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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 emphasis is on
structures in the eastern and central United States and lifelines throughout the couniry that are found
in zones of low. moderate. and high seismicity.

NCEER's research and implementation plan in vears six through ten (1991-1996) comprises four
interlocked elements. as shown in the figure below. Element 1, Basic Research. is carried out to
support projects in the Applied Research area. Element I1. Applied Research, is the major focus of
work for vears 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.
[mplementation. will result from activity in the four Applied Research projects. and from Demonstra-
tion Projects.

ELEMENT | ELEMENT UL ELEMENT ttt

BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
+ Seismic hazard and ¢ The Building Project Case Studies

ground motion + Active and hybrid control

* The Nonstructural * Hospital and data processing

» Soils and geotechnical Components Project faciiities

engineering + Short and medium span bridges

* The Lifelines Project [ _ * Water supply systems in
s Structures and systems Memphis and San Francisco
The Highway Project Rugional Studies
+ Risk and reliability * New York City
* Mississippi Valiey

* Protective and intelligent + San Francisco Bay Area

systems
= Societal and economic

studies J_L [ I

V —V
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 orinfills. 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.



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. Evaluate the performance of full-scale active bracing and acti ve mass dampers already in place
in terms of performance, power requirements, maintenance, reliability and cost.

2. Compare passive and active control strategies in terms of structural type, degree of
effectiveness, cost and long-term reliability.

3. Perform fundamental studi=s of hybrid controi.

4. Developandtest hybridcontrol systems.

As stated above, one of NCEER's current tasks in the protective systems area is to perform
comparative studies of their capabilities and limitations. While a large variety of these systems exist
and have found applications, there is a lack of common basis on which the performances of these
systems can be evaluated and compared to arrive at a recommendation under certain specified
conditions such as control objectives, structural type, loading conditions, and system configuration.
This report documents one part of NCEER's efforts in this direction involving performance
evaluation of several passive energy dissipation devices. The first of a series of reports, it presents
the evaluation of fluid viscous dampers used as additional braces in reinforced concrete frame
structures based on analysis and shaking table experiments performed on a 1:3 scale reinforced
concrete frame.



ABSTRACT

The need for structures which function more reliably without damage during severe
earthquakes was reemphasized by the behavior of structures during recent earthquakes (Loma
Prieta 1989, Northridge 1994, Kobe 1995, etc.). The existing structures and often new ones must
rely on large inelastic deformations in hysteretic behavior to dissipate the motion's energy, while
the capacity to sustain such deformations is limited by previous non-ductile design or limitations
of materials. An alternative method to reduce the demand of energy dissipation in the gravity load
carrying elements of structures is the addition of damping devices. These devices dissipate energy
through heat transfer and reduce the deformation demands. In inelastic structures the
supplemental damping mechanism reduces primarily deformations with small changes in the
strength demand. The main benefit of added damping in the inelastic structures is the reduction of
the demand for energy dissipation in the gravity load carrying structural members, thus reducing
the deterioration of their low cycle fatigue capacity.

An experimental investigation of different damping devices was carried out to allow for
physical or mathematical modeling of their behavior. A series of shaking table tests of a 1:3 scale
reinforced concrete frame incorporating these devices were performed after the frame was
damaged by prior severe (simulated) earthquakes.

Several damping devices were used in this study: (a) viscoelastic, (b) fluid viscous, (c)
friction (of two types) and (d) fluid viscous walls. An analytical platform for evaluation of
structures integrating such devices was developed and incorporated in IDARC Version 3.2
(Kunnath and Reinhorn, 1994). The experimental and analytical study shows that the dampers can

reduce inelastic deformation demands and, moreover, reduce the damage, quantified by an index



monitoring permanent deformations. An evaluation of efficiency of dampers using a simplified
pushover analysis method was investigated as an alternative method for prediction of behavior
and design.

This report, first in a series, presents the evaluation of fluid viscous dampers used as

additional braces in reinforced concrete frame structures.



ACKNOWLEDGMENTS

Financial support for this project has been provided by the National Center for Earthquake
Engineering Research (Project 923105, 933101B ard 935101A). The authors wish to express
their gratitude to Taylor Devices, Inc., North Tonawanda, NY which manufactured and donated
the dampers used in the experiments. Special thanks are given to Mr. Douglas Taylor, President
of Taylor Devices, Inc., for his invaluable assistance.

The authors wish to acknowledge the dedicated assistance of Mr. Mark Pitman, head of
simulation facility, Mr. Dan Walch and Mr. Richard Cizdziel, the senior laboratory technicians and
other numerous undergraduate students who took park in the preparation of the experimental

work.



SEC.

1.1

1.2

1.3

1.4
141
142
1.42.1
1422
1423
1.4.24
1.4.2.5
1.5

1.6

2.1
2.2
23
24
241
242

31

3.1.1
3.1.2
3.13
3.14
315
3.16

TABLE OF CONTENTS

TITLE
INTRODUCTION

Viscoelastic Devices

Viscous Walls

Fluid Viscous Dampers

Hysteresis Devices

Friction Devices

Metallic Systems

Yielding Steel Elements

Lead Extrusion Devices (LEDs)
Shape Memmory Alloys (SMAs)
Eccentrically Braced Frame (EBF)
Slotted Bolted Connections (SBCs)

Code Provision for Design of Structures Incorporating Passive Energy

Dissipating Devices

Objectives of This Investigation

FLUID VISCOUS DAMPERS

Description of Fluid Viscous Damping Devices
Operation of Dampers

Testing of Damping Devices

Mechanical Properties of Fluid Viscous Dampers
General Definitions

Experimental Results for Fluid Dampers
ANALYTICAL MODELING OF VISCOUS DAMPERS
Mathematical Modeling

Linear Viscous Dampers

Linear Viscous and Stiffness Models

Basic Frequency Dependent Model (Maxwell Model)
Wiechert Model

Models Based on Fractional Derivatives

Convolution Model! for Viscoelastic Systems

PAGE
1-1

1-3
1-5
1.5
1-7
1-7
1-8
1-11
1-14
1-16
1-17
1-20

1-20
1-20
2-1

2-1
2-3
2-4
2-4
2-4
2-7
a1

3-1
3-1
322
34
35
3-8
39



3.1.7
318
32

4.1
42
4.3
4.3.1
44
4.5
4.6
46.1
4,6.2
4.6.2.1
4622
4.7
4.8

5.1
5.2
5.2.1
5.2.2
5.2.2.1
523
524
5.25
526
5.3
5.3.1
5.3.2

Constant Parameter Kelvin Model Approximation
Model of Dampers in Analysis of Structural Systems
Modeling of Tested Dampers

EXPERIMENTAL STUDY OF RETROFITTED STRUCTURE -
EARTHQUAKE SIMULATOR TESTING

Retrofit of Damaged Reinforced Concrete Model
Structure Model for Shaking Table Study

Retrofit with Supplemental Fluid Viscous Dampers
Viscous Fluid Damper

Instrumentation

Experimenial Program

Identification of Structure Properties
Expperimental Identification of Dynamic Characteristics of Model
Dyna.nic Characteristics of Structure

Structure without Supplementary Dampers
Structure with Supplementary Dampers

Seismic Response

Summary of Experimental Study

MODELING OF INELASTIC STRUCTURE WITH
SUPPLEMENTAL DAMPERS

Modeling of Inelastic Structure

Modeling of Structure with Supplemental Dampers
Modeling Using Kelvin Equivalent Model
Modeling Using Maxwell Equivalent Model
Solution of Differential Equations

Solutin of Seismic Response of Structure
Analytical Damage Evaluation

Determining the Monotonic Strength Envelope
Monotonic Strength Envelope with Braces
Validation of Structure Model with Fluid Dampers
Time History Analysis

Monotonic Pushover Analysis

3-10
3-11
3-12

4-1

4-1
4-2
48
48

4-13

4-13

4-18

4-18

4-27

4-27

4-29

4-33

4-34
5-1

5-1
5-4
54
5-5
5-6
5-7
5-8
5-10
5-11
5-12
5-12
5-20



6.1
6.1.1
6.1.2
6.1.2.1
6.1.2.2
6.2
6.2.1
6.2.2
6.3
6.3.1
6.3.2
6.3.2.1
6.4
6.4.1
6.4.2
643
6.5

All
Al2
Al3

10
B-1

B-3

SIMPLIFIED EVALUATION OF INELASTIC RESPONSE WITH
SUPPLEMENTAL DAMPING

Response Spectra for Elastic Systems

Composite Response Spectra for Single Degree of Freedom (SDOF)
Composite Spectra for Multi-Degree of Freedom (MDOF)
Composite Spectra for a Single Mode

Composite Spectra Including Higher Modes

Evaluation of Seismic Demand in Elastic Structures

Response without Supplemental Damping

Response with Supplemental Damping

Evaluation of Motion of an Inelastic Structures

Response Neglecting Hysteretic Damping

Response Considering the Hysteretic Damping

Estimate of Equivalent Hysteretic Damping

Evaluation of Response of Inelastic Structure with Supplemental Damping
Influence of Damping Increase

Influence of Stiffening due to Supplemental Dampers

Influence of Dynamic Strength

Evaluation of Experimental Response (Summary)

CONCLUSSIONS
REFERENCES
APPENDIX A

Reinforcement Details
Model Materials
Scale Factors for the Model

APPENDIX B: INSTRUMENTATION
Load Cells

Displacement Transducers
Accelerometers

6-1
6-1
6-2
6-2
6-4
6-5
6-5
6-7
6-9
6-9

6-11

6-11

6-15

6-15

6-17

6-17

6-21

A-1
A-9

B-1
B-1
B-2



FIG.

1-1
1-2
1-3
1-4
-5

1-6
1-7

1-9
1-10
1-11

1-12
1-13
2-1

3-1

LIST OF ILLUSTRATIONS

TITLE

Viscoelastic Dampers and Installation Detail (from Aiken 1990)
Viscous Wall and Hysteresis Loop (from Miyazaki 1992)

Sumitomo Friction Damper and Installation Detail (from Aiken 1990)
Tekton Friction Damger

Details of a Yielding Steel Bracing System in a Building in New Zealand
(from Tyler 1985)

ADAS Device Hysteresis Loops (from Whittaker 1991)
T-ADAS Device Hysteresis Loops (from Tsai 1992)

Lead Joint Damper and Hysteresis Loops (from Sakurai 1992)
LED Hysteresis Loops (from Robinson 1987)

SMA Superelastic Hysteresis Behavior (from Aiken 1992)

NiTi (Tension) and Cu-Zn-Al (Tension) Hysteresis Loops (from Aiken
1992, Witting 1992)

Different Kind of Eccentrically Braced Element

Details of SBCs and Hysteresis Loops

Construction of Fluid Viscous Damper (from Constantinou et al. 1992)
Dimensions of Fluid Viscous Dampers

Typical Force-Displacement Loops of Fluid Viscous Dampers

Linear Damping Devices

Linear Damping and Stiffness Device

Maxwell Model for Damping Devices

Stiffness and Damping versus Frequency in Maxwell Model

Wiechert Model

Comparison of Experimental and Analytically Derived Values of Storage
Stiffness and Damping Coefficient (C=1.15 kips-sec/in, A=0.014sec.)

Comparison of Experimental and Analytically Derived Values of Phase
Angle (C,=1.15 kips-sec/in, A=0.014sec.)

Perspective View of 1:3 scale R/C Frame Structure (a) Before
Conventional Retrofit (b) After Conventional Retrofit

Building Dimensions and Location of Local Measuring Devices in
Columns

PAGE

14
1-6
1-9
1-10
1-12

1-15
1-15
1-15
1-18
1-18
1-18

1-19
1-21

3-3



4-4

4-5
4-6
4-7

4-8
4-9

4-10
4-11
4-12
4-13
4-14

4-15
4-16
4-17

4-18

4-19

4-20

4-21

4-22
4-23
5-1

5-2

5-3

Conventional Retrofit by Jacketing of Interior Columns (from Bracci
1992)

Detail of Conventional Retrofit with Concrete Jacketing and Joint Fillet
(from Bracci 1992) ~

Perspective View of the Frame with Installed Damping Devices
Location of Dampers and Measuring Devices

Perspective View of Fluid Viscous Dampers Installed in the Mid-bay of
the Frame

Installation Detail of a Damper in the Mid-bay of the Frame

Simulated Ground Motion El-Centro SO0E Scaled to PGA 0.3g

Elastic Response Spectra of Simulated El-Centro Earthquake (PGA=0.3g)
Simulated Ground Motion Taft N21E Earthquake Scaled to PGA 0.2g
Elastic Response Spectra of Simulated Taft Earthquake (PGA 0.2g)
Simulated Ground Motion Mexico City Earthquake Scaled to PGA 0.2g

Elastic Response Spectra of Simulated Mexico City Earthquake
(PGA=0.2g)

Transfer Function from White Noise Ground Motion
Transfer Function from El-Centro PGA 0.3 Ground Motion

Comparison of Displacement Response History for Structure with and
without Fluid Dampers, from El-Centro Earthquake PGA 0.3g Test

Comparison of Acceleration Response History for Structure with and
without Fluid Dampers, from El-Centro Earthquake PGA 0.3g Test

Comparison of Displacement Response History for Structure with and
without Fluid Dampers, from Taft Earthquake PGA 0.2g Test

Comparison of Acceleration Response History for Structure with and
without Fluid Dampers, from Taft Earthquake PGA 0.2g Test

Forces in Structural Components at First Floor, from El-Centro PGA 0.3g
Test

Energy Distribution in Structure
Forces in Column vs Structural Capacity for El-Centro PGA 0.3g

An Extensive Hysteretic Model with Stiffness and Strength Deterioration
and Pinching Due to Crack Opening and Closing

A Non-symmetric Distributed Plasticity Model Obtained through a
Distributed Flexibility Model

Comparison of Experimental and Analytical Displacement for El-Centro
0.3g

Xiv

4-9
4-10
4-11

4-12
4-19
4-20
4-21
4-22
4-23
4-24

4-28
4-30
4-36

4-37

4-38

4-39

4-40

4-41
4-42
5-2

5-3

5-13



5-8

5-9
5-10
5-11
5-12
5-13
6-1
6-2

6-4
6-5

6-6
6-7
6-8

6-10
6-11
6-12

6-13

6-14
6-15
6-16

6-17

Comparison of Experimental and Analytical Acceleration for El-Centro
0.3g

Comparison of Experimental and Analytical Displacement for Taft 0.2g
Comparison of Experimental and Analytical Acceleration for Taft 0.2g

Comparison of Experimental and Analytical Displacement for Mexico City

0.3g

Comparison of Experimental and Analytical Acceleration for Mexico City
0.3g

Comparison of Damper Forces for El-Centro Earthquake PGA 0.3g
Comparison of Top Story Displacement Time History (El-Centro 0.3g)
Comparison of Top Story Acceleration Time History (El-Centro 0.3g)
Structural Resistance in Presence of Fluid Viscous Dampers
Comparison of Push-over Analysis and Experimental Response
Composite Response Spectra for SDOF

Composite Response Spectra for MDOF

Response-Demand Using Composite Spectra

Demand in Inelastic Structure Using Composite Spectra

Composite Spectra vs Capacity of Structure for Taft 0.05g, 0.20g and
0.30g for 2% and 10% Critical Damping. Tested Damping Ratios 4.6%,
8.2% and 3% for above Motions, Respectively.

Cyclic Hysteretic Energy Dissipation

Ii:fluence of Supplemental Damping

Evaluation of Structural Response for El-Centro Earthquake, PGA 0.3g
Evaluation of Structural Response for Taft Earthquake, PGA 0.2g
Evaluation of Response Using NEHRP Spectra (PGA=0.3g)
Evaluation of Response Using NEHRP Spectra (PGA=0.2g)

Summary of Experimental Response of Tested Structure Model
(El-Centro, PGA 0.3g)

Summary of Experimental Response of Tested Structure Model (Taft,
PGA 0.2g)

First Floor Element Forces (Taft, PGA 0.45g)
First Floor Element Forces (Taft, PGA 0.45g)

Summary of Experimental Response of Tested Structure Model with
Various Dampers (El-Centro, PGA 0.3g)

Summary of Experimental Response of Tested Structure Model with
Various Dampers (Taft, PGA 0.2g)

Layout of Slab Steel Reinforcement

Xv

5-14

5-15
5-16
5-17

5-18

5-19
5-21
5-21
5-22
5-23

6-3

6-6

6-8
6-10
6-12

6-14
6-16
6-19
6-20
6-22
6-23
6-25

6-26

6-29
6-30
6-31

6-32



A-2a
A-2b
A-3
A4

A6

B-1

Details of the Beam Steel Reinforcement

Details of the Beam Steel Reinforcement (Continued)
Details of the Column Stee]l Reinforcement
Gradation Analysis of the Concrete Mix

Average Concrete Specimen Strength Versus Time

Measured Representative Stress-Strain Relationships of the Reinforcing
Steel

Instrumentation and Locations

i

A-3
A4
A-S
A-6
A-6
A-8

B-3



TAB.

2-1
4-1a
4-ib
4-2
4-3
44

5-1
5-2

6-1
A-1

A-3

LIST OF TABLES

TITLE

Summary of Component Tests and Mechanical Properties

Moment Capacities of Structural Sections

Shear Capacities of Structural Sections

List of Channels

Shaking Table Experimental Program

Dynamic Characteristics of the Structure

Maximum Resporse of Structure Model for Various Earthquake Input
Numerical Solution Algorithm

Characteristics of the Fluid Dampers at Structure’s Fundamental
Frequency

Increase in Effective Damping Ratio

Mi - Design Formula for Model Concrete

Concrete Properties of the Model Structure
Reinforcing Steel Properties of the Model Structure

Xvii

PAGE

2-9
4-7
4-7

4-14

4-17

4-31

4-35
59

5-12

6-15
A-7
A-7
A-8



SECTION 1

INTRODUCTION

Many reinforced concrete frame structures, designed according to old standards have
deficient nonductile details that make them vulnerable to future seismic events. Based on
conventional seismic design practice, a structure is capable to survive a severe earthquake without
collapse at the exbense of allowing inelastic action in specially detailed critical regions of gravity
load carrying members such as columns and beams near or adjacent to the beam-column joints.
Inelastic behavior in these regions, though able to dissipate substantial energy, often results in
significant damage to the structural members. The interstory drifts required to achieve significant
hysteretic energy diss oation in critical regions are large and usually result in permanent
deformations and substantial damage to non-structural elements such as infill walls, partitions,
doorways, and ceilings.

An innovative approach for earthquake hazard mitigation was introduced by adding
protective devices, non-load bearing, to redistribute the energy within the structure. During a
seismic event, the finite energy input is transformed partially into kinetic (movement) and
potential (stored) energy and partially dissipated through structure is inherent damping (heat) and
through hysteresis in gravity load carrying elements experiencing inelastic deformations. This last
energy component, i.e. the hysteretic, is responsible for reducing the structure capacity of carrying
gravity loads and its lateral strength or deformation capacities, thus increasing the
demand-capacity ratios near collapse. The structural performance can be improved if the total
energy input is reduced, or a substantial amount can be dissipated by supplemental damping

devices (non-gravity load bearing), and not by the gravity load bearing structural members.
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The energy balance equation (Uang and Bertero 1990) can be readjusted to include the effect
of damping devices:
Ei=Ex+Es+Ep+Ey+Esp (1-1)

where E; (= j(m u, )dug)is the total input energy, Ex(= m(u, )*/2) is the 'absolute’ kinetic energy,
Es (= (f,)%/2k) is the elastic strain energy in the structure, Ep (=J-cu2 dy) is energy dissipated

through structural damping , E,, is the total hysteretic energy dissipated in the structure and E, is
the energy dis-ipated by supplemental damping devices.

The total absolute energy input, E, , is the work done by the base shear over the foundation
ground movement. This energy contains the inertial forces in the structure, including the response
amrlifications.

In absence of supplemental damping, the inelastic response and the hysteretic energy demand
increase. However, besides the negative effect of increased damage in the structural members,
associated with the hysteretic energy dissipation, this increase has a positive effect in softening the
structure, thus reducing the inertia forces and the total energy input. This effect is at the base of
current seismic design provision which allow for inelastic response. Both energy input reduction
and reduction of hysteretic energy demand (thus reducing damage) can be obtained through
modern protective devices. The recently developed seismic base isolation (Buckle 1990, Kelly
1991, Mokha et al. 1991) accomplishes the task of reducing the total energy input by filtering the
input motion into the structure at its base and by dissipating part of this energy at same location
through local damping. The reduction of the energy input reduces the demand for energy
dissipation through inelastic action and hysteretic excursions. In most cases inelastic action is

avoided completely.

1-2



More recently developed devices accomplish redistribution of internal energy, or reduce
substantially the total energy input, through active means, such as dampers or active braces

(Soong 1990, Reinhom 1992). These devices, incorporated in complex control systems, act based

on "real time " processed information from sensors, which anticipat. the further structural
movements. Although such systems are extremely efficient in small structures they require
additional energy, sometimes unreliable or expensive, in order to produce the energy
redistribution in large structures.

Another approach to improve performance and damage control through altering the energy
distribution are supplemental damping devices. These mechanical devices are incorporated in the
frame of structure and dissipate energy throughout its height. These devices dissipate energy by
either yield of mild steel, sliding friction, viscoeastic action in polymeric materials, piston or plate

movement within fluid, or fluid transfer through orifices. These systems are the subject of the

current research.
1.1 Viscoelastic devices

Viscoelastic dampers, made of bonded viscoelastic layers (acrylic polymers) have been
developed by 3M Company Inc. and were used in wind and seismic applications. Examples are the
World Trade Center in New York City (110 stories), Columbia SecFirst Building in Seattle (73
stories), the Number Two Union Square Building in Seattle (60 stories), and General Service
Administration Building in San Jos.: (13 stories).

The characteristics and suitability of viscoelastic dampers to enhance performance of
structures were studied by Lin et al. 1988, Aiken et al. 1990, Chang et al. 1991 and Lobo et al.

1993. Fig. 1-1 shows a typical damper and an installation detail in a steel structure.
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Figure 1-1 Viscoelastic Damper and Installation Detail (from Aiken 1990)
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The behavior of viscoelastic dampers is controlled by the shear of viscoelastic layers. The
acrylic material exhibits solid viscoelastic behavior with storage and loss (stiffness) moduli
dependent on frequency and temperature.

In the aforementioned studies, 3M Company's dampers were used. Other devices developed
by Lorant Group were studied by Hsu, 1992. Hazama Corp. in Japan developed similar devices
using similar materials (Fujita 1991). Shimizu Corporation developed viscoelastic walls, in which
solid thermoplastic rubber sheets are sandwiched between steel plates (Fujita 1991).

The use of dampers in elastic structures was proven efficient, in particular when the inherent
damping of the structure is low (Aiken 1990). The use of dampers in inelastic structures, studied
by Lobo et al. (1993}, Foutch et al. (1993) indicate that the viscoelastic material dissipates large
amount of energy reducing the demand for hysteretic energy dissipation. In gravity load carrying
components, the damping index (equivalent to damping ratio in elastic structures) reaches 20% to
22%. However, the overall base shear in the structure has the tendency to increase or only

minimally decrease in presence of dampers.

1.2 Viscous walls

Viscous damping walls, consisting of a plate moving in highly viscous fluid which contained
in a thin steel case (the wall) filled with highly viscous fluid (see Fig. 1-2), have been developed by
Sumitomo Construction Company, Ltd., and the Building Research Institute in Japan. The walls
were investigated by Sumitomo Construction Company (Arima, 1988) amd were already used in a
78.6 m high, 14 story building at the center of Shizuoka city, 150 km west of Tokyo, Japan.
Earthquake simulator tests of a S story, reduced-scale building model and a 4 story, full-scale

steel frame building embedding such walls have been carried out (Arima, 1988) and the most
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recently, a 3 story 1:3 scale reinforced concrete structure has been tested in Seismic Simulation
Laboratory at the State University of New York at Buffalo ( Reinhorn et al. 1994). The devices
exhibit nonlinear viscous behavior with stiffening characteristics at high frequencies.
1.3 Fluid Viscous Dampers

Fluid viscous dampers have been used in military application for many years because of their
efficiency and longevity. This kind of devices, which operates on the principle of fluid flow
through orifices, is the subject of this study. A detail description of this kind of device and it's
evaluation is the subject of this report.

The first production usage of a hydraulic damper was in the 75 mm French artillery rifle of

1897. The damper was used to reduce recoil forces and had a stroke of over 18 inches. Modern
fluid damping devices have only recently been used in large scale structural applications. The
device may designed to have linear or nonlinear viscous behavior and be insensitive to significant
temperature changes. The size of the device is very compact in comparison to force capacity and
stroke. Experimental and analytical studies of buildings and bridge structures incorporating the
damping devicc. fabricated by Taylor Devices, Inc., have recently been performed (Constantinou
et al. 1993). Very large reductions of elastic response were achieved by the introduction of these
devices. The feature of a pure viscous damper which the damping force is out-of-phase with the

displacement can be a particularly desirable attribute for passive damping applications to buildings
1.4 Hysteretic Devices

Hysteretic devices are devices which can dissipate energy through inelastic deformations of

their components or friction within their parts or properly designed surfaces.



1.4.1 Friction Devices

Friction devices have been developed and manufactured for many years by Sumitomo Metal
Ltd., Japan Fig.1-3). The devices have very high performance characteristics, with their behavior
nearly unaffected by amplitude, frequency, temperature and the number of applied loading cycles.
The original application of these devices was in railway rolling stock bogie trucks. It is only since
the mid of 1980's that the friction dampers have been extended to the field of structural and
seismic engineering.

Friction dampers were suggested as displacement control devices for bridge structure with
sliding supports (Constantinou, Reinhom, et al.) made of stainless steel-bronze surface. The
devices can be adjusted to provide a desirable level of resistance and stable energy dissipation in
numerous cycles.

Recently, a similar type of friction dampers, manufactured by Tekton company, Arizona, was
tested in the Seismic Simulation Laboratory at the State University of New York at Buffalo. This
type of dampers is made of simple components designed to minimize the cost of manufacture. The
"yielding” force of the damper, i.e. the friction level, can be adjusted through the appropriate
torque of bolts that control the pressure on the friction surfaces (Fig. 1-4). A detailed evaluation
of the dampers is presented by Li et al., 1995.

1.4.2 Metallic Systems

This category of energy dissipation systems takes advantage of the hysteretic behavior of
mild steel when deform into their post-elastic range. A wide variety of different types of devices
utilizing flexural, shear or extension deformation mode into the inelastic range. A particularly
desirable feature of these system is their stable behavior, long term reliability, and generally good

resistance to environmental and temperature factors.

1-8



(a) Longitudinal Section

—— -

. PR
PR SISO o/ 4 6 W R | O | G S G - F"_"‘"—‘ I\ T R
! PPN
! !
i !
i i
inner wedge friction pad
outer wedge
outer cylinder oup spring

'l
:
!

Figure 1-3 Sumitomo Friction Damper and Installation Detail (from Aiken 1990)

1-9



dureq uonoug uoye, [ amSiy

\ KKK 3K

4Dy ONIADW N\
Qvd NOILOIY4 HLIA 133LS

1-10

ONINdS

C(43T0ALNGD 3N0A01) INAN 3TEvisSncav



1.4.2.1 Yielding Steel Elements

The ability of mild steel to sustain many cycles of stable yielding behavior has led to the
development of a wide variety of devices which utilize this behavioi to dissipate seismic encrgy
(Kelly et al. 1972, Skinner et al. 1980, Henry 1978, 1986, Tyler 1983, 1985). Many of these
devices use mild steel plates with triangular or hourglass shapes (Tyler 1978, Stiemer et al. 1981)
st that the yielding is spread almost uniformly throughout the material. This results in a device
which is able to sustain repeated inelastic deformations in a stable manner, avoiding
concentrations of yielding and premature failure and buckling of braces, hence, pinched hysteretic
behavior does not occur. An energy absorbing device in the form of round mild steel rod with a
rectangular shape (Fig.1-5) introduced at the intersection of cross bracing, have been developed
in New Zealand (Tyler 1978, Skinner 1980). Some of these devices were tested on shaking table
at U.C. Berkeley as parts of seismic systems (Kelly 1980) . They have been incorporated in a
number of buildings in New Zealand and similar ones were widely used in seismic isolation
applications in Japan (Kelly 1988).

One such device that uses X-shaped steel plates is the Bechtel Added Damping and Stiffness
(ADAS) devices. ADAS elements are an evolution of an earlier use of X-plates, as damping
supports for piping systems (Stiemer, et al., 1981). Extensive experimental studies have
investigated the behavior of individual ADAS elements and structural systems incorporating
ADAS elements (Bergman and Goel, 1987, Whittaker, et al., 1991). The tests showed stable
hysteretic performance (Fig. 1-6). ADAS devices had been installed in two bay-story, non-ductile
reinforced-concrete building in San Francisco as a part of a seismic retrofit (Fiero et al. 1993), and

in two building in Mexico City. The principal characteristics which aftect the behavior of an
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ADAS devices are its elastic stiffness, yielding strength, and yield displacement. ADAS devices
are usually mounted as pant of a bracing system, which must be substantially stiffer that the
surrounding structure. The introduction of such a heavy bracing system into a structure may be
prohibitive.

Trianglar-plate energy dissipaters were originally developed and used as the damping
elements in several base isolation applications (Boardman et al. 1983). The triangular plate
concept has been extended to building dampers in the form of triangular ADAS, or T-ADAS,
element (Tsai and Hong 1992). Component tests of T-ADAS elements and pseudodynamic tests
of a two-story frame have been shown very good results (Fig. 1-7). The T-ADAS device
embodies a number of desirable features; no rotational restraint is required at the top of the brace
connection assemblage, and there is no potential for instability of the triangular plate due to
excessive axial load in the devices.

An energy dissipater for cross-braced structures, which uses mild steel round bars or flat
plates as the energy absorbing element, has been developed by (Tyler 1985). This concept has
been applied to several industrial warehouses in New Zealand. A number of variations on the steel
cross-bracing dissipater concept have been developed in Italy (Ciampi 1991). A 29-story steel
suspension building (with floors "hung" from the central tower) in Naples, Italy, utilize tapered
steel devices as dissipaters between the core and the suspended floors.

A six-story government building in Wanzanui, New Zealand, uses steel-tube
energy-absorbing devices in precase concrete cross-braced panels (Matthewson and Davey 1979).

The devices were designed to yield axially at a given force level. Recent studies have
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experimentally and analytically investigated a number of different cladding connection concepts
(Craig et al. 1992).

Several types of mild steel energy dissipaters have been developed in Japan (Kajima Corp.
1991, Kobori et al. 1988). So-called honeycomb dampers have been incorporated in 15 story and
29 story buildings in Tokyo. Honeycomb dampers are X-plates (either single plates, or multiple
plates connected side by side) that are loaded in plane of the X. (This is orthogonal to the loading
direction for triangular or ADAS X-plates). Kajima Corporation has alsc developed two types of
omni-directional steel dampers, called "Bell” dampers and "Tsudumi" dampers (Kobori et al.
1988). The Bell damper is a single-tapered steel tube, and the Tsudumi damper is a
double-tapered tube intended to deform in the same manner as an ADAS X-plate but in multiple
direction. Bell dampers have been used in a massive 1600-ft long ski-slope structure to permit
differential movement between four dissimilar parts of the structure under seismic loading while
dissipating energy. Both of these applications are located in the Tokyo area.

Another type of joint damper for application between two buildings has been developed
(Sakurai et al., 1992). The devices is a short lead tube that is loaded to deform in shear (Fig. 1-8).
Experimental investigations and an analytical study have been undertaken.

Particular issues of importance with metallic devices are the appropriate post-yicld
deformation range, such that a sufficient number of cycles of deformation can be sustained
without premature fatigue, and the stability of the hysteretic behavior under repeated post-elastic

deformation.
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1.4.2.2 Lead Extrusion Devices (LEDs)

The extrusion of lead was identified as an effective mechanism for energy dissipation in the
1970s (Robinson and Greenbank 1976). LED hysteretic behavior is very similar to that of many
friction devices, being essentially rectangular (Fig. 1-9). LEDs have been applied to a number of
structures, for damping in seismic isolation system, and as energy dissipaters within multi-story
buildings, In Wellington, New Zealand, a 10-story, cross -braced, concrete police station is base
isolated, with sleeved-pile flexible elements and LED damping elements (Charleson et al. 1987).
Several seismically-isolated bridges in New Zealand also utilize LEDs (Skinner et al. 1980). In
Japan, LEDs have been incorporated in 17 story and 8 story steel frame buildings (Oiles Corp.,
1991). The devices are connected between precase concrete wall panels and the surrounding
structural frame.

LEDs have a number of particularly desirable features: their load-deformation relationship is
stable and repeatable, being largely unaffected by the number of loading cycles; they are
insensitive to environmental factors; and tests have demonstrated insignificant aging effects

(Robinson and Cousins 1987) (Fig. 1-9).
1.4.2.3 Shape Memory Alloys (SMAs)

Shape memory alloys have the ability to "yield" repeatedly without sustaining any permanent
deformation. This is because the material undergoes a reversible phase transformation as it
deforms rather that intergranular dislocatior,, which is typical of steel. Thus, the applied load
induce a crystal phase transformation, which is reversed when the load is removed (Fig. i-lO).
This provides the potential for the development of simple devices which are self-centering ana

which perform repeatably for a Jarge number of cycles.
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Several earthquake simulator studies of structures with SMA energy dissipaters have been
carried out. At the Earthquake Engineering Research Center of the University of California
(Aiken ct al. 1992) a 3 story steel model was tested with Nitinol (nickel-titanium) tension devices
as part of a cross-bracing system, and at the National Center for Earthquake Engineering
Research (Witting and Cozzarelli 1992) a 5 story steel model wa, tested with
copper-zinc-aluminum modes were investigated. Typical hysteresis loops from these tests are
shown in Fig. 1-11. Results showed that the SMA dissipaters were effective in reducing the

seismic responses of the models.
1.4.2.4 Eccentrically Braced Frame (EBF)

Steel moment-resisting frames have been regarded by structural designers for their
earthquake-resistant behavior. However moment-resisting frames tend to be flexible, braced
frames are considered as a mean of providing increased structural stiffness. Although
Concentrically Braced Frames (CBFs) can easily provide the needed stiffness, the cyclic inelastic
behavior of concentrically braced frames is strongly influenced by the cyclic post-buckling
behavior of individual braces (Popov et al. 1976). Eccentrically Braced Frames (EBFs) have
emerged as a well recognized and widely used structural system for resisting lateral seismic
forces. Hysteretic behavior is concentrated in specially designed regions (shear links) of EBF (see
Fig. 1-12) and other structural elements are designed according to capacity design principle and
intended to remain elastic under all but the most severe excitations. Extensive research has been
devoted to EBF ( Roeder et al. 1978, Popov et al. 1987, Whittaker et al. 1987) and the concept
has seen rapid recognition and acceptance by the structural engineering profession since the

inclusion of design rules into seismic code of practice. These braces are using, however, some
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parts of the gravity load resisting elements which might need to be sacrificed in severe earthquake

with implication of substantial damage.
1.4.2.5 Slotted Bolted Connections (SBCs)

Slotted Bolted Connections are modified bolted connections designed to dissipate energy
through friction in rectilinear tension and compression loading cycles. The development of SBCs
as energy dissipaters is to attempt use simple modification of standard construction practice and
materials widely available commercially. The SBC is a bolted connection where the elongated
holes or slots in the main connecting plate, in which the bolts are seated, are parallel to the line of
loading (Grigorian and Popov 1993). The SBCs dissipate energy through friction steel plates and
bolts( Fig. 1-13). The characteristics of force-displacement relation is identical to that of friction

devices developed earlier by the author (Constantinou, Reinhorn, et al. 1991).

1.5 Code Provision for Design of Structures Incorporating Passive Energy Dissipating
Devices

It is imperative for implementation of the technology of energy dissipating devices to have a
code design specifications. Currently, such code specifications for structures with damping
devices do not exist. The absence of such code specification may prevent widespread use of the
technology. The existing codes, such as UBC and SEAOC have included provision for design of
base isolation systems. Many codes, such as NEHRP, UBC and SEAOC, have included design of
EBFs in their provisions. Efforts are made by code agencies (FEMA, ATC, SEAQC) to develop

guidelines for use of dampers based on studies of elastic structures.
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1.6 Objectives of This Investigation

This .esearch was developed to:
1. investigate experimentally the behavior of fluid dampers and structural response when the
structural systemn experiences inelastic deformations.
2. model analytically the viscous dampers as part of an inelastic structural model.
3. validate the analytical modeling using experimental data.
4. develop a simplified procedure to estimate the structural seismic demands in presence of
dampers
§. determine the contribution of dampers to the changing of the demand-capacity relation

(performance index) in severe ground shaking.
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SECTION 2

FLUID VISCOUS DAMPERS

2.1 Description of Fluid Viscous Damping Devices

Fluid viscous dampers which utilize fluid flow through orifices were originally developed for
shock and vibration isolation systems in automotive industry and military applications (see Fig
1-1). For some of these applications the input can reach large velocities in excess of 4 m/sec. (150
infsec.) and accelerations of the order of 200g over a duration of a few milliseconds
(Constantinou 1992). More recently, adapiation of these devices have been used or specified for
use either as seismic energy absorbing elements or as elements of seismic isolation system. More
notable of these application are the San Bernardino County Medical Replacement Facility with
233 dampers in its isolation system (Soong and Constantinou 1994) and Golden Gate Bridge .

An investigation of scaled dampers in steel frames with low damping characteristics,
determined the basic properties of such dampers and their efficiency (Constantinou et al. 1992).
The contribution of the dampers and their properties are presented in detail in the aforementioned
report. Some of these descriptions are reported here for sake of completion.

The fluid damper consists of a cylinder and stainless steel piston with a bronze orifice head
and an accumulator (see cross section in Fig. 2-1). The cylinder is filled with silicone oil with
stable properties over a wide range of operation temperatures. The orifice flow may be
compensated in a variety ways so that the mechanical characteristic of the devices are nearly
unaffected by temperature. The orifice configuration and mechanical construction can be adjusted

to produce various flow characteristics and complex resisting forces.
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For practical applications the devices are incorperated in structural braces or in structural

joints with large deformations (see experimental study in Section 4).

2.2 Operation of Dampers

The force in a damper is a result of flow through orifices leading 10 a pressure differential

across the piston head.

For dampers with cylindrical orifices the force is

b Ap= 2P ﬁ)z 2 com i
F—bAp—znzqz)(A0 u” sgnu 2-1)

where b is a constant and Ap is the pressure differentiate, which depends on the area of piston, A ,
area of orifice, A, number of orifices, n , density of fluid, p, and the discharge constant, C_. The
resulting force is a function of velocity squared. Most of the practical devices are built using
differently shaped orifices in which the pressure differential is depending on a ,ractional power of

velocity:

F=Cplu|®sgn u (2-2)

where sgn u indicates the sign of velocity # and o is a power between 0.5 to 2.0. A lower power

is used for high velocity shocks. For seismic protection applications a=1 seems to be more
appropriate. The devices used in the current research were designed to behave as linear dampers
with a=1.

The force is proportional to the pressure differential between the two chambers in the
cylinder. However, the fluid volume is reduced by the product of piston area and piston travel.
Since the fluid is compressible this reduction of volume is accompanied by development of a

restoring force. If the fluid is allowed to exit and reenter into reservoir or accumulator, then
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development of stiffness can be prevented. However, even with such a special provision, at large
frequencies the devices starts to display some stiffening due to the accumulator limitations.
Constantinou et al. (1992) reported that there was stiffening in fluid devices when frequency
exceeds 4 Hz. Alternatively, devices may be built with run-through rods, which preserves fluid

volume. Such construction does not result in fluid compression and it does not develop stiffness.
2.3 Testing of Damping Devices

Six devices were selected to develop approximately 5 kips at the operation velocities of
approximate 5 in/sec (126 mm/sec). They were of the type with accumulator. The devices were
constructed for the retrofit of a reinforced concrete structural model. These devices were tested
using a series of harmonic displacements and the resisting forces were measured simultancously.
The purpose of the testing was to determine the damping and stiffness characteristics and their
frequency dependency.

The test setup consisted of a servo-controlled actuator of 55 kips capacity attached to the
piston of the damper while the other side of the damper was connected to a load cell of 30 kips
capacity. The displacement of the piston about its cylinder was measured with a sonic
displacement transducer (temposonic). The actuator was forced to follow a harmonic (sinusoidal)
displacement history while the force-displacement relationship was recorded. Mechanical
characteristics of the dampers were derived from these relationships. Fig 2-2 shows the

dimensions of the damper (Model 3x4) used in this study.
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2.4 Mechanical Properties of Fluid Viscous Dampers

2.4.1 General Definitions

A damper was subjected to a sinusoidal displacement input:
u = uosin(dr) (2-3)
where u, is the amplitude of the displacement, Q is the frequency of motion, and t is the time. For
steady-state condition, the load cell measured also harmonic force with a delay in respect ‘o the
input:
F=F, sin(C4 +¢) (2-4)
where F, is the amplitude of the force, and ¢ is the phase angle.

It can be shown, (Constantinou et al. 1992), that a force displacement-velocity relation can be

derived from the above Equations (2-3) and (2-4) (see also Eq. 3-6 through 3-9):
F=Ku+Cu (2-5)
where K, is the storage stiffness, C is the damping constant. They can be expressed, along with

the phase angle ¢, as:

273
K = 5—3[1 - (gp—’;‘ﬂ) ] 2-6)a
W,
c=e 2-6)b
T (2-6)
6 =sin™ (Cg‘o ) 2-6)a



in which W, is the area enclosed in the force-displacement diagram. The damping constant, C. is
determined first, while the other quantities can be derived subsequently. It should be noted that if
the force-displacement relationship approaches an ellipse, then the damping coefficient can be

derived from the force at zero displacement:

F“n
C= m 2-7

2.4.2 Experimental Results for Fluid Dampers

A total of 27 tests were conducted in the frequency range of 0.1 to 20 Hz. with peak velocity
range of 0.32 in/sec (8.5 mm/sec) to 18.2 in/sec, at room temperature, about 22°C. In each test,
the damper was subjected to 5 cycles of vibration. The results are summarized in Table 2-1.

Typical recorded force-displacement loops are shown in Fig. 2-3. The dependency of
damping (C) and storage stiffness (K, ) on the frequency of testing should be noted. In particular
at higher frequencies the damping coefficient is reduced while the storage stiffness increases
substantially. For same test velocity, i.e. 6.28 in/sec, the damping coefficient reduces 5.5 times
from 1.15 k-sec/in to 0.2] k-sec/in, when the test frequency increases 20 times, from 1.0 Hz to
20.0 Hz. For such case a linear model with a constant coefficient, or even a power series
representing the damper force, is not capable to model the device response over the entire
frequency range. Alternative mathematical models which can model such behavior are presented
in Section 3.

It is worthwhiic to note that at low frequencies, below 2 Hz, the storage stiffness has small
value. Above this frequency the stiffness changes substantially. A structure equipped with such

devices, with its first mode in the low frequency range. will have minimal changes in its stiffness.
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Higher modes will be stiffened, however. In case of seismic retrofit of structures, this is a positive
contribution tc both lower and higher modes (Lobo et al. 1993).

Table 2-1 Summary of Component Tests and Mechanical Properties*

damper | frequency | amplitude | force at u=0! peak force| dissipated | damping | sturape | phase peak

energy |coefficient| stiffness angle velocity

# (Hz) (in) (kips) (kips) (k-in) | (k-sec/in)! (k/in) | (degrees)! (in/sec)
(1) (2) (3) ) S | ® M (8) &) (10)
6 0.1 0.51 0.41 0.41 0.55 1.07 0.00 90.00 0.32
6 0.1 103 | 085 0.85 2.40 115 0.00 90.00 0.65
6 | 05 102~ 400 | 400 12.09 1.18 0.00 90.00 3.20
6 | 05 | 180 @ 615 ‘ 6.15 33.75 1.06 0.00 90.00 5.65
6 10 ! 100 728 1 748 | 22.64 11S 172 | 7670 | 6.28
6 ' 10 | 121 8.03 8.16 2978 . 1.03 1.21 79.70 7.60
6 | 18 0.50 5.31 575 : 783 089 442 | 6740 | 565
6 20 0.50 6.67 7.21 9.68 0.98 547 61.70 6.28
6 30 0.24 4.00 5.30 291 0.85 1449 | 49.00 452
6 50 0.12 3.35 4.18 1.23 083 2031 53.30 3.86
6 50 023 7.35 8.10 527 098 1457 | 65.10 7.35
6 10.0 0.08 2.45 4.17 0.65 0.52 4217 36.00 5.03
6 10.0 0.14 5.71 7.89 244 0.68 4030 | 46.40 8.48
6 20.0 0.05 1.28 2.80 0.20 0.21 49.81 27.20 6.28
6 20.0 0.09 3.84 6.97 1.14 0.33 62.57 33.40 11.69
5 1.0 121 7.21 7.34 27.35 0.95 1.14 79.20 7.60
5 18 0.50 5.10 5.51 8.00 0.90 4.17 67.80 5.65
4 05 1.02 3.94 3.94 12.04 117 0.00 90.00 3.20
4 1.0 1.00 7.35 7.50 2244 1.14 1.49 78.50 6.28
4 1.0 122 8.71 9.02 3199 1.09 192 74.90 767
4 18 0.50 6.12 6.81 9.12 1.03 597 64.00 565
3 1.0 122 8.16 8.47 31.38 1.07 1.86 74.45 767
3 1.8 0.51 6.67 7.28 9.83 1.06 572 66.30 5.77
2 1.0 1.23 7.76 8.09 29.54 099 1.86 73.60 773
2 1.8 0.50 6.33 6.87 9.57 1.08 5.34 67.10 5.65
1 1.0 1.21 7.69 799 29.52 1.02 1.79 74.20 7.60
1 1.8 0.50 6.16 6.87 9.13 1.03 6.08 63.70 5.65

* lin=254mm, | kip=4.46 kN
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The information obtained from the above tests is used further for modeling the behavior of
the damper and the structural retrofit of a structure using these devices. Additional information on

damper properties, can be found in Constantinou et al. 1992.

2-10



SECTION 3

ANALYTICAL MODELING OF VISCOUS DAMPERS

3.1 Mathematical Modeling

The characteristics of complex dampers are usually determined from experiments performed
with harmonic motion of forces measuring the response characteristics as shown in Section 2.
Dampers display seldom simple linear behavior. Therefore complex models need to be often
developed. Analysis of nonlinear complex dampers with linear viscous or viscoelastic dampers are
often used to "linearize” the mathematical models to be used in the evaluation of structures.
Various models with increased complexity are reviewed in the following with emphasize on
increased dependency on frequency of it's parameter or on increased dependency on elastic plastic

properties.
3.1.1 Linear Viscous Dampers

A linear damper, velocity dependent, will display a resistance, F (t)

Fit)=C ulr (3-1)

where C is damping constant for linear viscous dampers and u is the velocity of movement of its

parts.

If this damper is subjected to an harmonic motion

u(t) = upsin S 3-2)
the damper force will be
F (1) = Cuo€2cos Su (3-3)
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Eliminating the time from equations (3-2) to (3-3), the relation between force and

displacement is obtained:

() (8 -

Equation (3-4) represents an ellipse with its amplitude u, and C€u, (see Fig. 3-1). The energy

dissipated by the devices is obtained from the area of the ellipse:
W4 =nCQu3 (3-5)
3.1.2 Linear Viscous and Stiffness Models
If the linear damper shows also stiffness dependency (see Fig. 3-2), then the force resistance
is obtained as:
Fi®)=Kut)+Cu () (3-6)
This model is also known as Kelvin model.
Using Eq. (3-2) through (3-5) in conjunction with Eq. (3-6) and the relation in Fig. 3-2, it is
possible to define the properties of the damper (Constantinou et al. 1992). Therefore from the

experimental data one can obtain the force deformation relationship:

() - ) e

the damping coefficient:

Wy

C=—%
e

(3-8)

and the storage stiffness:

e -(2e)]
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Fig. 3-1 Linear Damping Devices
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Fig. 3-2 Linear Damping and Stiffnes Device
(a) damper beharvior; (b) linear stiffness component; (c) linear damping component.



Most damping devices display frequency dependent properties, therefore the stiffness and
damping characteristics in Fig. 3-6 and 3-7 are dependent on testing frequency € (see also Fig.
2-3).

The frequency dependent forces can be easily determined from Eq. (3-6) by Fourier

transformation:

F4(0) = K(0) u(®) + ioC(w)u(m) (3-10)a
or

F(w) = (K () +iKz2(0))u(w) = K* (0)u(m) (3-10)b

where the complex stiffness K'(®) has a real component K (m) known as the "storage" stiffness
and an imaginary component K (w) defined as the "loss" stiffness:
K:(w) = o Clw) (3-11)
In the case of constant stiffness, in frequency domain, Eq. (3-10) represents the linear system.
For sake of simplicity in structural analyses more complex systems with mild dependency on
frequency are linearized by determining equivalent constant coefficients (Lobo et al. 1993).
3.1.3 Basic Frequency Dependent Model (Maxwell Model)
When a damper displays a strong dependency on frequency, a more refined model can be

obtained using "series damper-stiffness model (see Fig. 3-3)" of Maxwell model (Bird 1987). The

force in a damper can be defined by
FiD+AFs(®=Cpu1) (3-12)
in which A (=C /K, , where K, is the stiffness at "infinitely" large frequency) is the relaxation

time, and C, is the damping constant at zero frequency. This model was found suitable to
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represent fluid viscous dampers with accumulators (Constantinou et al. 1992) as shown in Section

32

For convenience of solution, Eq. (3-12) can be expressed as:
. _ . 1 §£ .
F(t)—f(F,u,u,t)--) F(+ Y u () 3-13)

which can be solved simultaneously with the other time dependent structural components in case

of an inelastic structure. The above model can be represented in frequency domain -y equation

(3-10) in which:

Aw? o)’ )
K =Cp}| ———— |=Kp|————= |; 3-14
Hw) D[l Yy )2) D[l+( 7z (3-14)

where K () is the storage stiffness, while the damping coefficient is

Kyw) ___Cp .
O 1+ Ow?’

C(w) = (3-15)

The plot in Fig. 3-4 shows the dependence of normalized damping and stiffness coefficients

on frequency.
3.1.4 Wiechert Model

Dampers which contain bituminous fluids, similar to viscoelastic solid materials, experience
stiffening at very low frequencies. A more accurate fit of their behavior can be obtained using a
combined Maxwell-Kelvin model, also known as Wiechert model (see Fig. 3-5). For this model,
the constitutive relation takes the form:

FaO)+AF (=K, s + K. u (3-16)

where K, and K, are the spring stiffness defined as "glossy" and "rubbery” stiffness, respectively,

while A = C/K, is the relaxation time constant. In terms of the above stiffness parameters, A is:
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Fig. 3-3 Maxwell Model for Damping Devices

Figure 34 Stiffness and Damping versus Frequency in Maxwell Model
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Fig. 3-5 Wiechert Model



__©Co

;'_(K——K_) (3-17)
8 e

The stiffness can be determined from experiments. This model is more suitable for viscous
solid behavior such as acrylic polymers or strong viscoelastic fluids.

A direct solution can be obtained (see also Section 5.2.2) solving the first order differential

equation;
Fa (t)=—-iF(t)+Kgu+Tu=f(F4,u,u) (3-18)

The solution of the same system in frequency domain can be obtained from Eq. (3-10) in

which:
K. + A 0)’K,
K = 3-19
(@) 1+ Aw? 3-19)
K2 (w) 1
Clw) = = 3-20
=" 1+ o)’ (20

Wiechert model was successfully used to model the behavior at low and moderate frequency

of viscoelastic dampers by estimating the glossy and rubbery stiffness (Shen 1994).

3.1.5 Models Based on Fractional Derivatives

More versatile modeling using a small number of parameters, best matching a wider range of
frequencies, can be obtained using Maxwell or Wiechert type models with fractional derivatives

(Bagley and Torvik 1983, Makris 1991 and Kasai 1993). The model suggested by Makris 1991,
F(1)+ A D'[F(] = CpD*[u(1)] (3-21)

in which D[F(t)] is a fractional derivative given by:

Ml —1__df' - N
D[F]_l‘(l—r)dt OF(r)(r )" dt (3-22)
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can be used for versatile modeling.

The model of Eq. (3-21) offers more control than Eq. (3-16) in modeling the behavior of
dampers. However, the solution of Eq. (3-21) and (3-22) requirc solution of convolution
integrals, which are extremely time consuming in analysis of inelastic structures.

The frequency representation of the above relations can be obtained for the case where q=1,

using again Eq. (3-10), in which the component stiffness are defined (Constantinou et al. 1992)

as:
o' sn(¥)|
Ki(w)= (3-23)
d
and
Cp[l +Am’cos (%)]
Clw) = — (3-24)
d
where
- 2 2 r nr 2
d=1+Aw +27«mcos(2) (3-25)

The parameters A, C,, r and q can be determined from tests of mechanical dampers and
suitable curve fitting.
3.1.6 Convolution Model for Viscoelastic Systems
Constitutive relations of viscoelastic behavior can be solved for the force (or stress) under
ce.tain conditions. This requires that in the Laplace space the transformed constitutive relation is
a convolution (Makris 1991). The result is a model of the form (Ferry 1980, Rosen 1982, Shen

1994), i.e.:
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Fan=[) K*(1) u(1—7)dt + K* () u(0) (3-26)a
or for u(0) = 0 (zero initial strains and deformations), as met in most cases:
Finy=[, K'(D) u(t-1)dt (3-26)b
where K'(t) is the force relaxation modulus. Based on the modified power law, K*(t) can be

represented (Williams 1964, Shen 1994) as:

Kg_Kg

K=K, +———
) [1+110)

(3-27)

where K, and K_ have the same definition as in Wiechert model and 7, and r are two additional
parameters providing smooth transition between glossy and rubbery behavior. The solution force

in Eq. (3-26) can be determined directly from convolution simultaneously with the solution of the

nonlinear system.
In the frequency domain, the resistance forces can be calculated using Eq. (3-10) with

corresponding coefficients obtained by approximation from the relaxation stiffness (Shen and

Soong 1994):

Ki(w)=K,+(K; — KT (1 - r)(otg) cos (% +WTo ) . (3-28)
as the storage stiffness, and

C(©) = K>(0) 0= &K, - K)T(1 - r)(wro)’sin (% +0T ) (3-29)

as the damping characteristics to the loss stiffness. I'(1-r) is the Gama function and all other
parameters were defined above. The frequency domain representation of the above stiffness was

used to model behavior of viscoelastic dampers (Shen 1994).
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3.1.7 Constant Parameter Kelvin Model Approximation

It is noteworthy to observe that at very low frequencies the dampers display almost constant
properties (see Table 2-1) and their representation by a simple linear Kelvin mode! (Eq. 3-10) is
sufficient. However, for the higher frequencies use of one of the more complex models to
represent tlie storage and loss stiffness become necessary. In each case, the solution of Maxwell
or Wiechert models in time domain are feasible in analysis of inelastic structures (as shown in
Section 5).

For more complex models, however, the time domain solution is prohibitive and their direct
use may be limited. However, those models can offer a more accurate series of parameters, if the

behavior occurs in a narrow frequency range. In such case a linearization of coefficients can be

obtained by simple average in the frequency range of iriterest, between @, and ®,:

Ky = Lo K10 3-30
leg [::? do (‘ )
and
[2 C(w)dw
_ o (3-31)

“ 122 dw

w)

witk such constant coefficients used in Eq. (3-10) one reduces the problem approximately to the
solution of Eq. (3-6) (Lobo et al. 1993). The selection of frequency band of interest depends on

the structural type and earthquake frequency content.
3.1.8 Model of Dampers in Analysis of Structural Systems

For the analyses of structures including damping devices, several possible models can be

used:



(a) For linear and elastic structures, the dynamic response can be most conveniently obtained in
the frequency domain by application of discrete Fourier Transform. The dampers can be
represented by Eq. (3-10) with suitable coefficients derived from all the models suggested above.
(b) For inelastic structures, the frequency domain approach is not rigorously applicable. In such
case, the 1esponse may be obtained by step-by-step time integration of equations of motion. The
dampers can be then represented by

(1) Kelvin model - for linear dampers.

(2) Maxwell model or Wiechert models with solutions in time domain for frequency

dependent parameters.

(3) Equivalent Kelvin model with linearized properties with the coefficients approximated

from one of the more complex models.

(4) Convolution integral approach.

For more detailed presentation of analysis procedures for inelastic structure. see Section 5.

3.2 Modeling of Tested Dampers

The dampers tested in this experimental study have strong frequency dependency (see Table
2-1 and Fig. 3-6). Therefore this dampers are modeled using a least square fitting based on
Maxwell model (Section 3.1.3). The parameters which completely describe the model are,
Cp=1.15 k-sec/in, and A = 0.014 sec.. The mathematical model shows a good agreement with the
experimental data. The phase angle approximation is shown in Fig. 3-7. The expected range of
fundamental frequencies of deteriorated structure in this study is between 1 Hz to 3.5 Hz. In this
range, all damper's parameters have mild variations with frequency. Therefore the damper can be

modeled also approximately by an average stiffness and damping in the same range of 1 Hz to 3.5
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Hzas K, =4.3K/in, C_, = 1.10 k-sec/in and average frequency of 2.2 Hz with (Aw)=0.18.

In further analytical studies, the dampers are modeled first using Maxwell model and then
using the equivalent Kelvin model with average parameters. It should be noted that the dampers
produce a substantial energy dissipation, while also inrrease the stiffaess of a structure. Their
effect in the structure cannot be assessed from their individual mechanical properties only. An

analytical model of the structure with the above devices is necessary (see Section 5).
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SECTION 4
EXPERIMENTAL STUDY OF RETROFITTED STRUCTURE

EARTHQUAKE SIMULATOR TESTING

4.1 Retrofit of Damaged Reinforced Concrete Model

A three story 1:3 scale model structure with lightly reinforced concrete frames, damaged by
prior testing with moderate and severe earthquake (Bracci et al. 1992a, 1992b) was retrofitted by
conventional concrete jacketing of interior columns and joint beam enhancements and was
damaged again by several severe carthquakes (Bracci et al. 1992¢). The same structure was
further used to assess the possibility of retrofit of damaged frames with supplemental dampers
installed in braces attached to the concrete joints. The study was developed to assess efficiency
and structural interaction of various type of dampers, i.e.:

(a) viscoelastic dampers of 3M Company (Lobo et al. 1993, Shen et al. 1993).

(b) fluid viscous damper of Taylor Devices Inc. (this report).

(c) friction dampers of Sumitumo Construction Co. (Li et al. 1995a).

(d) viscous walls of Sumitumo Construction Co. (Reinhomn et al. 1995a).

(e) friction dampers of Tekton Co, (Li et al. 1995b).

The objectives of the retrofit was (a) to reduce overall damage progression in severe episodes
of earthquakes; (b) to provide data for analytical modeling of inelastic structures equipped with
linear and nonlinear dampers and (c) to determine the force transfer in the retrofitted structures
and its local effects.

The description of the model, the supplemental dampers and the testing program are

described in this section.
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4.2 Structure Model for Shaking Table Study

The structure was a three story 1:3 scale reinforced concrete frame structure original only for
gravity loads without any special seismic provisions. The model was scaled from a prototype
using mass simulation (Bracci et al. 1992a) The structural model had a floor weight of 120 kN
(27,000 1bs). The structure had 50.8 mm (2 in) thick slabs supported by 76.2x172.4 mm (3x6 in)
beams supported by 101.6x101.6 mm (4x4 in) columns before retrofit (see Fig. 4-1 and 4-2).
After the conventional retrofit the interior columns were increased to 152.4x152.4 mm (6x6 in) by
concrete jacketing with longitudinal postensioned reinforcement and with a column capital at each
floor obtained by a fillet of joint connection (see Fig. 4-3 and 4-4).

The columns were symmetrically reinforced using 1.2%, total reinforcement ratio, and the
beams had 0.8% positive reinforcement along entire beam and 0.8% negative reinforcement ratio
above the supports. Detail of reinforcement and material properties can be found in Bracci et al.
1992a. A summary of this information is included in Appendix A for sake of completion.

The moment and shear capacities of the sections before and after retrofit are listed in Table
4-la and 4-1b. The moment capacities were calculated based on data in the Appendix A. It should
be noted that the c:.cking and yielding of a section reduce the moment of inertia of sections and
therefore only a fraction of the gross stiffness is active during a seismic event (Bracci et al.
1992b).

The structure was subjected to earthquake simulated motion using the shaking table at
University of Buffalo. Moderate (peak ground acceleration PGA 0.2g) and severe episodes
(PGA=0.3g) were used to verify the seismic behavior and the efficiency of structure suffered

damage near collapse (90%, based on a damage index normalized to a unit which means collapse),
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Figure 4-1 Perspective View of 1:3 scale R/C Frame Structure
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Table 4-1a Moment Cagacitics of Structural Sections gunits ldgs in)

Columns Beams
Interior Exterior Interior Exterior

Moment Curvature Moment Curvature Moment Curvature Moment Curvature

_n (2) 3) 4) (3) ©) 7 (8) (9) (10)

Original Structure
3rd Top 22 0.01900 18 0.023 30 0.0155 30 0.0155
floor  Bowom 22 001900 18 0.023 80 00100 80 00100
2nd Top 29 0.01400 22 0.020 30 0.0155 30 0.0155
floor Bottom 29 0.01400 22 0.020 80 0.0100 80 0.0100
Ist Top 36 0.01100 28 0.017 30 0.0155 30 0.0155
floor Bottom 36 0.01100 28 0.017 80 0.0100 80 0.0100
After Conventional Retrofit

3rd Top 130 0.00048 18 0.015 50 0.0155 30 0.0155
floor Bottom 130 0.00048 18 0.015 80 0.0550 80 0.0550
2nd Top 130 0.00048 22 0.019 50 0.0155 30 0.0155
floor Bottom 130 0.00048 22 0.019 80 0.0550 80 0.0550
Ist Top 130 0.00048 28 0.025 50 0.0155 30 0.0155
floor  Bogom 70 000041 28 0.025 80 00550 80 00550

1 kips =4.45kN, 1 in =254 mm.

Table 4-1b Shear Capacities of Structural Sections (units kips)

Columns Beamns
Interior Exterior Interior Exterior
() (2 (3) (4) O
Original Structure -
3rd floor 0.978 0.800 2.619 2619
2nd floor 1.280 0978 2.619 2.619
1st floor 1.600 1244 2619 2619
After Conventional Retrofit
3rd floor 577 0.800 2.619 2619
2nd floor 577 0978 2.619 2619
1st floor 577 1.244 2.619 2.619

1 kips = 4.45kN



the conventionally retrofitted structure suffered less damage, in repairable range. The original
structure displayed a soft-column-side-sway mechanism. The conventionally retrofitted structure
developed a safer beam-side-sway mechanism, which explains the reduced damage.

However, the structure developed inelastic behavior and damage. Therefore the structure was

further retrofitted as presented in the next section.
4.3 Retrofit with Supplemental Fluid Viscous Dampers

The structure was retrofitted with additional braces in the middle bay of each frame at all
floors as shown in Fig. 4-5 and 4-6. The details of the braces are shown in Fig. 4-7 and 4-8.

The braces were connected to the floors at base and top of columns and transferred loads to
the joint through the beams and the fillet joint (see Fig. 4-8). The brace consists of an A36
1.5x6x172" steel angle connected through 1/2 in diameter bolts to allow for a pinned connection at

its ends.
4.3.1 Viscous Fluid Damper

The damper installed in the brace was selected from the catalog of Taylor Devices Inc. Model
3x4, rated to 10,000 lbs (44.6 kN) as shown in Fig. 2-2. The damper was connected to the brace
using a load cell with a capacity of 30,000 Ibs. The dampers (presented in Section 2) installed in
the structure as follows: #2 and #3 at first floor, #4 and #1 at second floor, and #6 and #5 at third
floor, where the first ones in the pairs indicate east frame of the structure (see damper properties
in Section 2).

The damper construction can prevent rotations between its two ends which is suitable to

prevent buckling in the brace assembly.

4-8



Figure 4-5  Perspective View of the Frame with Installed Damiping Devices
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Figure 4-7  Perspective View of Fluid Viscous Dampers Installed in the Mid-bay of the Frame
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4.4 Instrumentation

The structure was instrumented with motion and force transducers to allow monitoring the
force transfer within the structure. A series of accelerometers were installed horizontally at each
floor and at its base. Five directional load cells ineasuring axial loads, shear forces in two
directions, bending moments in two directions were installed in the mid-height of each column of
east frame at first and second floor (see Fig. 4-2). For detailed description of load cells see Bracci
et al. 1992a. The braces were instrumented with an axial load cell and a longitudinal displacement
transducer (see Fig. 4-6) to measure the movement in the damper.

The structure was placed on the shaking table at SUNY/Buffalo. The shaking system was
monitored for displacements, velocities and accelerations in horizontal, vertical and rocking
directions. A total of 83 channels of data were recorded during each earthquake.

The instrumentation consisting of load cells, displacement transducers and accelerometers is
detailed in APPENDIX B with a list of monitored channels and their corresponding descriptions

are given in Table 4-2. A total of 83 channels were monitored.
4.5 Experimental Program

The study was performed using simulated ground motion of two types: (i) low level white
noise excitations in horizontal direction to identify structural properties of the structure at various
stages of testing and to verify functionality of instrumentation; and (ii) various levels of simulated
historical earthquakes scaled to produce elastic and inelastic response in the structure. The
structure was tested with and without dampers for comparison sakes. The testing schedule is
presented in Table 4-3. The tests without dampers (tests #39 through #44) were done at lower

maximum levels than the tests with dampers, to permit further repairing and testing (without
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Table 4-2 List of Channels (with reference to Fig. B-1)

CHANNEL | NOTATION | INSTRUMENT RESPONSE MEASURED
1 AHI ACCEL Longitudinal accel. - on the base, east side
2 AH2 ACCEL Longitudinal accel. - on the base, west side
3 AH3 ACCEL Longitudinal accel. - 1st floor, east side
4 AH4 ACCEL Longitudinal accel. -1st floor, west side
5 AHS ACCEL Longitudinal accel. - 2nd floor, east side
6 AH6 | ACCEL Longitudinal accel. -2nd floor, west side
7 AH7 | ACCEL Longitudinal accel. - 3rd floor, east side
8 AH8 |  ACCEL Longitudinal accel. -3rd floor, west side
9 AVl ACCEL | Vertical accel. - on the base, north east side
10 AV2 ACCEL |  Vertcal accel. - 1st floor, north east side
11 AV3 ~ ACCEL Vertical accel. - 2nd floor, north east side
12 AV4 ACCEL | Vertical accel. - 3rd floor, north east side
13 AVS ACCEL |  Ventical accel. - Ist floor. south east side
14 AV7 ACCEL Vertical accel. - 2nd floor, south east side
15 AVS ACCEL Vertical accel. - 3rd floor, south east side
16 AT! ACCEL Transverse accel. - on the base, east side
17 AT2 ACCEL Transverse accel. - 1st floor, east side
18 AT3 ACCEL Transverse accel. - 2nd floor, east side

T AT4 ACCEL Transverse accel. - 3rd floor, cast side
20 D1 DT Longitudinal accel. - on the base, east side
21 D2 DT Longitudinal accel. - on the base, west side
22 D3 DT Longitudinal accel. - 1st floor, east side
23 D4 DT Longitudinal accel. - 1st floor, west side
24 D5 DT Longitudinal accel. - 2nd floor, east side
25 D6 DT Longitudinal accel. - 2nd floor, west side
26 D7 DT Longitudinal accel. - 3rd floor, east side
27 D8 DT Longitudinal accel. - 3rd floor, west side
28 N1 LOAD CELL Axial force - 1st floor exterior column
29 MX1 LOAD CELL | Moment in N-S plan - 1st floor exterior column
30 MY1 LOAD CELL {Moment in W-E plan - 1st floor exterior column
31 SX1 LOAD CELL | Shear in N-S plan - 1st floor exterior column
32 SY1 LOAD CELL | Shear in W-E plan - 1st floor exterior column

ACCEL= Accelerometer, DT= Displacement Transducer; Longitudinal = North-South Direction
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Table 4-2 (Cont'd)

CHANNEL | NOTATION | INSTRUMENT] RESPONSE MEASURED
33 N2 LOAD CELL Axial force - 1st floor interior column
34 | MX2 I LOAD CELL ;| Moment in N-S plan - 1st floor interior column
38 I MY2 . LOAD CELL | Moment in W-E plan - 1st floor interior column
36 SX2 i LOAD CELL Shear in N-S plan - 1st floor interior column
37 | SY2 L LOAD CELL | Shear in W-E plan - Ist floor interior column
38 | N3 [ LOAD CELL Axial force - 1st floor interior column
39 MX3 | LOADCELL | Moment in N-$ plan - 1st floor interior column
40 MY3 LOAD CELL | Moment in W-E plan - 1st floor interior column
41 S$X3 LOAD CELL Shear in N-S plan - 1st floor interior column
42 SY3  LOAD CELL { Shear in W-E plan - 1st floor interior column
43 ‘ N4 L LOAD CELL L Axial force - Ist floor exterior column
44 | MX4 ' LOAD CELL | Moment in N-§ plan - st floor exterior column
45 l MY4 ' LOAD CELL | Moment in W-E plan - 1st floor exterior column
46 T SX4 i LOAD CELL | Shear in N-S plan - Ist floor exterior column
47 | Sy4 . LOAD CELL | Shear in W-E plan - 1st floor exterior column
48 L NS5 Y LOAD CELL | Axial force - 2nd floor exterior column
49 MXSs ' LOAD CELL l‘ Moment in N-S plan - 2nd floor exterior column
50 T OMYS LOAD CELL Moment in W-E plan - 2nd floor exterior column
S1 1 SXs3 LOAD CELL  Shear in N-S plan - 2nd floor exterior column
52 L SYS ' LOADCELL | Shear in W-E plan - 2nd floor exterior column
53 ‘ N6 x I.LOAD CELL Axial force - 2st floor interior column
54 L MX6 } LOAD CELL | Moment in N-S plan - 2st floor interior column
ss MY6 | LOAD CELL | Moment in W-E plan - 2st floor interior column
56 SX6 ' LOAD CELL Shear in N-S plan - 2st floor interior column
57 SY6 LOAD CELL ;| Shearin W-E plan - 2st floor interior column
58 N7 LOAD CEL.L Axial force - 2st floor intericr column
59 MX7  LOAD CELL | Moment in N-S plan - 2st floor interior column
60 MY?7 - LOAD CELL | Moment in W-E plan - 2st floor interior column
61 SX7 LOAD CELL Shear in N-S plan - 2st floor interior column
62 SY7 LOAD CELL | Shear in W-E plan - 2st floor interior column
63 N8 . LOAD CELL Axial force - 2nd floor exterior column
64 MX8  LOADCELL | Moment in N-S plan - 2nd floor exterior column
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Table 4-2 (Cont'd)

CHANNEL [NOTATION! INSTRUMNET RESPONSE MEASURED
65 MY38 LOAD CELL ! Moment in W-E plan - 2nd floor, exterior column
66 SX8 LOAD CELL Shear in N-S plan - 2nd floor, exterior column
67 SY8 LOAD CELL Shear in W-E plan - 2nd floor, exterior column
68 DFIE LOAD CELL Damper force - 1st floor, east side
69 DF2E | LOAD CELL Damper force - 2nd floor, east side
70 DFIW  LOAD CELL ! Damper force - 1st floor, west side
71 | DF2W LOAD CELL Damper force - 2nd floor, west side
2 DDIE ; DT Damper displacement - 1st floor, east side
73 } DD2E DT | Damper displacement - 2nd floor. east side
74 . DDIW [r DT Damper displacement - Ist floor, west side
75 1 DD2wW | DT Damper displacement - 2nd floor, west side
76 | DLAT - DT Lateral displacement on shaking table
77 L ALAT ACCEL Lateral acceleration on shaking table
78 | DVRT L DT Vertical displacement on shaking table
79 . AVRT ACCEL Vertical acceleration on shaking table
80 FORCE_ W LOAD CELL Accuator force - west side
81 | FORCE E . LOAD CELL Accuator force - east side
82 VFRC_SE | LOAD CELL Vertical accuator force - South east side
83 VFRC NE = LOAD CELL Vertical accuator force - North east side

ACCEL= Accelerometer. DT= Displacement Transducer
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Table 4-3 Shaking Table Experimental Program

test ¥ motion PGA(g's) | no.of dampers | file name | date (1993) structural frequencies (Hz) notes
(H ) 3 4) (5) (6) D 8)
1 white noise 0025 6 FLOWA2S | Marchist | 194 | 794 | 1544 2
2 white noise C 0025 | 6 FLWWA2S | March2nd | 256 | 1000 | 1819
3 R%@ANAE | 0050 | 6 { FLWTAOS | March2nd | 206 902 | 1712
3 white naise L0 6 | FLWWBOS * March2nd | 256 | 1058 | 1931
5 128% WANZIE | 0.200 6 | FLWTA20 | March2nd | 151 8.31 16.12
6 white noise [ 00s0 6 _FLWWCSO | March2nd | 200 | 9.00 | 1690
7 192% @ftN2IE 0300 ' 6 FLWTA | MarchInd | 187 | 906 | 2090
8 white noise . 0050 6 . FLWWDS0 | March2nd | 193 | 900 . 1690 |
9 256% WNJAE | 0400 3 FLWTA40 | March2nd | 162 @ 812 . 1728 |
0 white noise 0050 | 5 FLWWESO | March2nd | 193 ;. 887 | 168i
11 | 288% @ N2IE | 0450 6 FLWTA4S | March2nd | 144 | 819 | 1675
12 ! white noise | 0.050 6 . FLWWFSO | March2nd | 187 | 875 | 1681
13 white noise 1 0050 6 FLWWFSB | March3rd | 187 | 875 | 168
14 86% clcentro SOOE | 0.300 6 . FLWEA0 | March3rd | 1.62 837 | 19.06
15 white noise 0050 5 FLWWGS0 | “iarch3rd | 194 | 906 | 1675
16 114% el-centro SO0E 0.400 6 | FLWEA40J‘ March 3rd 1.50 831 . 1756
17 white noise L0050 6 | FLWWHS0 | March3rd | 187 887 © 1881
18 hachinche © 0200 | 6 | FLWHA20 | March3rd | 1.62 787 | 1831 | 23
19 white notsc 0% 6 FLWWISO | March3rd | 1387 887 | 1665 | 2
20 131% hachinohe . 0300 | 6 FLWHA3 | Marchdd | 062 | 606 | 1244
a white noise T 0050 6 FLWWJSO | March3rd | 181 887 | 1681
© 22| 288%@ftN2IE | 0450 6 FLWTB4S | March 4th 5
233 | white novise L 00s0 6 FLWWKSO | Marchdth | 181 | 887 | 1681
24 | 87% hachinohe 0200 | 6 FLWHB20 | March4th | 162 | 869 | 1575
x| w! ‘te noise | oo0s0 6 FLWWLSO | Marcndth | 181 ° B87 | 168]
26 131%hachinohe |  0.300 6 FLWHB30 = March4th | 162 737 | 17.31
Y white noise " o050 6 FLWWMSO0 | March4th | 1.81 887 | 168l
28 white noise T 0050 6 FLWWNSO | MarchSth | 181 887 | 1681
29 | I7% pacoimaSIE | 0200 | 6 FLWPA20 | March Sth 4
30 white neise L0050 6 FLWWOS0 | MarchSth | 181 887 | 168i
3 26% pacoima SIE | 0.300 6 FLWPA30 | MarchSth | 1.31 787 | 1662
2 white noise 0.050 6 FLWWPS0 | MarchSth | 181 887 | 1675
3 34% pacoima SI6E | 0.400 6 FLWPA40 | MachSth | 131 787 | 1594
34 white noise 0.050 6 FLWWQSO | MarchSth | 87 | 887 | 1675
3s 43% pacoima S16E 0.500 6 FLWPASO | MarchSth | 131 787 | 1812
36 white noise 0.050 6 FLWWRSO | MarchSth | 181 887 | 1675
37 117% Mexicocity N9O | 0.200 6 FLWMA20 | MarchSth | 300 | 837 | 1231
s white poise 0.050 6 FLWWSS0 | MarchSth | 125 | 887 | 1675
39 white noise 0.050 0 FLOWASA | March Sth 1
40 white noise 0.050 | 0 FLOWASC | MarchSth | 162 | 694 | 1437
41 128% waft N21E 020 | © FLOTA20 | MarchSth | 1.31 656 | 1437
42 white noise 0.050 0 FLOWBSO | MarchSth | 162 | 7.00 | 1450
4 86% el-centro SO0E 0.300 0 FLOEA30 | March5th | 131 612 | 1400
41 white noise 0.050 0 FLOWCSO | MarchSth | 162 | 695 | 1443

Notes: 1. pretest; 2. bad file, 3. incorrect time scaling; 4. file missing:, 5. table demonstration

4-17



necessity to repair extensive damage).

A total of 17 earthquake simulation tests were performed for the structure with dampers and
another two for bare frame. The simulated ground motion inciuded Taft N21E 1952, Elcentro
SOOE 1940, Hachinohe 1964, Pacoima Dam S16E 1971, and Mexico City N9OE 1985. The tests
were performed using the horizontal components only. The simulated requirements for a 1:3 scale

structure using artificial mass simulation dictated a reduction of the time interval for the horizontal

accelerogramof 1 : J3 . The acceleration, displacement and velocities and response spectra of the

shaking table simulated motion are shown in Fig. 4-9 through 4-14.
4.6 Identification of Structure Properties

A low level 0.05g narrow band (0-25) white noise excitation was used to shake the structure
in order to identify initial stiffness of structure before and after each severe shaking. The low level

dynamic properties, periods and mode shapes were determined as described below.
4.6.1 Experimental Identification of Dynamic Characteristics of Model

The structure is assumed to behave linearly elastic at low amplitude levels. The increased

structur.:| response is therefore:

. N .
U= (£ o, ) U, @ @)
F
where U; (0), U, (w) indicate the Fourier transforms of the absolute acceleration response (at
d.o.f i) and the base excitation, respectively, H(w) indicates the complex frequency absolute

acceleration response function;

2 .
ri+28&;ri

(1—rf)+2§, rji

H,((D) =

4-2)
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Figure 4-9  Simulated Ground Motion El-Centro SOOE Scaled to PGA 0.3g
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rP28 i

(1—r})+2§, ryi

Hw)= @-2)

where r = n)/o)j is the model frequency ratio for mode j, and i= ,/: . In Eq. (4-1) ¢, are the

mass (m) normalized mode shapes satisfying the condition,

N 2

ZI¢T, m;=1 (forj=1,N), 4-3)
aad T, is the modal participation factor:

N

I', =_Zl d),',' m, (4‘4)
For well separated modes. as obtained in the response of this structure, the acceleration response
transfer function, which is defined as:

Ta(@) =U; (0}/ U, (@), (4-5)

is obtain~d at a resonant peak from single mode, k, contribution from Eq. (4-1) for

(H;(wi) ~ 0 for o # ®,):

Ta(0i) =Pu Hi(wy) Tx (4-6)
The ratio of modal shapes are obtained from ratio of transfer functions from Eq. (4-6):
Oic/djc = Tai @ )/ T oi(001) 4-7)

At the peak obtained for frequency @, , the absolute value of the complex frequency response

function from Eq. (4-2) for r, = 1 is obtained as:

4]
|Hi(w)] =T (4-8)
Combining Eq. (4-6) and (4-8) the damping ratio &, can be derived:
-1
- Tai(mk) : _ "
Ev= [2 (—¢‘_‘rk ) 1 } (4-9)
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From the identification above, using the orthogonality conditions, the stiffness matrix of the

structure can be obtained:
K=Mo,Q0’M (4-10)
in which M is the mass matrix and Q is:
Q = diag(®?, 03, .....0%)
while @ is the mass normalized modal shapes matrix obtained identification using Eq. (4-7) and

(4-3) (®"™™M®=I). The system matrices can be reduced to mxm, if only m modes are retained in
the analysis.

Assuming that the damping matrix also satisfies the orthogonality conditions, it can be

expressed as:
C=Mo,LdIM @-11)

where the modal damping matrix { is:

€ = diag [28,®,,28,0;,.....28,0,)

g, = i-th mode damping ratio

w, = i-th natural frequency (rad/sec)

where &, are the damping ratio obtained from Eq. (4-9) for each mode k with a modal frequency

o,.
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At high level of excitation the structure becomes inelastic and the above properties cannot be
obtained. However, as an indicator of structure changes the "equivalent" dynamic properties can
be defined in a similar manner using Eq. (4-7), (4-9) and (4-12) with the data obtained from the

pseudo-transfer function, PT, (®), calculated from Eq. (4-5). It should be noted that while

Fourier Transform of the echitation U ¢ (@) remains constant during the response, the Fourier
Transform of the response U, (®) is only a "form of an average” of the inelastic response

depending on the length of the record. The dynamic properties for the severe shaking were

determined according to the above, as an indicator of the response.
4.6.2 Dynamic Characteristics of Structure

The dynamic characteristics of the structure were determined by the aforementioned

identification method.
4.6.2.1 Structure without Supplementary Dampers

The story transfer functions of structure without dampers have small damping and well
separated modes (see Fig. 4-15). The peaks occur precisely at the natural frequencies of the

model are identified from low level white noise tests as following:

J 1.56
f=< 7.03 ; (H2)

14.06
The mode shape matrix
1.00 -0.79 -0.55 277 -2.20 -0.84
¢=| 0.84 036 1.00 or mass normalized| 197 1.17 2.78
048 1.00 -0.79 1.64 285 -242

Thus the stiffness matrix can be calculated from Eq. 4-10 as following:

427



AMPLITUDE AMPLITUDE

AMPLITUDE

TOP STORY
15.0 . '

| ... WITHOUT DAMPERS |

L L T T T S e O P PP

10.0 t--or . ........... ........... e S e

0.0 RN Ay, PN | (S Y

0.0 5.0 10.0 15.0 20.0 25.0

SECOND STORY
15.0 ; :

| - WITHOUT DAMPERS |

1000 ....... . ........... . ........... . ........... ........... . ...........

50 - ........... ........... ........... ........... - ...........

FIRST STORY

15.0

| e WITHOUT DAMPERS ©
: : : P I T FLUID DAMPERS
10,0 frrvrrrremiieeeen SR S— TSSO S SRR S RN S

0.0 * Nemisast AT

0.0 5.0 100 150 200 25.0
FREQUENCY (Hz)

Figure 4-15  Transfer Function from White Noise Ground Motion
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137.92 -175.26 63.69
K=[ -17526 295.51 -194.17
63.69 -194.17 255.21

4.6.2.2 Structure with Supplementary Dampers

The story transfer functions of structure with fluid dampers have higher damping so that the
model peaks are smeared. Since the peaks are still visible, the natural frequencies of the model

with fluid dampers can still be identified as following:

1.95
f=< 859 ; (Hz)
16.80

and the mode shape matrix

1.00 -0.77 -0.30 3.19 -1.17 <046
d=| 071 041 1.00 or mass nom.alized} 2.25 0.63 1.05
0.59 1.00 —0.87 1.80 1.52 091

Thus the stiffness matrix can be calculated by Eq. 4-10 as following

113.25 -160.22 24.83
K=| -160.22 444.34 -317.34
24.83 =317.34 437.66

A summary of the dynamic charactenistics of the structure derived from the severe shaking (see
Fig. 4-16) is presented in Table 4-4. It should be noted that fundamental period of the structure at
low level as well as at high level of shaking is reduced when dampers are installed, which indicates
that the braces and the damners stiffen the structure. The apparent period of the structure during
severe shaking is 20% larger than in the low level shaking due to the softening effect during the

inelastic response of the structure.
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The damping increases at both low amplitude and severe shaking approximately 5 times. The
increase in damping at severe shaking is attributed in part to inelastic response and in part due to

increase in energy dissipation at lower amplitude in the added dampers.

The equivalent modal damping &, , can be estimated for a mode k according to Lobo et al.

(1993):
Erora = Abx+Ex(l o +0f —0} +..) (4-12)

where AE, is the damping increase due to added damping:

AE, = -2(“)—k(¢{ AC «bk) @-13)a
or simply:
Agi = ﬁ; X Aci(@ — §:-14)’c0s?8; (4-13)b

while &, is the original damping the structure without damping and:

0 = %(dn’ AK &, ) (4-14)a
W; /
or simply:
o = # 3 Aki(u - 0i14) o520, (4-14)b
k

where &, and w, are the vector k in the modal shapes matrix and the frequency for the undamped
structure, respectively. AC and AK are the damping and stiffness increase due to the dampers

addition. An equivalent formulation using Kelvin model (see Section 2) was used along with the

structural formulations (see Section 5, Eq. 5-8 and 5-9) to model the system.
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The approximated values calculated according to the above are listed in Table 4-4 to capture

damping increase in the severe shaking.
4.7 Seismic Response

The peak response at various levels of shaking is summarized in Table 4-5. It should be noted
that while the deformations are substantially reduced, the total base shear is only minimally
influenced. This can be observed also from the typical time history response in Fig. 4-17 to 4-20.
While the total displacements are reduced at all floors the peak story absolute accelerations are
not reduced, moreover, are increased at the top floor. However, while the total base shear is
increased, the maximum column shear force is somewhat reduced (see Table 4-5). The forces in
the structural components are shown in Fig. 4-21. The columns develop a maximum shear of only
14.0 kips with dampers, vs 19 kips without dampers. The story drift is reduced from 1.45% to
0.83%. The energy is dissipated by the fluid damper, without much demand on the structural
columns. It should be noted that while the maximum damper shear is 7.0 kips, the total base shear
is only 15 kips which indicated that the maximum and the column shear are close to a 90° phase
and do not influence the total peak responses simultaneously. The total energy balance (see
Section 1, Eq. (1-1)) obtained from experimental data is displayed in Fig. 4-22 for
E,= ﬂ) m(ie +ig Ydug, Ex = %m(u +ity ):; E, =% k u?. While the total energy input is increased due
to stiffening of the structure, the internal energy is redistributed such that 80% to 90% is taken by
the supplemental dampers and dissipated, while hysteretic energy dissipation demand is reduced
85% to 95% in presence of dampers. The reduction of the demand for hysteretic energy

dissipation is in particular important since it is preventing further deterioration of columns.
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The vertical forces in the interior columns fluctuate due to the force transfer from the damper
(see Fig. 4-23). The axial force demand is increased at small bending moments with very small
influences at the larger ones. It should be noted that in taller structures the axial load effects may
be greater if a single bay of frame is braced. However, a proper redistribution of braces can

eliminate or reduce the concentration and accumulation effects.
4.8 Summary of the Experimental Study

The experiment indicated that the dampers show a small stiffness increase and influence
control deformation through damping. However, the forces transmitted to the foundation and the
structure's accelerations are only minimally reduced and in some cases minimally increased. The
main benefit of the dampers in such inelastic structures consists in transferring of the energy
dissipation needs from the columns to the dampers while controlling the lateral drifts and
deformations. These results should be expected in all inelastic structures, as shown further by the

analytical study and the approximated analyses.
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Figure 4-17 Comparison of Displacement Response History for Structure with and without

Fluid Dampers, from El-Centro Earthquake PGA 0.3g Test
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Fluid Dampers, from Taft Earthquake PGA 0.2g Test
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SECTION §

MODELING OF INELASTIC STRUCTURES WITH SUPPLEMENTAL DAMPERS

5.1 Modeling of Inelastic Structures

Inelastic analysis of structures to wind and earthquake loading is usually performed using
step-by-step integration of equations of motion, which are representative to structures with
variable stiffness due to cracking yielding, deterioration and secondary effects.

In this study the structure is modeled as a structural frame made of rigidly or semi-rigidly
connected columns, beams, shear walls and braces (see Kunnath et al. 1992, Reinhom et al.
1994). The structural members are modeled as macro-models with inelastic properties described
by: (i} an extensive hysteretic model with stiffness and strength deterioration and pinching due to
crek opening and closing (see Fig. 5-1); (ii) a non-symmetric distributed plasticity model
obtained through a distributed flexibility model (see Fig. 5-2). The structure is modeled by the
matrix equation:

M u+C u+R(u)=-Mlu, +F, (5-D

where 4, u, u are the time dependent icsponse, vector of displacement, velocity and acceleration
respectively, u, is the ground acceleration; F, is the wind force vector. M is the mass matrix, C

is the inherent damping matrix of structure and R is the nonlinear resistance vector of the
structure obtained from the addition of individual component's resistance. The resistance vector is
a function of deformation based on models shown in Fig. 5-1 and 5-2 (Kunnath et al. 1992).

The equation of motion can be written in incremental form as:
MA i +C Au +K Au=-MJA i, +AF, (5-2)

where
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- AR(u)
K= An (5-3)

is the instantaneous stiffness assumed constant during a specific incremental computation time
step.

5.2 Modeling of Structure with Supplemental Dampers

The structure with supplemental dampers will have another dissipation term in the structure's
equation:
M u+C u+R(u) + Fp(u,u) =-MI u, +F, (5-4)

where the supplemental damping forces obtained from suitable transformation of braces forces to

the corresponding degrees of freedom.

Fp(u,u) =D Fpi(u;,u) (5-5)

where D is a location matrix, Fpi(u;, u, ) is the vector of individual device forces, and u;, u«; are

the deformations and velocities of device i.
5.2.1 Modeling Using Kelvin Equivalent Model

The individual damper can be modeled according to one of the alternative approaches in
Section 3.1.8. Using Eq. (3-10) with constant coefficient or with average constant coefficients the

damper forces can be determined as:
FD,' =k, u,+c; u, (5-6)

in which k; and c, can be obtained for each device from Eq. (3-30) and (3-31). In case of brace
dampers with identical properties throughout the st.ucture, or a multiple of a constant property,

the damping force can be modeled as:

Fp(u, u)=AK u+AC u 5-7
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where
AK =Bk; and AC =Bc, (5-8)

where k; and c, are the properties of the base damper, and:

Ncos?8; -Njcos?0;
—N,-cosze,- N,-c0526,+N,.|c0526,.1 —Nf.|0(529,_|
B=
—=N3c08283  N3cos203+ N1cos20, ~N1c0s28;
—N2C0$292 Nzcoszez +Njcos28,
(5-9)

where N, is the number of dampers or unit multiplier for dampers in brace level j with an angle of

incidence of 6, .
For the approach with equivalent damper's properties, the equation of motion becomes:
Mu+~C+AC) uHR(u)+AKu)=-Mlu, +F, (5-10)
For this case, the incremental solution is obtained from:
MA u+C’Au+K’Au=-Ml i, +F, (5-11)
where
C’=C+AC and K’=K +AK
The solution of Eq. (5-10) can be obtained identically to the solution of Eq. (5-2). It is clear that

the increase of damping and stiffness in respect to the original structure will lead to different

response. This solution was emphasized by Lobo et al. (1993) for viscoelastic dampers.
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According to the discussion in Seciici 3.1.8, Maxwell and Wiechert models offer solutions in

time domain, if solved simultaneously with the rest of the structure. According to these models:
Fp(u, u)=D Fpi(ui, u;) (5-12)

where D is the location matrix and the damping force F, in each damper i is given in a differential

form for Maxwell model:

For =fFuii) =—Fi+ 52 repeat (3-13)
or for Wiechert model:
Fpi =7F.-+Kg u; +Tui =f(F,u;,uy) repeat (3-18)

The solution for models represented by differential forces is presented below.
5.2.2.1 Solution of Differential Equations

The solution is thought for the equations in incremental form:

MA ii +CA it +K Au+DAFp =-Ml i, +F,
(5-13)

in which the incremental force, AF, can be calculated using the semi-implicit Runge-Kutta

method (Rosenbrook 1964):
AFp i = Riki + R, (5'14)

where F;,, and F,,, are the damper force at k-th and (k- 1)-th time step, respectively. k, and ], are

determined by solving following coupled equations:

(5-15)a

kx =Al[f(Fk, W, Ui )_p + alaﬂF"’ Ui Ui )'_A‘kk]

oF
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OflF « + c1ke, u,
I =At[f(Fk+b|kk, Uy, Uy ),_N+a2 f( AT Ok Be )‘-le]

oF
or directly:
Of(F &, ux, - .
kk=|:l-a1Atﬂ : uakF -k )’-ﬁ] AFy, vk, ),_A,At
I Fc+crki, uk, i -
1k=[l—azA:ﬂ il *aF“" . )"“] AFu+biki, ur, i), Al

(5-15)b

(5-16)a

(5-16)b

In above equations, the constant parameters R, R,, a1, a2, by, and ¢, are obtained from

the solution of the following equations:

Ri+R;=1

Riay+Ry(a2+b)) =

S ¥

Rla%+R2[a§+(a1 +a2)b|] =

N

Rz(azc; +%b%) =%

(5-17)a

(5-17b

(5-17)

(5-17d

In this study, a series of coefficients were selected (see Reinhomn et al. 1994) to obtain a

fourth order truncation error O(At') that satisfy Eq. (5-17), and they are: R, = 0.75; R, =0.25;

al=a2=0.7886751; b, = -1.1547005 and c, =0.

It should be noted that the incremental force AF, requires information about u, u at the end

of the incremental interval t+At. Therefore several iterations are required to solve Eq. (5-13) and

(5-14) simuitaneously.
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5.2.3 Solution »f Seismic Response of Structure

The solution of the quations of motion can be obtained from the algorithm outlined in Table
5-1. The algorithm in Table 5-1 will provide the solution for Maxwell/Wiechert models (Section

5.2.2). The same algorithm can provide the solution for Kelvin model approach (Section 5.2.1), if
the matrices K and C are replaced by K' and C' (Eq. 5-11) and F, is modified at every step of
computation (skip steps C5 to C8).

5.2.4 Analytical Damage Evaluation

The solution presented in the preceding section was incorporated in an analytical platform,
IDARC Version 3.2 (Reinhom et al. 1994). In this platform, the inelastic response is evaluated in
terms of damage to members defined by the ratio of permanent curvature demand versus capacity

expressed as (Reinhorn and Valles 1995):

pL=2=¢ _ A% = 4%
T 0u—0,  Aduw(l—En/4Ex) A0,

(5-18)

where ¢ indicates the maximum deformation demand, ¢' indicates the recoverable curvature due
to elastic rebound, at maximum curvature, ¢, the ultimate curvature capacity and ¢_' the elastic
rebound at same ultimate curvature, A, and A¢,, are the achieved maximum permanent curvature
and the ultimate monotonic permanent curvature capacity, respectively. E, is the cumulative
energy dissipated by the member and E is the energy dissipated monotonically at rupture
(ultimate curvature capacity). If A¢, is the maximum permanent curvature in an event, then the
index determined by Eq. (5-18) is defined as the "Event Damage Index" (Reinhomn and Valles
1995). If A¢, is the maximum residual curvature, the damage index is defined as the "Residual
Damage Index”. It should be noted that the ultimate dynamic permanent curvature capacity, Ad,,

is reduced during an eurthquake as a function of the energy dissipation (Reinhomn and Valles
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Table 5-1 Numerical Solution Algorithm
A. Equations
Afi+Afp +Afs+AFp = AP
in which Af; =MA &; Afp =CAu; Afs =K Au with Fp+AFp =Cup
B. Initial Condition

1. Form stiffness matrix K, mass matrix M, and damping matrix C.
2. Initialize ug, uo and uo .

3. Select time step At, choose parameter @=0.25 and §=0.5, calculate integration constants:

-1 S SN SRR I
av=8-1; as =8(&-2); ag = Ar1-5); ar =5

4. Form effective stiffness matrix K* =K +aoM +a;C
5. Trianglarize K': K'=LDL'

C. Step by Step Computation

1. Assume the pseudo-force ( force from damper) F'j =0, u; =0 solve for ', in the first
iteration i=1 using Eq. (5-14)

2. Calculate the incremental effective load vector from time t to t + At:
AP* = AP - AFp +2Co g +M[—£; wo +2iio 1

3. Solve for displacement increment from:  K'Au=AP"

and Au= L Au-2u0; ity =M [Pi~fp, fs:~Fo.]

4. Update the states of motion at time t + At:
Upas = U+ Al Upp =u, vA U
5. Use Fpl=0, u*' =0and ul;y, =i, solve for Fiy),,, using Eq. (5-14).
6. Compute  Error=|F3, o~ Fp |
7. If error 2 tolerance, return to C-1 for further iteration.

8. If error < tolerance, no further iteration is needed. continue to next time step.
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1995). Therefore the damage can be reduced by reducing the hysteretic energy dissipation

demand, E,.
5.2.5 Determining the Monotonic Strength Envelope

An inelastic monotonic envelope defines the force deformation strength of a structure or
substructure and can be obtained through a pushover analysis. Static forces proportional to the
story resistances are applied incrementally to the structure and the deformations are determined
along with the internal force distribution. From the structures Eq. (5-1), neglecting the wind
loading F,:

Rw)=-M (u+u, )-Cu=F, (5-19)
Premultiplying both sides by a unit vector, I7 = {1,1,...1 }', Eq. (5-19) becomes:

I"'Rwy=-I"M i, +Ciu)=I"F; (5-20)
where i, is the total absolute acceleration, & +u, 1.

The right hand side of the Eq (5-20) is the total base shear, BS:

BS=I"F; (5-21)

Dividing Eq. (5-19) by (5-20) and using relatinship of Eq. (5-21), the inertia forces are:

R(u)

Fi=BS
1" R(u)

(5-22)

The above force distribution is applied incrementally in the pushover analysis by increasing

the base shear:

Rlz—l(u)

Fi= (BS54 ABSY i

(5-23)

where k indicates the step of computation. The distribution of pushover force is based on previous

computation step, since data is not available without iteration. The error, ERR = BS* -~ I"R*(w),
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involved in the above is minimal. However if the error is substantial, an iteration should be
performed using Eq. (5-23) until solution converges. The deformation is obtained from the
incremental analysis:

K. Aut=AF* (5-24)a
in which AF* can be approximated as:

AF! = Ff - F*! (5-24)b

Solving for Au* one can determine the deformation increase. The increase in the internal forces is
obtained from:
R*(u) =K Au* +R*(u) (5-24)c

The stiffness Ki,; for next step is calculated from Eq. (5-3). The procedure determines the

resistance envelope at any desired floor, or for the total structure characteristics.
5.2.6 Monotonic Strength Envelope with Braces

The structure stiffness will be enhanced in presence of dampers which possess stiffening
properties, therefore instead of using the original stiffness of structure, K from Eq. (5-3), the

enhanced stiffness K' (Eq. (5-11)) should be used, since it includes the contribution of dampers,
AK. However, in order to capture the influence of the dampers in a conservative fashion, the

absolute value of the complex stiffness, IK,," | (from Eq. (3-10)) can be used as the equivalent

maximun. stiffness instead of K, i.e:

AKY . = K] ()] = {K}(0) + 0*C(0) (5-25)

For a less conservative approach, the average maximum value for the frequency range of interest

can be used:
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AK ' = [, AK(0)dw/ [ do (5-26)

Some relevant values representing the characteristics of the fluid dampers based on above concept

are listed in Table 5-2. The performance of influence of dampers stiffening is evaluated in Scc.

5.3.
Table 5-2 Characteristics of the Fluid Dampers at Structure's Fundamental Frequency

atf'=f, - Af | atf,, atf,"=f, +Af" | oy

(D) 2 ; 3) (4) | (5

f (Hz) 1.22 ! 1.87 2.99 2.03
 (rad/sec) | 7.66 11.74 18.78 12.73
c() (kips-sec/im) | 107 1.06 0.85 0.89
k(w) (kips/in) | 1.72 5.34 14.49 5.47
Ik*| (kispfin) | 8.37 13.54 l 21.56 12.12
Ao 012 | o016 | 0.26 0.18

A =0.014 sec, C = 1.15 kips-sec/in, K, = 82 kips/in

5.3 Validation of Structural Model with Fluid Dampers

5.3.1 Time History Analysis

TL: performance of the structure model retrofitted with fluid dampers was determined
analytically through time history analysis. Maxwell model, with parameters from Section 2, was
used to model the dampers for the test structure presented in Sections 3 and 4 subjected to
several simulated earthquakes. The analytical and experimental displacements and the
accelerations of the structure are compared in Fig. 5-3 and 5-4 for El-Centro earthquake, Fig. 5-5
and 5-6 for Taft earthquake, Fig. 5-7 and 5-8 for Mexico City earthquake. Similar results are
obtained for all other earthquakes. The forces in the dampers calculated using Maxwell model are

shown in Fig. 5-9. The computed maximum forces and displacements in the damper, as well as the
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total energy dissipated are in good agreement with the experimental results.

The analytical displacements and accelerations for Fl-Centro obtained using equivalent Kelvin
model with stiffness and damping obtained for first mode as k; = 4.0 and ¢, =1.01 for ®, = 10.75
rad/sec (1.70 Hz) are shown in Fig. 5-10 and 5-11. The equivalent Kelvin model shows also good

agreement. Therefore either one of the models can be used for modeling the structure response.

5.3.2 Monotonic Pushover Analysis

The validity of pushover analysis was verified also with experimental data. The analysis was
performed according to the procedure obtained in Sec. 5.2. Fig. 5-12 indicated the variation of
total structure resistance in terms of base shear (foundation reaction, Eq. 5-20 and 5-21) as a
function of the displacement at the top of the structure. The stiffening effect using various
approached is presented in Fig. 5-12. The strength resistance including the dynamic effects (Eq.
5-25, i.e. K+K*l in Fig. 5-12) can be up to 2 times larger than the original. The "static”
contribution (Eq. 5-26) may be only 20% to 25% larger.

The addition of dampers show an increase in the apparent resistance through stiffening of the
structure (see Fig. 5-13). When the pushover analysis includes only the stiffness of the dampers,
K, , the evaluation underestimates somewhat the actual stiffening. Moreover, using K, from Eq
(5-26), the resistance underestimates the stiffening at lower deformations. The use of the total
"dynamic” equivalent stiffness fits the response at low deformations but overestimates it at large
deformations. This can be explained by the contribution of the “loss stiffness”, C(w) which is a
characteristics to the overall energy dissipation "smeared” through various cycles of vibration. At
low deformations there are many more cycles of vibration. These cycles are more influenced by

the "loss stiffness”. Large inelastic excursions are only very few. The contribution of the loss
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stifiness in such case is smaller.

Overall the pushover analysis is representative to the variation of total internal forces in
structure due to the dynamic response. The use of the "static” contribution may be conservative in
determining the maximum deformations, while the use of "dynamic" contribution may be
conservative in determining the force demands in structural joints and foundations (see also

Section 6).
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SECTION 6
SIMPLIFIED EVALUATION OF INELASTIC RESPONSE WITH SUPPLEMENTAL

DAMPING

6.1 Response Spectra for Elastic Systems

The representation of structural response of elastic structures becomes more relevant using
spectral approach monitoring simultaneously the acceleration (force) and displacement responses.
The spectral representation of peak inertia forces versus the peak displacement response was
suggested for evaluation of elastic structures (Kircher 1993a.) and for inelastic structures

(Freeman 1993, Kircher 1993b).
6.1.1 Compeosite Response Spectra for Single Degree of Freedom (SDOF)

The acceleration response spectrum indicating the maximum acceleration, S(T.§) is
dependent on the period, T, and the damping of the SDOF oscillator, £. The maximum inertia
force (or base shear, BS), is obtained:

BS =(Wig) $4(T.%) (6-1)a
or
BS/IW=S,T,E)g (6-1)b
The displacement response spectrum can be obtained by direct computation, S(T.E), or by

transformation of acceleration spectra into a pseudo displacement spectrum:

PS4(T.E) = Sa(T.EYQ2/T) (6-2)



The plot of base shear spectra versus displacement response spectra are shown in Fig. 6-1 as
composite response spectra. A line passing through origin with a slope of (2/T)? will intersect
the spectral line for &, at a point with coordinates indicating the response spectra of acceleration
S(T,, ) and of displacement PS(T,, §)). If S(T,, £,) is used rather than PS(T,, §)), then the

line with slope of (2r/T)’ will indicate only approximately the displacement.
6.1.2 Composite Spectra for Multi-Degree of Freedom (MDOF)

The acceleration response of any degree of freedom i due to a given spectral acceleration is:

172

U = }]: (®y T Sa(T;.E)) (6-3)

in which @,; is the modal shape j (mass normalized i.e. ).‘.mfli"kj =1 and G, is the modal
participation factor (= Em®,).

112
Ui = ? [Py Sa(T;, é,)]z (6-4)

The above definitions are based on SRSS superposition.
6.1.2.1 Composite Spectra for a Single Mode

For a single mode contribution, the modal component of acceleration and displacement, can
be expressed for a single mode i setting j=1 in Eq.. (6-3) and (64). Varying the period, T, from T,
to T, range (selected for the description of the spectrum), then the composite spectral modal
response can be defined as:

SU(T.8)=®y T, S«(T.E), T)ST<T, (6-5)a

SO (T, &)= Dy TSAT.E); TWST<T, (6-5)b
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Figure 6-1 Composite Response Spectra for SDOF
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The composite spectra is defined as a function of (S, /g) vs S,, defined above, similarly with the
spectra for SDOF (Fig. 6-1). The modal base shear is obtained from Eq. (6-5)b

BS/IW=T? S,(T.E)g (6-6)
The composite spectra can be defined for the maximum base shear versus the maximum

displacement response at any degree of freedom, k, by adjusting the index in Eq. (6-5). Charts

similar to Fig. 6-1 can be developed for single mode.
6.1.2.2 Composite Spectra Including Higher Modes

The response in Eq. (6-3) can be written as:

r é 2y IR
- [afonsfr@)(2)]
7
g AN
ool
J 0
in which the period T, was expressed as a ratio (T/T,) times T, the fundamental period, similarly

the damping ratio & . Assuming that (T/T,) is constant for any mode in respect to the first,
independently of the value of T,,, it is possible to define a maximum peak for 4; and u, including

the higher modes, by varying T, between two limits, T, and T, , defining as the spectral range.

The composite spectrum, can be defined therefore by:

Su(T.§) = {Z[(bk, I s,(r g2 T 2; )]z}m (6-9)a
5. (T.E)= {; [‘btj |y S,,(T,E,,%’)—, %ﬁ)]z}m (6-9)b

and plotted as the chart in Fig. 6-1.
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Any other important response quantities can be derived from the definitions in Eq. (6-9). For
example the base shear, BS can be determined:

12

BSIW = {‘J;[r} s(m%%)]z} (6-10)

Using the expression in Eq. (6-10) and (6-9), one can develop a composite spectrum similar to

Fig. 6-1 for SDOF.

Fig. 6-2 presents the composite spectra for the structural model studied in Section 3. The
composite spectra based on single mode contribution (Eq. (6-6) and (6-5)b) is shown in Fig. 6-2a.
The composite spectra based on three modes (Eq. (6-10) and Eq. (6-9)) is shown in Fig. 6-2(b)
for comparison. Differences can be noted at high periods, however, for most purposes, the

differences are minor otherwise.

6.2 Evaluation of Seismic Demand in Elastic Structures

6.2.1 Response without Supplemental Damping
The equation of motion of an clastic system is defined as:
Mi+C u+Ku=-Mi, (6-11)
or grouping the terms:
Mu +ug )+ Ciu=-Ku (6-12)
The extreme response requires that:

(M(u+uy )+ Cu)_, =~Kitmax (6-13)a
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If damping is indicated in the first term, (as shown in Eq. (6-13)a), then this term indicates the

inertia forces influenced by structure damping, i.e.
(M(ii +itg )+ C i), =M Si(ToEo) (6-14)
The right side of Eq. (6-13) indicates:
Kuwax =K S.(T0,80) (6-15)
in which T, indicates the fundamental period.
Eq. (6-13) can be rewritten as:

M S.(To,80) =K S.(T0.80) (6-16)

Using the composite spectrum, Eq. (6-16) shows that the ratio of S./S. = (21/To)? is a line

which intersects at the response quantities (see Fig. 6-1).

Therefore, to determine the actual response using the composite spectrum, an intersection of
the spectral curve with the structure stiffness/mass properties line with the slope (tanat = K/M =
(2r/T, )?) is required. The intersection point indicate the structural response in base shear and
displacement terms (see point A Fig. 6-3).

6.2.2 Response with Supplemental Damping

Assuming that the linearized model for supplemental dampers (Kelvin model) Eq. (3-10),
(3-30) and (3-31) reduces ta the simplified form in Eq. (5-7):

Fi=AKu+ACu (5-7)repeat
when added to Eq. (6-12), Eq. (6-13)a becomes:

(M +ig Y+ (C+AC) i) = ~(K+ AK )t (6-13)b
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which indicates a change of slope in the stiffness/mass line in Fig. 6-3 to (K+AK)/W and a shift in
the original spectral line from &, to &, + A characteristics to the increase from C to C + AC.

It can be noted that the stiffening alone (K to K+AK) has the tendency to reduce
deformations but increase the force (base shear) demand (point B) in Fig. 6-3. The increase in
damping along with stiffness increase (C to C+AC) reduces both deformation and force demand
(point C in Fig. 6-3).

6.3 Evaluation of Motion of Inelastic Structures

The equation of motion of an inelastic system (Eq. 5-1):

Mu+Cu+R(u)=-Mu, (5-1)repeat
in which R(u) is the structure strength determined according to the procedure in section 5.2.5.
Similarly with Eq. (6-13), the maximum response can be determined from:

(M@u+ug Y+ Cuy =M Si(T.&) =R(u) (6-17)
Eq. (6-17) suggests that the maximum deformation is obtained at the intersection of the structure
resistance R(u) with the acceleration spectral lines as shown in Fig. 6-4a. The spectral lines based
on NEHRP, 1994 are used in Fig. 6-4 for an MDOF composite spectrum (see Section 6.1.2.2).
for the test structure in Section 4. If the structure was elastic, the base shear would have been

larger, while for the inelastic structure, the base shear response is smaller but accompanies by

larger deformation.

6.3.1 Response Neglecting Hysteretic Damping
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6.3.1 Response Neglecting Hysteretic Damping

The structure dissipates energy during inelastic excursions (Bracci et al. 1992). Neglecting
this energy, the damping in inelastic response will remain as the onginal, as shown in Fig. 6-4.
However, neglecting the hysteretic damping, displacements and base shear larger than expected

are produced if the response spectrum is a monotonically changing function.
6.3.2 Response Considering the Hysteretic Damping

The hysteretic energy dissipation can be interpreted as an increase in the "viscous" damping.
In such case the response is obtained at the intersection of the elastic strength function R(u) with
the composite spectral lines for an increased damping ratio §, = &, + AE. An example of such
response is shown in Fig. 6-5. The equivalent damping increase was measured from experiments
using the equivalent frequency response for the structure subjected to three intensities ground
shaking, i.e. Taft acceleration with PGA of 0.05g, 0,20g and 0.30g. The intersections of the
composite spectra and the strength capacity function, R(u) are very close to the experimental
points. This indicates that the approach can determine the response of forces and displacements

with an acceptable approximation.
6.3.2.1 Estimate of Equivalent Hysteretic Damping

For practical purpose however, the calculation of the equivalent damping is a complicated
issue. The "viscous" equivalent damping depends on the hysteretic energy dissipation per cycle
(Fig. 6-6):

Ene =4YPy(Umax — ty) (6-18)
in which v is the ratio of the arca enclosed in the hysteresis versus the area of the parallelogram
[4F (u,,,-u,)]. This factor is influenced by bond slip or "pinching" in reinforced concrete elements
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(Y. = 0.4 - 0.6) or by the Baussinger effects in steel structures [y, = 0.6 - 0.9). The equivalent

damping ratio is defined as:
= Enc_
AL, = anks (6-19)

with the notation shown in Fig. 6-6. The equivalent increase in the damping ratio is therefore

obtained as:

2y - 1)

Al g = — T
S [l +a(u - 1))

(6-20)

in which W is the ductility defined as p = u_/u . It is evident that the damping increase is a
function of amplitude (ductility) per cycle. Earthquake response is neither cyclic nor constant

amplitude. Therefore the increase in damping can be determined only by approximations from

response characteristics.
Using a linear model for which the maximum ductility is replaced by a rms., 6, , in Eq. (6-20)

instead of y_, the equivalent damping is obtained as:

2you-1)
A, = -
S R[] +0(c, — 1)) 6-21)

Assuming a probability density function such as a Gaussian distribution with a zero mean, the
relation between the rms. (standard deviation) and the peak (assuming a probability of occurence

of 97.7%) is:

Therefore the equivalent damping can be approximated from Eq. (6-21) with Eq. (6-22):

AY(ms =2
AE., 210 )

= (6-23)
O ax [2 + O ax — 2)]
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which produces acceptable agreement for maximum deformation ductilities larger than 2. For

smaller values the damping increase is negligible and should not be considered. Table 6-1 shows
the damping increase for an reinforced concrete structure (y=0.5) for various maximum

ductilities. The damping obtained as shown above can estimate grossly the increase in damping in
the test structure due to the hysteretic behavior. Further investigations might be necessary for

improved results.

Table 6-1 Increase in effective damping ratio, AL ( for ¥=0.5)

n 2.00 2.05 2.10 220 2.50 3.00 3.50 4.00
m 2 3) (4) (6) (6) ™ ®) 9)
ol
a=0.02 0% 1% 2% 3% 6% 11% 13% 16%
o=0.10 0% 1% 2% 3% 6% 10% 13% 14%

6.4 Evaluation of Response of Inelastic Structure with Supplemental Damping

The suggested evaluation uses the composite spectrum approach outlined above. The
response is obtained at the intersection of the composite spectrum lines with the inelastic
resistance line obtained from push-over analysis, including the influence of supplemental dampers

as presented in Section 5.3.2. The influence of stiffening and damping is evaluated below.
6.4.1 Influence of Damping Increase
If the damping devices have only damping characteristics, without or with minimal stiffness
increase, the structure resistance (capacity) remains as before retrofit (see Fig. 5-11, without
dampers and Fig. 6-7). If the response without supplemental dampers is represented by point A (§
= 10%) in Fig. 6-7, an increase in damping will shift the response to point B (§ = 20%). The

displacement response is reduced primarily with some reduction of base shear. Devices which can

control the damping increase without stiffening effects, such as fluid viscous devices specially
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designed, can produce such effect.
6.4.2 Influence of Stiffening due to Supplemental Dampers

As previously outlined in Section 5.3.2, the dampers have a substantial contribution to
stiffening either in a "static” form, or "dynamic" form (see also Fig. 6-7). The influence of
stiffening can be seen in the shift of point B to C in Fig. 6-7. if only "static” stiffening is
considered. The influence of stiffening contributes to a further reduction of displacement response
and increase in the base shear demand (although minor). A substantial stiffening will increase the

base shear demand substantially.
6.4.3 Influence of Dynamic Strength

The experimental response with supplemental dampers indicated in Fig. 6-7 shows additional
influence of stiffening. As indicated in Section 5.3.2, this can be attributed to the combined effect
of damping and stiffness defined to "dynamic” stiffening. According to the dynamic effect, the

stiffening is obtained from Eq. (5-25) as

|AKJ| = JAKE,, +02ACE,, (6-24)

Point E in Fig. 6-7 shows the expected influence of dynamic stiffening, which consist of further
reduction of displacement and increase in base shear demand. The experimental response falls
between the "static" and "dynamic" stiffening as indicated also in Section 5.3.2.

It should be noted that the influence of supplemental damping in inelastic structures is to
decrease the deformation of the structure and influence slightly the base shear demand, in many
instance by a minor increase. However, it should be noted that the total shear includes the

influence of the original structural elements, for which the capacity is indicated by the original line
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(point F in Fig. 6-7) at the maximum deformation response, and the influence of the dampers for
which the forces are the difference between points E and F in same figure. Fig. 6-7 shows
therefore that the forces in the original structural elen:ents are reduced even in presence of
stiffening. Moreover, the reduction in the deformation is also accompanied by a reduction of the
demand for hysteretic energy dissipation which presents deterioration and extensive damage in
structural elements (see also Section 4).

The miinor increase in the base shear or in many cases the minor increase in the story shear
forces may prove to be critical in the design of the load transfer path (i.e. connections, joints,
foundations, etc.). Therefore, for design purposes, the maximum deformation demand can be
determined conservatively including the “static” stiffening, while the force demand can be
determined conservatively from the "dynamic” stiffening. The experimental study for the test
structure shows this trend (see Fig. 6-8 and 6-9). The composite spectra was calculated using
MDOF calculations (Section 6.1.2.2) while the response of the original structure is found on the
original capacity curve, the response of the retrofitted structure with supplemental dampers fits
either the "average” stiffening, close to "static” at larger deformations (see Fig. 6-8), or the
"dynamic” stiffening at lower deformations (see Fig. 6-9), as already indicated in the discussion in
Section 5.3.2.

The original structure (retrofitted by jacketing and damaged by prior tests) showed an
"inherent” damping of 3% to 5% in mild inelastic response (ductilities below 2). The damping
increase in the structure was entirely due to damping devices.

Although the composite spectrum diagram indicatles adequately trends in the structaral

response, a better estimate of the damping characteristics, or a better estimate of the composite
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spectrum, is required in order to obtain a reliable estimation tool. The damping estimated through
frequency analysis and through equivalent analytical tools (see Table 4-4) do not fit perfectly the
damping increase showed in the composite spectra in Fig. 6-8 and 6-9. The experimental results
show smaller "equivalent” damping than estimated by other means.

The composite spectrum is using information from the elastic response, while the structural
response is inelastic. In the range of the experiment, the inelastic displacement spectrum does not
match perfectly the elastic one. This can be a probable reason for the above dicrepancies.

It should be noted however, that using the spectral curves (developed according to NEHRP,
1994) instead of the individual motions used during testing, the estimate using approximated
damping calculations (based on Table 4-4 column (5)) leads to results close to those from
experiments (see Fig. 6-10 and 6-11). The spectral curves represent an average of multiple
motions and the estimates are not affected by the response spectrum fluctuation when minor

errors in the estimate of structural parameters are present.
6.5 Evaluation of Experimental Response (Summary)

The P;xperimental response of test structure was evaluated for the retrofit using fluid viscous
dampers and the results are summarized in Table 4-5 and in Fig. 6-12. and Fig. 6-13 for the
structure tested with and without dampers. The results for the other motions cannot be compared
with the response without dampers since the unretrofitted structure could not be tested with such
motions without the risk of complete collapse. The major findings from the comparison and the
evaluation in view of the simplified composite-spectrum approach are presented below:

(a) The response related to displacements or drifts shows substantial reductions, from 30% to

50%, at all stories of the structure. This can be easily derived from the simplified composite
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spectrum approach presented in the previous section. The response moves back on the capacity
curve (see Fig. 6-7 which is flat in the inelastic range) to the increased damping spectra line,
reducing substantially the displacements.

(b) The response related to accelerations (Fig. 6-12(c)), overturning moments (Fig. 6-12(d)),
story forces (Fig. 6-12(f)) or story shear coefficients (Fig. 6-12(i)) show very little change, some
reduced and some increased. The composite spectrum approach indicates this fact following the
flat portion of the capacity diagram which has a small slope, on one hand, and is following
stiffening patterns, on the other hand. The forces were increased minimally since the fluid viscous
dampers have minimal stiffness increase as shown in previous sections. The expected forces and
accelerations can be derived from the composite spectrum provided good evaluation of expected
damping is possible.

(c) The internal shear force (measured during the experiments) in the columns of the
structure retrofitted with fluid viscous dampers are smaller than the forces in the unretrofitted
structure, by a small amount (Fig. 6-12(f)). Although the total shear force is reduced
insignificantly, the forces in the column alone are reduced more substantially 20% - 40%. This
reduction is expected in view of the composite spectra and capacity curves as explained in Section
6.4.3 by Fig. 6-7, points A, B, C, D, E and F). The reduction of the shear forces in the columns
depends primarily on the inelastic state at maximum response. If large inelastic excursions are
expected, then the reduction in forces might be smaller than if smaller inelastic excursions occur,
depending on the "flatness" of post-yielding capacity curve (compare reductions of 2nd story

shears in structure, Fig. 6-12(f) and 6-13(f)).
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(d) The forces in columns and in the fluid viscous dampers reach their maximum out of phase,
as illustrated by the trajectories in Fig. 6-14(c). The maximum resultant of such forces derived
from the trajectories is near zero column shears, at maximum dampers force, (point A in Fig
6-14(c)). This indicates that the connections and columns can be designed independently for
maximum forces resulting from either dampers or from internal column stresses. The total forces
that are transmitted to the foundations (through suitable connections) will be therefore the larger
between the damper forces or the column forces. The total forces from dampers Fig. 6-15(a) are
larger than those from columns Fig. 6-15(b), therefore, the forces from dampers play a key role in
retrofit design of connections and foundations.

(e) A summary of testing results of the retrofitted structure with various damping devices (as
indicated in the overall research program description in Section 1) is presented in Fig. 6-16 and
6-17. Friction devices, viscoelastic devices and special viscous walls were sized to fit a desired
retrofit scheme. Although the designs were similar, due to construction constrains the resulting
devices were different in damping capacity and stiffening characteristics, such that their influence
can not be directly compared.

However, the trends of their influence on the structure can be evaluated and quantified using
the capacity and composite spectrum approach. The influence of all devices is to reduce
deformations and drifts (Fig. 6-12(a), (g), Fig. 6-13(a), (g)), while increasing or minimally
reducing the overall structural forces (Fig. 6-16(d).(f), Fig. 6-17(d), (f)). The viscous devices (the
subject of this report) have a minimal influence on the story forces among the other devices since
their stiffening effect is minimal. The viscoelastic braces tested in the same structure have similar

damping, but slightly higher stiffness that contributes to an overall increase of story forces.
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The above trends validate the evaluation using the capacity and composite spectrum
approach. Using this tool, it is possible to size damping devices and the structural components to
achieve the desired goal of the retrofit, which is reduction of deformations and hysteretic energy
dissipation demands that lead to damage. However, a complete nonlinear analysis is further

necessary fot the qualification of the final design.
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SECTION 7

CONCLUSIONS

A combined experimental and analytical study of reinforced concrete structures retrofitted
with fluid viscous dampers is presented herein. Shaking table tests of a 1:3 scale R/C frame
structure with fluid viscous damping braces installed in the mid-bay of the frame were conducted.
A comprehensive component test program was also conducted on the fluid dampers over a
frequency range between essentially 0 Hz and 25 Hz. The inelastic behavior of the structure
retrofitted using fluid dampers incorporated in braces was investigated. The analytical modeling of
fluid damping devices was presented and models were implemented in IDARC2D, ver. 3.2 a
platform for inelastic analysis for reinforced concrete structure with damping devices.

The important observations and conclusions of this study are summarized below:

(1) The retrofit of damaged R/C structure with fluid damping braces produces satisfactory
response during earthquakes. The damping enhancement contributes to the reduction of maximum
deformations, primarily, and modifies only slightly the structural forces transmitted to the
foundations.

(2) The dampers show minor stiffening characteristics within the frequency range of interest and
some larger stiffening at higher frequencies, outside the range of operation.

(3) Stiffening of structure from the damping devices leads to further reduction of system's
deformations. However, it may cause minor accelerations’ increase (or total large shear increase).
(4) Although, total base shear could be increased somewhat, the internal shear forces in the
original systermn retrofitted (i.e. columns, beams, etc.) are always reduced. The total structure shear

includes the increased forces in dampers, synchronous with the forces in members, therefore
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subtracting this influence results in smaller forces in the original system. Therefore, the
“structure's retrofit with dampers benefits in lowering the internal shear forces, although not in the
same measure as the redu-tion of its deformations.

(5) The "viscous” behavior of dampers, provides the main contribution of forces that reduce the
structural response. These forces are 90° out of phase with the "stiffening” and structural forces
and contribute rather negligibly to the overall internal forces in members. However, force
concentrations at lower than peak damping forces may be generated in connections depending on
the positioning of braces for retrofit. A structural analysis should be made to determine the
transfer load path.

(6) The dampers can be modeled by either simple or complex models depending on their
construction and on the frequency range of expected response. For practical purposes a simple
Kelvin model (stiffness and damping) with average coefficients proves to be adequate for the
estimate of inclastic response. A better prediction can be obtained using Maxwell type model, in
particular where severe structural changes occur during the inelastic response that leads to larger
variations in the frequency content of the response. Alternative models which may improve
accuracy of predictions and their solutions are suggested and summarized in this report.

(7) The transfer load path and the influence of stiffening of dampers can be obtained from a
monotonic inelastic "push-over" analysis of structure as suggested herein. The dampers contribute
their stiffening properties to the increase in the overall capacity of structure. At large
deforntnations the contribution comes from the dampers - "static” stiffncss (deformation term in
Kelvin model). At smaller deformations the stiffening effect is caused by a combination of static

stiffening and "synchronous" damping, defined as the "dynamic" stiffening in this report.
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(8) The primary effect of dampers is the reduction of demand for hysteretic energy dissipation by
the gravity load carrying structural members. Such a reduction that may be up to 80%-90%, leads
to a substantial reduction of structural damage in the members due to prevention of low cycle
fatigue (as reflected by the damage analysis) presented herein.

(9) Composite spectrum, a combined acceleration/force versus deformation spectra obtained from
an elastic analysis intersected with the "push-over" capacity curve, can provide a good estimate of
the peak structural response. Although the accuracy of such estimate depends on the ability to
determine the damping equivalent of inelastic (hysteretic) energy dissipation, the peak demands
and the trends in the retrofit applications obtained from such approach can assist the engineer in
determining the initial design values. A more extensive nonlinear analysis is then required for
verification of design.

(10) The dampers size and position can also be determined using simple optimal structural control
approach as presented by Gluck et al., 1995.

(11) Although the trends are similar for retrofit using other types of dampers, i.e. viscoelastic,
friction, etc., their mndeling and general behavior has particular characteristics as shown in the
other reports of this series.

(12) Finally, the retrofit using these dampers may require minimal interference with the existing
structural system. Only minor enhancements of reinforcement in connections or local jacketing

might be necessary.
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APPENDIX A

A 1-1 Reinforcement Details

The following provides details of the reinforcing steel used in the model based on scale factor of 3
for geometric length similitude. Detailed information is presented by Bracci et al., (1992a), but is
repeated here for sake of completion of this report.

The slab steel in the prototype structure was designed by the direct design method of the ACI 318/83.
The design required #3 rebars at 6 in. spacing in different sections of the slab. To avoid excess
labor in the construction of the 3-story model, a 2 in. square mesh composed of gauge 12 galvanized
wires is chosen for acceptable similitudes of strength and geometric spacing length. Since the slab
strength is not the main emphasis for this study, the slight disparities of slab steel placement due
to the mesh are considered satisfactory for the experiment. Figure A-1 shows the layout details for
the top and bottom reinforcing steel mesh in the slab. The longitudinal (direction of motion) and
transverse (perpendicular to the direction of motion) beam reinforcement details for the model are
shown in Fig. A-2. Figure A-3 shows the reinforcement details for the columns in the model based
on the prototype design.

A 1.2 Model Materials

The following outlines the materials used in the construction of the model. It is to be noted that
the materials used in the model are identical to materials in assumed prototype structure (Bracci et
al., 1992 a). Therefore the scale factors were appropriately developed based on the principles of
modeling the same acceleration and material.

A 1.2.1 Concrete properties

The concrete mix analysis and design was based on trial mixes from various recipes and a design
mix was established for a 28 day target strength of 3500 psi, slump of 4 in., and maximum aggregate
size of 1/2 in (#1 crushed stone). Table A-1 shows the mix formula for a one cubic yard batch of
concrete.

The mix formulation is based on a saturated, surface dry concrete sand. The water : cement (: sand

: stone ) ratio is 0.5 : 1.0 (: 3.0 : 3.6). The full gradation analysis of the aggregates in the concrete
miXx is shown in Fig. A-4.
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Table A-1 Mix Design Formula for the Model Concrete

Ingredient Weight

Type 1 Cement 490 1b
Concrete Sand 1487 1b
#1 Crushed Stone 1785 1b
Water 242 b
Superplasticizer 39.20z

Micro-Air 290z

A substantial variation can be observed in the mix strengths for the different components, even
though all mixes had the same target strength (see Table A-2). The final strengths were very sensitive
to moisture variations in the materials and the widely varying ambient temperatures at the time of
construction. The variation of strength versus time is shown in Fig. 3-5, which indicates asymptotic
stabilization of concrete strength.

Table A-2 Concrete Properties of the Model Structure

-Pour Number and Location f. E. €., €.pult
(ksi) (ksi) (strains) (strains)
1. Lower 1st Story Columns 3.38 2920 0.0020 0.011
2. Upper 2nd Story Columns 4.34 3900 0.0020 0.017
3. 1st Story Columns . 496 3900 0.0021 0.009
4. Lower 2nd Story Column 4.36 3900 0.0026 0.014
5. Upper 2nd Story Column 3.82 3360 0.0022 0.020
6. 2nd Story Slab 2.92 2930 0.0015 0.020
7. 3rd Story Columns 3.37 3800 0.0019 0.020
8. 3rd Story Slab 4.03 3370 0.0021 0.012
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The reinforcing steel uses amix of #11 & #12 gage wires and D4, D5 annealed deformed bars. The
summary of their properties is given in Table A-3

Table A-3 Reinforcing Steel Properties of the Model Structure

————————————
Bar d, A, J, E, Joax €,
(in) (in®) (ksi) (ksi) (ksi)
#12 ga. 0.109 0.0093 58 29900 64 0.13 -
0.120 0.0113 56 29800 70 -
0.225 0.0400 68 31050 73 0.15
0.252 0.0500 38 31050 54 -

The D4 rebar was also annealed at different temperatures between 900° F and 1140° F to produce

a yield strength between 49 and 73 ksi for yield force similitude with a #6 rebar. At a temperature
of 1140° F, the average yield strength consistently reached was 68 ksi. Based on yield force
similitude, the D4 rebar represented a #6 rebar with a yield strength of 55.6 ksi. Since a grade 40
steel has yield strengths between 40 and 60 ksi, the D4 rebar satisfied similitude with a #6 rebar.
Both the original and annealed stress-strain relationships for the D4 and D35 rebars are shown in

Fig. A-6.
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APPENDIX A-3
SCALING FACTORS FOR MODELING OF DYNAMIC BEHAVIOR

o Quantiry n General Case Same Material and Acceleration (Model)
Required Provided
Geometric Length, 1 A=? A, =3.00 A =3.00
Elastic Modulus, E =? As=1.00 Ag=1.00
Acceleration, a A= (=11 -Ae/N,) A, =1.00 A, =1.00
Density, p A=Ad/(NA,) (=7) A,=033 A, =100
Velocity, v A =VA-A A =173 A=173
Forces, f A=A A,=9.00 A,=9.00
Stress, ¢ A=A As=1.00 A,=1.00
Strain, € A =1.00 A, =1.00 A =100
Area, A M=N A, =9.00 A=9.00
Volumn, V M=A A, =27.00 A, =27.00
Second Moment of Area, | MN=A A, =81.00 A, =81.00
Mass, m A =AM A, =9.00 A, =27.00
Impulse, i A=2 VA A =15.59 A =27.00
Energy. e A = AN A, =27.00 A, =27.00
Frequency, Ao=1/A- m Ae=0.58 A,=033
Time (Period), t A =VA/A, A =173 A=173
Gravirational A, =100 A, =1.00 A, =1.00
Acceleration,ﬁgﬁ
Gravitational Force, fg Ay = AN Ay =9.00 A, =27.00
i Critical Damping, § Ay=1.00 A =1.00 A=1.00
»* Note for modeling with constant acceleration, A, becomes the independent variable

(= 1.00) and A, becomes the dependent variable (= Ag/A,).
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APPENDIX B

INSTRUMENTATION

B 1. Load Cells

Special force transducers (load cells) to measure the internal force response of the model,
which include axial loads, shear forces, and bending moments, were fabricated of mild steel and
installed in the mid-story height of the first and second story columns and between fluid damper
braces, shown in Fig.B-1 (designated by tag name LC# with measured force components N#,
MX#, MY#, SX# and SY#). There were four actively wired load cells ci: the east side of the first
and second story respectively, while there were four inactive ("durnmy") load cells on the west
side of the first and second story to maitain symmetry of stiffness in the model. The shear forces
and bending moments were recorded in both the direction of motion and the transverse direction
of motion. The load cells were designed such that the stiffness was similar to the concrete column.

Base on the yield strength of the steel, the axial, shear, and bending moment capacity ratings

of the load cells are £40 kips, *5 kips, and 240 kips-in respectively.

B 2. Displacement Transducers

Linear displacement sonic transducers (Temposonics™) were used to measure the absolute
response displacements in the longitudinal (horizontal) direction of the base and each story level
of the model during the shaking table tests. Fig.B-1 shows the location of the displacement
transducers (designated by tag name D#) mounted on the east and west base and column-siab
intersections on the north side of the model. The displacement transducers were also mounted

between fluid damper braces to measure the displacement induced in dampers. The displacement

transducers: have global displacement ranges of 6 in., 8 in., and 10 in.; accuracy of £0.05%
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of the full scale displacement, 0.003, 0.004 and 0.005 in., respectively; were conditioned by a
generic power supply and manufacturer amplifier-decoders; and were calibrated for the respective

full scale displacement per 10 volts.

B 3. Accelerometers

Resistive accelerometers (Endevco™, +25g) were used to measure the absolute story level
accelerations of the model. Fig. 4-8) shows the location of each accelerometer with the respective
tag name at the base, first, second, and third stories of the model in the direction of motion
(designated by the name AH#), transverse to direction of motion {designated by tag name AT#),
and for vertical motion (designated by tag name AV#). In the direction of motion, accelerometers
were mounted on the east and west sides of the structure to detect any torsional response or
out-of phase motions. The accelerometers were conditioned with 2310 Vishay Signal

Conditioning Amplifiers, which filtered frequencies above 25 Hz., calibrated for an acceleration

range of 2 g per 10 volts, and have nonlinearities of +1.0% of the recorded acceleration.
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Engineering Practice in Eastern North America.” October 20-22. 1987, edited by K.H. Jacob, 12/87,
(PB88-188115).

"Report on the Whitier-Narrows, California. Earthquake of October 1, 1987." by J. Pantelic and A.
Reinhorn, 11/87, (PBB8-187752). This report is available only through NTIS (see address given above).

"Destgn of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures,” by S.
Srivastav and J.F. Abel. 12/30/87. (PB8B-187950).

“Second-Year Program in Research, Education and Technology Transfer,” 3/8/88, (PB88-219480).
“Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics,”™ by W.
McGuire, J.F. Abel and C.H. Conley, 1/18/88, (PB88-187760).

“Optimal Control of Nonlinear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong. 1/22/88,
(PB88-213772).

“Substructuring Techniques in the Time Domain for Primary-Secondary Structural Systems,” by G.D.
Manolis and G. Juhn, 2/10/88, (PB88-213780).

“Iterative Scismic Analysis of Primary-Secondary Systems,” by A. Singhal, L.D. Lutes and P.D. Spanos,
2/23/88, (PB88-213798).

“Stochastic Finite Element Expansion for Random Media,” by P.D. Spanos and R. Ghanem, 3/14/88,
(PB88-213806).

"Combining Structural Optimization and Structural Control,” by F.Y. Cheng and C.P. Pantelides. 1/10/88.
(PB88-213814).
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"Seismic Performance Assessment of Code-Designed Structures,” by H.H-M. Hwang. J-W. Jaw and H-J.
Shau. 3/20/88, (PB88-219423).

"Reliability Analysis of Code-Designed Structures Under Natural Hazards,” by H. H-M. Hwang. H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471).

"Seismic Fragility Analysis of Shear Wall Structures.” by J-W Jaw and H.H-M. Hwang. 4/30/88. (PB89-
102867).

"Base Isolation of a Multi-Story Building Under a Harmonic Ground Motion - A Comparison of
Performances of Various Systems.” by F-G Fan, G. Ahmadi and 1.G. Tadjbakhsh. 5/18/88, (PB89-
122238).

“Seismic Floor Response Spectra for a Combined System by Green's Functions,” by F.M. Lavelle, L.A.
Bergman and P.D. Spanos, 5/1/88, (PB89-102875).

“A New Solution Technique for Randomly Excited Hysteretic Structures,” by G.Q. Cai and Y K. Lin,
5/16/88. (PB89-102883).

" A Study of Radiation Damping and Soil-Structure Interaction Effects in the Centrifuge.” by K. Weissman,
supervised by J.H. Prevost, 5/24/88, (PB89-144703).

“Parameter Identification and Implementation of a Kinematic Plasticity Model for Frictional Soils.” by J.H.
Prevost and D.V. Griffiths, to be published.

"Two- and [hree- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam.” by D.V.
Griffiths and J.H. Prevost. 6/17/88, (PB89-144711).

"Damage Assessment of Reinforced Concrete Structures in Eastern United States.” by A.M. Reinhorn,
M.). Seidel. S.K. Kunnath and Y .J. Park. 6/15/88, (PB89-122220).

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils.” by S.
Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891).

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers,” by R.C. Lin,
Z. Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212). This report is available only through
NTIS (see address given above).

“Experimental Investigation of Primary - Secondary System Interaction,” by G.D. Manolis, G. Juhn and
A .M. Reinhorn, 5/27/88, (PB89-122204).

"A Response Spectrum Approach For Analysis of Nonclassically Damped Structures.” by 1.N. Yang, S.
Sarkani and F.X. Long, 4/22/88, (PB89-102909).

“Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and A.M. Prasad.
7/21/88, (PB89-122196).

“Identification of the Serviceability Limit State and Detection of Seismic Structural Damage,” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188). This report is available only through NTIS (see
address given above).

“Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure,” by B.K. Bhartia and E.H.
Vanmarcke, 7/21/88, (PB89-145213).

“Automated Seismic Design of Reinforced Concrete Buildings,” by Y.S. Chung, C. Meyer and M.
Shinozuka. 7/5/88. (PB89-122170). This report is available only through NTIS (see address given above).
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"Experimental Study of Active Control of MDOF Structures Under Seismic Excitations,” by L.L. Chung,
R.C. Lin, T.T. Soong and A.M. Reinhorn, 7/10/88, (PB89-122600).

"Earthquake Simulation Tests of a Low-Rise Metal Structure,” by J.S. Hwang, K.C. Chang, G.C. Lee and
R.L. Ketter, 8/1°38, (PB89-102917).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes,” by F. Kozin and
H K. Zhou, 9/22/88. (PB90-162348).

"Seismic Fragility Analysis of Plane Frame Structures.” by H.H-M. Hwang and Y.K. Low. 7/31/88,
(PB89-131445).

"Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88,
(PB89-174429).

“Nonnormal Accelerations Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
9/19/88. (PB89-131437).

“Design Approaches for Soil-Structure Interaction.” by A.S. Veletsos, AM. Prasad and Y. Tang,
12/30/88, (PB89-174437). This report is available only through NTIS (see address given above).

“A Re-evaluation of Design Spectra for Seismic Damage Comtrol,” by C.J. Turkstra and A.G. Tallin,
11/7/88. (PB89-145221).

“The Behavior and Design of Noncontact Lap Splices Subjected to Repeated Inelastic Tensile Loading,” by
V.E. Sagan, P. Gergely and R.N. White, 12/8/88, (PB89-163737).

“Seismic Response of Pile Foundations,” by S.M. Mamoon, P.K. Banerjee and S. Ahmad, 11/1/88,
(PB89-145239).

"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2),” by A.M. Reinhorn,
S.K. Kunnath and N. Panahshahi, 9/7/88, (PB89-207153).

“Solution of the Dam-Reservoir Interaction Problem Using a Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substructuring.” by C-S. Tsai, G.C. Lee and R.L. Ketter, 12/31/88,
(PB89-207146).

"Optimal Placement of Actuators for Structural Control,” by F.Y. Cheng and C.P. Pantelides, 8/15/88,
(PB89-162846).

“Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling.” by A.
Mokha, M.C. Constantinou and A.M. Reinhorn, 12/5/88. (PB89-218457). This report is available only
through NTIS (see address given above).

"Seismic Behavior of Flat Stab High-Rise Buildings in the New York City Area,” by P. Weidlinger and M.
Euouney, 10/15/88. (PB90-145681).

"Evaluation of the Earthquake Resistance of Existing Buildings in New York City,” by P. Weidlinger and
M. Ettouney, 10/15/88, to be published.

“Small-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Seismic Loads,” by W.
Kim, A. El-Attar and R.N. White, 11/22/88. (PB89-189625).

"Modeling Strong Ground Motion from Multiple Event Earthquakes,” by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB89-174445).
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“Nonstationary Models of Seismic Ground Acceleration,” by M. Grigoriu, S.E. Ruiz and E. Rosenblueth,
7/15/88, (PB89-189617).

“SARCF User's Guide: Seismic Analysis of Reinforced Concrete Frames,” by Y.S. Chung, C. Meyer and
M. Shinozuka, 11/9/88, (PB89-174452).

"First Expert Panel Meeting on Disaster Research and Planning.” edited by J. Pantelic and J. Stoyle.
9/15/88. (PB89-174460).

“Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames.” by C.Z. Chrysostomou, P. Gergely and J.F. Abel. 12/19/88, (PB89-208383).

“Reinforced Concrete Frame Component Testing Facility - Design, Construction. Instrumentation and
Operation,” by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White. 12/16/88, (PB89-174478).
"Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismically
Excited Building.” by J.A. HoLung. 2/16/89. (PB89-207179).

“Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures,” by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB89-207187).

"Hysteretic Columns Under Random Excitation,” by G-Q. Cai and Y K. Lin, 1/9/89, (PB89-196513).

"Experimental Study of "Elephant Foot Bulge’ Instability of Thin-Walled Metal Tanks.” by Z-H. Jia and
R.L. Ketter, 2/22/89, (PB89-207195).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault,” tv J. Isenberg. E.
Richardson and T.D. O'Rourke, 3/10/89, (PB89-218440). This report is available only L ough NTIS (see
address given above).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings,” by M.
Subramani, P. Gergely, C.H. Conley, J.F. Abel and A . H. Zaghw, 1/15/89, (PB89-218465).

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. O'Rourke and P.A. Lane, 2/1/89,
(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 St-ictures (IDARC-3D),
Part [ - 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).

“Repair and Strengthening of Beam-to-Column Cor- _.ons 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).
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"Response of Frames With Bolted Semi-Rigid Connections, Part 1 - 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. Cozzarelti, 6/7/89. (PB90-164146).

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

“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 Swdy of a 1/5 Scale Steel Frame Composed of Tapered Members,” by K.C. Chang, J.S.
Hwang and G.C. Lex, 9/18/89, (PB90-160169).

"DYNAID: A Computer Program for Nonlinear Seismic Site Re .ponse 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 A.M. 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 Comcrete Structures,” by
H.H.M. Hwang, J-W. Jaw and A.L. Ch'ng, 8/31/89, (PB90-164633).

“Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes,” by H.H.M. 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).
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"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. Bracci,
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 7.ow Plasticity Silts,” by A.J. Walker and H.E. Stewart,
7/26/89, (PR90-183518).

"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 Asscssment,” by [-K. Ho and
A.E. Akuan, 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. Blackburn 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.E.K. 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 (PR90-258062) .

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

"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 Vulnerabitity 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).
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"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. Talbout, Supervised by M.
Shinozuka. 6/8/9, (PB91-110205).

“Program LINEARID for Identification of Lincar 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,” by A.N. Yiagos,
Supervised by J.H. Prevost, 6/20/90, (PB91-110197).

"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. Gzrgely 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.
Danicelians, 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, (PB91-12538S).

“Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with 2
Spherical Surface,” by A.S. Mokha, M.C. Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419).

“Dynamic Interaction Factors for Floating Pile Groups,® by C. 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).

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

"MUMOID User's Guide - A Program for the Idemtification of Modal Parameters,” by S. Rodriguez-
Gomez and E. DiPasquale, 9/30/90, (PB91-171298).

"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).
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"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,
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