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NOTICE

This report was prepared by the State University of New York at Buffalo as a result
of research sponsored by the National Center for Earthquake Engineering Research
(NCEER) through a grant from the National Science Foundation and other spon
sors. Neither NCEER, associates of NCEER, its sponsors, the State University of
New York at Buffalo, nor any person acting on their behalf:

a. makes any warranty, express or implied, with respect to the use of any infor
mation, apparatus, method, or process disclosed in this report or that such use
may not infringe upon privately owned rights; or

b. assumes any liabilities of whatsoever kind with respect to the use of, or the
damage resulting from the use of, any information, apparatus, method, or pro
cess disclosed in this report.

Any opinions, findings, and conclusions or recommendations expressed in this pub
lication are those of the author{s) and do not necessarily reflect the views ofNCEER,
the National Science Foundation, or other sponsors.



_

NATIONAL
CENTER FOR
EARTHQLW<E
ENGINEERING
RESEARCH

1/BadqrJsJt9l8dat tho Slate Univ9rsity of Now Yorlc atBuffalo

Investigation of Seismic Response of Buildings
with Linear and Nonlinear Fluid Viscous Dampers

by

A.A. Seleemah1 and M.e. Constantinou2 ·

PublicationDate: May 21, 1997
SubmittalDate: January 24,1997

Technical Report NCEER-97-0004

NCEER Task Number 95-5104A

NSF Master Contract Number BCS 90-25010

1 Visiting Scholar, DepartmentofCivilEngineering, State University ofNew York at Buffalo and
Assistant Lecturer, BenhaHigherInstitute ofTechnology, Ministry ofHigherEducation, Egypt.

2 Professor, Department ofCivil Engineering, State University ofNew York atBuffalo

NATIONAL CENTER FOREARTHQUAKE ENGINEERING RESEARCH
State University ofNew York at Buffalo
Red Jacket Quadrangle, Buffalo, NY 14261





-
-

PB9S 109002
11/11I/111/lill/11/111/ 111111I11 11111

5.
Investigation of Seismic Response of Buildings with Linear
and Nonlinear Fluid Viscous Dampers

50272 -101

REPORT DOCUMENTATION 11. REPORT NO. 1,2.
PAGE NCEER-97-0004

~..-.-T-Itl-e-a"-d-:S:...:U.::bt:.:it:..I.------l.----------------"--------rS.~R;port Oat,

May 21, 1997

7. Author(s)

A.A. Seleemah and M.C. Constantinou
8. p.rforming Organization Rept. No:

9. p.rforminll Ol'lfanlzatlon Nama and Addre..

State University of New York at Buffalo
Department of Civil Engineering
Buffalo, New York 14261

10. ProJect/Ta.k/Work Unit No.

11. Contract(CI or Grant(G) No.

eel BCS 90-25010

(G)

12. Sponsoring Organization Nam. and Addr...

National Center for Earthquake Engineering ~esearch

State University of New York at Buffalo '
Red Jacket Quadrangle
Buffalo, New York 14261

13. Type of Report & P.riod Cov.rad

Technical report

15. Supplemantary Nota.
ThIS research was conducted at the State University of New York at Buffalo and was
suppott,~d in whole or in part by the National Science Foundation under Grant No.
BCS 90-25010 and other sponsors.

1l5.. Abstract (Limit: 200 worclll

This report presents results of the first systematic experimental study of nonlinear fluid
viscous dampers. Earthquake simulation tests have been performed on one- and three
story model structures with and without linear and nonlinear viscous dampers. The
experimental results demonstrated significant reductions in response when' dampers,
whether linear or nonlinear, were added to the structural frame. Moreover, direct
comparisons of responses of the structure with linear and nonlinear dampers elucidated
further benefits offered by the nonlinear devices and identified potential drawbacks.
The experimental response has been compared with predictions of response history and
simplified methods. of analysis. The latter methods has been based on the linear static
procedure of the NEHRP Guidelines for the Seismic Rehabilitation of Buildings.
Comparisons of analytical and experimental responses showed good agreement.

17. Document Analy.l. a. D.scrlpto...

b. Id.ntlfi..../Open·End.d T.rm.
Earthq!Jake engineering. Linear fluid viscous dampers. Nonlinear fluid viscous dampers.
Shaking table tests. Analytical models. Time history analysis.

c. COSATI Fiald/Group

18. Availability Stat,ment

Release unlimited

19. Security Cia•• (Thl. R.port)
Unclassified

20. Security CI••• ml. Pala)

Unclassifi@rl

21. No. of P••••

300
22. Prlc.

(Sa, ANSI-l39.181 S•• Inetruct/on. 0/1 Rev.r•• OPTIONAL FO".. 272 (4-771





PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established in 1986 to
develop and disseminate new knowledge about earthquakes, earthquake-resistant design and seismic
hazard mitigation procedures to minimize loss of life and property. The emphasis of the Center is on
eastern and central United States structures, and lifelines throughout the country that may be exposed
to any level ofearthquake hazard.

NCEER's research is conducted under one offour Projects: the Building Project, the Nonstructural
Components Project, and the Lifelines Project, all three of which are principally supported by the
National Science Foundation, and the Highway Project which is primarily sponsored by the Federal
Highway Administration.

The research and implementation plan inyears six through ten (1991-1996) for the Building, Nonstructural
Components, and Lifelines Projects comprises four interdependent elements, as shown in the figure
below. Element I, Basic Research, is carried out to support projects in the Applied Research area.
Element II, Applied Research, is the major focus of work for years six through ten for these three
projects. Demonstration Projects under Element III have been planned to support the Applied
Research projects and include individual case studies and regional studies. Element IV, Implementa
tion, will result from activity in the Applied Research projects, and from Demonstration Projects.

ELEMENT III
DEMONSTRATION PROJECTS
Case Studies

• Active and hybrid control
• Hospital and data processing

facilities
• Short and medium span bridges
• Water supply systems in

Memphis and San Francisco
Regional Studies

• NewYork City
• Mississippi Valley
• San Francisco Bay Area
• City of Memphis and Shelby

County,Tennessee

ELEMENT IV
IMPLEMENTATION
• ConferencesIWorkshops
• EducationITrainingcourses
• Publications
• Public Awareness

The Highway Project

• The Nonstructural
Components Project

• The Lifelines Project

ELEMENT II
APPLIED RESEARCH
• The Building Project

ELEMENT I
BASIC RESEARCH

• Seismic hazards and
ground motion

• Structures and systems

• Socioeconomic issues

• Intelligent and protective
systems

• Riskand reliability

• Geotechnical
engineering

ill



Research in the Building Project focuses on the evaluation and retrofit ofbuildings in regions of
moderate seismicity. Emphasis is onlightly reinforced concrete buildings, steel semi-rigid frames, and
masonrywalls orinfills. The research involves small- andmedium-scale shake table tests and full-scale
component tests at several institutions. In a parallel effort, analytical models and computerprograms
are being developedto aid in the predictionofthe response ofthese buildings to various types ofground
motion.

Two ofthe short-termproducts ofthe BuildingProjectwillbe a monograph onthe evaluationoflightly
reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The protective and intelligent systems program constitutes one ofthe important areas ofresearch
in the BuildingProject. Currenttasks include the following:

1. Evaluate the performance offull-scale active bracing andactive mass dampers already inplace
in terms ofperformance, powerrequirements, maintenance, reliability and cost.

2. Compare passive and active control strategies in terms ofstructural type, degree ofeffective
ness, cost and long-termreliability.

3. Perform fundamental studies ofhybrid control.
4. Develop and test hybrid control systems.

The needfor protection against earthquakes provided an incentive to adopt and adapt well-known
military technology to structures in order to reduce their vulnerability to earthquakes. The work
presented in this paper is entirely dedicated to verification ofhardware, and understanding its
complex behavior in order to make it applicable to reduce vibrations ofbuildings. The nonlinear
dampers verifiedherein are an extension ofapplication oflinear devicesfor reduction ofearthquake
generatedforces anddeformations. Thisfield ofstudy, one ofthe most advancedin the industry, was
encouraged, supported, and developed by researchers ofNCEER. Many applications to existing
structures are the result oftheir efforts. Moreover, the applications were much supportedby reports
ofNCEER, traveling seminars (Passive Energy Dissipationfor SeismiclWind Design and Retrofit
Short Course), andpublications such as this. This work is a natural extension ofprevious work done
on linear nonlinear damping in linear or nonlinear structures.
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ABSTRACT

Among the many supplemental energy dissipation devices proposed and implemented for

earthquake hazard mitigation, fluid viscous dampers have found a significant number of

recent applications. At first the interest has been in dampers with linear viscous behavior.

Accordingly, a number of experimental and analytical studies has been conducted that

demonstrated the effectiveness of these devices for earthquake hazard mitigation. More

recently, interest has been increasing for the use of nonlinear viscous damping devices.

This report represents the first systematic experimental study ofnonlinear viscous damping

devices.

Earthquake simulation tests have been performed on one-story and three-story model

structures without and with linear and nonlinear viscous dampers. The experimental results

demonstrated, once more, significant reductions in response when dampers, whether linear

or nonlinear, are added to the structural frame. Moreover, direct comparisons of responses

of the structure with linear and nonlinear dampers elucidated further benefits offered by the

nonlinear devices and identified potential drawbacks.

The experimental response has been compared with predictions of response history and

simplified methods of analysis. The latter method has been based on the linear static

procedure of the NEHRP Guidelines for the Seismic Rehabilitation of Buildings.

Comparisons of analytical and experimental responses showed good agreement.
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SECTION 1

INTRODUCTION

1.1 General

Structures located in seismically active areas must be designed to resist earthquake loading.

However, absolute safety and no damage cannot be achieved economically even in

earthquakes likely to occur within the lifetime of a structure. Accordingly, it is an

acceptable practice to design most structures with the objectives of life safety in the design

basis earthquake and collapse prevention in stronger earthquakes. That is, it is acceptable

that structures suffer significant structural and nonstructural damage. Exception to this

philosophy are design standards for critical facilities, hospitals and schools, for which an

attempt is made to minimize damage as well as protect life.

The level of damping in structures is typically very low and hence the amount of energy

dissipated during elastic behavior is very small. During a severe earthquake, the design

philosophy seeks to prevent collapse at the expense of allowing inelastic action in specially

detailed critical regions of the structural system such as beams near or adjacent to the

beam-column joints. Although such regions may be well detailed, their hysteretic behavior

will degrade with repeated inelastic cycling. That is, the inelastic behavior in these regions,

though able to dissipate substantial energy, often results in significant damage to the

structural members. In addition, interstory drifts required to achieve significant hysteretic

energy dissipation in the critical regions are large and usually result in permanent



deformations and substantial damage to the nonstructural elements such as infill walls,

partitions, doorways and sensitive equipment attached to the structure.

A novel approach for earthquake hazard mitigation is the use of earthquake protective

systems, either at the foundation of the structure (seismic isolation, e.g. see Skinner et. al.

1993; Kelly 1993; Soong and Constantinou 1994), or throughout the height of the structure

(supplemental damping systems). The objective of the latter approach is to preferentially

dissipate earthquake-induced energy in devices designed especially for this purpose, and to

eliminate or minimize energy dissipation demand and inelastic action in primary structural

members. This way of controlling the response usually results in elimination or reduction

of inelastic action in structural members and reduction of interstory drift.

Supplemental damping devices dissipate energy by different means, such as yield of mild

steel, sliding friction, viscoelastic action in polymeric materials, piston or plate movement

within fluids, or fluid flow through orifices. Considerable research has been conducted on

energy dissipation systems. Reviews of these efforts and specific descriptions of energy

dissipation systems may be found in Soong and Constatinou (1994), Soong and Dargush

(1996) and Constantinou et. al. (1997). The Federal Emergency Management Agency

(1996) issued in September of 1996 the ballot version of the National Earthquake Hazards

Reduction Program Guidelines and Commentary for the Seismic Rehabilitation of

Buildings. These documents contain a chapter devoted to energy dissipation systems.

Being the collective effort of a number of consultants in a three-year project, this chapter

contains the most up-to-date analysis and design guidelines for such systems.

2



This report focuses on the supplemental damping devices that operate on the principle of

fluid flow through orifices, which are commonly called viscous damping devices or

viscous dampers. Experimental and analytical studies of buildings and bridge structures

incorporating linear viscous damping devices have been performed by Constantinou et. al.

(1992), Tsopelas et. al. (1994) and Reinhom et. al. (1995). The work described in this

report represents the first systematic experimental study of nonlinear viscous damping

devices.

1.2 Objectives and Scope

The objectives of this study were to experimentally study the behavior of a structural

systems with added nonlinear viscous dampers, and to analytically predict its seismic

response by response history and simplified methods of analysis.

To achieve these objectives, a number of tasks have been performed as follows:

a) An available 3-story steel model structure with damage from previous testing has been

repaired to a condition with sufficient strength to resist weak earthquakes without

damage. The repaired structure exhibited brittle behavior and could not be expected to

resist stronger earthquakes without the use of an earthquake protective system.

b) Testing of the model structure without dampers has been conducted to establish a basis

for comparison.

c) Linear viscous dampers have been selected and tested within the model structure in

order to establish a basis for comparison of linear and nonlinear viscous damper effects.

3



d) Linear and nonlinear viscous dampers have been tested for determination of properties

and for development of analytical models.

e) Testing of the model structure with nonlinear viscous dampers has been conducted.

f) Recorded response quantities have been compared to analytical results produced by

response history and simplified analysis procedures.

g) Recorded response quantities of the structure without and with linear and nonlinear

viscous dampers have been compared.

4



SECTION 2

MECHANICAL PROPERTIES OF FLUID DAMPERS

2.1 Introduction

Fluid viscous dampers operate on the principle of flow of viscous fluid through orifices.

These devices have been originally developed for military applications and later used for

various applications such as energy absorbing buffers in steel mills, canal lock buffers,

offshore oil leg suspension and in shock and vibration isolation. For some of these

applications the input is severe with peak velocity reaching 5 m/sec and peak acceleration

reaching 200g with a very small rise time of the order of a few milliseconds (Constantinou

1992). Some notable examples of military applications are launch gantry dampers for the

U.S. Navy with force output of up to 8900 kN and travel of 5 m, seismic dampers in

nuclear power plants with force output of 1335 to 4450 kN, payload dampers for the space

shuttle, wind dampers for the Atlas and Saturn-V rockets and shock isolators for most

tactical and strategic missiles of the U.S. Armed Forces (Soong and Constantinou 1994).

Recently, these devices have been utilized in a number of buildings either as elements of a

seismic isolation system or as wind or seismic energy absorbing elements through out the

height of the building. Table 2-1 summarizes these applications. Moreover, a study for

retrofitting the suspended part of the Golden Gate Bridge in California concluded that the

use ofnonlinear viscous dampers will produce the desired performance (Rodriquez 1994).

5
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2.2 Construction of the Dampers

Figure 2-1 shows a longitudinal cross section of one of the dampers used in this study. The

damper consists of a stainless steel piston with a bronze orifice head and an accumulator.

These are contained in a stainless steel cylinder filled with silicone oil and closed by a high

strength acetal resin seal and a seal retainer. The fluid flows through specially shaped

orifices in the bronze head. This flow is compensated by a passive bi-metallic thermostat

that allows stable operation of the device over a wide temperature range (-40° C to 70°

C). The orifice configuration and mechanical construction can be adjusted to produce

various flow characteristics with different resisting force properties. The construction of

fluid dampers with an accumulator is not common_for large size dampers. Rather,

constructions with a run-through rod have been used in all of the applications listed in

Table 2-1.

2.3 Operation of the Dampers

The damping force results from the pressure differential across the piston head. In Figure

2-1 assume that the piston moves towards the right. This results in fluid flow from chamber

2 to chamber 1, creating a pressure differential between the two chambers. However,

another phenomenon also takes place: a volume equal to the piston rod area multiplied by

the piston travel is forced into the cylinder. Since the fluid is compressible, its volume will

decrease by this amount and thus a restoring (stiffness) force will develop. This

phenomenon can be prevented by either using an accumulator or using a run-through rod

design strategy for the dampers. In the tested dampers an accumulator was used to prevent
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the occurrence of fluid compression. For low frequency motions (below a certain cut-off

frequency that can be specified in the accumulator design), the accumulator valve can

properly operate and prevent fluid compression. However, for high frequency motions

(above the cut-off frequency), the accumulator valve is unable to properly function and the

dampers develop restoring force.

The existence of this restoring force for frequencies higher than the cut-off frequency may

be a desirable property. The dampers can provide additional viscous type damping to the

fundamental mode of the structure (typically with frequency lower than the cut-off

frequency), and can provide additional damping and stiffness to the higher modes. This

typically results in suppression of the contribution of higher modes to the structural

response. A variety of design of fluid dampers has been developed. Figure 2-2 illustrates

the four basic design characteristics (Soong and Constantinou, 1994). All four are shown

with an accumulator although it is possible to avoid its use with a design incorporating a

run-through rod. The fluidic device uses specially shaped orifices to achieve a force output

of the type

(2-1)

where p is the force, Co is the damping constant, it is the piston velocity, and a is a

coefficient in the range 0.3 to 2.0. The value a = 2 is achieved with cylindrical orifices, a

design which is typically unacceptable in structural applications. Small values of a, say

around 0.5, are effective in attenuating high velocity shocks, whereas a design with a = 1

(linear damper) is usually desirable in wind and seismic applications.
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The metering tube and metering pin designs can produce force output of the type

p =c/ifeu) sgn(u) (2-2)

where feu) is a function of displacement. The design can be effective when tuned for a

particular displacement signature.

The pressure responsive valve design uses multiple spring loaded puppet valves that can

achieve an output force of the type of Equation (2-1). Its performance may be limited by

the dynamic characteristics of the valves.

Two types of dampers were used in this study. First, linear dampers (a = 1) with fluidic

control orifices were utilized. The second set of dampers was specified to be nonlinear with

exponent a in the range of 0.4 to 0.6. and output force equal to that of the linear dampers

at the velocity of 150 mm/sec. The nonlinear dampers were produced from the linear ones,

which were tested first, by modifying their flow characteristics. However, due to the small

size of the dampers, difficulties were encountered in achieving the desired performance. It

was found necessary to use for the nonlinear dampers a combined fluidic orifice - pressure

responsive valve design. Dimensions for the dampers were: extended length = 330 mm,

and diameter = 38 mm. Stroke was ± 50 mm and rated maximum force output was 9 kN.

They weighted 10.4 N each.

2.4 Experimental Setup

Component testing was conducted first for determining the characteristics of the dampers.

The tested dampers were connected to a hydraulic actuator that applied a dynamic force

12



along the damper's aXIS. This applied force was such that the piston rod moved in

harmonic motion with specific amplitude and frequency. The displacement was measured

through a linear variable differential transformer (LVDT) that was located within the

actuator. The damper force was measured through a load cell connected between the

damper and a reaction frame.

Both the force and displacement records were collected through a data acquisition system.

The data collection rate varied between 10 readings per second for low frequency motions

(f= 0.1 Hz) to 1600 readings per second for high frequency motions (f= 16 Hz and above).

The measured signals were filtered using a low pass filter with a cut-off frequency of 50

Hz. The recorded force-displacement relationships were used to extract the mechanical

properties of the dampers.

2.5 Determination of Mechanical Properties of Dampers

Testing is typically conducted with displacement controlled command such that the

resulting motion of the damper piston is sinusoidal, that is the damper displacement is

given by

U = Uosin(Qt) (2-3)

where Uo and Q are the specified amplitude and frequency ofmotion, respectively, and tis

the time. Recorded loops of force versus displacement reveal characteristics of the tested

devices, such as basic behavior (viscous or viscoelastic), behavior in tension and

compression (symmetry of loop), dependency of behavior on temperature, frequencies, etc.

13



Moreover, the experimental results can be used to calibrate a mathematical model of the

device provided that its basic form has been identified.

Assuming that the behavior is purely viscous, that is, force output is only related to velocity

(e.g. Equation 2-1), it is sufficient to record the force output of the device at selected

velocities for the model calibration. For the tested devices, the behavior has been identified

to be purely viscous for frequencies of motion below a cut-off frequency of about 4 Hz.

Accordingly, viscous models for the two types of utilized dampers could be easily

calibrated. These models were found to be sufficient for the prediction of the seismic

response of the tested structures given that the response was dominated by contributions

from the first mode of vibration, which was characterized by a frequency lesser than the

cut-off frequency of4 Hz.

The development of mathematical models capable of describing the behavior of the tested

dampers within a wider range of frequencies requires first the identification of the general

form of the model and second the collection of more refined data on the behavior of the

devices. For linear dampers it is possible to apply principles of the theory of viscoelasticity

in determining mechanical properties and in constructing mathematical models that are

valid over a wide range of frequencies. The usefulness of such models for the tested

structures is in the identification of the damped structure (see Section 4).

The theory that follows applies to devices that have viscoelastic behavior. It is thus

restricted to linear dampers. Moreover, the application of this theory to the determination

of mechanical properties requires considerable caution because indiscriminate use may lead

14



to erroneous conclusions. It is assumed that motion of the form described by Equation (2-3)

is imposed to the damper and under steady-state conditions the force needed to maintain

this motion is also described by a sinusoidal function, that is,

P = Po sin(Qt + E»

or

P = Po sin Qt.cosE> + Po cos Qt. sin E>

(2-4)

(2-5)

where Po is the amplitude of the force and e is the phase angle. It should be noted that

Equations (2-3) and (2-4) describe force-displacement loops of the type shown in Figure 2-

3. Note that for purely viscous behavior, the loop is a perfect ellipse.

The energy dissipated by the damper in a single cycle can be evaluated as the area of the

force-displacement loop. The result is

(2-6)

Introducing the terms

and

K Po· 0.
2 =-sm~

Uo

15
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the following relation is established upon substitution into Equation (2-5)

(2-9)

or

(2-10)

It is evident that the first term in this equation represents the restoring (spring like) force of

the damper, which is in phase with the displacement. It is termed the storage stiffness. The

second term in the equation represents the damping force, which is in phase with the

velocity or is 90° out of phase with the displacement. The quantity K2 is termed the loss

stiffness. Thus, the damping constant, C, of the device is given by

(2-11)

Equations (2-6) through (2-8) can be combined to give

(2-12)

and

(2-13)
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A number of other useful relations may be derived. Equation (2-5) may be used to obtain

the phase angle as

(2-14)

where Pi is the ordinate of force at zero displacement. Furthermore, Equation (2-9) may be

used to derive that the force at maximum displacement is equal to K] U
O

leading to

interpretation of K] as the slope of the line shown in Figure 2-3. The same equation may

be used to show that

(2-15)

When an experiment is conducted, values of Q, u 0 , P () , Pi and Wd can be either directly

measured or calculated from experimental data. Equations (2-7) to (2-15) may be used to

extract the mechanical properties K], K2 ,C and 0. Provided that the behavior is truly

viscous or viscoelastic (as depicted in Figure 2-3), anyone of these equations may be used

and the results will be identical. However, actual behavior may deviate from the ideal one,

in which case indiscriminate use of these equations may lead to erroneous properties and

misinterpretation of behavior.

For example, Figure 2-4a shows recorded force-displacement loops of a damper for

sinusoidal displacement input of 4 Hz frequency and amplitude of 6.2 mm. It may be

observed that behavior is nearly purely viscous but not ideal. Data extracted from the

recorded loop are Uo =6.2 mm, Po =Pi = 2902 N, ~ =54282 N.mm, and peak velocity

18
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V o = 155.6 mm/sec. We may proceed in establishing the mechanical properties and then,

based on these properties, analytically reconstruct the loop for only the specific conditions

ofthjs test. For this we use the following procedures:

(a) Based on the observation of purely viscous behavior and assuming linear behavior, we

calculate the damping constant as the ratio of peak force to peak velocity, that is, C =

2902/155.6 =18.65 N.s/nun. The analytical model is then simply described by p =Cit (the

reader is cautioned that such model cannot be calibrated by a single test unless behavior is

truly linear viscous). Figure 2-4b depicts the loop produced by the model. The model

predicts the correct peak force (against which it was calibrated) but it overestimates the

energy dissipated per cycle (56495 vs. 54282 N.nun).

(b) Based on the observation of purely viscous behavior and assuming linear behavior,

Equations (2-11) and (2-13) are used to calculate the damping constant C. The result is

17.9 N.s/nun. The analytical loop is depicted in Figure 2-4c. It may be seen that peak force

is under-predicted but the loop contains the same area (energy dissipated) as the actual

loop.

(c) Equations (2-7), (2-11), (2-12) and (2-13) are used to calculate C = 17.9 N.s/nun, e =

73.9° and K]= 129.9 N/nun. Equation (2-10) is then used to analytically construct the

loop, which is shown in Figure 2-4d. The model exhibits viscoelastic behavior, which

while mild, is in clear contradiction with experimental observations. Simply in this case,

indiscriminate use of theory resulted in an erroneous prediction.
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2.6 Mathematical Modeling of Dampers

An acceptable model of behavior of the tested dampers is the viscous model described by

Equation (2-1). This model is valid for purely viscous behavior, which is"typically found in

fluid dampers with run-through rod. For the tested dampers this behavior is valid over a

limited range of frequencies, approximately 0 to 4 Hz. Viscous models for both the tested

linear and nonlinear dampers were calibrated and used in the analytical prediction of

response of the tested structure.

For the case of linear dampers, an analytical model valid over a wider range of frequencies

has been calibrated. The model is the standard Maxwell model which has been previously

found to describe well the behavior oflinear dampers with accumulators (Constantinou and

Symans 1992). The model is described by

(2-16)

where p is the force, it is the velocity, Co is the damping constant at essentially zero

frequency and A is the relaxation time constant.

Application of Fourier transform to Equation (2-16) results in

(2-17)

where
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(2-18)

(2-19)

are the storage and loss stiffness, respectively. Moreover, a bar denotes the Fourier

amplitude.

It follows that the damping constant and phase angle are, respectively, given by

(2-20)

(2-21)

2.7 Test Results and Model Calibration

Three of the linear dampers (numbered 1, 4 and 6) and all six nonlinear dampers were

tested by the procedure described in Section 2.4. Temperature of testing was about 22 0 C

(normal room temperature). The frequency of testing was in the range of 0.1 to 25 Hz with

peak velocity in the range of4 to 430 mm/sec.

Figure 2-5 shows recorded force displacement loops for linear damper No. 1. Various

interesting features may be observed in these loops:
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(a) The devices exhibit, in addition to viscous, frictional behavior that originates in the

seals. Static tests determined this friction force to be equal to about 60 N on the average.

(b) The behavior is indeed viscous as observed in a comparison of peak force in tests with

double the frequency and half the stroke (that is, same velocity).

(c) Evidence of stiffness is seen in the right-bottom graph for testing at high frequencies.

Figure 2-6 shows recorded loops of nonlinear dampers. It may be observed that behavior is

viscous (same peak force at same peak velocity when frequency and stroke are different).

The behavior is easily recognized as being nonlinear from the shape of the loops that

resemble rectangular rather than elliptical shape.

A comparison of loops of linear and nonlinear dampers under identical testing conditions is

provided in Figure 2-7. Noting that the two dampers were designed to produce the same

peak force at velocity of 150 mm/sec, we observe this to be indeed the case. As intended in

the design, the nonlinear damper exhibit much higher force at lower velocities than the

linear ones. We also observe some anomalies in the loop of the nonlinear damper at high

velocities. We believe this to have been caused by the operation of the pressure responsive

valves used in the construction of the devices.

Figure 2-8 presents graphs of force at zero displacement (that is when velocity is

maximum) versus peak velocity for the tested dampers. The shown force represents the

viscous component only. The frictional component of about 60 N has been subtracted. Data

are shown only for the range ofvelocity that is relevant to the shake table testing, for which
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peak velocity in the dampers did not exceed 150 mm/sec. For the linear dampers, it may be

observed that data follow a linear trend and are bound by straight lines for which the slopes

(the damping constant) are 13.5 and 18.5 N.sec/mm. On the average, the damping constant

is Co = 16 N.sec/mm and the scatter of data is within ± 15% ofthis value. The same values

were obtained when data over a large range of velocities were considered, as seen in Figure

2-9. Evidently the linear damper may be modeled by Equation (2-1) with a = 1 and

Co = 16 N.sec/mm. More specifically, this model is valid for damper No.1, whereas for

dampers 4 and 6, the upper and lower limits on the damping constant, respectively, would

better fit the experimental data. For the nonlinear dampers, the data fit well, on the average,

the model of Equation (2-1) with a =0.5 and Co = 252 N.(sec/ mm)1I2 . Again the scatter

of data around the force-velocity curve predicted by this model is within ± 15%. More

specifically, Figure 2-10 shows that more refined modeling is possible. Grouped in pairs

with nearly identical properties, the six dampers may, more appropriately, be modeled to

have a damping constant within the range of220 to 300 N.(sec/ mm)I/2 . That is one pair of

dampers (No.2 and 4) exhibited approximately 30% more force output than the other four.

This pair was placed at the first story of the tested structure.

It is worthy of noting in Figure 2-10 that the calibrated model of nonlinear dampers does

not represent well the actual behavior at very low velocity (less than about 15 mm/s). It

appears that the low velocity behavior of the devices is nearly linear. That is, an even more

refmed model for the nonlinear dampers is possible and it has been developed and

calibrated. It contained a simple modification for linear behavior at low velocities. The

model predicted the behavior of the tested model slightly better than the purely nonlinear
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model. Particularly, it predicted better the response in weak earthquakes, in which the drift

and velocity were low.

The calibrated viscous models of linear and nonlinear dampers have been used for the

analytical prediction of the response history of the tested structure on the shake table with

satisfactory results. That is, the modeling has been adequate despite the neglect of

stiffening effects at higher frequencies due to the insignificant contribution of higher

modes to the seismic response of the tested structure. However, the prediction of dynamic

characteristics (frequency and damping ratio) of the tested structure with linear dampers

required a more refined model for the dampers. For this, the Maxwell model of Equation

(2-16) has been found to adequately describe the behavior of the linear dampers within the

frequency range of 0 to 25 Hz.

For the calibration ofthe Maxwell model, the theory of Sections 2.5 and 2.6 has been used.

Based on the experimental results, the damping constant C has been determined by use of

Equations (2-11) and (2-13) with energy Wd calculated from the recorded loops. The

damping constant represented a mechanical property that could be determined from the

experimental data without much ambiguity. The storage stiffness K 1 and phase angle e

were also determined through the use of Equation 2-7 and either Equation 2-12 or 2-14,

respectively. That is, judgment was exercised in the use of these equations based on

observation of loops.

Figure 2-11, presents these mechanical properties for linear damper No.1. As noted earlier,

this damper exhibited a behavior that was in-between that of the other tested dampers. A
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good fit of the data on damping constant could be achieved with model parameters being

Co = 17.7 N.sec/mm and A = 0.008 sec. As seen in Figure 2-11 this choice of model

parameters results in a good prediction of the other mechanical properties:

The results of Figure 2-11 demonstrate that the linear dampers do not exhibit storage

stiffness for frequencies below 4 Hz. The calibrated Maxwell model predicts some small

storage stiffness for low frequencies, although this is of insignificant practical importance.

It should be noted that the relaxation time A is so small such that for the damping constant

to change by more than 5% from its zero frequency value (CJ it would require frequencies

of more than 4.5 Hz (see Equation 2-20).

33



34



SECTION 3

STRUCTURAL MODEL FOR SHAKE TABLE TESTING

3.1 Tested Model

The tested model is a 3-story quarter length scale steel structure that was previously used in

a number of studies at the University at Buffalo (Chung 1988, Soong 1990, Constantinou

and Symans 1992, Symans and Constantinou 1995). The structure was originally designed

not to represent a similitude scale replica of a full scale structure but rather, it was designed

as a small versatile structural testing system. In its tested configuration, it had limited

seismic capacity and exhibited non-ductile behavior that is representative of existing

buildings in many parts of the world. Figure 3-1 shows drawings of the model structure.

The model was previously used in a large number of studies during which the structure has

been damaged. The first story columns of the model were cracked at their tops and

bottoms. The structure was repaired in such a way that it did not significantly change its

dynamic characteristics. Welding of a longitudinal plate to each column tee section was

found to be suitable. Welding of the plates was performed in such a way that concentration

of heat at each section was avoided. This was achieved by alternating among the four

columns during the welding process and allowing the columns to cool down after each

welding phase. Figure 3-1 shows a section of the repaired first story columns.

Following repair, a total of25 preliminary tests were conducted on the three story structure.

The structure was tested either without any dampers (denoted from here on as the bare

frame) or with two linear fluid dampers attached diagonally at the first story. During one of
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these tests, the frame developed cracks at the first and the second story beams and at the

top and the bottom of the second story columns. After investigation, it was recognized that

these points were already fatigued during hundreds of tests conducted on the frame in

previous studies. This was evident in recorded story shear force-drift loops which showed

no evidence of any yielding of the frame that could have taken place. Once again the

structure was repaired by drilling a hole at the tip of each crack and then welding 16

tapered plates as shown schematically in Figure 3-2. The tapered configuration was

selected to assure gradual transition of stresses and to avoid concentration of welding over

a single cross section. The repaired frame exhibited sufficient strength to remain elastic in

subsequent testing. Care has been taken to avoid excessive story drifts for it was known

that the frame exhibited brittle behavior.

The main set oftests began with the 3-story structure (denoted from here on as the repaired

frame) without dampers, with 2 dampers placed diagonally in the second story (story of

maximum drift), with 4 dampers placed at both the second and the third stories (two at

each story), and with 6 dampers at all stories (two at each story). Figure 3-3 shows

schematically the different configurations of the tested structure.

The structure was also tested in a single-degree-of-freedom configuration with the second

and third stories braced. This configuration was tested without and with two dampers as

shown schematically in Figure 3-4.

Views of the three story structure without dampers, with 2, 4, and 6 dampers are shown in

Figures 3-5 through 3-8. Moreover, Figures 3-9 and 3-10 show views of the one-story
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(AT FIRST STORY)

2 DAMPERS
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.. ..
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FIGURE 3-3

TESTING DIRECTION

Schematic of Different Configurations of the Tested 3-Story
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39



L 1Y2X1Y2X~
(TYP.)

LOAD CELL
- FLUID DAMPER

BARE FRAME 2 DAMPERS

...
TESTING DIRE"CTION

FIGURE 3-4 Schematic of Different Configurations of the Tested I-Story
Structure

40



FIGURE 3-5 View of the 3-Story Structure without Dampers
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FIGURE 3-6 View of the 3-Story Structure with Two Dampers at the
Second Story
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FIGURE 3-7 View of the 3-Story Structure with Four Dampers at the
Second and Third Stories
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FIGURE 3-8 View of the 3-Story Structure with a Complete Vertical
Distribution ofDampers (Six Dampers)
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FIGURE 3-9 View ofthe One-Story Structure
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FIGURE 3-10 .View ofthe One-Story Structure with Two Dampers
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structure without and with dampers, respectively. A close up view of the dampers is shown

in Figure 3-11. Finally Figure 3-12 shows a schematic of the damper connection details.

A set of identification and seismic tests was carried out using linear viscous dampers and

then the set of tests was repeated using nonlinear viscous dampers.

3.2 Test Program

A total of 244 earthquake simulation tests have been conducted. Ten different earthquake

records were used in these tests. Moreover, white noise excitations as well as sinusoidal

waves at different frequencies were used. Table 3-1 lists the earthquake ground motions

used in this study. For each record the time scale was compressed by a factor of2 to satisfy

the similitude requirements of the quarter length scale model. Table 3-II summarizes all

other similitude laws for this scale.

Figures 3-13 through 3-22 show recorded time histories of the table motion in tests with

input being the earthquake signals of Table 3-1. The displacement and acceleration records

were directly measured whereas the velocity record was obtained by numerical

differentiation of the displacement record. Moreover, the 5% damped response spectra of

the actual and table produced records are plotted in the same figures.

The shaking table used in this study was a small, custom made table that was driven in

displacement-controlled mode. Accordingly, ground displacement was very well

reproduced by the shaking table. Moreover, accelerations were reasonably well reproduced

except for the Pacoima Dam record for which the peak acceleration and high frequency
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FIGURE 3-11 Close-up View of the Dampers
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FIGURE 3-12 Schematic of Damper Connection Details
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Table 3-11 Summary of Similitude Laws of Quarter Length Scale Model

Parameter Dimension Scale Conversion

Factor

Linear Dimension L SL 4

Gravitational Acceleration (9) L/T2 1 1

Time T IS: 2

Displacement L SL I 4

I

Velocity LIT J&; 2

Acceleration LIT2 1 1

Frequency 11T 1/J,S;, 0.5

Mass Density FL4T 2 * *

Modulus of Elasticity F / L 2
SE 1

Stress F / L 2 SE 1

Strain ----- 1 1

Poisson Ratio ----- 1 1

Force F SES1 16

Pressure F I L2 SE I 1

Energy FL SESi 64

Period T ~ I 2

* Artificial Mass Simulation

Conversion Factor =Prototype Quantity / Model Quantity
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100% Taft N21 E
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100% Taft N21 E
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100% Hachinohe NS
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100% Hachinohe NS
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100% Miyagi-Ken-Oki EW
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100% Miyagi-Ken-Oki EW
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100% Pacoima Dam 874W
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100% Pacoima Dam S74W
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100% Northridge (Newhall 90)
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100% Northridge (Newhall 90)
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100% Northridge (Newhall 360)
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100% Northridge (Newhall 360)
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100% Northridge (Sylmar 90)
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100% Eilat NS
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100% EiJat NS
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100% Eilat EW
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100% Eilat EW
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content could not be reproduced well (see Figure 3-17). However, the 5% damped response

spectra of the actual records and the table motions compared very well specially in the

period range of interest, that is 0.25 to 0.5 sec.

Figures 3-13 though 3-22 contain also the high damping response spectra of displacement

and acceleration (exact, not pseudo-acceleration) of the table motions. These high damping

spectra will be useful in analytical calculations presented later in Section 6.

Table 3-III lists the conducted shaking table tests together with information on the

structural system configuration and excitation. It should be pointed out that the excitations

are identified with percentage figures which represent the scaling factor used to amplify or

deamplify displacements, velocities, and accelerations of the actual record.

3.3 Data Acquisition System

A total of 17 channels was used to monitor the structural response. Table 3-IV lists these

channels and Figure 3-23 illustrates the placement of the instruments. Note that transducers

9 to 12 measured the displacement of the table and of each floor with respect to a fixed

reaction frame.

Two load cells were placed diagonally along the axis of the two dampers at either the first

story (I-story configuration or 3-story with 6 dampers) or the second story (3-story with 2

or 4 dampers configuration). The axial damper displacement was recorded using a

displacement transducer placed along the axis of a single damper as shown in Figure 3-11.
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Table 3-111 Summary of Shaking Table Tests

ITest No·1 File Name Structure Dampers Excitation

3-Story, 8are Frame Configuration

1 830WN2.1 3 - Story 0 White Noise

2 ELCENO 3 - Story 0 10% Elcentro SOOE

3 830E33 3 - Story 0 33% Elcentro SOOE

4 830E50 3 - Story 0 50% Elcentro SOOE

5 830T75 3 - Story 0 75% Taft N21 E

6 830T100 3 - Story 0 100% Taft N21E

7 830M75 3 - Story 0 75% Miyagi-Ken-Oki EW

8 830M100 3 - Story 0 100% Miyagi-Ken-Oki EW

9 830H50 3 - Story 0 50% Hachinohe NS

10 830P25 3 - Story 0 25% Pacoima Dam S74W

Two Linear Dampers Added at the First Story (3-Story, 2-Damper Configuration)

11 L32WN.5 3 - Story 2LD White Noise

12 FR1.1 3 - Story 2LD Sinusoidal (F=1 Hz)

13 FR15.2 3 - Story 2LD Sinusoidal (F=1.5Hz)

14 FR2.2 3 - Story 2LD Sinusoidal (F=2Hz)

15 FR25.1 3 - Story 2LD Sinusoidal (F=2.5Hz)

16 FR15.3 3 - Story 2LD Sinusoidal (F=1.5Hz)

17* FR2.3 3 - Story 2LD Sinusoidal (F=2Hz)

18 FR25.2 3 - Story 2LD Sinusoidal (F=2.5Hz)

Dampers Removed (3-Story, 8are Frame Configuration)

19 830WNC 3 - Story 0 White Noise

20 830S05 3 - Story 0 Sinusoidal (F=0.5Hz)

21 830S10 3 - Story 0 Sinusoidal (F=1 Hz)

22 830S15 3 - story 0 Sinusoidal (F=1.5Hz)

23 830S20 3 - Story 0 Sinusoidal (F=2Hz)

24 830S25 3 - Story 0 Sinusoidal (F=2.5Hz)

LD = Linear Damper NO = Nonlinear Damper
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Table 3-11I Summary of Shaking Table Tests (Continued)

ITe&No I File Name Structure Dampers Excitation

25 830S30 3 - Story 0 Sinusoidal (F=3Hz)

Frame Repaired (Using 16 Tapered Plates)

26 830WNR.1 3 - Story 0 White Noise

27 R30T75.1 3 - Story 0 150% Taft N21E

28 R30T75.2 3 - Story 0 75% Taft N21 E

29 R30H50 3 - Story 0 50% Hachinohe NS

30 R30M75 3 - Story 0 75% Miyagi-Ken-Oki EW

31 R30P25 3 - Story 0 25% Pacoima Dam S74W

32 R30E20 3 - Story 0 20% Elcentro SOOE

33 R30S10 3 - Story 0 Sinusoidal (F=1 Hz)

34 R30S15 3 - Story 0 Sinusoidal (F=1.5Hz)

35 R30S30 3 - Story 0 Sinusoidal (F=3Hz)

36 R30WNR 3 - Story 0 White Noise

Two Linear Dampers Added at the Second Story (3-Story, 2-Damper Configuration)

37 L232WN.5 3 - Story 2LD White Noise

38 L232WN.6 3 - Story 2LD White Noise

39 L232T75 3 - Story 2LD 75% Taft N21E

40 L232H50 3 - Story 2LD 50% Hachinohe NS

41 L232M75 3 - Story 2LD 75% Miyagi-Ken-Oki EW

42 L232P25 3 - Story 2LD 25% Pacoima Dam S74W

43 L232E20 3 - Story 2LD 20% Elcentro SOOE

44 L232S10 3 - Story 2LD Sinusoidal (F=1 Hz)

45 L232S15 3 - Story 2LD Sinusoidal (F=1.5Hz)

46 L232S30 3 - Story 2LD Sinusoidal (F=3Hz)

Two More Linear Dampers Added at the Third Story (3-Story, 4-Damper Configuration)

47 L34WN.1 3 - Story 4LD White Noise

LD =Linear Damper ND =Nonlinear Damper
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Table 3-11I Summary of Shaking Table Tests (Continued)

ITe&No.! File Name Structure Dampers Excitation

48 L34WN.2 3 - Story 4LD White Noise

49 L34T75 3 - Story 4LD 75% Taft N21 E

50 L34N75 3 - Story 4LD 75% Miyagi-Ken-Oki EW

51 L34H50 3 - Story 4LD 50% Hachinohe NS

52 L34P25 3 - Story 4LD 25% Pacoima Dam S74W

53 L34E20 3 - Story 4LD 20% Elcentro SOOE

54 L34S10 3 - Story 4LD Sinusoidal (F=1 Hz)

55 L34S15 3 - Story 4LD Sinusoidal (F=1.5Hz)

56 L34S30 3- Story 4LD Sinusoidal (F=3Hz)

57 L34T100 3 - Story 4LD 100% Taft N21E

58 L34M100 3 - Story 4LD 100% Miyagi-Ken-Oki EW

59 L34H75 3 - Story 4LD 75% Hachinohe NS

60 L34P40 3 - Story 4LD 40% Pacoima Dam S74W

61 L34E33 3 - Story 4LD 33% Elcentro SOOE

62 L34E50 3 - Story 4LD 50% Elcentro SOOE

63 L34T150 3 - Story 4LD 150% Taft N21E

64 L34E75 3 - Story 4LD 75% Elcentro SOOE

65 L34T200 3 - Story 4LD 200% Taft N21 E

66 L34E100 3 - Story 4LD 100% Elcentro SOOE

Two More Linear Dampers Added at the First Story (3-Story, 6-Damper Configuration)

67 L36WN.1 3 - Story 6LD White Noise

68 L36WN.2 3 - Story 6LD White Noise

69 L36T75 3 - Story 6LD 75% Taft N21 E

70 L36M75 3 - Story 6LD 75% Miyagi-Ken-Oki EW

71 L36H50 3 - Story 6LD 50% Hachinohe NS

72 L36P25. 3 - Story 6LD 25% Pacoima Dam S74W

LD =Linear Damper ND =Nonlinear Damper
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Table 3-11I Summary of Shaking Table Tests (Continued)

ITe&NO·1 File Name Structure Dampers Excitation

73 L36E20 3 - Story 6LD 20% Elcentro SOOE

74 L36T100 3 - Story 6LD 100% Taft N21E -

75 L36M100 3 - Story 6LD 100% Miyagi-Ken-Oki EW

76 L36H75 3 - Story 6LD 75% Hachinohe NS

77 L36P40 3 - Story 6LD 40% Pacoima Dam S74W

78 L36E33 3 - Story 6LD 33% Elcentro SOOE

79 L36E50 3 - Story 6LD 50% Elcentro SOOE

80 L36T150 3 - Story 6LD 150% Taft N21 E

81 L36E75 3 - Story 6LD 75% Elcentro SOOE

82 L36T200 3 - Story 6LD 200% Taft N21E

83 L36E100 3 - Story 6LD 100% Elcentro SOOE

84 L361N30 3 - Story 6LD 30% Northridge (Newhall 90)

85 L362N20 3 - Story 6LD 20% Northridge (Newhall 360)

86 L36Y30 3 - Story 6LD 30% Northridge (Sylmar 90)

87 L361N60 3 - Story 6LD 60% Northridge (Newhall 90)

88 L362N40 3 - Story 6LD 40% Northridge (Newhall 360)

89 L36Y60 3 - Story 6LD 60% Northridge (Sylmar 90)

90 L36LN10 3 - Story 6LD 100% Eilat NS

91 L36LE10 3 - Story 6LD 100% Eilat EW

92 L36LN20 3 - Story 6LD 200% Eilat NS

93 L36LE20 3 - Story 6LD 200% Eilat EW

94 L36LN30 3 - Story 6LD 300% Eilat NS

95 L36LE30 3 - Story 6LD 300% Eilat EW

96 L36LS10 3 - Story 6LD Sinusoidal (F=1 Hz)

97 L36S15 3 - Story 6LD Sinusoidal (F=1.5Hz)

98 L36S30 3 - Story 6LD Sinusoidal (F=3Hz)

LD =Linear Damper NO =Nonlinear Damper
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Table 3-11I Summary of Shaking Table Tests (Continued)

ITe~No·1 File Name Structure Dampers Excitation

Two Linear Dampers Removed from the First Story (3-Story, 4-Damper Configuration)

99 L341N30 3 - Story 4LD 30% Northridge (Newhall 90)

100 L342N20 3 - Story 4LD 20% Northridge (Newhall 360)

101 L34Y30 3 - Story 4LD 30% Northridge (Sylmar 90)

102 L34LN10 3 - Story 4LD 100% Eilat NS

103 L34LE10 3 - Story 4LD 100% Eilat EW

104 L34LN20 3 - Story 4LD 200% Eilat NS

105 L34LE20 3 - Story 4LD 200% Eilat EW

Two Linear Dampers Removed from the Third Story (3-Story, 2-Damper Configuration)

106 L321N30 3 - Story 2LD 30% Northridge (Newhall 90)

107 L322N20 3 - Story 2LD 20% Northridge (Newhall 360)

108 L32Y30 3 - Story 2LD 30% Northridge (Sylmar 90)

109 L32LN10 3 - Story 2LD 100% Eilat NS

110 L32LE10 3 - Story 2LD 100% Eilat EW

Two Linear Dampers Removed from the Second Story (3-Story, Bare Frame Configuration)

111 R301N20 3 - Story 0 20% Northridge (Newhall 90)

112 R302N15 3 - Story 0 15% Northridge (Newhall 360)

113 R30Y20 3 - Story 0 20% Northridge (Sylmar 90)

114 R30LN10 3 - Story 0 100% Eilat NS

115 R30LE10 3 - Story 0 100% Eilat EW

Second and Third Stories Braced and Two Linear Dampers Added to the First Story
(1-Story, 2-Damper Configuration)

116 R12WN 1 - Story 2LD White Noise

117 R12WN2 1 - Story 2LD White Noise

118 R12T100 1 - Story 2LD 100% Taft N21E

119 R12E50 1 - Story 2LD 50% Elcentro SOOE

120 R12M100 1 - Story 2LD 100% Miyagi-Ken-Oki EW

LD =Linear Damper ND =Nonlinear Damper
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Table 3-111 Summary of Shaking Table Tests (Continued)

ITe&No I File Name Structure Dampers Excitation

121 R12H75 1 - Story 2LD 75% Hachinohe NS

122 R12P25 1 - Story 2LD 25% Pacoima Dam S74W

123 R12T150 1 - Story 2LD 150% Taft N21 E

124 R12E75 1 - Story 2LD 75% Elcentro SOOE

125 R12M150 1 - Story 2LD 150% Miyagi-Ken-Oki EW

126 R12H100.2 1 - Story 2LD 100% Hachinohe NS

127 R121N30 1 - Story 2LD 30% Northridge (Newhall 90)

128 R122N20 1 - Story 2LD 20% Northridge (Newhall 360)

129 R12Y30 1 - Story 2LD 30% Northridge (Sylmar 90)

130 R12LN10 1 - Story 2LD 100% Eilat NS

131 R12LE10 1 - Story 2LD 100% Eilat EW

132 R12LN20 1 - Story 2LD 200% Eilat NS

133 R12LE20 1 - Story 2LD 200% Eilat EW

Dampers Removed (1-Story, Bare Frame Configuration)

134 B10WN 1 - Story 0 White Noise

135 B10WN2 1 - Story 0 White Noise

136 B10H75 1 - Story 0 75% Hachinohe NS

137 B10M75 1 - Story 0 75% Miyagi-Ken-Oki EW

138 B10T75 1 - Story 0 75% Taft N21E

139 B10M100 1 - Story 0 100% Miyagi-Ken-Oki EW

140 B10T100 1 - Story 0 100% Taft N21 E

141 B10E20 1 - Story 0 20% Elcentro SOOE

142 B10LN10 1 - Story 0 100% Eilat NS

143 B10LE10 1 - story 0 100% Eilat EW

144 B101N20 1 - Story 0 20% Northridge (Newhall 90)

145 B102N15 1 - Story 0 15% Northridge (Newhall 360)

LD =Linear Damper NO =Nonlinear Damper
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Table 3-111 Summary of Shaking Table Tests (Continued)

ITe&No I File Name Structure Dampers Excitation

146 810Y20 1 - Story 0 20% Northridge (Sylmar 90)

147 810P20 1 - Story 0 20% Pacoima Dam S74W

148 810E39 1 - Story 0 40% Elcentro SOOE

Two Nonlinear Dampers Added at the First Story (1-Story, 2-Damper Configuration)

149 N10WN1.1 1 - Story 2ND White Noise

150 N10WN2.1 1 - Story 2ND White Noise

151 N12WN3.1 1 - Story 2ND White Noise

152 N12T100 1 - Story 2ND 100% Taft N21 E

153 N12E50 1 - Story 2ND 50% Elcentro SOOE

154 N12M100 1 - Story 2ND 100% Miyagi-Ken-Oki EW

155 N12H75 1 - Story 2ND 75% Hachinohe NS

156 N12P25 1 - Story 2ND 25% Pacoima Dam S74W

157 N12T150 1 - Story 2ND 150% Taft N21E

158 N12E75 1 - Story 2ND 75% Elcentro SOOE

159 N12M150 1 - Story 2ND 150% Miyagi-Ken-Oki EW

160 N12H100 1 - Story 2ND 100% Hachinohe NS

161 N121N30 1 - Story 2ND 30% Northridge (Newhall 90)

162 N122N20 1 - Story 2ND 20% Northridge (Newhall 360)

163 N12Y30 1 - Story 2ND 30% Northridge (Sylmar 90)

164 N12LN10 1 - Story 2ND 100% Eilat NS

165 N12LE10 1 - Story 2ND 100% Eilat EW

166 N12LN20 1 - Story 2ND 200% Eilat NS

167 N12LE20 1 - Story 2ND 200% Eilat EW

Bracing and Dampers Removed (3-Story, Bare Frame Configuration)

168 R30WNR2 3 - Story 0 White Noise

Two Nonlinear Dampers Added at the Second Story (3-Story, 2-Damper Configuration)

LD =Linear Damper ND =Nonlinear Damper
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Table 3-111 Summary of Shaking Table Tests (Continued)

ITe&No i File Name Structure Dampers Excitation

169 N30WN1 3 - Story 2ND White Noise

170 N30WN2 3 - Story 2ND White Noise

171 N32T75 3 - Story 2ND 75% Taft N21E

172 N32H50 3 - Story 2ND 50% Hachinohe NS

173 N32M75 3 - Story 2ND 75% Miyagi-Ken-Oki EW

174 N32P25 3 - Story 2ND 25% Pacoima Dam S74W

175 N32E20 3 - Story 2ND 20% Elcentro SOOE

176 N321N30 3 - Story 2ND 30% Northridge (Newhall 90)

177 N322N20 3 - Story 2ND 20% Northridge (Newhall 360)

178 N30Y30 3 - Story 2ND 30% Northridge (Sylmar 90)

179 N32LN10 3 - Story 2ND 100% Eilat NS
-

180 N32LE10 3 - Story 2ND 100% Eilat EW

181 N32T100 3 - Story 2ND 100% Taft N21 E

182 N32E33 3 - Story 2ND 33% Elcentro SOOE

183 N32E50 3 - Story 2ND 50% Elcentro SOOE

Two More Nonlinear Dampers Added at the Third Story (3-Story, 4-Damper Configuration)

184 N34WN3 3 - Story 4ND White Noise

185 N34WN4 3 - Story 4ND White Noise

186 N34T75 3 - Story 4ND 75% Taft N21 E

187 N34M75 3 - Story 4ND 75% Miyagi-Ken-Oki EW

188 N34H50 3 - Story 4ND 50% Hachinohe NS

189 N34P25 3 - Story 4ND 25% Pacoima Dam S74W

190 N34E21 3 - Story 4ND 20% Elcentro SOOE

191 N34T100 3 - Story 4ND 100% Taft N21 E

192 N34M100 3 - Story 4ND 100% Miyagi-Ken-Oki EW

193 N34H75 3 - Story 4ND 75% Hachinohe NS

LD =Linear Damper ND =Nonlinear Damper
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Table 3-11I Summary of Shaking Table Tests (Continued)

ITe&NO·1 File Name Structure Dampers Excitation

194 N34P40 3 - Story 4ND 40% Pacoima Dam S74W

195 N34E33 3 - Story 4ND 33% Elcentro SOOE

196 N34E50 3 - Story 4ND 50% Elcentro SOOE

197 N34T150 3 - Story 4ND 150% Taft N21E

198 N34E75 3 - Story 4ND 75% Elcentro SOOE

199 N34T201 3 - Story 4ND 200% Taft N21E

200 N34E100 3 - Story 4ND 100% Elcentro SOOE

201 N341N30 3 - Story 4ND 30% Northridge (Newhall 90)

202 N342N20 3 - Story 4ND 20% Northridge (Newhall 360)

203 N34Y30 3 - Story 4ND 30% Northridge (Sylmar 90)

204 N34LN10 3 - Story 4ND 100% Eilat NS

205 N34LE10 3 - Story 4ND 100% Eilat EW

206 N34LN20 3 - Story 4ND 200% Eilat NS

207 N34LE20 3 - Story 4ND 200% Eilat EW

Two More Nonlinear Dampers Added at the First Story (3-Story, 6-Damper Configuration)

208 N36WN2 3 - Story 6ND White Noise

209 N36WN3 3 - Story 6ND White Noise

210 N36T75 3 - Story 6ND 75% Taft N21E

211 N36M75 3 - Story 6ND 75% Miyagi-Ken-Oki EW

212 N36H50 3 - Story 6ND 50% Hachinohe NS

213 N36P25 3 - Story 6ND 25% Pacoima Dam S74W

214 N36E20 3 - Story 6ND 20% Elcentro SOOE

215 N36T100 3 - Story 6ND 100% Taft N21E

216 N36M100 3 - Story 6ND 100% Miyagi-Ken-Oki EW

217 N36H75 3 - Story 6ND 75% Hachinohe NS

218 N36P40 3 - Story 6ND 40% Pacoima Dam S74W

LD = Linear Damper NO = Nonlinear Damper
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Table 3-11I Summary of Shaking Table Tests (Continued)

ITest No·1 File Name Structure Dampers Excitation

219 N36E33 3 - Story 6ND 33% Elcentro SOOE

220 N36E50 3 - Story 6ND 50% Elcentro SOOE

221 N36T150 3 - Story 6ND 150% Taft N21 E

222 N36E75 3 - Story 6ND 75% Elcentro SOOE

223 N36T200 3 - Story 6ND 200% Taft N21 E

224 N36E100 3 - Story 6ND 100% Elcentro SOOE

225 N361N30 3 - Story 6ND 30% Northridge (Newhall 90)

226 N362N20 3 - Story 6ND 20% Northridge (Newhall 360)

227 N36Y30 3 - Story 6ND 30% Northridge (Sylmar 90)

228 N361N60 3 - Story 6ND 60% Northridge (Newhall 90)

229 N362N40 3 - Story 6ND 40% Northridge (Newhall 360)

230 N36Y60 3 - Story 6ND 60% Northridge (Sylmar 90)

231 N36LN10 3 - Story 6ND 100% Eilat NS

232 N36LE10 3 - Story 6ND 100% Eilat EW

233 N36LN20 3 - Story 6ND 200% Eilat NS

234 N36LE20 3 - Story 6ND 200% Eilat EW

235 N36LN30 3 - Story 6ND 300% Eilat NS

236 N36LE30 3 - Story 6ND 300% Eilat EW

237 N36WN.2 3 - Story 6ND White Noise

238 N36WN4 3 - Story 6ND White Noise

239 N36WN5 3 - Story 6ND White Noise

240 N36WN6 3 - Story 6ND White Noise

Dampers Removed (3-Story, Bare Frame Configuration)

241 R30T100 3 - Story 0 150% Taft N21 E

242 R30E33 3 - Story ·0 33% Elcentro SOOE

243 R301N30 3 - Story 0 30% Northridge (Newhall 90)

244 R30WNF 3 - Story 0 White Noise

LD = Linear Damper NO = Nonlinear Damper
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Table 3-IV List of Channels used to Measure
Dynamic Response

Channel No. Instrument Notation Measured Response

1 ACCl AFE Table Horizontal Acceleration - East

2 ACCl AFW Table Horizontal Acceleration - West

3 ACCl A1E 1st Floor Horizontal Acceleration - East

4 ACCl A1W 1st Floor Horizontal Acceleration - West

5 ACCl A2E 2nd Floor Horizontal Acceleration - East

6 ACCl A2W 2nd Floor Horizontal Acceleration - West

7 ACCl A3E 3rd Floor Horizontal Acceleration - East

8 ACCl A3W 3rd Floor Horizontal Acceleration - West

9 lOT DHF Table Horizontal Displacement - Center

10 lOT DH1 1st Floor Horizontal Displacement - Center

11 lOT DH2 2nd Floor Horizontal Displacement - Center

12 lOT DH3 3rd Floor Horizontal Displacement - Center

13 load Cell lCE Axial Damper Force - East Side

14 load Cell lCW Axial Damper Force - West Side

15 lOT DOW Axial Damper Displacement - West Side

16* lVDT THO Driving Actuator's Horizontal Displacement

17* load Cell FA Force in the Driving Actuator

ACCl =Accelerometer
lOT = Linear Displacement Transducer
lVDT =Linear Variable Differential Transformer
* = Table Controls
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It measured the relative displacement of one end of the damper with respect to the other

end.

The data was collected simultaneously from all the channels at a rate of 100 readings per

second. The measured signals were filtered at the data acquisition system using integrated

low pass filters with cut-off frequency of22 Hz.
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SECTION 4

IDENTIFICATION OF STRUCTURAL PROPERTIES

4.1 Introduction

Identification of the properties of the structure without dampers could be easily

accomplished using established procedures. The amplitude of the total acceleration transfer

function of such lightly damped structures, when excited by a wide frequency range white

noise vibration, contains sharp and narrow peaks which reveals the frequencies, damping

ratios, and mode shapes. On the other hand, the transfer function of highly damped

structures does not usually contains such sharp peaks and identification of such structures

requires an indirect procedure.

The approach followed in this study for identification of the structure with linear dampers

is based on a calibrated analytical model which is constructed as a combination of the

identified properties of the structure without dampers plus the effect of the dampers. For

this, analytical transfer functions of the structure without dampers are first compared to the

experimental ones. When the comparison is satisfactory, the effect of the linear dampers is

included to obtain an analytical model of the linearly damped structure. Verification of this

analytical model is conducted by comparing the experimental and analytical transfer

functions of the structure with dampers. The structural properties of the linearly damped

structure can then be obtained by solving its eigenvalue problem.

Due to the existence of nonlinearities, the properties of the structure with nonlinear

dampers are dependent on the amplitude and velocity of motion. Accordingly,
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identification of properties is not performed herein for the structure with nonlinear

dampers. Rather, some insight into the behavior of the structure is provided through

comparison of transfer functions at various levels ofmotion.

4.2 Identification of Single Story Structure with Linear Dampers

The equation of motion of the single story structure with dampers can be written in the

following form

mu + CJl + ku + TJPd = -mug (4-1)

where m is the mass of the structure, Cu and k are the damping constant and the stiffuess of

the structure without dampers, respectively; TJ is the number of dampers; Pd is the

horizontal component of force in a single damper; and u, it and U are the relative

displacement, velocity, and acceleration of the mass m with respect to the ground, and ug

is the ground acceleration.

The equation governing the behavior of a linear damper over a wide frequency range was

given previously in Section 2 (Equation 2-16). For a damper inclined at an angle e with

respect to the horizontal, the equation in the horizontal direction is

(4-2)

Application ofFourier transform to Equations (4-1) and (4-2) results in
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iQCocos 2 0_
1 + iAQ U

(4-3)

(4-4)

where u and Pd are the Fourier transfonns of the displacement U and the damper force Pd'

respectively, and (j)n and ;u are the natural frequency and damping ratio of the structure

without dampers, respectively.

The amplitude of the total acceleration transfer function, T, is defined as the ratio of the

steady state total acceleration (u +ug ) amplitude to the amplitude of the ground motion

acceleration ug •

ii+ii
g

Q2 U
T = --::=--.:;,... = 1 - -=

u g

Substituting Equations (4-3) and (4-4) into (4-5) we obtain

where the vertical lines stands for the modulus ofthe contained complex quantity.

(4-5)

(4-6)

To obtain the experimental transfer function, the structure is excited by a stationary banded

white noise vibration and records of total acceleration of the mass are obtained. The
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transfer function is then calculated as the ratio of the Fourier amplitude of the measured

total acceleration to the Fourier amplitude of the ground excitation.

In the case of the structure without dampers (7J = 0), the single sharp peak: of the

experimental transfer function occurs at (Q =OJn ) and Equation (4-6) simplifies to

(4-7)

Knowing the experimental value of T(OJ n ) , ~u can be obtained directly from Equation (4-

7). Knowing the properties of the undamped structure, OJn and ~, the eigenvalue problem

of the linearly damped structure can be solved to obtain the structural properties. For this,

Equations (4-1) and (4-2) with ug set equal to zero can be rewritten in the following form

[Al{t} + [B]{Z} = {o}

where

a/
I

2~uOJn n m
[B] = -1 0 0

- T}Co cos2 e 0 1
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(4-11)

For a solution in the form {Z} = {Zo}e 'PI, Equation (4-8) becomes

(4-12)

This is a generalized eigenvalue problem. It can be solved numerically by using standard

software (e.g., MATLAB or IMSL) to obtain the eigenvalues 'P ( complex numbers).

Recalling the expression of the characteristic roots of the equation of free vibration of a

viscously damped SDOF system, namely

(4-13)

the frequency and damping ratio of our linearly viscous damped structure can be obtained

as follows:

(J) = I'P I

- 9t('P)
~=--'--'

(J)

(4-14)

(4-15)

where the vertical lines stands for the modulus and 9t stands for the real part of the

complex number'P .
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4.3 Identification of Multistory Structures

4.3.1 Structure without Dampers

The equation of motion of a multistory elastic structure when subjected to an earthquake

ground excitation can be written in the following form

(4-16)

Where [ M J is the lumped mass matrix, [CuJ and [K] are the damping and stiffness

matrices, respectively; and {U} ,{(;} and {(j} are the vectors of relative displacements,

velocities, and accelerations, respectively, of the lumped masses with respect to the ground.

Moreover, {R} is a vector which contains units in the case of a structure with one degree of

freedom per floor.

The displacement vector {U} of a system which has k degrees of freedom can be expressed

in terms of moda! coordinates qk (t) as follows:

k

{U} = L {qJk}qk(t)
k=l

where {qJk} is the k-th modal vector or mode shape.

(4-17)

Substituting for {U} and its derivatives into Equation (4-16) and applying Fourier

transform, the amplitude of the transfer function of degree of freedom j can be expressed as
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(4-18)

where r k is the k-th modal participation factor given by

(4-19)

and {i)k and ~k are the k-th mode frequency and damping ratio, respectively. Moreover, fPjk

is the component of vector {fPk} corresponding to degree offreedomj. However, for small

damping and well separated modes, ~. will have negligible value for all frequencies

Q :;t: (()k' hence Equation (4-18) can be approximated by

or

1

~k = -2---;=={=T;=.(=(()=k)=}=2=_=1

fP jk r k

where ~ ({i)k) is the peak value of the transfer function offloorj at frequency (i)k.

(4-20)

(4-21)

It should be pointed out that the term in front of fPjk in Equation (4-20) is constant for

each mode, therefore
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Tj ( (j) k ) is proportional to rpjk (4-22)

Equation (4-22) implies that for a certain frequency OJk , the magnitude of the peak of the

transfer function corresponding to the j-th degree of freedom is directly proportional to the

mode shape component rpjk' Thus, the position of the peaks of the transfer function

determine directly the modal frequencies and their values determine the corresponding

mode shape. Equation (4-21) can then be used to obtain the modal damping ratios.

4.3.2 Experimental Stiffness and Damping Matrices

The stiffness matrix [ K ] and the damping matrix [Cu ] can be determined using the

experimentally obtained natural frequencies, damping ratios and mode shapes and utilizing

the procedure presented by Clough and Penzien (1993). Let define the generalized

damping and mass matrices [cg] and [M g]

(4-23)

and

(4-24)

where [<t>] is the mode shape matrix. Matrix [Mg] is diagonal with elements equal to Mgi .

Moreover, matrix [Cg ] is assumed diagonal (proportional damping) with elements equal to
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Matrix [Cul can be obtained by pre-multiplying Equation (4-23) by [<1>Tt and post

multiplying it by [<1>t ,that is,

(4-25)

or

(4-26)

Taking advantage of the orthogonality properties of mode shapes relative to the mass

matrix, pre-multiplication of Equation (4-24) by [Mgrl results in

(4-27)

from which it is evident that

(4-28)

and

(4-29)

Substituting Equations (4-28) and (4-29) into (4-26), the result is

(4-30)
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[Cu ] = [M] [<I>][F] [<I>f [M] (4-31)

where [F] is a diagonal matrix containing elements J; = 2~(iJi . It is now useful to note
M gi

that each modal damping ratio provides an independent contribution to the damping

matrix, that is,

[C i ] = [M]{ (jJi} J; {(jJi} T [M] (4-32)

where [c i ] is the matrix of contribution of mode i to the total damping matrix. The total

damping matrix can now be obtained as the sum of the modal contribution matrices, that is,

(4-33)

or

(4-34)

Similarly, the stiffness matrix is constructed as

(4-35)

where k is the number of modes and ~,(iJi are the damping ratio and frequency of mode i,

respectively.
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4.3.3 Equation of Motion of Structure with Linear Dampers

The equations of motion of the structure with dampers can be obtained by adding a vector

{PD} to the equation of motion of the structure without dampers. This vector contains the

horizontal component of damper forces at each floor. That is, the equations ofmotion are

(4-36)

(4-37)

where 7J.i is the number of dampers at the j-th story and Pi is the horizontal component of

force in a single damper at the j-th story. It is assumed that all dampers at the j-th story are

identical. Moreover, vector {R} is replaced by a vector containing unites for the remainder

of this section.

The equation describing the damper force p} is given by

(4-38)

where CO} is the damping constant of a damper at the j-th floor and O} is the angle of

inclination of dampers at the floor j with respect to the horizontal. Application of Fourier

transform to Equations (4-36) and (4-38) results in .
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(4-39)

In the above equation, the term in front of the Fourier transform of the di~placement vector

{U} is the dynamic stiffness matrix [KD(0)], that is

(4-40)

where the term i~ [CD] represents the contribution of the damper forces to the
1+z0-1

dynamic stiffness matrix. In the case of installing two linear dampers at each story of the 3-

story frame, matrix [CD] is given by

o J-c
Cl +~2

(4-41)

For the case of two dampers at each of the second and the third stories, Cl =0 and [CD]

takes the form

(4-42)

For the case of only two dampers installed at the second story (Cl = C3 = 0), [CD] takes

the form
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(4-43)

where Ci = 2COi cos2
~ i = 1,2 and 3.

4.3.4 Identification of the Structure with Linear Dampers

4.3.4.1Transfer Function

Equation (4-39) can be rewritten in the following form

(4-44)

Defining the inverse of the dynamic stiffness matrix [KD (Q)] as [H(Q)] and multiplying

Equation (4-44) by - Q2 , the Fourier transform of the relative acceleration vector is

obtained as

(4-45)

The amplitude of the transfer function of the j-th floor is given by

(4-46)

Use ofEquation (4-45), results in
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k

Tj = I+Q2IHj ;(Q).m;
;=1

(4-47)

where HJi(Q) are the elements of the matrix [H(Q)] and mi is the lumped mass of the i-th

floor.

4.3.4.2 Eigenvalue Problem

The eigenvalue problem is formulated in the same way as that of the single degree of

freedom structure. Equation (4-8) is valid with the vector {Z} given by

{
{.} }

{z} = {~}
{PD}

and matrices [A] and [B] defined as

l[M] [0] [0] ]
[A] = [0] [1] [0]

[0] [0] A[1]

[

[Cu ] [K] [1]]
[B] = - [1] [0] [0]

[CD] [0] [1]

(4-48)

(4-49)

(4-50)

The solution of Equation (4-8) results in the complex eigenvalues '¥, and eigenvectors

{Zo} of the structure with linear dampers. Equations (4-14) and (4-15) are then used to

obtain the frequency and damping ratio for each mode ofvibration.
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4.4 Identification Tests

Identification of the structural properties was conducted by exciting the base of the

structure with a banded, 0 to 22 Hz white noise vibration. Identification of the structure

without dampers was performed by the procedures of Sections 4.2 and 4.3. In the case of

structures with linear dampers, the properties were obtained by the analytical procedures of

Sections 4.2 and 4.3 and utilizing the identified properties of the bare frame and the

calibrated Maxwell model of the dampers (see Figure 2-11).

4.4.1 Single Story Structure

Table 4-1 summarizes the identified properties of the single story frame without and with

two linear dampers.

Table 4-1 Properties of One-Story Model Structure

I Bare Frame 12 Linear Dampers I
Frequency (HZ)

I
4.30 I 4.40

IDamping Ratio (%) 2.36 16.16

It may be noted that the presence of dampers has a minor effect on the structural frequency.

This effect corresponds to a 5% increase in stiffness. That is, the dampers behave,

effectively, as viscous devices. Figure 4-1 shows the transfer function of the structure for

the cases, without, with two linear, and with two non-linear dampers. For the case of the

structure without or with two linear dampers, the experimental and analytical transfer

functions are plotted against each other. The comparison is seen to be very good. This
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demonstrate the validity of the analytical model for the single story structure with linear

dampers.

In the case of the structure with two non-linear dampers, the experimental transfer function

is plotted for different levels of the white noise excitation. It is observed that the amplitude

of the transfer function increases with increasing level of excitation, that is, also increasing

level of structural response. This implies that the effective damping ratio reduces with

increasing level of structural response ( i.e., amplitude of the motion ). This has been

analytically demonstrated by Soong and Constantinou (1994) for structures with nonlinear

dampers with exponent a less than unity.

4.4.2 Three Story Structure

Table 4-II presents a summary of identified properties of the three story structure without

dampers. Identified modal properties of the structure during various test stages are

presented in Table 4-III. The results of Table 4-III demonstrate minor change in the modal

properties of frame without dampers in the various test stages in which the frame was

damaged and subsequently repaired. It can also be seen that the existence of the dampers

has a very small effect on the fundamental frequency of the structure, but it significantly

increases its damping. For the higher modes, the dampers introduce both significant

stiffness and damping to the system. This was expected since the dampers exhibited

storage stiffness for frequencies above about 4 Hz (see Section 2). This behavior leads to

the suppression of the higher modes and consequently the system primarily responds in its

fundamental mode.
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Table 4-11 Summary of Structural Properties of 3-Story
Repaired Frame without Dampers

Mode 1 2 3

Frequency (Hz) 2.28 7.52 14.26

Damping Ratio (%) 2.71 1.02 1.04

Floor1 0.360 -1.016 3.174

Mode Shape Floor2 0.736 -0.843 -2.727

Floor3 1 1 1

9.56 0 0

Mass Matrix (N.; Ian) 0 9.56 0

0 0 9.56

13.10 -16.99 5.67

Stiffness Matrix (kN/em) -16.99 36.98 -28.89

5.67 -28.89 49.9

8.76 -2.19 1.24

Damping Matrix (N.s/em) -2.19 11.94 -4.27

1.24 -4.27 13.73
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Of interest is the case of two dampers at the second story where the dampers could not add

any significant stiffness nor damping to the second mode of the structure. This can be

explained by observing that the second story modal drift in the second mode is very small.

This demonstrates potential for problems in the case of incomplete vertical distribution of

dampers.

Figures 4-2 to 4-4 present transfer functions of the structure without dampers. It should be

mentioned that the frame has its first story columns already strengthened, whereas the so

called repaired frame has all its cracked locations repaired by welding of plates (16 tapered

plates - see Section 3).

Figure 4-5 shows the transfer functions of the frame prior to its repair with the 16 plates in

the case of two linear dampers added to its first story. It may be seen in this figure that the

analytically predicted transfer function for the third floor exhibits a shorter primary peak

than the experimental one. This indicates that the analytical model over-predicts damping

in the fundamental mode. The reason for this difference was found to be in the value of

damping constant used in the analytical model. This value was determined from testing of

one damper but it was later realized that dampers exhibited differences in their properties.

Figure 4-6 shows the transfer functions of the repaired frame with two linear dampers

added to its second story. These functions demonstrate that the addition of dampers

significantly changes the first and the third mode damping ratio (compare Figure 4-6 to

Figure 4-4) but they have almost no effect on the second mode. As previously explained,

this is the result of the small second mode second story modal drift of the structure.
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3 Story Bare Frame - No Dampers
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3 Story Cracked Frame - No Dampers
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3 Story Repaired Frame - No Dampers
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3 Story Frame (Prior to Repair) - 2 Linear Dampers at 1st Story
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3 Story Repaired Frame - 2 Linear Dampers at 2nd Story
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Figures 4-7 and 4-8 present transfer functions of the repaired frame with dampers installed

either at the second and the third stories or over all stories. It is evident from these

functions that the second and third modes are suppressed resulting essentially in a system

with a single degree of freedom.

Figures 4-9 to 4-11 presents recorded transfer functions for the repaired frame with

nonlinear dampers. The functions shown in Figure 4-9 again show a strong second mode

component similar to the one seen in Figure 4-6 for the case of linear dampers. Of course

the explanation is found in the small second mode second story modal drift of the structure.

Interesting is the behavior demonstrated in Figure 4-10 and 4-11 at high frequencies. The

transfer functions exhibit noticeable high frequency confent that is not present in the case

of linear dampers (see Figures 4-7 and 4-8). This behavior, that is caused by the

nonlinearity of the dampers, will be further examined in the shake table tests by

constructing floor response spectra. Finally, Figure 4-11 demonstrates again the expected

reduction of effective damping ratio with increasing amplitude of deformation.
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3 Story Repaired Frame - 4 Linear Dampers at 2nd and 3rd Stories
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3 Story Repaired Frame - 6 Linear Dampers
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3 Story Repaired Frame - 2 Nonlinear Dampers at 2nd Story
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3 Story Repaired Frame - 4 Nonlinear Dampers at 2nd and 3rd Stories
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3 Story Repaired Frame - 6 Nonlinear Dampers
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SECTIONS

SHAKING TABLE TEST RESULTS AND INTERPRETATION

5.1 Single Story Structure

The experimental results for the single story structure are summarized in Tables 5-1

through 5-III. These tables present the experimental results for the structure without

dampers, with two linear dampers, and with two nonlinear dampers, together with

information on the structural properties of the system (natural frequency and damping

ratio) and the maximum recorded table displacement, velocity, and acceleration. The

structural response is presented in terms of the maximum shear force normalized by the

total weight of the structure (28743 N) and the maximum drift normalized by story height

(813 mm). The story shear force was calculated from the recorded floor total acceleration

and the known structural mass. Moreover, the table displacement and acceleration were

directly measured, whereas the velocity was calculated by numerical differentiation of the

displacement record.

5.2 Three Story Structure

Table 5-IV summarizes the experimental results for the 25 preliminary tests conducted on

the 3-story structure. This set of tests was carried out for the following purpose:

1. To investigate the behavior of the bare frame after welding the longitudinal plates to the

cracked sections of the first story columns.
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2. To observe whether parts of the frame suffered fatigue due to the large number of tests

conducted on the frame in previous studies.

3. To verify the ability of the shaking table (with table structure interaction included) to

reproduce the input motion to a satisfactory degree of accuracy.

4. To assure that no torsional movement of the structure takes place, and

5. To gain experience regarding shaking table operation and data acquisition and reduction

process.

Following conclusion of the preliminary tests, the frame was repaired using 16 tapered

plates (see Section 3) and the main set of tests was conducted. Table 5-V summarizes the

results of the tests conducted on the frame after its repair with 16 tapered plates (repaired

frame). Tables 5-VI through 5-XI summarize the results of the tests with two linear

dampers at the second story, four linear dampers at the second and third stories (two at

each story), six linear dampers at all stories (two at each story), two nonlinear dampers at

the second story, four nonlinear dampers at the second and third story (two at each story),

and six nonlinear dampers at all stories (two at each story). In these tables, the presented

results include the structural parameters (first mode frequency and damping ratio), the

maximum table displacement, velocity and acceleration, and the maximum story

accelerations. Furthermore, the tables include the maximum shear force of each story

normalized by the total structural weight (28135 N) and the peak story drift normalized by

the story height (813 mm for the first story and 762 mm for the second and third stories).
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5.3 Interpretation of Results

5.3.1 Effectiveness of the Dampers

An assessment of the effectiveness of dampers in reducing dynamic response can be made

by comparison of responses of the same structure without and with dampers for the same

earthquake input. To aid in this comparison, Figures 5-1 to 5-6 for the case of linear

dampers and Figures 5-7 to 5-12 for the case of nonlinear dampers have been prepared.

These figures compare peak response quantities of the tested 3-story structure without and

with various damper configurations and for either the same level of earthquake input or

two substantially different levels of input for the same earthquake motion.

These figures, in general, demonstrate significant response reduction when dampers are

added to the structural frame. As expected, best performance is achieved when a complete

vertical distribution of dampers is used, although even an incomplete distribution produces

substantial response reduction. However, it should be mentioned that these results apply for

an essentially elastic structural system. Had the system been allowed to significantly yield,

the reduction in acceleration and force response would have been much less, although the

reduction in drift response and damage would have been equally significant.

Probably the most impressive results are seen in Figures 5-11 and 5-12 in which the

structure with a complete vertical distribution ofnonlinear dampers undergoes substantially

less story drifts than the structure without dampers for significantly stronger earthquake

input and for about the same force and acceleration response.
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In a different type of comparison of response, Tables 5-XII and 5-XIII present ratios of

peak story drift and peak shear force of the structure with dampers to the structure without

dampers. These ratios are, respectively, designated as RD and RBS in these tables.

For the tested one-story structure, it is observed in Table 5-XII that nonlinear dampers

achieve larger response reductions in both drift and shear force than linear dampers. For the

case of the 3-story structure, nonlinear dampers achieve, in all tests, larger drift response

reduction than linear dampers. However for the same input motions, nonlinear dampers

result in larger base shear than linear dampers. This is expected in low velocity motions

where the nonlinear dampers exhibit large damping force, thus, effectively appear as linear

dampers with large damping constant. Overall, the response reduction ratios RD and RBS

are within the ranges indicated in Table 5-XIV.

5.3.2 Comparison of Linear and Nonlinear Dampers

Direct comparison of story shear force-drift loops for the one-story and 3-story structure

without and with linear or nonlinear dampers is provided in Figures 5-13 to 5-24 for

selected earthquakes. These figures, in addition to elucidating the benefits offered by the

addition of dampers, provide information on the behavior of dampers. Particularly, in

Figures 5-13 to 5-17 for the one-story structure, the contribution to the base shear by the

columns and dampers has been separated. It is evident in these figures that the force

mobilized in the nonlinear dampers is systematically larger than that mobilized in the linear

dampers. This was expected since the two types of dampers were designed to have about

the same output damping force at velocity of 150 mrn/sec. That is, for weak motions (such

155
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as those in Figures 5-13 to 5-24; note that the same input motions were used in testing of

the structure without dampers) the resulting interstory velocities were below this limit and

the forces mobilized in the nonlinear dampers were larger than those mobilized in the

linear dampers.

A direct comparison of loops of story shear force versus drift for stronger input motions is

provided in Figures 5-25 to 5-33 for the 3-story structure. There are some aspects of

behavior seen in these figures that require discussion:

(a) In general, nonlinear dampers, as expected, produce larger drift response reduction than

linear dampers.

(b) In some tests with small drift (thus, also low interstory velocity) the recorded loops

exhibit a behavior that indicates higher effective stiffness (slope of loop) in the case of

nonlinear dampers than in the case oflinear dampers (e.g., see Figures 5-30 and 5-31). It

would appear as if the nonlinear dampers exhibited stiffness, that is, they behaved as

viscoelastic elements. While there may have been some stiffness contributed by the

nonlinear dampers due to the generation ofhigh frequency motion, the primary source of

this phenomenon is the large damping force which in these tests was of the same order

or larger than the restoring force. That is, the damping force is large enough and of such

nature as to alter the appearance of the loop. Confirmation that the nonlinear dampers

did not contribute to stiffness was made in the analytical prediction of response (see

Section 6) in which the analytical model, without accounting for storage stiffness in the

nonlinear dampers, provided results in good agreement with the experiments.
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100% EI Centro SOOE
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1st Story Drift / Height, %

Comparison of Normalized Shear-Drift Loops of 3-Story
Repaired Structure with Six Linear and Six Nonlinear
Dampers Subjected to 100% El Centro Earthquake
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FIGURE 5-25
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Comparison of Normalized Shear-Drift Loops of 3-Story
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Dampers Subjected to 200% Taft Earthquake

Story Height = 813 mm

1.0

1.0

0.0
3rd Story Drift / Height, %

0.0
2nd Story Drift / Height, %

Story Height = 762 mm

-- Nonlinear Dampers
Linear Dampers

Story Height = 762 mm

0.40-..c
OJ

·05
S
-........
tU
CD 0.00..c

C/)

~
0-C/)

"0....
C')

-0.40
-1.0

0.40-..c
OJ

·05
S-........
tU
CD

0.00..c
C/)

>-....
0-C/)

"0
C

C\I
-0.40

-1.0

0.40-..c
OJ

·05
S
-........
tU
CD 0.00..c

C/)

~
0-C/)-en.....

-0.40
-1.0

FIGURE 5-26

173



60% Northridge (Sylmar 90)
3 Story, 6 Dampers
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Comparison of Normalized Shear-Drift Loops of 3-Story
Repaired Structure with Six Linear and Six Nonlinear
Dampers Subjected to 60% Northridge (Sylmar 90)
Earthquake

Story Height = 762 mm
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FIGURE 5-27
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40% Northridge (Newhall 360)
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60% Northridge (Newhall 90)
3 Story, 6 Dampers
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(c) In some tests, particularly those with low interstory velocity, the story shear force in the

case of nonlinear dampers exceeds that recorded in the case of linear dampers despite

the lesser drift. This is due to the existence of a significant component of the peak

damping force at the time of maximum drift. That is, due to the nonlinear nature of the

damping force, a large portion of the peak damping force occur in-phase with the peak

restoring force. Despite this, however, the shear force and moment actions in the

columns are reduced (due to lesser drift) at the expense of higher axial column force

(resulting from the damper force).

5.3.3 Floor Response Spectra

Figures 5-34 to 5-44 present floor response spectra for the tested 3-story structure without

and with linear and nonlinear dampers. These spectra of acceleration were constructed

using the recorded floor acceleration histories for a single degree of freedom system with

natural frequency in the range 0.1 to 30 Hz and 2% damping ratio. They represent the

response oflight weight attachments (secondary systems) to the floor.

First, Figures 5-34 to 5-36 compare the floor response spectra of the structure without and

with a complete vertical distribution of dampers for two weak earthquake components and

one moderately strong earthquake. It is seen in these figures that the spectra for the

structure without dampers exhibit distinct and large peaks around the natural frequencies o~

the structure. The spectra for the structure with dampers exhibit much lower ordinates over

nearly the entire considered frequency range. Furthermore, for the case of weak excitation

the spectra of the damped structure lack distinct peaks.
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Figures 5-37 to 5-41 compare floor spectra of the structure with linear and nonlinear

dampers for stronger earthquake motions. In this case both sets of floor spectra exhibit

peaks around the fundamental frequency of the structure. Peak spectral values in the two

cases of dampers appear comparable in value, with the spectra of the structure with

nonlinear dampers exhibiting moderately lower values than those of the structure with

linear dampers. Moreover, the floor spectra of the structure with nonlinear dampers show

in some cases moderately strong ordinates at high frequencies (around 20 Hz). This clearly

indicates the existence of high frequency components in the response history of the

structure, an expected phenomenon given the nonlinearity of the dampers.

Finally, Figures 5-42 to 5-44 compare floor spectra of the structure with linear and

nonlinear dampers for weaker earthquake motions. The spectra resemble those of Figures

5-34 and 5-35 that lack distinct peaks at frequencies related to the natural frequencies of

the structure. Rather, they exhibit moderately larger ordinates in the frequency range of 2 to

7 Hz. It is possible that this behavior is caused by the frictional behavior of the dampers

(friction in seals) which tends to have some influence at low velocity motions when the

damping force (due to fluid orificing) is low.

5.3.4 Energy Equation

The derivation of an energy equation and comparison of energy time histories for structures

with and without dampers provide useful insight into the behavior of damped structures.

The energy equation may be written in the form (Dang, 1988; Constantinou and Symans,

1992).
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(5-1)

where E is the absolute input energy, Ek is the kinetic energy, Es is the elastic

(recoverable) strain energy, Eh is the energy dissipated in the structural system (inelastic

action, friction in joints, etc.) and Ed is the energy dissipated by an added energy

dissipation system.

For a single-degree-of-freedom system, such as the tested one-story structure, the equation

ofmotion may be written in the form (see also Section 4.2)

(5-2)

where 7JPd is the force from added viscous dampers, and the term cuu + ku is used to

model elastic behavior and inherent ability of the frame to dissipate energy (assumed here

to be of viscous nature). The absolute input energy is the work done by the base shear on

the ground displacement, that is,

I I

E = fm(ii + iig )dug = fm(u+ iig)ugdt
o 0

The kinetic energy is

E 1 (. .)2=-mu+u
k 2 g

The strain energy is
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1 2E =-ku
s 2

Finally, the energy dissipated by viscous dampers is

t I

Ed = f(77Pd cosB)du = f(77Pd cosB)itdt
o 0

(5-5)

(5-6)

Equations (5-3) to (5-6) allow the calculation of the basic energy components from

measured dynamic response. That is, during testing the quantities (u +Ug) , itg' it, u and

TJPd are either directly measured or calculated from measured response (e.g., velocities are

obtained from numerical differentiation of displacement records). The remaining energy

quantity, Eh ,is then obtained from Equation (5-1).

An example of energy time histories is provided in Figure 5-45 for the tested one-story

structure in the Taft earthquake. Each graph shows the history of the absolute input energy

E, the history of energy E - Ek - Es and the history of energy Ed. For the structure

without dampers, the quantity E - Ek - Es is equal to the energy dissipated by the

structural frame, that is Eh • For the structure with dampers, the quantity E - Ek - Es - Ed

is equal to the energy dissipated by the structural frame exclusive of dampers, that is, again

Eh • These quantities are identified directly on each graph.

There are two important observations to be made in the results of Figure 5-45. The same

observations can be made in the energy histories shown in Figure 5-46 for other earthquake

inputs. The first observation is that the addition of dampers results in a substantial
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reduction of kinetic and strain energy and of energy dissipated by the structural frame, Eh •

The latter demonstrates reduction in damage or in the potential for damage of the structural

frame. Rather, energy is dissipated in the added damping system.

The other observation is that the absolute input energy is more in the structure with

dampers than in the structure without dampers. While this may not be always true, it is of

significant interest to identify the reason for this increase in energy input and discuss its

consequences. It should be noted that for some earthquakes this increase in energy input is

substantial (about four times for the earthquake ofFigure 5-46).

To gain some insight into the behavior of structures without and with dampers, Figure 5-47

is used to present recorded histories of base shear m(U+ug ), ground velocity ug , power

m(u + ug).ug and absolute energy input (Equation 5-3) in the tests with the Taft

earthquake. It may be seen in these figures that the reason for increased energy input is not

an increase in base shear or power but rather is the biasing of the power time history in the

case of the structure with dampers. That is, despite the lesser instantaneous power in the

case of the structure with dampers, its bias towards one direction leads to larger absolute

input energy (which is the integral of power over time).

To further elucidate this difference, we consider power and energy requirements for

imposing a harmonic displacement u = Uo sinQ! to a spring of constant k and a linear

viscous damper of constant c. For the case of spring, the power P and energy E are

198



o
~
Y
I
H
I
M
.
~
W
!
N
M
~
~
'
i
I
I
W
"
"
'
V
v
I
I
"
'
-
'
-
-
l

20
~

I
I

I
I

I
1

10

30
25

20
10

5

III
,

.I~
~

.d
II

.J
.,

i

'I'"
rr

".
o

-1
0

20
0

1
0

0
%

T
a

ft
N

21
E

1
S

to
ry

,
2

Li
ne

ar
D

am
pe

rs

-2
0

!
,

I
I

I
,

I
I

15
0

I
I

,
I

I
I

i

10
0 50 o
~

II
\l
1'
lV
\I
~v
.J
'I
!I
J'
\V
.I
W'
ll
N\
In
n"
N\
lw
..
..
J'

-5
0

-1
00

-1
50

t
,
,
'

I
,

I
j

40
0

·4
00 12

0
I

I
i
i
i

I
I

10
0 80 60 40 20 o

t
)1

",
I

I
'
,
I

j
o

•
-2

00

15
T

im
e

,
se

c

B
as

e
S

he
ar

,
P

ow
er

,
an

d
E

ne
rg

y
T

im
e

H
is

to
ri

es
o

f
O

ne
-S

to
ry

S
tr

uc
tu

re
w

it
ho

ut
an

d
w

it
h

T
w

o
L

in
ea

r
D

am
pe

rs
S

ub
je

ct
ed

to
10

0%
T

af
t

E
ar

th
qu

ak
e

F
IG

U
R

E
5-

47

10
0%

T
a

ft
N

21
E

1
S

to
ry

,
N

o
D

am
pe

rs
20

z ~
10

..: ro Q
l

0
.s:

::
Cf

J Q
l

l/
)

-1
0

ro CD

-2
0

0
15

0
Q

) ~
10

0
E ~

50
0

0
0 Q

j
-5

0
> "'

0 c:
-1

00
:J e

-1
50

0
40

0
0 Q

)

~

~
20

0
~

E :i
0

~ .: Q
)

-2
00

==0 a..
-4

00 12
0

E
10

0
E

80
:i ::.::

60
>. e'

40
Q

) c: w
20 0

0
5

10
15

20
25

30
T

im
e,

se
c



P = kuu =!ku~Qsin(2Qt)
2

t 1
E = Jkudu =-ku2

o 2

(5-7)

(5-8)

Graphs of power and energy input histories are shown in Figure 5-48. It may be seen that

the power history is unbiased (zero mean), resulting in an energy input history that can not

build up with time (recoverable energy).

For the case oflinear viscous-damper, the power and energy are

(5-9)

(5-10)

Figure 5-48 illustrates the histories of power and energy where it can be seen that the

power is biased, leading to increased energy input with time.

It should be clear now that the final energy input ( at the conclusion of excitation) is the

energy dissipated in the structure (what anyway intuition suggests). For an undamped

system, the final energy input is zero and the time history of energy input would exhibit

large peaks of recoverable strain and kinetic energy. On the other hand, a highly damped

structure would have large final input energy (this is dissipated energy) and small peaks of

recoverable strain and kinetic energy. In the tested structure without dampers, the ability to

dissipate energy was low resulting in low final input energy.
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It should be noted that energy quantities of relevance to the seismic behavior of the

structure are the sum of the kinetic and strain energies, which indicate the level of

deformation in the structure, and the irrecoverable energy dissipated in the structural

system exclusive of energy dissipating devices, Eh , which indicates the level of inelastic

action (also related to damage) in the structure.

Clearly, the addition of energy dissipating devices results in reduction of both these energy

quantities, resulting, thus, in improved performance.

202



SECTION 6

ANALYTICAL PREDICTION OF RESPONSE

6.1 Time History Analysis

The equations of motion of a structure with dampers was given previously in Section 4 (Equation

4-36), namely

(6-1)

The lumped mass matrix [M] is diagonal, and the damping and stiffness matrices, [Cul and [K],

are constructed either analytically or from experimentally determined values for frequencies,

damping ratios and mode shapes (see Equations 4-34 and 4-35).

The vector {PD} is given by

(6-2)

where TJj is the number of dampers at the j-th story and Pj is the horizontal component of force

in a single damper at the j-th story. It is given for the case of linear dampers as

(6-3)
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and for the case of nonlinear dampers as

_ C ( () )l+aj 1(· . )Iaj (. . )Pj - '!j cos j U j - U j _1 sgn U j - U j _1

where} = 1,2 and 3 ; and Uo =o.

(6-4)

It should be noted that Equation (6-3) can be simply obtained from Equation (6-4) by setting a

equal to one.

The equations presented above can be written in first order form as follows :

[
[M] [o]]{y} + [[Cu ] [K]]{y} + {{PD}} ={-[M]{l}}u
[0] [1] -[1] [0] {o} {o} g

where the vector {Y} is defined as

{y} ={{U}}
{U}

(6-5)

(6-6)

Equation (6-5) represents an initial value problem of a system of ordinary differential equations

(note that {Y} at zero time represents the initial conditions; which are zero for this problem).

This equation can be solved numerically using any available subroutine (e.g., DIVPAG in IMSL

1987). Once the vector {Y} at any time step is determined (that is, {U} and {U} are known), the

floor total accelerations are obtained by application of dynamic equilibrium as follows
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The vector of story shear forces is then obtained as follows

(6-8)

The time history analysis of the single story structure is similar to the above development but

with some simplifications.

6.2 Comparison between Experimental Results and Results of Response History Analysis

6.2.1 Single Story Structure with Linear Dampers

Figures 6-1 to 6-5 present comparisons between the experimental and analytical results for the

single story structure with two linear dampers when subjected to different earthquake input

motions. The viscous model of Equation (6-3) with Co =16 N.s/mm (that is, the average value

see Section 2) has been used. The base shear force and total axial damper force, both normalized

by weight versus the story drift normalized by height are plotted for each test. The comparison

shows very good agreement between analysis and experiment.

Figures 6-6 and 6-7 show comparison of time histories of analytical and experimental response

for selected tests. It is evident that all response quantities are predicted well by analytical means.

A comparison of analytical response with the viscous model (Co =16 N.s/mm) and the Maxwell

model (Equation (2-16) with Co = 16 N.s/mm and A = 0.008 s) is provided in Figure 6-8 for

selected tests. The comparison shows insignificant differences between the predictions of the two

models, leading to the conclusion that the dampers exhibited viscous behavior for practical

purposes.
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6.2.2 Three Story Structure with Linear Dampers

Comparisons of experimental and analytical results for the 3-story structure are presented in

Figures 6-9 to 6-18. In these figures, story shear forces normalized to the total weight versus

story drifts normalized to story heights are plotted for the case of six linear dampers (two at each

story). The analytical results were produced by the analysis procedure described in Section 6.1,

that is, solution of Equations (6-1) to (6-3). A value of Co = 16 N.s/rom was used for all six

dampers.

The agreement between the analytical and experimental results is generally good. It should be

noted that the analytical results are based on an average value for constant Co, whereas the

dampers exhibited a variation of properties about this value. Unfortunately, not all linear dampers

were tested (see Section 2), nor a record of placement of each damper was kept. Had the

properties of each damper were known, it would have been possible to obtain a better agreement

between analytical and experimental results.

6.2.3 Three Story Structure with Nonlinear Dampers

Comparisons of the experimental and analytical shear force-drift loops of the 3-story structure

with six nonlinear dampers are presented in Figures 6-19 to 6-24 for selected tests. For the

analytical prediction, the model described by Equations (6-1), (6-2) and (6-4) has been used.

Since each nonlinear damper was tested, it was possible to incorporate in the analytical model the

calibrated model of each damper (see Section 2). That is parameter a was specified as 0.5 for
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300% Eilat NS
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40% Northridge (Newhall 360)
3 Story, 6 Nonlinear Dampers
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300% Eilat EW
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all dampers and damping constants were specified as Col =300 N(s / mm)I/2, Co2 = 235

N(s I mm)1I2 and Co3 = 220 N(s I mm)1I2 (see Figure 2-10).

It may be observed that the analytical prediction is generally good. However it should be noted

that the analytical model under-predicts displacements when they are small (e.g., third story

drift). This has been the result of the inability of the calibrated model of the nonlinear dampers to

capture their behavior in the very low velocity range. Analyses were repeated with a more refined

model for the dampers (see Section 2), in which the low velocity behavior of the dampers was

approximated by a linear viscous model. Figures 6-25 to 6-30 presents a comparison of results

for the same tests as these in Figures 6-19 to 6-25. Indeed, the analytical prediction is improved.

6.3 Simplified Analysis Procedure

. The simplified analysis procedure presented herein is based on the Linear Static Procedure of the

NEHRP Guidelines for the Seismic Rehabilitation of Buildings (FEMA 1996) as it is applied to

structures with viscous energy dissipation systems. This procedure applies to structures that

remain essentially elastic for the design basis earthquake. It is based on application of modal

analysis procedures using the undamped frequencies and mode shapes of the structure, and the

use of damped response spectra for the effective damping provided by the energy dissipation

system. These damped response spectra are constructed from the 5%-damped response spectrum

using appropriate de-amplification factors for higher damping.
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The procedure followed herein is essentially the same as the Linear Static Procedure, except that

the actual damped response spectra are used. This, of course, is possible since the actual ground

motions are available.

6.3.1 Description of Simplified Analysis Procedure

The simplified procedure is based on estimation of the damping effect by calculating the

effective damping ratio as

(6-9)

where fJ is the damping ratio in the structural frame exclusive of dampers, Wj is the energy

dissipated in damper j and ~. is the maximUm strain energy in the frame. Energies Wj and ~

are evaluated for the actual damper and frame displacements. Moreover, summation L

extends over all devices j.

In the case of linear viscous damping devices, Equation (6-9) assumes a simple form that was

presented in Constantinou and Symans (1992). Herein, we specialize Equation (6-9) in the case

of nonlinear dampers. The energy dissipated by a nonlinear damper (described by Equation (6-4))

during harmonic motion at frequency OJk has been determined by Soong and Constantinou

(1994) to be

(6-10)
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where

(6-11)

in which r is the gamma function. Values of quantity A can be found tabulated in FEMA

(1996). Specific values of A that are of interest herein are A = Jr for a = 1 and A = 3.496 for

a = 0.5.

The maximum strain energy may more conveniently be evaluated as maximum kinetic energy.

Again considering harmonic motion at frequency OJk , energy ~ is given by

(6-12)

where the summation extends over all lumped masses mi' It follows that the contribution to the

effective damping from dampers is

(6-13)

where now summation j extends over all stories (assumed that each story has TJ) identical

dampers with constant CO)) and summation i extends over all floors. Moreover, it has been

assumed that all dampers have identical parameter a) = a.
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In an attempt to derive the contribution to damping in each mode of vibration, we assume that

U j = A ¢j (6-14)

where ¢j is the model displacement corresponding to displacement Uj ( ¢j IS assumed

dimensionless) and A is the amplitude (with dimension of length). It follows that

(6-15)

For the case of linear dampers ( a =1), Equation (6-15) simplifies to

(6-16)

which is identical to the results presented in Constantinou and Symans (1992). In Equations (6-

15) and (6-16), (i)k is the frequency and ~j is the modal displacement of the k-th mode.

Important in the application of Equation (6-15) and (6-16) is the assumption that the frequencies

and mode shapes of the damped structure are identical to those of the structure exclusive of the

viscous dampers. This, of course, is an approximation since the damped structure is non-

classically damped. Another important assumption made is that modal analysis procedures are

applicable to nonlinear structures (in this case, linear frame with nonlinear dampers).

Particularly, the application of Equation (6-15) for the calculation of the damping ratio depends

on the interpretation of quantity A. Since the seismic response is primarily in the first mode,
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Equation (6-15) may be applied for the prediction of the first mode damping ratio. However, it

would be incorrect to apply this equation to the prediction of the damping ratio in the higher

modes because of ambiguity of quantity A (it cannot be interpreted as the amplitude of the higher

mode contribution to the displacements). This issue is further discussed in Section 6.3.4.

The simplified analysis of the damped structure is performed by application of modal analysis

theory. Briefly describing this theory, a building is represented by a series of single-degree-of-

freedom systems, each one of which is characterized by frequency ()) k' damping ratio ; k and

weight w: (k denotes the k-th mode).

(6-17)

where Wi is the reactive weight lumped at floor i and ¢i is the modal displacement of degree-of-

freedom i of the k-th mode (herein, the model of the structural system has one degree-of-freedom

per floor). Each one of these single-degree-of-freedom systems is excited at the base by

excitation rkU
R

, where r k is the modal participation factor:

(6-18)

For each mode of vibration the peak spectral response is obtained directly from response spectra

of motion u
R

• This response consists of the spectral displacement Sdk' the spectral acceleration

(or pseudo-acceleration, that is, acceleration at the instant of maximum displacement)
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Sak = OJ~Sdk and the maximum acceleration Smk (if spectra of maximum acceleration are

available). Typically, only the 5%-damped spectral acceleration spectrum is available (the usual

analysis specification). The NEHRP Guidelines (FEMA 1996) describe a procedure for

constructing spectra of pseudo-acceleration through the use of de-amplification factors for the

effective damping in the system and the use of the 5%-damped spectrum. Moreover, the same

guidelines prescribe that the maximum acceleration is related to the pseudo-acceleration through

(6-19)

where

(6-20)

(6-21)

Equations (6-19) to (6-21) ar:e based on the assumption of harmonic response. Under these

conditions, it may be shown that any response quantity at the stage ofmaximum acceleration may

be determined as II times the response at the stage of maximum drift plus 12 times the response

at the stage of maximum velocity (see Constantinou et. aI., 1996). Equations (6-19) to (6-21) are

strictly applicable to the case of linear viscous behavior. When the viscous behavior is highly

nonlinear (say a < 0.5), the damper force-displacement loops resemble hysteretic loops and the

peak damper force occurs nearly instantaneously with the peak restoring force (that is, the

instance ofmaximum acceleration is nearly the same as the instance ofmaximum drift).
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With the peak spectral response determined either directly from response spectra or

approximately by the procedure of the NEHRP Guidelines, the contribution of the k-th mode to

the peak response of the building is:

Displacement at floor i

(6-22)

Acceleration of floor i at instant of maximum displacement

(6-23)

Base shear at instant ofmaximum displacement

(6-24)

It should be noted that quantity w:rk represents the modal weight. Equations (6-22) to (6-24)

describe the response at the stage of maximum displacement.

This information is, typically, sufficient for the design of buildings without energy dissipation

devices. However, for buildings with viscous or viscoelastic energy dissipation devices, it is

important to calculate the response at the stages of maximum velocity and of maximum

acceleration (Constantinou et al 1996, FEMA 1996). The maximum velocity is typically

determined in a simplified analysis as pseudo-velocity, that is, (1) kSdk'
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6.3.2 Prediction of Dynamic Properties of Tested 3-Story Structure

The damping ratio of the tested 3-story structure with linear dampers is predicted by the

simplified procedure (Equations 6-9 and 6-16) and compared to results of rigorous analysis.

Since the tested dampers exhibited stiffness at high frequencies, the analysis method described in

Section 4.3.4 and based on the Maxwell model for the dampers produces what we will call

"exact" results. They are presented in table 6-1. The same method of analysis, however based on

the viscous model for the dampers, produces nearly exact results on the damping ratio for the

first mode and over-estimates the damping ratio for the higher modes. This is due to the fact that

the viscous model is incapable of predicting the increases in higher modes frequencies that

results from the stiffening effect of the dampers.

The predictions of the simplified procedure (that is, Equations (6-9) and (6-16), with f3 being

0.027 for the first mode and 0.01 for the higher modes) are nearly identical to the results of the

rigorous analysis with the viscous model in the case of a complete vertical distribution of

dampers. This is due to the fact that the structure with a complete vertical distribution of dampers

has mild non-proportional damping (that is, the damping matrix is some-how close to being

proportional to the stiffness matrix). The structure with incomplete vertical distribution of

dampers has strong non-proportional damping. Nevertheless, the simplified procedure predicts

good estimates of the damping ratio, which can lead to conservative estimation of response (as

seen in Table 6-1, the first mode damping ratio is under-predicted).
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6.3.3 Prediction of Response of 3-Story Structure with Linear Dampers

A simplified analysis of the 3-story structure with a complete vertical distribution of linear

dampers is presented in detail for the case of the El Centro 100% motion. Table 6-II presents the

modal properties and the spectral response of the structure. It should be noted that the spectral

displacement, Sdk' has been obtained directly from the high damping response spectra of Figure

3-13, whereas the spectral acceleration has been determined as Sak = OJ~Sdk' Moreover, the

average value of damping constant of the damper, that is Co =16.0 N.s/mm, has been used.

Table 6-III presents a summary of peak modal responses and of combined responses by use of the

SRSS rule. It should be noted that the damper axial displacement has been calculated as story

drift times cosB j and that the damper axial velocity has been calculated as displacement times

OJ k (that is, as pseudo-velocity). The damper axial force is given by damper axial velocity times

Co' Moreover, the maximum floor inertia force has been calculated as floor mass times

acceleration at instant 'of maximum displacement (Equation (6-23)) times factor (f. + 2j3eff12 ),

The maximum story shear forces were then calculated from equilibrium.

Table 6-III contains also the peak recorded (experimental) response. It may be observed that

displacements are predicted well and that story shear forces are under-predicted by approximately

15%. The reason for this under-prediction is the approximate nature of factor (II +2 f3eff12 )

used to estimate the maximum acceleration from spectral acceleration.

Furthermore, the damper forces are predicted well given that the damping constants (Co) were

not exactly known and an average value was used in the calculation. It should be noted that the
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Table 6-11 Modal Properties of 3-Story Structure
with Six Linear Dampers and Spectral
Response for EI Centro 100% Motion

Mode 1 Mode 2 Mode 3

Period (sec) 0.439 0.133 0.070

Frequency (Hz) 2.28 7.52 14.26

Frequency (0 k(rad / sec) 14.33 47.25 89.60

Mode Shapes

Floor 3 1 1 1

Floor 2 0.736 -0.843 -2.727

Floor 1 0.360 -1.016 3.174

Modal Weight (N) 24652 2523 960

Participation Factor ~ 1.2541 -0.3132 0.0782

Effective Damping P'II 0.22 0.48 0.50

Spectral Displacement Sdk (mm) 14.0 2.0 0.6

Spectral Acceleration Sak(g) 0.293 0.455 0.491

Factor 11 0.912 0.720 0.707

Factor 12 0.403 0.695 0.707

Factor u; +2PejJJ;J 1.092 1.391 1.414
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Table 6-11I Summary of Results of Simplified Analysis Procedure of 3-Story
Structure with Six Linear Dampers for EI Centro 100% Motion

Peak Response Quantity Floor or Mode 1 Mode 2 Mode 3 SRSS Experimental

Story

3 17.984 -0.626 0.047 17.995 17.8

Floor Displacement (mm) 2 13.237 0.528 -0.128 13.248 13.3

1 6.474 0.636 0.149 6.507 6.1

3 4.747 1.154 0.175 4.888 4.8

Story Drift (mm) 2 6.736 0.108 0.277 6.770 7.2

1 6.474 0.636 0.149 6.507 6.1

3 4.026 0.979 0.148 4.146 4.1

Damper Axial Displacement (mm) 2 5.735 0.092 0.126 5.737 6.1

1 5.238 0.515 0.121 5.265 4.9

3 57.675 46.257 13.261 75.113 64.5

Damper Axial Velocity (mm/sec) 2 82.158 4.347 11.289 83.044 97.0

1 75.035 24.334 10.841 79.624 82.0

3 922.8 740.1 212.2 1201.8 968.0*

Damper Axial Force (N) 2 1314.5 69.6 180.6 1328.7 1589.0*

1 1200.6 389.3 173.5 1274.0 1521.0*

3 3936 -1945 533

Maximum Floor Inertia Force (N) 2 2897 1639 -1425 N/A

1 1417 1975 1690

3 3936 1945 533 4423 4895

Maximum Story Shear Force (N) 2 6833 306 919 6901 7878

1 8250 1669 771 8452 9116

* : Average Value (measured directly from shear force - drift loops and corrected for angle of dampers)

248



actual values of damping constant (for the three tested devices; for the other three the constant is

not known) were within ± 15% of the utilized value (see Section 2).

Figure 6-31 presents a comparison ofimportant response quantities of the 3-story structure with

six linear dampers in three selected earthquakes. These quantities were either measured or

analytically predicted by the time history and simplified analysis procedures. Evidently, the

simplified analysis procedure provides good estimates of dynamic response.

6.3.4 Prediction of Response of 3-8tory Structure with Nonlinear Dampers

The simplified analysis procedure is applied to the case of the 3-story structure with a complete

vertical distribution of nonlinear dampers for the El Centro 100% motion.

Utilizing Equation (6-15) for the first mode of the structure (modal properties are those reported

In Table 6-II) and using a = 0.5, Col =300 N(s / mm)I12, Co2 =235 N(s / mm)1/2 and

Co3 =220 N(s / mm)I12, we obtain

;1 =1.4718/ JA (6-25)

where A is in units of mm. Noting that the mode shape has been normalized to a unit value for

the top floor displacement, A represents the peak displacement of the top floor. Moreover,

utilizing the average value of Co = 252 N(s / mm)1/2 (see Figure 2-8) we calculate

;1 =1.4477/ JA

249

(6-26)



" ,

- Experimental" '~"

- - Time History \"
Simplified Procedure.'>

"
- Experimental "" '..
- - Time History "\.

Simplified Procedure .~
:)

;'f,

~

2

2

o
0.0 0.2 0.4 0.6 0.8 1.0

Interstory Drift / Height (%)

1

100% EI Centro SOOE
3,--'---"--,'---,--0;:--,-.,-'---,--,,,--,

--;r-

:1

:'
:1

:1

I

I
I

I

1<-_.,-,

0.1 0.2 0.3 0.4
Shear Force / Weight

o
0.1 0.2 0.3 0.4 0.0 0.2 0.4 0.6 0.8 1.0

Shear Force / Weight Interstory Drift / Height (%)

200% Taft N21 E
3

I
I

1

:1
I
I
I
I
.~ ,--

1

1

I
I

3

3

o
0.0

o
0.0

/
/

;/

~
/:

:;,.."_ ..'
:;.."".-'

~.?=-•.
?--

"
- Experimental "
- - Time History

Simplified Procedure

o
0.0 0.2 0.4 0.6 0.8

Interstory Drift / Height (%)

2

1

300% Eilat EW
,---.,.---,-orr-----r--.,---, 3 ,---r--y---r-,..-.;::-.",---y---.---,

o'----'--~-"----'---""-'------'

0.0 0.1 0.2 0.3
Shear Force / Weight

3

FIGURE 6-31 Comparison of Story Shear and Interstory Drift Profiles
obtained Experimentally and Analytically (using Time History
and Simplified Analysis Procedure) of 3-Story Repaired
Structure with Six Linear Dampers Subjected to lOO% El
Centro, 200% Taft, and 300% Eilat EW Earthquakes

250



which differs from Equation (6-25) by less than 2%. This indicates that the actual distribution of

damping constant is not important in the calculation of the damping ratio. It is, however,

important in the calculation of forces in individual dampers.

Table 6-IV lists values of the first mode damping ratio for various values of the top floor

displacement A.

Table 6-IV Values of First Mode Damping Ratio as Function of Top Floor Displacement

Top Floor

Displacement A (mm) 6 8 10 12 14 16 18

';1 0.60 0.52 0.46 0.42 0.39 0.37 0.35

Since the damping ratio is amplitude-dependent, the analysis requires an iterative process.

However, due to the weak dependency of the damping ratio on amplitude and the insensitivity of

response to changes in the damping ratio (when it is large), it is possible to obtain the response in

a single iteration. That is, assuming that the top floor displacement will be in the range of 10 to

16 mID, the effective damping will be of the order of DAD. Accordingly, the first mode spectral

response is Sd j =10 mID and Sal = OJiSd j =0.21 g (from Figure 3-13 for period of 0.44 sec and

damping of 0.4). The calculated response in the first mode is presented in Table 6-V. Since the

calculated top floor displacement is 12.5 mID, the assumed value ~J = 0.40 is valid. It should be

noted that the analysis procedure is identical to that followed for the case of linear dampers.

Exception is the calculation of the story shear forces, which were calculated as superposition of

peak restoring force and of peak horizontal component of damper force. The former has been
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Table 6-V Summary of Results of Simplified Analysis Procedure of 3-Story
Structure with Six Nonlinear Dampers for EI Centro 100% Motion

Peak Response Quantity Floor or Mode 1 Mode 2 Mode 3 SRSS Experimental

Story

3 12.541 -0.626 0.047 12.557 13.6

Floor Displacement (mm) 2 9.230 0.528 -0.128 9.246 10.2

1 4.515 0.636 0.149 4.562 4.6

3 3.311 1.154 0.175 3.511 3.7

Story Drift (mm) 2 4.715 0.108 0.277 4.724 5.7

1 4.515 0.636 0.149 4.562 4.6

3 2.679 0.979 0.148 2.856 3.2

Damper Axial Displacement (mm) 2 3.999 0.092 0.126 4.002 4.8

1 3.829 0.515 0.121 3.865 3.8

3 38.385 46.257 13.261 61.555 49.5

Damper Axial Velocity (mm/sec) 2 57.229 4.347 11.289 58.562 82.0

1 54.869 24.334 10.841 60.994 65.0

3 1363.0 823.4 236.0 1609.8 1327.0*

Damper Axial Force (N) 2 1778.8 67.4 175.0 1788.7 2004.0*

1 2222.2 491.5 219.0 2286.4 2318.0*

3 -1859 484

Maximum Floor Inertia Force (N) 2 N/A 1567 -1321 N/A

1 1889 1537

3 4782 1859 484 5153 4980

Maximum Story Shear Force (N) 2 7305 292 837 7359 8015

1 8773 1597 700 8945 10213

* : Average Value (measured directly from shear force - drift loops and corrected for angle of dampers)
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calculated from fictitious floor inertia forces that were based on the spectral acceleration, that is

The calculation of response in the higher modes is complicated by the fact that Equation (6-15) is

not directly applicable. To obtain estimates of the damping ratio in the higher modes, we resort to

a physical interpretation of the higher mode response. The higher mode response may be viewed

as a small amplitude, higher frequency motion centered around the first mode response.

Accordingly, we may define an effective damping constant for each damper based on the slope of

the force-velocity curve of the damper at the calculated velocity in the first mode. That is, the

effective (linearized) damping constant Col is given by

c C 'a-]
01 = a (lUI (6-27)

where it] is the calculated damper velocity in the first mode. This concept is illustrated in Figure

6-32, whereas Table 6-VI presents calculations of the effective damping constant (for a = 0.5).

Utilizing these values of linearized damping constant and Equation (6-16), the damping ratios in

the second and third modes have been determined to be 0.48 and 0.45, respectively. That is, they

are essentially the same as those of the structure with linear dampers (see Table 6-II). This should

be expected since, on the average, the effective damping constant is about equal to the damping

constant of the linear dampers (=16.0 N.s/mm).·

Calculations of response in the higher modes are presented in Table 6-V. These calculations are

based on the following quantities. For the second mode: Sd2 = 2 mm, Sa2 = 0.455 g,

(1\ + 2f3ettI2) = 1.391. For the third mode: Sd3 =0.6·mm, Sa3 =0.491 g, u; + 2f3ettI2) = 1.345.
.. ,-
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Table 6-VI Effective Damping Constant for Calculation
of Higher Mode Response

Story Damping Constant First Mode Velocity Effective Damping Constant

~(N(s/~l/2) ul (mm/ s) C./(N.s/mm)

3 220 38.4 17.8

2 235 57.3 15.5

1 300 54.9 20.2

.
U 1: CALCULATED VELOCI1Y

IN· 1Sf MODE

L.J
U
c:::
a
L....

c:::
L.J
0
::If
<
CI

DAMPER VELOCITY •u

FIGURE 6-32 Effective (Linearized) Damping Constant for Higher Mode
Response Calculatipn
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Note that Equation (6-19) is used since effective linear damper behavior has been assumed.

Moreover, for the calculation of damper forces, the effective damping constants in Table 6-VI

have been used.

A comparison of the results of the simplified analysis to experimental results in Table 6-V

reveals overall good agreement between the two sets of results. Particularly, the analytical

prediction is within about 15% of the experimental response. It is worthy of noting that had the

simplified analysis been entirely based on the Linear Static Procedure of FEMA (1996), the

analytical prediction would, probably, have been overall conservative due to the use of

conservative response de-amplification factors for high damping. Further systematic comparisons

of "exact" and simplified results along the lines established in Constantinou et al (1996) are

needed.
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SECTION 7

SUMMARY AND CONCLUSIONS

A combined experimental and analytical study has been conducted in ord~r to assess the

impact of increasing the seismic energy dissipation capacity of structures by using

supplemental linear and nonlinear viscous damping devices. The experimental part of the

program consisted of component testing of devices and of shake table testing of one-story and

3-story model structures. The analytical study consisted of calculations of response by time

history and by simplified methods of analysis, and of comparisons to experimental results.

The component testing of the dampers revealed their mechanical properties, which were then

used for the development and calibration of mathematical models for these devices. These

models were utilized in the identification of structural properties and the analytical prediction

of the seismic response of the tested structure.

The shaking table testing of the model 3-story structure was conducted with various

configurations of dampers which included complete and incomplete vertical distributions.

Testing was also conducted on the model one-story and three-story structures without dampers

in a configuration resembling moment resisting frames. Testing was conducted with ten

different earthquake records, white noise excitations and a number of sinusoidal motions of

specified amplitudes and frequencies.
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The conclusions of this study are summarized below:

a) The addition of fluid viscous dampers to the tested structures resulted in significant

reductions in both drift and total shear force response (total force includes the restoring and

damping force components). In a comparison to the response of the same structures without

dampers, the addition of dampers resulted in drift reduction by 30% to 90% and shear force

reduction by 20% to 65%.

b) Reduction of the total shear force response was possible because the tested structure

remained in the elastic range. Such reductions in the total shear force cannot be realized

when the structure undergoes significant inelastic action. However, whether the action in

the structural frame is elastic or inelastic, the addition of dampers results in significant drift

reduction, which in turn results in a comparable reduction of shear force and bending

moment in the columns.

c) The reduction in drift response was significant in all conducted tests, which included some

near-fault earthquake motions with high velocity, single pulse characteristics.

d) Nonlinear dampers generally produced more drift response reduction than linear dampers.

This was achieved with either a modest reduction or a modest increase in the total shear

force response.

e) Floor response spectra of the damped structure had, in general, significant lower ordinates

than those of the structure without dampers. Typically, the addition of nonlinear dampers
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resulted in the appearance of high frequency components in the floor response spectra. It is

believed that this phenomenon has been induced by the nonlinearity of the dampers.

f) Time history analysis of the tested structures with linear and nonlinear dampers produced

results in good agreement with the results of the experiments.

g) Calculations of peak seismic response by a simplified method produced results that were

within about 15% of the experimental results. This simplified analysis procedure has been

largely based on the Linear Static Procedure of the NEHRP Guidelines for the Seismic

Rehabilitation of Buildings. The applicability of this procedure to the case of nonlinear

dampers has not been previously confirmed. This study produced a modification of the

Linear Static Procedure that is applicable to the case of nonlinear dampers and is

sufficiently accurate for design purposes.
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