
ness of the structural members. Furthermore, the SR ratio could affect the structural period and
the design seismic force of the structure.

The influence of SR on the maximum floor displacement, maximum shear force, and max-
imum ductility ratio can be observed in Figures 3-16 to 3-24. In Figure 3-16, we see that the larger
the SR ratio, the smaller the displacement at each floor. However, the difference is less between
SR=3 and SR=6. In Figure 3-17, the pattemns are similar while SR varies from 1 to 6. However,
SR=2 has the largest base shear force while SR=4 has the smallest. Figure 3-18 shows the same
pattern, although, there is a greater gap at each floor.

The results show that a larger SR always performs better in terms of reducing floor dis-
placement when the structure is subjected to the three selected earthquakes. This is because the
larger SR means more stiffness is provided for greater reductions in structural displacement. The
results show that: (1) SR=4 has the smallest story shear force and ductility ratio when the struc-
tural was subjected to the El Centro earthquake; (2) SR=1 has the smallest story shear force and
ductility ratio while the structure was subjected to the San Fernando earthquake; and (3) SR=2 has
the smallest story shear force and ductility ratio while the structure was subjected to the Taft
(ERSF=4) earthquake. The selection of SR must account for the expected earthquake characteris-
tics, ground motion intensity, and energy demands. Although the larger SR ratio may have smaller
MEFD, it is not necessarily true that a larger SR will be better for design because large SR ratios
may lead to higher natural frequencies. This may increase the larger horizontal shear force accel-
erations. Increasing the SR ratio will also increase the size and the cost of the TPEA elements.

Figures 3-25 to 3-42 demonstrate the effect of B/D and SR ratios on maximum roof dis-
placement, maximum base shear force, and maximum ductility ratio. In Figure 3-25, we see that
SR=1 has the largest roof displacement and SR=2 has the second largest. The difference is less
between SR=3 and SR=6. The six lines are almost level and parallel to the horizontal line. It can
be said that B/D has little influence on the reducing of the roof displacement. Figure 3-26 demon-
strates that B/D=2 with SR=4 has the smallest base shear force while B/D=1 with SR=2 has the
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largest. Figure 3-27 shows that B/D=3 with SR=4 has the smallest ductility ratio while B/D=1
with SR=1 has the largest. Figure 3-28 indicates that SR=2 reduces the roof displacement about
50% and SR=4 reduces it about 70% when compared to the structure without TPEA. The curve
becomes level when SR is greater than 4. Figure 3-29 shows that SR=4 has the best performance
in the reduction of the base shear force. However, SR=1 has better performance than SR=2.
Again, Figure 3-30 shows that SR=4 has the smallest ductility ratio while SR=1 has the largest.

From these results it is observed that the B/D has little influence on the reduction of struc-
tural response and that adding TPEA to the structural could significantly reduce the structural
response. The results also indicate that SR ratios from 2 to 4 and B/D ratios from 2 to 3 are to be

recommended for design purposes.

The behaviors of the structure equipped with and without TPEA were compared while it
was subjected to ten different peak accelerations from 100 Gal (cm/s?) to 1000 Gal of the San
Fernando ground motion. Figure 3-43 shows that the structure with TPEA (B/D=2, SR=4) has
Jarger maximum base shear force than the structure without TPEA when the peak acceleration is
less than 300 Gal. This is because the addition of TPEA to a structure increases the structure’s
stiffness and the TPEA operates in an elastic range in the lower peak accelerations of the San
Fernando earthquake.The response curve of the structure with TPEA becomes smooth when the
peak acceleration is between 800 Gal and 1000 Gal. When the structure is subjected to a stronger
peak acceleration of ground motion, the superiority of the TPEA is more evident. Figures 3-45
and 3-46 illustrate that the structure with TPEA has a much smaller MFD than the structure with-
out TPEA from 100 Gal to 1000 Gal. The reason for this is the addition of TPEA to the structure
may lead to stronger stiffness and larger damping capacity so that the structural floor displace-
ment would be greatly constrained.
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FIGURE 3-16 Relations between SR and Floor Displacement When the Structure is Sub-
jected to El Centro Ground Motion
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3.5 Comparison between a Frame with TPEA and a Frame with Simple
Bracing Whose Stiffness Is the Same as That of the TPEA

In order to provide further evidence of the superiority of the TPEA, a comparison is made
between a frame with TPEA (B/D=2, SR=4) and a frame with a simple bracing whose stiffness is
the same as that of the TPEA. Figures 3-47 to 3-57 present the numerical results. In Figures3-48,
349, and 3-50, we see that a frame with TPEA performs better than a frame with a simple brac-
ing. The properly designed TPEA devices have smaller yield displacements so that plastic defor-
mations during an earthquake can be made to occur at the location of the devices and they can be
replaced easily if damaged. However, a frame with a simple bracing does not provide such a situ-
ation. The energy dissipation capacity is increased by allowing the connection between bracing
and beam through large inelastic deformation. As a result, the structure’s integrity may be
degraded once the connection is damaged during an earthquake and replacing the damaged con-
nection would not be as easy as replacing a TPEA device. Furthermore, a frame with a simple
bracing would induce much stronger horizontal shear forces because of the added stiffness. Con-
sequently, such strong horizontal shear forces may jeopardize the structure. Figure 3-57 shows
that the response curve of the structure with a simple bracing is linear and much larger while the
response curve of the structure with TPEA becomes smooth when the peak acceleration is
between 800 Gal and 1000 Gal. This provides evidence that TPEA is superior when a severe

earthquake is imposed on the structure.
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FIGURE 3-47 Comparison of Floor Displacement between a Frame with TPEA and with a
Bracing When the Structure is Subjected to El Centro Ground Motion
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FIGURE 3-48 Comparison of Column Shear at Point B between a Frame with TPEA and a
Frame with a Bracing When the Structure is Subjected to El Centro Ground Motion
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FIGURE 3-49 Comparison of Base Shear Force between a Frame with TPEA and with a
Bracing When the Structure is Subjected to El Centro Ground Motion
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FIGURE 3-50 Comparison of Floor Displacement between a Frame with TPEA and with a
Bracing When the Structure is Subjected to San Fernando Ground Motion
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FIGURE 3-51 Comparison of Column Shear at Point B between a Frame with TPEA and a
Frame with a Bracing When the Structure is Subjected to San Fernando Ground Motion
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FIGURE 3-52 Comparison of Base Shear Force between a Frame with TPEA and with a
Bracing When the Structure is Subjected to San Fernando Ground Motion
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FIGURE 3-53 Comparison of Floor Displacement between a Frame with TPEA and with a
Bracing When the Structure is Subjected to Taft (ERSF=4) Ground Motion
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FIGURE 3-55 Comparison of Base Shear Force between a Frame with TPEA and with a
Bracing When the Structure is Subjected to Taft (ERSF=4) Ground Motion
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3.6 Discussion

The time-history responses (roof displacement, column shear force at point B, and base
shear force) of the structure with and without TPEA are shown in Figures 3-58 to 3-60 when the
structure was subjected to San Fernando ground motion. Figure 3-58 indicates that the roof dis-
placement of the structure subjected to the San Fernando ground motions was significantly
reduced when the TPEA devices were added to the structure. In Figure 3-58, the structure with
TPEA (SR=4 and B/D=2) generates 21 peaks within 10 seconds while the structure without
TPEA generates 11 peaks in the same amount of time. Because the natural frequency is propor-
tional to the square root of the stiffness, SR=4 may generate two times the natural frequency com-
pared to the structure without TPEA. Figure 3-59 also shows that the column shear force at pomnt
B was significantly reduced when the structure was equipped with TPEA devices. Figure 3-60
illustrates that overall, the maximum base shear forces were reduced greatly. However, the base
shear forces were not reduced compared to the structure without devices in the very beginning of
earthquake excitation. This phenomenon was caused by the TPEA devices and their supporting
bracing which changed the structure’s natural frequencies. In the early stage of excitation, the
TPEA may not yield. As a result, the total base shear forces of the structure with TPEA induced
by ground motions may be larger than that of the structure without TPEA devices in the early
stage of earthquakes. But, the maximum base shear force was eventually reduced compared to the
structure without TPEA devices. It should be noted that although a larger SR will lead to smaller
roof displacement, a larger SR may lead to higher natural frequencies which could result in stron-
ger horizontal shear forces accelerations. In addition, the main load-carrying frames take a much
smaller portion of the shear force when TPEA devices were added to the structure.

Since most of the plastic deformations during an earthquake can be made to occur in the
TPEA devices, energy demands on the other structural members can be substantially reduced.
Consequently, the main structural members will experience less damage. The TPEA devices
located at the lower floors contribute more to energy absorption than those in upper floors. Figures
3-61-3-63 show the relationship of force and displacement during the San Fernando ground
motion for the TPEA devices (SR=4, and B/D=2) located at the 1st, 5th, and 10th floors. The
TPEA devices located at the 1st floor absorb more energy while the TPEA device located at 10th
floor is still within the elastic range.

The TPEA provides a strong safe failure mechanism. In other words, it would not jeopar-
dize the structure if the TPEA device failed to protect the structure properly. Furthermore, the
TPEA device is not a strain-rate-dependent, so the response of the structure can be reduced once
the earthquake occurs and the material behavior of the device is temperature independent. The
results demonstrate that the TPEA device is a promising alternative for the mitigation of seismic
effects on buildings.
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FIGURE 3-61 The Relation of Force and Displacement of TPEA at 1st Floor When the
Structure is Subjected to Taft (ERSF=4) Ground Motion
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SECTION 4
A Combination of Two Energy-Absorbing Devices

4.1 Introduction

Properly designed TPEA devices mounted on a building can be used to effectively control
the inelastic response of the building frame. Test results [49,66] have shown that TPEA devices
can sustain an extremely large number of yielding reversals and accumulate a large amount of
plastic deformations without any sign of degradation. Furthermore, the TPEA, unlike viscoelastic
dampers and fluid viscous dampers which are velocity dependent devices, can reduce the struc-
tural response significantly once earthquakes occur. However, the major disadvantage of the
TPEA is that this device, unlike viscoelastic dampers which have found numerous applications in
control wind vibration, has little effect on structural acceleration induced by wind loads. Also,
under minor earthquakes, TPEA devices behave more as stiffeners rather than as dampers. There-
fore, TPEA may not necessarily be useful for minor earthquakes. On the other hand, viscoelastic
dampers dissipate energy even under very small arbitrary loading.

Properly designed viscoelastic dampers and fluid viscous dampers both can be used as
supplemental damping devices to reduce the amplitude of vibration for controlling the response of
buildings during earthquakes. However, a drawback for adopting these devices as energy-absorb-
ing devices for seismic hazard mitigation is that the structural response cannot be significantly
reduced during the early stages of earthquakes and the safe-failure mechanism cannot be provided
by the devices. A combination of TPEA and viscoelastic dampers and a combination of TPEA
and fluid viscous dampers may be viewed as two new alternative designs to overcome the short-
comings of each device and to improve the performance of the energy-absorbing devices for
reducing the effects of both earthquake and wind loads. Such combined devices will not only pro-
vide a strong safe-failure mechanism, but also can sustain a wide range of arbitrary loading from
minor earthquakes to severe ground motions and/or wind loads.

Although there are obvious commonalities between wind and earthquake forces in that
both introduce lateral forces over the whole building and its components, there are still some
important differences [55]. The main design concern for seismic hazard mitigation is safety while
the main design concem for wind loads is comfort. Therefore, controlling displacement is more
important in earthquake-resistant design while controlling acceleration is more important in wind-
resistant design. Wind forces are not as random in their effects upon buildings as are earthquakes.
The wind forces act primary on building surfaces. They are applied normal to the surfaces while
earthquakes generate both horizontal and vertical forces, but those applied horizontally are the
principal concemn in most cases. Earthquake forces are inertial, essentially the product of the
building mass multiplied by acceleration. Thus, seismic forces are developed in each component
of a building. The total shear force (base shear) 1s the accumulation of these individual forces. As
a result, the applied seismic forces and the forces to be resisted increase with the weight of the
building. Thus, weight is a detriment in seismic design [55].

On the contrary, weight is a favorable factor against wind loads. A heavy roof, properly
connected to the rest of the structure, is beneficial against wind, but will be a liability for earth-



quakes [55]. Because of the nature of earthquake forces, a heavy building is particularly vulnera-
ble. To overcome the conflicts involved in designs for both wind load and earthquakes, a
combination of viscoelastic dampers and TPEA on a building and a combination of fluid dampers
and TPEA are studied. According to the numerical results, these new alternative devices are able
to compensate for each other’s shortcomings and seem to be promising energy-absorbing devices
to mitigate the hazard of earthquakes and windloads. As shown in Figures 4-1 and 4-2, the com-
bined devices of TPEA and viscoelastic dampers and the combined devices of TPEA and fluid
dampers are mounted on each floor and supported by Chevron braces.

4.2 Numerical Study of a Combination of TPEA and Viscoelastic Dampers on
the High-Rise Building

Tables. 4-1, 4-11, and 4-III show the symbols for the locations of viscoelastic dampers in
this study. According to a previous study, the B/D ratio has little influence on the reduction of
structural response during earthquakes. Therefore, B/D is selected as 2, and SR ratios from 1 to 6
are selected in this study. The relationships between the properties (the thickness and the area) of
viscoelastic dampers and their developed strain are shown in Figures 4-3 to 4-5 when the structure
is subjected to three selected ground motions. They show that the combined devices of the TPEA
and viscoelastic dampers have the best performance in all cases. They also indicate that combin-
ing the TPEA and viscoelastic dampers will prevent the viscoelastic dampers from developing
strains over their performance limit, 0.3. It can be seen that some properties of the viscoelastic
damper, such as the thickness and the area, can be reduced significantly due to the addition of the
TPEA to the structure. Originally, the cases of VE-only (a5t3) and VE-only (a2t1) developed
strain measurement of more than 0.3 which makes the viscoelastic dampers fail to properly
reduce the structural response. Adding the TPEA to the structure with viscoelastic dampers pre-
vents the dampers from developing strain over 0.3. This outcome 1s particularly obvious when
stronger ground motions, such as the San Fernando earthquake and the Taft earthquake
(ERSF=4), are imposed on the structure.

The behavior of the structure equipped with TPEA (SR=4, B/D=2) and viscoelastic damp-
ers is compared to the structure without any energy-absorbing device while it was subjected to ten
different earthquake peak accelerations from 100 Gal to 1000 Gal of the San Fernando ground
motion. Figures 4-6 to 4-11 illustrate that the TPEA is still in the elastic range while the viscoelas-
tic dampers absorb energy when the structure is subjected to the peak accelerations of 100 Gal,
200 Gal, and 300 Gal of the San Fernando ground motion. This means that the viscoelastic damp-
ers would provide damping to the structure to absorb energy while the TPEA operates elastically
during the smaller magnitudes of earthquake ground motion. Similarly, when the structure is sub-
jected to wind loads, the viscoelastic dampers would be able to reduce the wind sway since the
TPEA has little capacity to properly resist wind loads. By combining the viscoelastic dampers and
TPEA, both earthquake and wind loads can be resisted. When the structure is subjected to the
peak accelerations of 800 Gal and 1000 Gal of the San femando ground motion, both TPEA and
viscoelastic dampers can dissipate seismically induced energy, but the TPEA is more effective.
Figures 4-12 to 4-15 show that TPEA absorb more energy than viscoelastic dampers when both
devices are jointly used as energy-absorbing devices.
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TABLE 4-1 The Symbols of the Location of VE Dampers

Symbols Explanations
VEL0 Each floor was mounted i_fﬂ a VE damper -
2ZVES(1) Floors 1,2,3,4,5 were mounted with two VE dampers
2VES(2) Floors 1,3,5,7,9 were mounted with two VE dampers
VE1 Floor 1 was mounted with a VE damper

-

TABLE 4-I1 The Symbols of Area of VE Dampers

Symbols | Area1(in®) | Area2(in®)
al 120 72
a2 150 90
a3 180 108
a4 210 126
as 280 168
a6 310 186

TABLE 4-III The Symbols of Thickness of VE Dampers

Symbols Thickness (in)
tl KOO
2 1.75
t3 1.30
4 1.38
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The developed strain measurements of the VL .ampers were compared when the structure
was subjected to ten different earthquake acceleration from 100 Gal to 1000 Gal of the San
Femando ground motion. Figure 4-16 shows the strain of VE-only is over its performance limit,
0.3, when the earthquake peak acceleration is larger than 700 Gal of the San Fernando ground
motion. However, it can be observed in Figure 4-16 that viscoelastic dampers can be designed to
prevent the development of strain over 0.3 with a combination of TPEA and viscoelastic dampers
on the structure when the peak acceleration is from 800 Gal to 1000 Gal of the San Fernando
earthquake. Figure 4-17 shows that the combined devices have the smallest roof displacement, the
TPEA-only ranks second, and the VE-only ranks third. The structure with viscoelastic dampers
only functions properly to reduce roof displacement from 100 Gal to 700 Gal, but it fails to reduce
roof displacement when the peak acceleration is greater than 800 Gal because the dampers
develop a strain measurement of more than 0.3. The structure with a combination of viscoelastic
dampers and TPEA, however, has the best performance in reducing roof displacement.

Figure 4-18 shows similar results except that the structure with TPEA-only and the struc-
ture with combined devices have larger base shear forces than the structure without any energy-
absorbing devices when the peak acceleration is less than 300 Gal. The reason is for this the addi-
tion of TPEA to a structure increases the structure’s stiffness and the TPEA operates in an elastic
range at the lower peak accelerations of the San Fernando earthquake. On the other hand, the
addition of viscoelastic dampers to a structure does not generally increase the structure’s stiffness.

The temperature effect on the damper’s developed strain is shown in Figure 4-19. It dem-
onstrates that for the structure with VE-only, the dampers develop a strain measurement more
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than their performance limit, 0.3, when the ambient temperature is greater than 20 °C while the
viscoelastic dampers on the structure with combined devices still perform properly from 0°C to
40°C. The temperature effect on the roof displacement is also observed when the structure was
equipped with TPEA and VE dampers together. Figure 4-20 shows that the roof displacement has
been reduced significantly; although, viscoelastic dampers perform better at lower temperatures.
The influence of the temperature becomes very insignificant when TPEA and viscoelastic damp-
ers are mounted on the structure together.

The comparison of the response (roof displacement and base shear force) of the structure,
with TPEA-only, with VE-only, with combined devices of TPEA+VE, and without dampers, on
each floor were made when the structure was subjected to the three selected ground motions. Fig-
ures 4-21 to 4-26 show the outstanding performance of the combination of TPEA and viscoelastic
dampers mounted on each floor of a structure. The structure with viscoelastic dampers has a satis-
factory performance, but is the worst among the four selected cases. The combined devices per-
form best of all. Figure 4-21 illustrates that the three curves of the structure with TPEA-only,
TPEA+VE (a5t3), and TPEA+VE (a2tl), are almost indistinguishable. It can be said that TPEA is
the governing device when TPEA and VE dampers are jointly used. In Figure 4-22, we see that
the structure with TPEA-only has the smallest base shear force; the structure without any devices
has the largest; while the structure with VE-only has the second largest base shear. Figures 4-23 to
4-26 show similar results when the structure was subjected the stronger earthquake ground
motions.

The SR effects on the roof displacement and base shear force are observed when the struc-
ture without dampers with TPEA-only, and with TPEA+VE is subjected to selected ground
motions. As shown in Figures 4-27 to 4-30, the structure with the combination of TPEA and vis-
coelastic dampers has the best results. The optimal selection of SR ratio is 4 in all cases. As
shown in Figures 4-27 and 4-29, all the curves have a similar pattem in reducing floor displace-
ment. Therefore, it may be assumed that the TPEA is the goveming device when used jointly with
viscoelastic dampers. Figure 4-29 shows that SR=1 reduces more than 50% of the roof displace-
ment compared to the structure without any devices. The curves begin to decay slowly when SR
is greater than 2. Figure 4-30 has the same consistency except SR=2 has the smallest base shear
force. Then the curves begin to move upward slowly. As shown in Figures 4-28 and 4-30, the
structure with combined devices induced stronger base shear forces than the structure with TPEA-
only.

The time-history responses (roof displacement, column shear force at column B, and base
shear force) of the structure equipped with jointly devices and without devices are shown in Figs
4-31 to 4-39 when the structure was subjected to selected ground motions. Figures 4-31, 4-34, and
4-37 show that the roof displacement is reduced greatly overall and also is reduced once the earth-
quake occurs. In Figure 4-31, the structure with the combined devices generates 22 peaks of
cycles within 10 seconds while the structure without any devices generates 12 peaks. The struc-
ture’s natural frequency is changed due to the added TPEA and VE devices. Figures 4-32, 4-35,
and 4-38 illustrate that the column takes only a very small portion of the base shear force which
prevents the main load-carrying members from being damaged and lessens the energy dissipation
demands on those members. Figures 4-33, 4-36, and 4-39 indicate that the base shear force is
reduced overall, although the base shear force is not significantly reduced in the early stage of the
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FIGURE 4-33 The Response of Base Shear Force of the structure with TPEA and VE While
the Structure is Subjected to El Centro Ground Motion
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excitation. The reason is the combination of TPEA and viscoelastic dampers mounted on the
structure increases the structure’s stiffness to change its natural frequencies. This may lead to an
increase of the horizontal shear force accelerations. In particular, the TPEA may still operate in
the elastic range in the early stage of an earthquake, therefore, the base shear force is not reduced
greatly during that period. The combined devices provide not only additional stiffness but also
hysteretic damping to a structure.

The relationships of displacement and force of TPEA and viscoelastic dampers are shown
in Figures 4-40 to 4-57 when the structure is subjected to three selected ground motion. The
results indicate that the combined device located at the lower floors of a building contribute more
to energy absorption than those on upper floors. They demonstrate that TPEA absorbs substantial
amounts of energy at the first floor while the TPEA still operates in the elastic range at the 10th
floor. They also illustrate that viscoelastic dampers absorb more energy at the first floor than those
at the tenth floor.

Finally, it can be concluded that the combination of TPEA and viscoelastic dampers on a
structure can be a very effective and promising energy-absorbing device because they compensate
for each other’s shortcomings to resist both earthquake and wind loads. Adding such devices to a
structure may increase cost, but it will increase the safety of the structure against earthquakes and
wind loads. Moreover, adding energy-absorbing devices to the main load-carrying structural
members could reduce the members’ load carrying requirement and simplify the beam-column
connections to offset the additional cost of the devices.
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FIGURE 4-40 The Force-Displacement Relation of TPEA at 1st floor While the Structure is
Subjected to El Centro Ground Metion
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FIGURE 4-44 The Force-Displacement Relation of VE at 5th Floor While the Structure is
Subjected to El Centro Ground Motion
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FIGURE 4-51 The Force-Displacement Relation of VE at 10th Floor While the Structure is
Subjected to San Fernando Ground Motion
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FIGURE 4-52 The Force-Displacement Relation of TPEA at 1st Floor While the Structure is
Subjected to Taft (ERSF=4) Ground Motion
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FIGURE 4-56 The Force-Displacement Relation of VE at 5th Floor While the Structure is
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4.3 Numerical Study of a Combination of TPEA and Fluid Viscous Dampers
on the High-rise Building

According to a previous study, the B/D ratio has little influence on the reduction of struc-
tural response during earthquakes. In this study, B/D is selected as 2, and SR ratios from 1 to 6 are
selected. The behavior of the structure equipped with TPEA (SR=4, B/D=2) and fluid viscous
dampers is compared to the structure without any energy-absorbing device while the structure
was subjected to ten different earthquake peak accelerations from 100 Gal to 1000 Gal of San
Fernando ground motion. Figures4-58 to 4-62 illustrate that the TPEA is still in the elastic range
while the fluid dampers absorb energy when the structure is subjected to the peak accelerations of
100 Gal, 200 Gal, and 300 Gal of the San Fernando ground motion. This means that the fluid
dampers would provide damping to the structure in order to absorb energy while the TPEA oper-
ates elastically during the smaller magnitudes of seismic ground motion. Similarly, when the
structure 1s subjected to wind loads, the fluid dampers are able to reduce the wind sway since the
TPEA has little capacity to resist properly wind loads. Figures 4-63 to 4-77 illustrate that the
TPEA starts to dissipate energy when the peak acceleration is greater than 300 Gal of the San
Fernando ground motion. They also show that TPEA and fluid dampers can dissipate seismically
induced energy but the TPEA is more effective when the stronger peak acceleration ground
motion was imposed to the structure. By combining the fluid dampers and TPEA on a structure,
both earthquake and wind loads can be resisted greatly.

The behaviors of the structure without dampers and with fluid-damper-only, with TPEA-
only, and with combined devices of TPEA and fluid dampers, were compared when the structure
was subjected to ten different earthquake peak acceleration from 100 Gal to 1000 Gal of the San
fernando ground motion. As shown in Figure 4-78, it is observed that the combined devices on a
structure have the best performance in reducing roof displacement, the TPEA ranks second, and
the fluid dampers rank third. Figure 4-79 shows similar results except that the structure with
TPEA and the structure with combined devices have larger base shear force than the structure
without any energy-absorbing devices when the peak acceleration is less than 300 Gal. These
results actually confirm the phenomenon in Figures 4-58 to 4-77. The added TPEA operates in an
elastic range at the lower peak accelerations of the San Fernando earthquake.

The curves of the structure with fluid dampers and the structure without any devices are
both linear, but the curve of the structure with fluid dampers has a much smaller gradient. In Fig-
ure 4-79, we also see that the two curves of TPEA-only and TPEA with fluid dampers have a sim-
ilar pattern. It may be assumed that the TPEA is the governing device when used jointly with fluid
dampers.

The effects of the damping coefficient on the roof displacement and base shear force were
observed when the structure, with and without combined devices of TPEA and fluid dampers, was
subjected to ten different peak acceleration from 100 Gal to 1000 Gal of the San Fernando ground
motion. Figure 4-80 shows that the curves of TPEA with fluid dampers are almost indistinguish-
able. This indicates that the value of the damping coefficient becomes less important in reducing
structural response when TPEA and fluid dampers are combined on the structure. Figure 4-81
shows the same relationships. The structure with combined devices has larger base shear forces
than the structure without devices when the peak acceleration is less than 300 Gal. The reason is
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FIGURE 4-58 The Force-Displacement Relation of TPEA While the Structure is Subjected
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FIGURE 4-59 The Force-Displacement Relation of FD While the Structure is Subjected to
the Peak AcceleRation of 100 Gal of San Fernando Ground Motion
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FIGURE 4-60 The Force-Displacement Relation of TPEA While the Structure is Subjected
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FIGURE 4-61 The Force-Displacement Relation of FD While the Structure is Subjected to

the Peak AcceleRation of 200 Gal of San Fernando Ground Motion
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FIGURE 4-62 The Force-Displacement Relation of TPEA While the Structure is Subjected
to the Peak AcceleRation of 300 Gal of San Fernando Ground Motion
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FIGURE 4-63 The Force-Displacement Relation of FD While the Structure is Subjected to
the Peak AcceleRation of 300 Gal of San Fernando Ground Motion
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FIGURE 4-64 The Force-Displacement Relation of TPEA While the Structure is Subjected
to the Peak AcceleRation of 400 Gal of San Fernando Ground Motion
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FIGURE 4-65 The Force-Displacement Relation of FD While the Structure is Subjected to
the Peak AcceleRation of 400 Gal of San Fernand Ground Motion
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FIGURE 4-67 The Force-Displacement Relation of FD While the Structure is Subjected to
the Peak AcceleRation of 500 Gal of San Fernando Ground Motion
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FIGURE 4-68 The Force-Displacement Relation of TPEA While the Structure is Subjected
to the Peak AcceleRation of 600 Gal of San Fernando Ground Motion
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FIGURE 4-69 The Force-Displacement Relation of FD While the Structure is Subjected to
the Peak AcceleRation of 600 Gal of San Fernando Ground Motion
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FIGURE 4-70 The Force-Displacement Relation of TPEA While the Structure is Subjected
to the Peak AcceleRation of 700 Gal of San Fernando Ground Motion
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FIGURE 4-71 The Force-Displacement Relation of FD While the Structure is Subjected to
the Peak AcceleRation of 700 Gal of San Fernando Ground Motion
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FIGURE 4-72 The Force-Displacement Relation of TPEA While the Structure is Subjected
to the Peak AcceleRation of 800 Gal of San Fernando Ground Motion
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FIGURE 4-73 The Force-Displacement Relation of FD While the Structure is Subjected to
the Peak AcceleRation of 800 Gal of San Fernando Ground Motion
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FIGURE 4-76 The Force-Displacement Relation of TPEA While the Structure is Subjected
to the Peak AcceleRation of 1000 Gal of San Fernando Ground Motion
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FIGURE 4-77 The Force-Displacement Relation of FD While the Structure is Subjected to
the Peak AcceleRation of 1000 Gal of San Fernando Ground Motion
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that the addition of TPEA to a structure increases the structure’s stiffness and the TPEA operates
in an elastic range at the lower peak acceleration of the San Femando ground motion. Figures 4-
82 and 4-83 show that the curves decay slowly when the fluid dampers are used jointly with
TPEA. The results indicate that the value of the damping coefficient becomes less important in the
reduction of base shear forces when TPEA and fluid dampers are jointly used on the structure.

The effects of SR ratios on roof displacement and base shear force were compared when
the structure, with and without combined devices of TPEA and fluid dampers, was subjected to
three selected ground motions. As shown in Figures 4-84 to 4-89, the number and the position of
the fluid dampers have little influence in improving seismic resistance when the structure was
equipped with TPEA and fluid dampers. All the curves have a similar pattem. It may be assumed
that the TPEA is the governing device even when used jointly with fluid dampers. It can be said
that the TPEA plays a more important role than the fluid dampers by taking a greater portion of
shear force during stronger ground motions. Figures 4-84 and 4-88 illustrate that the curves have
a similar pattern and decay slowly when SR is greater than 3. Figure 4-85 shows that SR=4 has
the best performance in reducing base shear force when the structure is subjected to the El Centro
ground motion. Figure 4-89 shows that SR=2 has the best performance when the structure is sub-
jected to the Taft (ERSF=4) ground motion.

Finally, the time-history responses (roof displacement, column shear force at point B, and
base shear force) of the structure, with and without combined devices, were compared when the
structure was subjected to the El Centro and Taft (ERSF=4) ground motion. Figures 4-90 and 4-
93 show that the roof displacement is reduced greatly overall and also is reduced once the earth-
quake occurs. The velocity dependence of fluid viscous dampers is avoided. Figure 4-90 shows
that the natural frequency of the structure with combined devices is almost double of the structure
without any devices because the structure’s frequency is changed due to the addition of TPEA and
fluid dampers. Figures 4-91 and 4-94 illustrate that the column takes only a very small portion of
the base shear force which prevents the main load-carrying members from damage and lessens the
energy dissipation demands on those members. Figures 4-92 and 4-95 indicate that the base shear
force is reduced overall, although the base shear force is not reduced significantly in the early
stage of the excitation. The reason is that the combination of TPEA and fluid dampers on a struc-
ture increases the structure’s stiffness to change its natural frequencies. This may lead to an
increase of the horizontal shear force accelerations. Most importantly, the TPEA operates in the
elastic range in the early stage of the earthquake, therefore, the base shear force is not reduced
greatly during that period. The combined devices provide not only additional stiffness, but also
hysteretic damping to a structure.

The combined devices located at the lower floors of a building contribute more to energy
absorption than those on other floors. Figures 4-96 to 4-101 show the relation of displacement and
force of the TPEA and fluid dampers, respectively. They demonstrate that TPEA absorbs substan-
tial amounts of the energy at the first floor while the TPEA still operates in the elastic range at
tenth floor. They also illustrate that fluid dampers absorb more energy at the first floor than those
at the tenth floor.

Finally, it can be concluded that the combination of TPEA and fluid dampers on a struc-
ture can be a very effective and promising energy-absorbing device because they compensate for

4-49



i
7\\
£ s
;||
Q
£ 5 \
[&]
L
& 41—
g g—-—t
x \
2
i { |

1— : : : : : i i ' ; :
NOFD 4 6 8 16 24 32 40 48 56 64 72 80
Damping Coeifficient (x100 {b-sec/in)

— TPEA + FD10

FIGURE 4-82 Comparison of Damping Coefficient and Roof Displacement When the Struc-
ture is Subjected to EI Centro Ground Motion

Base Shear Force

1 : : : — : : : : —
NOFD 4 6 8 16 24 32 40 48 56 64 72 80
Damping Coeifficient (x100 Ib-sec/in)

—— TPEA + FD10

FIGURE 4-83 Comparison of Damping Coefficient and Base Shear Force When the Struc-
ture is Subjected to El Centro Ground Motion

4-50



Roof Displaement (in)

1]
(o)}

SR=0 SR=1 SR=2 SR=3 SR=4 SR=5 SR
Stiffness Ratio

—=— TPEA —— T+FD10  —— T+2FD5(1)
—=— T+2FD5(2) =+ T+FD1

FIGURE 4-84 Comparison of SR Ratio and Roof Displacement When the Structure is Sub-
jected to El Centro Ground Motion

(Thousands)

Shear Force

SR=0 SR=1 SR=2 SR=3 SR=4 SR=5 SA=6
Stiffness Ratio

—=— TPEA —— T+FD10  —— T+2FD5(1)
—&— T+2FD5(2) —— T+FD1

FIGURE 4-85 Comparison of SR Ratio and Base Shear Force When the Structure is Sub-
jected to El Centro Ground Motion

4-51



11

Rool Displaement (in)
~
e )L

SR=0 SA=1 SR=2 SR=3 SR=4 SR=5 SA=6
Stiffness Ratio

| —=— TPEA —— TPEA+FD10 }
I !

FIGURE 4-86 Comparison of SR Ratio and Roof Displacement When the Structure is Sub-
jected to San Fernando Ground Motion

160

o
A
\

130

o 7 :
Q 120}
5 ¢ \
% § 110 : \ ? *
g : : ;
5 € 1007 |
§ 90+— : : S
3 g \\\\_/M —
70— 4 : :
60— : i f i ;
SR=0 SR=1 SR=2 SR=3 SR=4 SR=5 SR=6
Stiffness Ratio
—=— TPEA —— TPEA+FD10

FIGURE 4-87 Comparison of SR Ratio and Base Shear Force When the Structure is Sub-
jected to San Fearnando Ground Motion

4-52



Roof Displacement (in)

18

16

14

12

10

—

SR=3 SR=4 SR=5 SR=6

Stiffness Ratio

SR=2

—— TPEA+FD10 |

FIGURE 4-88 Comparison of SR Ratio and Roof Displacement When the Structure is Sub-

Base Shear Force

(Thousands)

jected to Taft (ERSF=4) Ground Motion

260~

|

soJ—,' : i . i i ;
SR=0 SR=1 SR=2 SR=3 SR=4 SR=5 SR=§

Stiffness Ratio

—=— TPEA —— TPEA+FD10 |

FIGURE 4-89 Comparison of SR Ratio and Base Shear Force When the Structure is Sub-

jected to Taft (ERSF=4) Ground Motion

4-53



Rool Displacement (in)

Time (secs)

| — NO Device — TPEA+FD

[R—

FIGURE 4-90 The Response of Roof Displacement of the Structure with TPEA and Fluid
Dampers While the Structure is Subjected to El Centro Ground Motion

50
40-

® 30

3 20-

L =

T T 101 \

o § l
g g OA : ‘Jl‘v'h‘f 3 ‘ﬁ. A\/y‘l .". A
o . \_, ()

£ -0
w e
s -20
£ -30
o]
3 40
-50- . . r . . : : 1 |
0 1 2 3 4 5 6 7 8 9 10

Time (secs)

— NO Device —— TPEA+FD

FIGURE 4-91 The Response of Column Shear Force at Point B of the Structure with TPEA
and Fluid Dampers While the Structure is Subjected to El Centro Ground Motion

4-54



(Thousands)

Base Shear Force

Time (secs)

i —— NO Device — TPEA+FD ‘
J

FIGURE 4-92 The Response of Base Shear Force of the Structure with TPEA and Fluid
Dampers While the Structure is Subjected to El Centro Ground Motion

/

1 !

D

> |
L PN A\“ mA\ ,/\[\/’X\j L\f - v/"-k '4\/}_"\v‘qk/\\ f“_: [n V:[_‘_
-54 \Q// \K/ \/ J | \ ? | |

Rool Displacement (in)
o

-10..
-154
-20 T ; . . n . g : T 1
0 1 2 3 4 S 6 7 8 9 10
Time (secs)
—— No device —— TPEA+FD

FIGURE 4-93 The Response of Roof Displacement of the Structure with TPEA and Fluid
Dampers While the Structure is Subjected to Taft (ERSF=4) Ground Motion

4-55



150
o 100+
<
E = 50+
5 3
@ 3
Q
5 3 °
5 £
1]
2 -50-
w
£
E -100-
3
'150+ T T T T T v T . T J
0 1 2 3 4 5 6 7 8 9 10

Time (secs)

—— NQ Device —— TPEA+FD

FIGURE 4-94 The Response of Column Shear Force at Point B of the Structure with TPEA
and Fluid Dampers While the Structure is Subjected to Taft (ERSF=4) Ground Motion

(Thousands)

Base Shear Force

Time (secs)

— NO Device —— TPEA+FD

FIGURE 4-95 The Response of Base Shear Force of the Structure with TPEA and Fluid
Dampers While the Structure is Subjected to Taft (ERSF=4) Ground Motion

4-56



Shear Force
(Thousands)
o

g/
-10- //
-20-

-304

T T

—4«0 anl T . ! ,
008 -0.06 -004 002 000 002 004 0.06 008
Disptacement (in)

FIGURE 4-96 The Force-Displacement Relation of TPEA at 1st Floor While the Structure is
Subjected to El Centro Ground Motion

30

20+

10+

Shear Force
(Thousands)
o

-10+

-204

'30 T T Y ~t ' Y Y T T
0.08 0.06 -0.04 0.02 0.00 002 004 006 008 0.10 0.12
Displacement

FIGURE 4-97 The Force-Displacement Relation of TPEA at 5th Floor While the Structure
is Subjected to El Centro Ground Motion

4-57



€000+
4000+

2000 -N

0

Shear Force

-2000+

-4000+

-60004

.woo 1 T ] N ¥ T T
004 -003 002 001 000 001 0.02 0.03 0.04

Disptacement

FIGURE 4-98 The Force-Displacement Relation of TPEA at 10th Floor While the Structure
is Subjected to El Centro Ground Motion

—

2000 -1

1000+

Shear Force
o

-1000+
-20001 ’

‘3000 T T 4 ‘ T T T
0.08 -006 004 002 0.00 0.02 0.04 0.06 0.08

Displacement

FIGURE 4-99 The Force-Displacement Relation of Fluid Dampers at 1st Floor While the
Structure is Subjected to El Centro Ground Motion

4-58



3000

2000+

10004

Shear Force
o

-1000+

-2000+

3000 . . , ‘ : : , -
-0.08 -0.06 -0.04 -0.02 000 002 004 0.06 008 010 0.12
Displacement

FIGURE 4-100 The Force-Displacement Relation of Fluid Dampers at S5th Floor While the
Structure is Subjected to El Centro Ground Motion

2000
1500-
T ]
10001 /’»sk&;-_\
e e NN
7 a /. ‘4- !
5 0 / /l// / v i \
F AN\ SA ALY ]
8 500 XX N\AZ TS )/
2 K/
-1000- SO \‘:‘:\‘;‘.‘}‘/ / 4
' :
~2000- \.'
-2500 , | r | | | |
004 003 -002 -001 000 001 002 003 004

Displacement

FIGURE 4-101 The Force-Displacement Relation of Fluid Dampers at 10th Floor While the
Structure is Subjected to El Centro Ground Motion

4-59



each other’s shortcomings to resist both earthquake and wind loads. Adding such devices to the
structure may increase cost but it will increase the safety of the structure against earthquake and
wind load. Moreover, adding energy-absorbing devices to the main load-carrying structural mem-
bers could reduce the members’ load carrying requirement and simplify the beam-column con-
nections to offset the additional cost of the devices.

4.4 Design Implications

Based on the numerical results, some design implications can be concluded as follows:

(1) The damping coefficient of fluid dampers is a major factor for deciding damping force
values. The results indicate that the structure with the high damping coefficient fluid
dampers has better performance in seismic resistance. The damping value of 2400 1b-
sec/in is a proper selection for this 10-story building in seismic resistance.

(2) According to the study of positional effects of fluid dampers, mounting a fluid damper
on the first floor provides reliable performance for seismic resistance.

(3) If a proper damping coefficient is determined, the number of fluid dampers does not
have a great influence in improving seismic resistance.

(4) Temperature has a minor effect on the behavior of the fluid dampers.

(5) Mounting viscoelastic dampers to all stories of the structure is not necessarily the most
economical design. But adding a viscoelastic damper to the first floor will effectively
reduce the response of the structure.

(6) It is recommended that the viscoelastic dampers be used in a relatively stable tempera-
ture environment.

(7) The thickness of the viscoelastic dampers should be carefully determined so that they
will not be too small so as to induce large strain. At the same time, they should not be
too large so as to reduce their performance and increase i their cost.

(8) There is no need to adopt large bracing members to support the TPEA because B/D
ratios have little influence on improving seismic response. B/D ratios from 2 to 3 are
recommended for the design of the TPEA devices.

(9) The bracing members should be strong enough to support the TPEA device without
buckling in compression and yielding in tension.

(10) SR ratios from 2 to 4 are recommended for the design of the TPEA devices.

(11) The TPEA device’s ductility ratios should be no larger than 6.

(12) The temperature effect becomes minor when combined devices are added to the
structure.

(13) The TPEA devices play a governing role when the TPEA devices are jointly used
with viscoelastic dampers or fluid dampers.

(14) The SR ratio =2 and B/D=2 are recommended for the combined devices.

(15) The damping value of fluid dampers can be reduced when fluid dampers and TPEA
are jointly used.

(16) The property of viscoelastic dampers can be reduced when they are jointly used with
the TPEA devices.

(17) The combined devices would provide a strong safe-failure mechanism and can com-
pensate for each other device’s shortcomings.
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SECTION 5
Summary and Conclusion

5.1 Introduction

The concept behind passive vibration control is to add energy dissipating devices to a
structure so that energy dissipation can be forced to occur at designated location in these passive
control devices instead of the main load-carrying members [64]. These passive control devices
can be easily replaced if extensively damaged during earthquakes. Adding energy-absorbing
devices also provides additional damping to the structure. Moreover, adding energy-absorbing
devices to the main load-carrying structural members could reduce the members’ load carrying
requirement and simplify the design of beam-column connections to offset the additional cost of
the device [65].

The structural response of high-rise buildings mounted with three energy-absorbing
devices, TPEA, viscoelastic dampers, fluid dampers, and two combined systems has been investi-
gated in this study. The purposes of the investigation are to evaluate the performance of structures
mounted with selected absorbing devices during three selected earthquake excitations and to iden-
tify the parameters that influence structural response so that a satisfactory design for seismic haz-
ard mitigation of the structure with energy-absorbing devices can be achieved.

5.2 Limitations

The study considers only a typical 10-story frame in order to examine the relative merit of
using single device vs. combined systems. No effort was given to consider the variations in effec-
tiveness for a different number of devices and their locations. As pointed out earlier, this will
require a significant effort on dynamic analyses of MDOF systems. The stiffness ratio of TPEA is
defined as the ratio of the TPEA element initial stiffness to the structural story stiffness. Such a
definition can be applied to multi-bay high-rise or low-rise structures. Therefore, SR ratios from 2
to 4 can be recommended not only for a one-bay 10-story structure but also for slender, high-rise
structures. Generally speaking, the structural response of the low-rise building equipped with the
added energy-absorbing devices can be reduced more significantly compared to that of the high-
rise buildings equipped with the added energy-absorbing devices.

5.3 Computer Programs

Computer programs of the finite element formulations for TPEA, viscoelastic dampers,
and fluid dampers are coded in Fortran language. They are on file in the structural dynamics labo-
ratory at the State University of New York at Buffalo.
5.3.1 Computational Efficiency

The required CPU time in processing the computation on the viscoelastic dampers is less
than three minutes for each job. It requires the longest time among the three systems considered.
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The computational efficiency is considered satisfactory.
5.3.2 Structural Idealization of the 10-Story Building

The following approximations were made for the structural idealization of the 10-

story frame which was used as a typical earthquake-resistant structure in this study. Each
floor is modeled as a horizontal diaphragm. The diaphragm is assumed to have infinitely in-plane
stiffness [77]. The out-of-plane stiffness of this diaphragm is neglected. Therefore, each column
at every floor has two degrees of freedom, a vertical displacement and a rotation. In addition,
there is one lateral degree of freedom at every floor level of the frame. Bending stiffness of the
floors may be included approximately in the modeling of the individual frames. Floor level must
be the same for all frames. Each floor acts as a rigid horizontal diaphragm in its own plane, so that
the horizontal displacements of all points in the plane of the diaphragm are uniquely determined
by two translations and one rotation of each floor. In accordance with this assumption, the beams
are assumed to bend only normal to the floor slab, and to have no axial deformation [78].

5.3.3 Solution of Equilibrium Equations

The Newmark Method, one of the direct integration methods, was chosen as a numerical
step-by-step procedure for the solution of equilibrium equations. The term “direct” means that
prior to the numerical integration, no transformation of the equations into a different form is car-
ried out [79]. The two parameters o and & can be varied to obtain optimum stability and accu-
racy. The integrati%n scheme is unconditionally stable provided that & > 0.5 and
20.25(8+0.5) . Inthis study, & = 0.5 and o = 0.25 were chosen in order to have the most
desirable accuracy of the results.

5.4 Conclusions

Energy-absorbing devices can be divided into static dampers and dynamic dampers. The
TPEA devices are considered to be static dampers and the viscoelastic dampers and fluid dampers
are considered to be dynamic dampers. TPEA devices are designed to yield earlier than the main
load-carrying members during earthquakes so that the energy can be dissipated. On the other
hand, viscoelastic dampers and fluid dampers are both made from strain-rate dependent material
so their resisting force is proportional to the velocity. To absorb energy, a device must generate a
resisting force, F, that acts over a certain displacement, s.

The energy absorbed, U, is given by [56]

U = ngdx (5.1)

If the resisting force is proportional to the velocity, the maximum force and maximum dis-
placement will never be achieved at the same time. When the structural displacements approach
the maximum, the structural velocities approach zero. The structural response cannot be reduced
significantly in the early stages of an earthquake if fluid dampers and viscoelastic dampers are
adopted as energy-absorbing devices.
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Generally speaking, weight of the structure is a detriment in seismic design while weight
is a favorable factor against wind forces [55]. To overcome the conflicts in structural design for
wind loads and earthquake, a combination of TPEA and viscoelastic dampers and a combination
of TPEA and fluid dampers are studied. TPEA has little effect on the reduction of structural accel-
erations induced by wind loads because it still typically operates in the elastic range when the
structure is subjected to wind forces.

Controlling the acceleration of the structure is more important in the design against wind
loads while controlling the displacement of the structure is more important in the design against
earthquakes. Under the wind loads or minor earthquakes, adding TPEA to the structure does not
change the acceleration of the structure. The reason can be explained by the following equations.

Assume an undamped SDOF system subjected to a harmonically impact load of amplitude
P, as shown by the equation of motion [57]

mv(t) +kv(t) = P u(1) (5.2)
The response to the excitation of the undamped system becomes
PO
v(t) = -ER (1) (5.3)

where R(t) is the response ratio. The acceleration can be expressed as

2 2P,
a(t) =wv(@) =w —ER(t) (5.4)
because 5 i
w = — (5.5)
therefore m
cwivn = Kopiy = Feg 5
a(t) =wv(r) = s (1) = - () (5.6)

Eq. (5.6) shows that adding TPEA 1is equivalent to providing additional stiffness to the
structure. Thus, it has little influence on controlling the acceleration of the structure. On the other
hand, viscoelastic dampers and fluid dampers can provide additional damping to the structure
under wind loads.

Under the limitations described earlier, using combined static dampers and dynamic
dampers on the 10-story frame shows that the shortcomings of individual dampers can be mini-
mized. Under wind loads, the weakness of the TPEA will be compensated for by the addition of
viscoelastic dampers or fluid dampers to the structure. Under moderate or severe earthquakes, the
weakness of dynamic dampers will be avoided by adding TPEA to the structure. By adding TPEA
and fluid dampers or TPEA and viscoelastic dampers to the structure, a more economical design
for each device is possible and better performance of the structure can be obtained. TPEA also
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provides a reliable safe-fail mechanism to the structure. Numerical results of this study show that
the combined system can sustain a wider range of loadings, from wind load, minor earthquakes to
severe ground motions, than single device can provide.

As pointed out in the section of limitations, an important future research area is to general-
ize the conclusions of this study. At present it is not possible to make general statement among the
various schemes of different devices/combined systems without a better understanding of the
dynamic responses of MDOF systems that may contain different number of added dampers/
devices at different locations.

A scaled-down model of the structure equipped with the combined devices of TPEA and
fluid dampers or viscoelastic dampers tested on a shaking table will be an important research
project to verify further the promising applications for seismic and wind load hazard mitigations.
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(PB89-218481).

"Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211).

"Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico," by
A.G. Ayala and M.J. O’Rourke, 3/8/89, (PB89-207229).

"NCEER Bibliography of Earthquake Education Materials," by K.E.K. Ross, Second Revision, 9/1/89,
(PB90-125352).

"Inelastic  Three-Dimensional Response Analysis of Reinforced Concrete Building
Structures (IDARC-3D), Part I - Modeling," by S.K. Kunnath and A.M. Reinhorn, 4/17/89, (PB90-114612).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648).
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NCEER-89-0013

NCEER-89-0014

NCEER-89-0015

NCEER-89-0016

NCEER-89-P017

NCEER-89-0017

NCEER-89-0018

NCEER-89-0019

NCEER-89-0020

NCEER-89-0021

NCEER-89-0022

NCEER-89-0023

NCEER-89-0024

NCEER-89-0025

NCEER-89-0026

NCEER-89-0027

NCEER-89-0028

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading," by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885).

"Program EXKAL2 for Identification of Structural Dynamic Systems," by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877).

"Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions,” by P.J. DiCorso, A.M. Reinhorn, J.R. Dickerson, J.B. Radziminski and W.L. Harper, 6/1/89,
to be published.

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis,” by P.D. Spanos and M.P. Mignolet,
7/10/89, (PB90-109893).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake
Education in Our Schools,"” Edited by K.E.K. Ross, 6/23/89, (PB90-108606).

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools," Edited by K.E.K. Ross, 12/31/89, (PB90-207895). This report is available only through NTIS (see
address given above).

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB90-164146).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS),” by S.
Nagarajaiah, A.M. Reinhormn and M.C. Constantinou, 8/3/89, (PB90-161936). This report is available only
through NTIS (see address given above).

"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints,” by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445).

"Subsurface Conditions of Memphis and Shelby County,” by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (PB90-120437).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Elhmadi and M.J.
O’Rourke, 8/24/89, (PB90-162322).

"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by
K.C. Chang, J.S. Hwang and G.C. Lee, 9/18/89, (PB90-160169).

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation,” by Jean H. Prevost, 9/14/89, (PB90-161944). This report is available only through NTIS
(see address given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,”
by AM. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90-
173246).

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods,"” by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures,” by H.H.M.
Hwang, J-W. Jaw and A.L. Ch’ng, 8/31/89, (PB90-164633).
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NCEER-89-0029

NCEER-89-0030

NCEER-89-0031

NCEER-89-0032

NCEER-89-0033

NCEER-89-0034

NCEER-89-0035

NCEER-89-0036

NCEER-89-0037

NCEER-89-0038

NCEER-89-0039

NCEER-89-0040

NCEER-89-0041

NCEER-90-0001

NCEER-90-0002

NCEER-90-0003

NCEER-90-0004

NCEER-90-0005

NCEER-90-0006

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by H.HM. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330).

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems," by Y.Q. Chen and T.T.
Soong, 10/23/89, (PB90-164658).

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951).

"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. O’Rourke and M. Hamada, 12/1/89,
(PB90-209388).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by J.M. Bracei,
A.M. Reinhorn, J.B. Mander and S.K. Kunnath, 9/27/89.

"On the Relation Between Local and Global Damage Indices,” by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PB90-173865).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese
and L. Baumgrass, 1/17/89, (PB90-208455).

"A Deterministic Assessment of Effects of Ground Motion Incoherence," by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping,” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority," by C.J. Costantino,
C.A. Miller and E. Heymsfield, 12/26/89, (PB90-207887).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by J.H.
Prevost, 5/10/89, (PB90-207879).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment," by I-K. Ho and
A.E. Aktan, 11/1/89, (PB90-251943).
"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco,"

by T.D. O’Rourke, H.E. Stewart, F.T. Blackbum and T.S. Dickerman, 1/90, (PB90-208596).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976).

"Earthquake Education Materials for Grades K-12," by K.EK. Ross, 4/16/90, (PB91-251984).
"Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90, (PB90-251984).

"NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3),"
by P. Friberg and K. Jacob, 3/31/90 (PB90-258062).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,"
by HHM. Hwang and C-H.S. Chen, 4/16/90(PB90-258054).
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NCEER-90-0007

NCEER-90-0008

NCEER-90-0009

NCEER-90-0010

NCEER-90-0011

NCEER-90-0012

NCEER-90-0013

NCEER-90-0014

NCEER-%0-0015

NCEER-90-0016

NCEER-90-0017

NCEER-90-0018

NCEER-90-0019

NCEER-90-0020

NCEER-90-0021

NCEER-90-0022

NCEER-90-0023

NCEER-90-0024

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station," by H.H.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811).

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O’Rourke, T. O’'Rourke and M. Shinozuka, 5/25/90, (PB91-108837).

"A Program to Generate Site Dependent Time Histories: EQGEN,"” by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829).

"Active Isolation for Seismic Protection of Operating Rooms," by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205).

"Program LINEARID for Identification of Linear Structural Dynamic Systems," by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312).

"Two-Dimensional Two-Phase Elasto-Plastic  Seismic Response of Earth Dams,"
Yiagos, Supervised by J.H. Prevost, 6/20/90, (PB91-110197).

by AN.

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity," by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhorn, 7/1/90, (PB91-
110320).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details," by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes,” by J.N. Yang and A.
Danielians, 6/29/90, (PB91-125393).

"Instantaneous Optimal Control with Acceleration and Velocity Feedback,” by J.N. Yang and Z. Li,
6/29/90, (PB91-125401).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90,
(PB91-125377).

"Evaluation of Liquefaction Potential in Memphis and Shelby County," by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8/10/90, (PB91-125427).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System,” by M.C. Constantinou, A.S. Mokha and A.M. .Reinhorn, 10/4/90, (PB91-125385).

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with
a Spherical Surface," by A.S. Mokha, M.C. Constantinou and A.M. Reinhom, 10/11/90, (PB91-125419).

"Dynamic Interaction Factors for Floating Pile Groups,” by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, (PB91-170381).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322).

"Study of Site Response at a Selected Memphis Site," by H. Desai, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857).

"A User’s Guide to Strongmo: Version 1.0 of NCEER’s Strong-Motion Data Access Tool for PCs and
Terminals,” by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272).
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NCEER-90-0025

NCEER-90-0026

NCEER-90-0027

NCEER-90-0028

NCEER-90-0029

NCEER-91-0001

NCEER-91-0002

NCEER-91-0003

NCEER-91-0004

NCEER-91-0005

NCEER-91-0006

NCEER-91-0007

NCEER-91-0008

NCEER-91-0009

NCEER-91-0010

NCEER-91-0011

NCEER-91-0012

NCEER-91-0013

"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions," by L-L. Hong
and AH.-S. Ang, 10/30/90, (PB91-170399).

"MUMOID User’s Guide - A Program for the Identification of Modal Parameters,"
Gomez and E. DiPasquale, 9/30/90, (PB91-171298).

by S. Rodriguez-

"SARCF-II User’s Guide - Seismic Analysis of Reinforced Concrete Frames," by S. Rodriguez-Gomez,
Y.S. Chung and C. Meyer, 9/30/90, (PB91-171280).

"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation," by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561).

"Soil Effects on Earthquake Ground Motions in the Memphis Area," by H. Hwang, C.S. Lee, K.W. Ng and
T.S. Chang, 8/2/90, (PB91-190751).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. O’Rourke and M.
Hamada, 2/1/91, (PB91-179259).

"Physical Space Solutions of Non-Proportionally Damped Systems,” by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242).

"Seismic Response of Single Piles and Pile Groups," by K. Fan and G. Gazetas, 1/10/91, (PB92-174994).

"Damping of Structures: Part 1 - Theory of Complex Damping," by Z. Liang and G. Lee, 10/10/91, (PB92-
197235).

"3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part IL" by S.
Nagarajaiah, A.M. Reinhom and M.C. Constantinou, 2/28/91, (PB91-190553).

"A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices,” by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings,” by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PB91-210930).

"Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,"
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/2/91, (PB92-113828).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (PB91-212142).

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile," by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356).

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C. Chang,
G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh," 7/2/91, (PB93-116648).

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers,” by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lai, 5/17/91, (PB92-110816).

"Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modeling," by S.
Alampalli and A-W.M. Elgamal, 6/20/91, to be published.
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NCEER-91-0014

NCEER-91-0015

NCEER-91-0016

NCEER-91-0017

NCEER-91-0018

NCEER-91-0019

NCEER-91-0020

NCEER-91-0021

NCEER-91-0022

NCEER-91-0023

NCEER-91-0024

NCEER-91-0025

NCEER-91-0026

NCEER-91-0027

NCEER-92-0001

NCEER-92-0002

NCEER-92-0003

NCEER-92-0004

NCEER-92-0005

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures," by P.C.
Tsopelas, S. Nagarajaiah, M.C. Constantinou and A.M. Reinhorn, 5/28/91, (PB92-113885).

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures,” by D. Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building," by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A.E. Aktan, 7/15/91, (PB92-129980).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building," by A.G. El-Attar, R.N.
White and P. Gergely, 2/28/91, (PB92-222447).

"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building," by A.G. El-Attar,
R.N. White and P. Gergely, 2/28/91, (PB93-116630).

"Transfer Functions for Rigid Rectangular Foundations,” by A.S. Veletsos, A.M. Prasad and W.H. Wy,
7/31/91.

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems,"” by J.N. Yang, Z. Li and
A. Danielians, 8/1/91, (PB92-143171).

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid,” by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742).

"Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers," by K.E.K. Ross and F. Winslow, 7/23/91, (PB92-129998).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (PB92-140235).

"Experimental Verification of a Number of Structural System Identification Algorithms," by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577).

"Probabilistic Evaluation of Liquefaction Potential,” by H.HHM. Hwang and C.S. Lee," 11/25/91, (PB92-
143429).

"Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by
JN. Yang and Z. Li, 11/15/91, (PB92-163807).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges,” by M.C. Constantinou,
A. Kartoum, AM. Reinhorn and P. Bradford, 11/15/91, (PB92-176973).
"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese Case

Studies,” Edited by M. Hamada and T. O’Rourke, 2/17/92, (PB92-197243).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies," Edited by T. O’Rourke and M. Hamada, 2/17/92, (PB92-197250).

"Issues in Earthquake Education,” Edited by K. Ross, 2/3/92, (PB92-222389).

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," Edited
by 1.G. Buckle, 2/4/92, (PB94-142239, A99, MF-A06).

"Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space," A.P. Theoharis,
G. Deodatis and M. Shinozuka, 1/2/92, to be published.
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NCEER-92-0006

NCEER-92-0007

NCEER-92-0008

NCEER-92-0009

NCEER-92-0010

NCEER-92-0011

NCEER-92-0012

NCEER-92-0013

NCEER-92-0014

NCEER-92-0015

NCEER-92-0016

NCEER-92-0017

NCEER-92-0018

NCEER-92-0019

NCEER-92-0020

NCEER-92-0021

NCEER-92-0022

NCEER-92-0023

NCEER-92-0024

"Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92-197201).

"Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction,”
by M.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PB92-222421).

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States," by C.D.
Poland and J.0. Malley, 4/2/92, (PB92-222439).

"Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding
Bearings,” by M.Q. Feng, S. Fujii and M. Shinozuka, 5/15/92, (PB93-150282).

"Seismic Resistance of Slab-Column Connections in Existing Non-Ductile Flat-Plate Buildings," by A.J.
Durrani and Y. Du, 5/18/92.

"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion," by H. Lee and S.P. Prawel, 5/11/92, to be
published.

"Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings,” by G.F. Demetriades,
M.C. Constantinou and A.M. Reinhorn, 5/20/92.

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing,” by P.R. Witting
and F.A. Cozzarelli, 5/26/92.

"Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines," by M.J. O’Rourke,
and C. Nordberg, 6/15/92.

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem," by
M. Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496).

"Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evaluation of Existing Construction and
Detailing Strategies for Improved Seismic Resistance,” by G.W. Hoffmann, S.K. Kunnath, A.M. Reinhom
and J.B. Mander, 7/15/92, (PB94-142007, A08, MF-A(2).

"Observations on Water System and Pipeline Performance in the Limén Area of Costa Rica Due to the
April 22, 1991 Earthquake,” by M. O’Rourke and D. Ballantyne, 6/30/92, (PB93-126811).

"Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.E.K. Ross, 8/10/92.
"Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction," Edited by M. Hamada and T.D. O’Rourke, 8/12/92, (PB93-
163939).

"Active Bracing System: A Full Scale Implementation of Active Control,” by A.M. Reinhorn, T.T. Soong,
R.C. Lin, M.A. Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (PB93-127512).

"Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral
Spreads,”" by S.F. Bartlett and T.L. Youd, 8/17/92, (PB93-188241).

"IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Concrete Structures,” by S.K. Kunnath,
A.M. Reinhorn and R.F. Lobo, 8/31/92, (PB93-227502, A07, MF-A02).

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Local Site Conditions, by M. Kamiyama, M.J. O’Rourke and R. Flores-Berrones, 9/9/92, (PB93-150266).

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part I: Summary of

Experimental Findings of Full Scale Beam-Column Joint Tests," by A. Beres, RN. White and P. Gergely,
9/30/92, (PB93-227783, A05, MF-A01).
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NCEER-92-0026

NCEER-92-0027

NCEER-92-0028

NCEER-92-0029

NCEER-92-0030

NCEER-92-0031

NCEER-92-0032

NCEER-92-0033

NCEER-92-0034

NCEER-93-0001

NCEER-93-0002

NCEER-93-0003

NCEER-93-0004

NCEER-93-0005

NCEER-93-0006

"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings," by A. Beres, S. El-Borgi, R.N. White and P. Gergely, 10/29/92, (PB93-227791,
A05, MF-AQ1).

"A Generalization of Optimal Control Theory: Linear and Nonlinear Structures," by I.N. Yang, Z. Li and
S. Vongchavalitkul, 11/2/92, (PB93-188621).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part [ -
Design and Properties of a One-Third Scale Model Structure,” by J.M. Bracci, A.M. Reinhom and J.B.
Mander, 12/1/92, (PB94-104502, A08, MF-A(02).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part II -
Experimental Performance of Subassemblages,” by L.E. Aycardi, J.B. Mander and A.M. Reinhorn, 12/1/92,
(PB94-104510, A08, MF-A02).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part IIT -
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