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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
of knowledge about earthquakes, the improvement of earthquake-resistant design, and the
implementation of seismic hazard mitigation procedures to minimize loss of lives and property.
Initially, the emphasis is on structures and lifelines of the types that would be found in zones of
moderate seismicity, such as the eastern and central United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 2, Secondary and Protective Systems, and more specifi
cally, to a passive protective system. Protective Systems are devices or systems which, when
incorporated into a structure, help to improve the structure's ability to withstand seismic or other
environmental loads. These systems can be passive, such as base isolators or viscoelastic
dampers; or active, such as active tendons or active mass dampers; or combined passive-active
systems.

Passive protective systems constitute one of the important areas of research. Current research
activities, as shown schematically in the figure below, include the following:

1. Compilation and evaluation of available data.
2. Development of comprehensive analytical models.
3. Development of performance criteria and standardized testing procedures.
4. Development of simplified, code-type methods for analysis and design.

Analytical Modeling and Data Compilation
Experimental Verification and Evaluation

~ /
Perfonnance Criteria and

Testing Procedures

•Methods for Analysis
and Design
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The Center provided partial funding to the State University of New York at Buffalo and the
University of California at Berkeley to conduct comprehensive experimental research on the
possible use of viscoelastic dampers as a passive protective system for building structures. This
report presents the results ofexperimental research carried out at SUNY/Buffalo. The following
sections detail the experiments performed, results obtained, and conclusions that can be drawn
from this experimental investigation.
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The feasibility of using viscoelastic dampers to mitigate earthquake

induced structural response is studied experimentally. TWo series of

experiments were conducted using a model structure simulating a single

degree-of-freedom structure and a three-degree-of-freedom structure.

Reductions in relative displacements and absolute accelerations are used as

the measure of effectiveness of added viscoelastic dampers. Temperature

dependency of the dampers is carefully examined together with the problem

of damper placement.

Experimental as well as simulation results show that significant

improvement of structural performance under seismic conditions can be

realized with addition of viscoelastic dampers. It is shown that the

damper effectiveness is strongly dependent upon the environmental

temperature. The importance of their placements within the structure is

also stressed.
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Strong earthquake ground motion can cause excessive structural

deformation and damage. Many means of enhancing structural seismic

performance have been studied. These include passive energy absorbing

devices such as base isolation, and active structural control through which

structural dynamic characteristics can be modified.

'!he focus of this study is on the possible use of viscoelastic dampers

as energy absorbing devices and on the question of whether they can be

effective in reducing structural response to seismic excitations when

installed in a building structure. It has been shown that wind-induced

sway of high rise buildings can be significantly reduced by adding

viscoelastic dampers to the structures [1-4], examples of which are the

World Trade center in N~ York City and the Columbia center in Seattle.

The feasibility of using viscoelastic dampers to mitigate earthquake

induced structural response was studied recently [5]. Using computer

simulation, the results show that the damped response of tall frame

structures can be significantly reduced. The primary purpose of this

investigation is to carry out an experimental investigation using a scaled

down model structure in the laboratory.

The IOOdeI structure is a steel frame modeling a shear building by the

method of artificial mass simulation [6]. It is similar in geometry,

material properties and boundary conditions to a structural model

extensively tested at other institutions and it is approximately a 1:4

scaled model of a prototype structure (1:2 scaled model), which has also

been extensively tested under seismic conditions. In the first test

series, the model is rigidly braced on the top two floors to simulate a
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single-degree-of-freedom system and, in the second, the braces are removed

so that the dynamic behavior of a multi-degree-of-freedam structure can be

studied.

The base motion of the model structure is supplied by the SUNY/Buffalo

shaking table. This table has five degrees of freedom, of which three

(verticaL lateral and roll) can be individually programmed. The other two

are controlled only for correction, and the sixth is constrained by two

hydrostatic bearings. Input signals to the table can be of the following

types: hannonic motions (sinusoidaL square, triangular), random motions,

and any recorded earthquake motion from the PDP-ll/13 library of 3000

recorded accelerograms.

A total of 18 viscoelastic dampers were selected for this study and

they were supplied by the 3M Company. '!be dynamic characteristics of these

dampers are first determined in the laboratory as reported in Section 2.

Sections 3-5 detail the experiments performed, results obtained and

conclusions that can be drawn from this eXPerimental investigation.
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2.1 BA<XGIOJtiI)

Viscoelastic materials have made p:>ssible the recent development of an

energy dissipation device called the viscoelastic (VE) damper.

Incorp:>ration of this device into a structure can improve the structure's

dynamic performance by absorbing a substantial amount of vibrational

energy. The mechanical properties of viscoelastic materials are rather

complicated and may vary wi th environmental temperature and exci tation

frequency. Thus to properly interpret and understand the results from a

structural test. it is necessary to know the properties of the dampers that

are used in the test. SOme experiments should therefore be carried out to

determine the characteristics of specific dampers.

Rep:>rted below are the procedure and results of an extensive test that

measured the response of eight VE dampers to variations in temperature and

the response of one of those dampers to variations in excitation

frequency. These tested dampers were later used in the structural tests.

2.2 EKI.'ERIMEtfI2\ SET-UP AR> PIrolW4

Viscoelastic dampers can be classified into several categories based

on the way in which the VE material layer deforms. For example. extension

type dampers have VE layers that undergo extension and compression while

shear type dampers have VE layers that experience nearly pure shear. The

shear type dampers were used in this test. Figure 2.1 shows a shear VE

damper consisting of two VE layers bounded between three steel plates.

When the central steel plate IOOves relative to the outer two. the VE layers

defoIm in shear.
2-1
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'fue dampers were properly mounted to an MTS hydraulic actuator with

connectors. The actuators were controlled by an MTS 406 Controller and an

MTS 436 Control Unit which jointly controlled the amplitude, frequency, and

loading cycle number. The control unit can be programred to generate sine

waves, triangular waves, etc.; however, only sinusoidal waves were used in

this test. 'fue amplitude of the motion was controlled to produce 40% and

50% strains on dampers of different thicknesses. During the test, damper

displacement was moni tored by an internal LVDT mounted at the end of the

actuator. The force appl ied to the damper was measured v ia a load ce 11

placed between the actuator loading rod and the damper. The measured

signals were then sent to a SD380 Signal Analyzer which gave an accurate

reading of the values over a time history display. The SD380 signal

Analyzer can also give an "displacement vs force" plot which forms a

hysteretic loop of the damper indicating the amount of energy dissipated in

each deformation cycle. Figure 2.2 is a picture showing part of the

experimental set-up, including the actuator, load celL damper, etc.

Each damper was tested under three to five different temperatures to

see the extent to which the damper's properties are dependent on

temperature. One of the dampers was also loaded under four different

frequencies to investigate the effect of frequency on the damper'S

characteristics.

2.3 EXPERIMEm'AL RESULTS

A total of eight dampers consisting of three different dimensions were

tested. Table 2.1 gives the area and thickness of each of the dampers.

The time history and hysteretic plots of damper #1 under five

different temperatures and four different frequencies are given in Figs.

2.3 and 2.4, respectively. The IT\3.xirnum displacement of each of the dampers

2-3
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Damper No. 1 2 3 4 5 6 7 0

Area ( in 2) 2.0 2.0 2.0 2.0 5.0 5.0 2.0 2.0

Thick. ( in) 0.24 0.24 0.1 0.1 0.1 0.1 0.1 0.1

IMax. Displ. ( in) 0.1 0.1 0.05 0.05 0.05 0·.05 0.05 0.05

TABLE 2.1. Damper Dimensions and Maximum Displacements
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tested are listed in Table 2.1. From Fig. 2.3 it is evident that, if the

rraximum displacement value is kept constant, the change in maximum force

during each cycle follows a pattern of damped-free oscillation. This

pattern differs from damped-free vibration in that its maximum force

approaches a constant value after a certain number of cycles.

According to the linear theory of viscoelasticity, the stress in a VE

material under sinusoidal loading is proportional to the strain and the

leading phase angle 5. Thus, if strain has the form

'Y = 'Yosinwt

the stress can be calculated from

(2.1)

a = aosin(wt+5) (2.2)

The relationship between stress and strain can be expressed as

•a = G 'Yosin(wt+l» = 'Yo (G'sinwt + G' 'coswt) (2..3)

where

is the module of the canplex shear modulus. The quantity

•G' == G cOSl) (2.. S)

is called the shear storage modulus, and

G" = G*sinl)

is called the shear loss modulus.

Let the applied force be

F = Fosinwt

(2..6)

(2..7)

The relationship among the amplitudes of force, stress and strain are

•Fo = aoA = 'YoG A (2..8)

'!he damper's displacement is

AO ::: 'Yot

In the above, A and t are, respectively. damper area and thickness.

Since

2-10



*"foG A = k"fot

and therefore

G* = kt/A (2.9)

The stiffness k can be calculated by dividing force magnitude Fo by the

maximum displacement.

The time histories of the displacement and force in each of the

dampers were measured and recorded. They were then used to find damper

stiffness and the phase angle. Using the above equations, the shear

storage and loss moduli of each of the dampers tested were computed and are

recorded in Tables 2.2 and 2.3. These results are also plotted in Fig. 2.5

for damper #1.

In Tables 2.2 and 2.3, the values for the first column denoted by

'first cycle' were obtained fran the ratio between force and displacement

in the first cycle. The second column denoted by 'average' gives the

average results over 15 to 20 cycles. whereas the third column quantities

denoted by 'stable' were obtained from the ratio between force and

displacement when the force reached a stable level. Time histories of both

displacement and force as shown in Figs. 2.3 and 2.4 show that it does not

take many cycles (generally 15 to 20) for the force to reach a stable

value. Since dampers usually undergo many cycles in most practical

applications. it is reasonable to use the stable values of G' and G" when

specifying the Irechanical properties of VE dampers.

2." ANMNSIS CF mE EXPBRIJII'iXmI, RFSJLTS

we can conclude from the results given in the preceding section that

the mechanical properties of VE dampers are strong ly dependent on

temperature. Increases in temperature can be caused by both (1)

2-11



Damper 1 First Cycle Average stable
IS

Temp. G' G' , G' G' , G' G' , (DEG)
( "C) (lb/in2

) (lb/in2
) (lb/in2.) (lb/in~) (lb/in2-) (lb/in2.)

22.9 1313.3 1875.7 729.9 1054.4 517.9 739.9 55

25.5 920.0 1313.8 548.3 783.1 419.1 598.5 55

27.8 708.7 1012.2 463.5 661. 9 366.1 522.9 55

31. 4 465.4 664.7 345.3 493.2 289.1 412.8 55
--I--

213.3-~-.733.1 287.1 410.1 234.2 334.5 55
----- -

Damper 1 First Cycle Average stable
\')

Freq. G' G' , G' G' , G' G' , (DEG)
(Hz) (lb/inJ.) (lb/in 2

) (lb/in:l) (lb/in~) (lb/in2.) (lb/ln 2
)

0.2, 449.7 619.0 369.9 509.1 338.7 466.2 56

0.5 708.7 1012.2 463.5 661. 9 366.1 522.9 55

1.0 936.8 1388.8 514.5 762.8 358.4 532.1 55

2.0 1154.1 1588.4 609.2 835.5 389.2 535.7 54

TABLE 2.2. G' and Gil for Damper No.1 at Different Temperatures
and Frequencies
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Damper 2 First Cycle Average stable
0

Temp. G' G' , G'
I G' , G' G' ,

(oC) (lb/in 2
) (lb/in 2

) (lbiin2
) (lb/in2 (Ib/inz (lb/ in2

)
(DEG)

- ..
24.4 1192.9 1'768.6 575.0 852.5 463.3 632.1 56

27.6 630.5 900.5 397.9 568.3 310.7 443.8 55

30.2 465.9 641. 3 322.1 443.3 266.3 366.5 54

34.9 264.3 338.3 218.9 280.2 210.8 269.9 58

Damper 3 First Cycle Average stable
0

Temp. G' G' , G' G' , G' G' , (DEG)
( °C) (Ib/in'l) (Ib/in~) (lb/in z

) (lb/in2. (lb/in l
) (lb/inJ.)

---
22.8 956.2 1417.6 629.9 933.9 559.2 829.0 56

-- -
25.5 671. 0 994.8 488.9 724.9 440.9 653.6 56

27.5 590.1 812.2 434.8 598.5 401. 5 552.6 56

30.2 417.5 596.3 327.2 467.3 309.7 442.3 55

33.3 236.2 325.1 206.7 384.5 201.4 277.1 54

Damper 4 First Cycle Average stable 0

Temp. G' G' , G' G' , G' G' , (DEG)
(0 C) (lb/in

l
) (1b/in 2 ) (lb/in') (1b/in2 ) (lb/in'!.) (Ib/in).)

I

27.8 439.8 670.9 359.8 513.8 338.4 483.0 55
----- -

30.0 356.8 491.1 290.3 399.6 376.3 380.2 54

34.2 21. 4 282.0 191.2 353.7 189.6 251.6 53 ,

TABLE 2.3a. G' and Gil of Damper Nos. 2, 3 and 4 at Different Temperatures
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Damper 5 First Cycle Average stable
0

Temp. G' G' , G' G' , G' G' , DEG)
( <lC ) (lb/ in2. ) (lb/in 1

) (lb/in2
) (lb/in2

) (lb/inl.) (lb/in 2 )

23.0 7a2.3 1038.2 547.2 726.1 479.2 635.9 53

27.0 410.0 544.1 321. 4 426.5 293.1 389.1 54

31.0 198.8 272.8 171. 3 235.8 165.0 227.1 53

Damper 6 First Cycle Average stable
0

Temp. G' G' , G' G' , G' G' , (DEG)
(C> C) (lb/in2

) (lb/inl.) (lb/in1
) (lb/in?) (lb/in~) (lb/in2.)

24.1 918.8 1143.6 639.7 790.0 573.9 708.7 51
-

28.0 551.3 731.5 414.3 549.8 380.3 504.7 53
----- -

30.4 389.9 517.7 311. 5 413.4 296~1 392.9 53

33.4 231.1 285.4 204.3 252.2 196.3 242.5 51

Damper 7 First Cycle Average stable 0

Temp. G' G' , G' G' , G' G' , (DEG)
( 0 C) (lb/in4

) (lb/in2
) (lu/ in1

) (lb/in 2
) (lb/in 2

) (lb/in:z.)
.---

24.8 932.8 1237.8 606.9 805.3 542.8 '120.4 53

28.2 570.4 786.4 410.3 564.6 379.6 522.6 54

30.1 460.8 634.2 347.4 484.2 323.0 447.6 54

33.4 355.1 471. 2 284.0 376.9 273.8 363.4 53

TABLE 2.3b. G' and Gil of Damper Nos. 5, 6 and 7 at Different Temperatures
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envirornnental temI:erature changes and (2) the heat generated in the damper

by the conversion of vibration energy into thermal energy. Both of these

factors can change the characteristics of the damper. However, temperature

effect becomes negligible after several loading cycles at which time the

heat generated in the damper reaches a balance with the heat radiated into

the environment. The time needed to reach this equilibrium state can vary

with the damper volume, the loading frequency, the environmental

temperature, and so on. This can be seen in Figs. 2.3 and 2.4.

It is corranonly believed that the mechanical properties of VE dampers

are a function of the loading frequency. However, this is only true when

considering a wide frequency range. In this test and in most civil

engineering applicatons, frequency is usually considered in a relatively

low and narrow range. Resul ts of this test show that the frequency effect

is not significant when the loading frequency falls into a narrow range.
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Two series of structural tests were carried out using a three-story

steel frame structure modeling a shear building through the method of mass

simulation. In the first series. the top two floors of the model were

rigidly braced to produce a single-degree-of-freedom system into which

viscoelastic dampers were incorporated.

In order to provide a theoretical basis for the experiments. some

theoretical considerations are first discussed.

3.2 lW)IC EQlATIOOS

In the following developnent. a linear single-degree-of-freedom system

is assumed. The damping of the original structure is assumed to be small

and the added damping due to the addition of VE dampers is also assurned to

be small.

A system with light damping can be treated like a narrow band system

[7]. When a narrow band system is excited by a wide band input (such as an

earthquake. white noise. etc.). its response power spectral density

function is highly concentrated near the natural frequency of the system as

shown in Fig. 3.1. where Si and Ss are. respectively. the input and system

power spectrum density functions. This concentration near the natural

frequency suggests that the predominant frequency components of a sample

response function are contained in a relatively narrow band centered on the

undamped natural frequency fro The beat phenomenon occurs when two

hannonics are present whose frequencies are very close to each other.

'!hus. the response envelope of a narrow band system can be expected to

show similar characteristics. The "beat" is random in character (see
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Fig. 3.2) because the predominant frequencies are spread over the narrow

band. 'Iherefore, the resIX>nse of a narrOfl band system appears locally as a

slightly distorted harmonic wave with a frequency near the system natural

frequency and with amplitudes varying slowly in a random manner.

with a white noise input spectrum with level So' the approximate t:eak

value of the resIX>nse Bode plot can be expressed as

p = ..fS:../2r.kr 0"
(3.1)

and the peak value of the resIX>nse paver spectrum can be expressed as

S = S /4~2k2 (3.2)pr 0

where ~ is the damping ratio and k is the stiffness of the system.

Since most structural systems have low damping (~ < 0.10), their

response to an earthquake-type input behaves like that of a narrow band

system. Therefore. eqs. <3.1) and (3.2) are of practical imIX>rtance.

It is seen from eqs. (3.1) and (3.2) that an increase in the damping

ratio due to the presence of VE dampers reduces the t:eak values P and S •r pr

An increase in l; reduces Pr according to 11 ~ and Spr according to 1/ e2
•

The addition of VE dampers to a structure results in an increase of

stiffness and damping. In the case of equivalent stiffness, consider a

structural member attached to the structure at two points 11 and 12 , the

stiffness ki between these two IX>ints can be estimated by

k. = F./d. (3.3)
111

where Fi is the force exerted to the structural member at IX>ints i 1 and i 2

and di is the member deformation.

let kj be a known stiffness with a measurable deformation dj • Fi and

di can be estimated by relating these quantities to Fj and dj through

k. = r 2k. (3.4)
1 J

where
3-3
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r = dj /di (3.5)

For a single-degree-of-freedom system, r is a constant and is a function of

the structural geanetry.

The deformation ratio r can be readily found for arbitrary damper

configurations. For a floor-to-wall mounting as shown in Fig. 3.3a, for

example, one obtains

r = h/ycos9

and, for wall-to-wall mounting (Fig. 3.3b), it takes the form

r = h/(Y2-Y1)coS9

<3.6)

(3.7)

(3.10)

The values for r for other possible damper configurations can be similarly

obtained.

UJ'rler the assmnptions stated above, useful formulas can be derived for

the damping ratio as well [2]. In the presence of N dampers, one can write

or

~ = t'G"A/2k t (3.9)o

where ks is the structural stiffness between two mounting points of the

damper and ko is the total stiffness of the structure and the damper

between the damper mounting points.

If the damper location conditions are different, eq. (3.8) or (3.9)

becomes

N N

~ = G" ~ ~v ./2 ~ k .h~L 1 1 1 L 01 1
i=1 i=1

where Vi = tiAi and 1i is the strain associated with damper i.

Equation (3.8) is useful only when ks is available. In this series of

experiments, damper design was carried out using eq. (3.9).
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In this series of experiments, the top two floors of the model

structure were rigidly braced to produce a structural system with a single

degree of freedom. '!Wo viscoelastic dampers were installed with a diagonal

orientation between the first floor and the base. Fig. 3.4 shows this

configuration in the laboratory and gives a close-up view of the dampers.

The structure was bolted to a concrete block which in turn was bolted

to a shaking table that suppl ied the desired base excitation. The

displacement of the first floor relative to the base was measured by a

Temposonics device that was installed on a different frame which was fixed

onto the table. The absolute accelerations of the first floor and the base

were measured by accelerometers that were installed on the first-floor slab

and on the concrete block of the base. Another Temposonics was placed on

the damper to measure its relative internal displacement. Also. a

thermocouple was glued to the surface of the viscoelastic material in each

damper to measure damper temperature.

The data acquisition system used to monitor the experiment consisted

of a minicomputer PDP11/34 with a 54-channel analog-digital converter,

conditioning, amplification and low frequency filters. A spectrum analyzer

was used to determine the time domain and the frequency domain response

characteristics.

White noise, sine waves, and seismic mction were considered for base

excitation. For seismic excitation, the N-S EI centro acceleration record

was used as input, and its time history is shown in Fig. 3.5.

Some representative results in the case of seismic excitation are

shown in Table 3.1. The structural parameters in this table were obtained

fram the absolute acceleration frequency transfer function, and the maximum

response values which characterize the efficiency of the dampers were taken
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FIG. 3.4. Experimental Set-up for SDOF System
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STRUCTURAL PARAMETERS RESPONSES UNDER SEISMIC
CASE AND
TEMPERATURE NATURAL DAMPING Max. RELATIVE Max. ABSOLUTE

FREQUENCY FACTOR DISPLACEMENT ACCELERATION

DC Hz % in g's

NO DAMPER 5.124 4.27 0.29 1.0

WITH DAMPER
T = 22.4 10.75 7.13 0.040 0.445
T = 26.6 9.75 18.58 0.038 0.424
T = 30.2 9.44 20.61 0.046 0.414
T = 32.0 8.63 28.62 0.047 0.412
T = 35.2 6.63 49.57 0.076 0.395

TABLE 3.1. Exper imental Results - SOOF System and Seismic Input
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in the time domain. Because of temperature-dependent behavior of the

dampers, the results are given for different temperatures. Figures 3.6 to

3.8 show a selection of structural responses in both the time and the

frequency domai~ These figures were directly obtained from the spectrum

analyzer for which the zero rx>int was not compensated.

The structural system with added dampers can be compared to one

without dampers. The reductions in response for the system with dampers

range from 75~ to 87~ with respect to relative displacement and are about

60% with respect to absolute acceleratio~ The efficiency of the dampers

can be clearly seen in Table 3.1 and Figs. 3.6-3.8.

The temperature-dependent behavior of the dampers can be seen in Table

3.1. When the temperature increases, the natural frequency decreases and

the damping factor increases. Since the structural system with dampers is

no longer a lightly damped system in these experiments (especially true in

cases where temperature is high), the damping factors obtained from the

absolute acceleration frequency transfer function are not exactly accurate.

However, for IXlrposes of relative comparison, the consistency in these data

supports this general conclusion. The temperature dependency of the

structural parameters can be represented graphically as shown in Figs. 3.9

3.10.

The experimental results can also be compared to results obtained from

computer simulation under similar conditions and using the structural

parameter values obtained in the experiment. These comparisons are

summarized in Figs. 3.11-3.12. It can be seen from these figures that the

simulated results closely match those obtained from the experiments.

The effect of damper configuration on structural behavior was also

studied. In the one-damper case, it can be installed at different angles

of inclination from the horizontal. In this set of tests, the temperature
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was kept at around 30oC, and the results of the tests are shown in Table

3.2. The data indicate that the optimum position for a damper is in a

diagonal direction. When the damper was installed in the diagonal IX>sition

with an inclination angle of 370 from the horizontal, the response

reductions were at their maximum. This is expected since the maximum

relative deformation of the structure takes place in this direction and

maximum relative deformation was generated in the damper.
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STRUCTURAL PARAMETERS RESPONSES UNDER SEISMIC
ANGLE FROM
HORIZONTAL TEMPERATURE NATURAL DAMPING Max. RELATIVE Max. ABSOLUTE

FREQUENCY FACTOR DISPLACEMENT ACCELERATION

Degree °C Hz % in g's

12.1° 29.6 3.19 10.78 0.10 0.094
15.5° 29.5 3.62 9.83 0.097 0.148

26.6 7.75 10.49 0.018 0.161
*37.0° 29.8** 6.66 22.94 0.020 0.126

32.9 5.56 35.39 0.021 0.09

52.0° 30.1 5.19 16.87 0.035 0.106
71. 0° 30.2 3.56 12.72 0.085 0.111

*Diagonal Direction between First Floor and Base

**Data obtained by Interpolation

TABLE 3.2. Results for Different Damper Configurations
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• • 1 EXI'ERIJI!ENl2\ SET--UP

The structural model and the basic experimental facilities used in

this phase of the experiments are the same as those described in Section 3.

except that the rigid braces on the top two floors were r6110ved to simulate

a three-degree-of-freedorn system. It thus provided more flexibility in the

placement of VE dampers in a more realistic setting. Figure 4.1 sh~s one

of the placement schemes in which VE dampers were installed on every floor.

The displacements of each floor were mf~sured with respect to a metal

frame that was not in contact with the shaking table. Instead. the frame

was fixed to the floor of the laboratory so that all displacement

measurements would be absolute measurements.

In this investigation. banded white noise (0-25 Hz) and seismic

excitation were used as inputs. An N-S El"Centro acceleration record at

25'1> amplitude was used for the seismic excitation.

Wi th respect to damper configurations. three possibil i ties were

investigated. In case 1. a damper was installed on each floor as sh~n in

Fig. 4.1. In case 2. a damper was installed on the first and second floors

and in case 3. damper was only added to the first floor.

In consideration of temperature dependency of the viscoelastic

material. experiments were performed at two different temperatures. one at

the ambient t611perature of approximately 230,: and the other. about 300C.

•• 2~ RESUL'IS J\R) DISOJSSlOO

Some typical responses of the structJre to seismic excitation are

shown in Figs. 4.2-4.7. Figures 4.2-4.4 give the responses in the time

domain while Figs. 4.5-4.7 give the responses in the frequency domain. In
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each case, the maximum value in the time domain is used to characterize the

efficiency of the dampers, and a comparison of these rnaxlinum values among

all cases is shown in Table 4.1. The values of the structural parameters

as determined from the experimental results for each configuration at each

temperature are given in Table 4.2.

The experimental results were again compared to comp..1ter simulation

resul ts using experimentally determined structural parameters. Such a

simulated comp..1tation was done for each experimental case, and the results

are summarized in Table 4.3. Some typical t:rne histories for the relative

displacement in each experimental case and corresponding computer

sllnulation are shown in Figs. 4.8-4.13.

In comparing the experimental and simulated computation results, it is

seen that, even though there are differences in the peak values for the

amplitudes, Figs. 4.8-4.13 show a good pattern of consistency. From these

figures and Tables 4.2 and 4.3, it can be seen that the simulated results

consistently give lower amplitUdes than the experimental results. This is

most likely due to the fact that the damping factors of the structural

roodel were probably overestimated in the simulated computation. What was

not taken into account was the transformation of the structural model from

a symmetrical to an unsymmetrical configuration with the addition of

dampers. This may explain the fact that the response frequency transfer

function did not produce just one peak arounc] the natural frequency as seen

in Figs. 4.5-4.7. Since the damping factors were overestimated, the modal

shapes could only be approximated. Hence, the responses in the simulated

cOllq)utation were underestimated. Moreover, since the modal shapes could

only be approximated, errors were unavoidable in the matrix calculations

for the stiffness and damping in the sllnulated structural system. Since

these matrices were used to determine the absolute acceleration in the
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simulation, some discrepancy exists in the absolute acceleration values

computed in the simulation. This can be seen by comparing Tables 4.1 and

4.3.

A comparison of the results produced by the three different damper

configurations reveals, as expected, that case 1, with dampers added to all

floors, is the optimal one for reducing structural response. Havever, the

experimental and simulated results suggest that the effectiveness of VE

dampers is governed more by their placements within the structure than by

their sheer number. The problem of optimum placement of VE dampers is one

of significant importance and needs to be explored further.

Based on the experimental and simulated results, it can be readily

seen that the addition of VE dampers is effective in reducing structural

response due to seismic excitation. Also, its effectiveness increases as

the temperature increases.
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F NO DAMPERS WITH DAMPERS
CONFIGURATION L

CASE RESPONSES 0 (REFERENCE) AMBIENT TEMPERA. HIGHER TEMPERA.
OF STRUCTURE 0

R MAX. VAL. MAX. VAL. RED. % MAX. VAL. RED. %

Relative 1 0.1675 0.0326 80.5 0.0329 80.4
Displacement 2 0.2642 0.0525 80.1 0.0482 81.8

( in ) 3 0.3560 0.0830 76.7 0.0691 80.6

1/ Storydrift 0-1 0.1675 0.0326 80.5 0.0329 80.4
1

~
Displacement 1-2 0.1367 0.0416 69.6 0.0495 63.8

( in ) 2-3 0.1172 0.0427 63.6 0.0494 57.8

V Absolute 1 0.2345 0.1170 50.3 0.0961 61.1
Acceleration 2 0.2588 0.1784 31.1 0.1213 53.1

( g's ) 3 0.3484 0.2373 31.9 0.1862 45.5

Relative 1 0.3159 0.0378 88.0 0.0325 89.7
Displacement 2 0.4180 0.0775 81.5 0.0723 82.7

( in ) 3 0.5181 0.2102 59.4 0.1419 72.6

Storydrift 0-1 0.3159 0.0378 88.0 0.0325 89.7
2 ~ Displacement 1-2 0.1547 0.0515 60.2 0.0523 59.7

V
( in ) 2-3 0.1910 0.1377 27.9 0.0979 48.7

Absolute 1 0.3623 0.1073 70.4 0.1081 70.2
Acceleration 2 0.3233 0.1923 40.5 0.1483 54.1

( g's ) 3 0.4840 0.4134 14.6 0.2766 42.8

Relative 1 0.3234 0.0511 84.2 0.0467 85.6
Displacement 2 0.4963 0.2865 42.3 0.1745 64.8

( in ) 3 0.5935 0.4521 23.8 0.2864 52.0

Storydrift 0-1 0.3234 0.0511 84.2 0.0467 85.6
3 Displacement 1-2 0.1924 0.2448 -19.2 0.1365 29.1

V.
( in ) 2-3 0.1821 0.2054 -12.8 0.1277 29.9

Absolute 1 0.2889 0.1058 63.4 0.0945 67.3
Acceleration 2 0.2242 0.2916 -30.1 0.1968 12.2

( g's ) 3 0.3769 0.3711 1.5 0.2688 28.7

TABLE 4.1. Experimental Results - MDOF System and
Seismic Input
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M WITH DAMPERS
CONFIGURATION 0 NO DAMPERS

CASE OF STRUCTURE PARAMETERS D (REFERENCE) AMBIENT HIGHER
E TEMPERATURE TEMPERATURE

Natural 1 2.54 5.76 5.18

V Frequency 2 7.71 14.84 14.36

~
( Hz ) 3 12.99 19.04 18.85

1

/
Damping 1 1.684 2.052 12.935

Factor 2 0.621 2.679 5.956
( % ) 3 0.155 4.996 4.026

Natural 1 2.05 4.30 3.91
Frequency 2 5.96 11.04 10.55

~
( Hz ) 3 12.04 19.24 18.85

2
Damping 1 2.523 3.10 11.0

/ Factor 2 0.28 3.52 5.81
( % ) 3 0.075 6.45 5.47

Natural 1 1.855 2.734 2.734
Frequency 2 6.25 9.765 9.668

( Hz ) 3 11. 23 18.85 17 .875
3

'/
Damping 1 2.566 1.482 2.78

Factor 2 1.025 0.892 2.51
( % ) 3 0.164 2.566 7.54

TABLE 4.2. System Parameters Based on Experimental Results
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F NO DAMPERS WITH DAMPERS
CONFIGURATION L

CASE RESPONSES 0 (REFERENCE) AMBIENT TEMPERA. HIGHER TEMPERA.
OF STRUCTURE 0

R MAX. VAL. MAX. VAL. RED. % MAX. VAL. RED. %

Relative 1 0.1339 0.0158 88.2 0.0146 89.1
Displacement 2 0.2176 0.0462 78.8 0.0351 83.9

( in ) 3 0.2758 0.0703 74.5 0.0507 81.6

1/ Storydrift 0-1 0.1339 0.0158 88.2 0.0146 89.1
1

~
Displacement 1-2 0.0932 0.0304 67.4 0.0205 78.0

( in ) 2-3 0.0688 0.0279 56.8 0.0183 73.4

V Absolute 1 0.1804 0.1202 33.4 0.1009 44.1
Acceleration 2 0.1629 0.2292 -40.6 0.1323 18.8

( g's ) 3 0.2496 0.2692 -7.8 0.1722 31.0

Relative 1 0.2644 0.0262 90.0 0.0323 87.8
Displacement 2 0.3769 0.0701 81.4 0.0666 82.3

( in ) 3 0.4721 0.1815 61.6 0.1358 71.2

Storydrift 0-1 0.2644 0.0262 90.0 0.0323 87.8
2 ~ Displacement 1-2 0.1125 0.0439 61.0 0.0346 69.2

V
( in ) 2-3 0.0953 0.1149 -20.6 0.0733 23.1

Absolute 1 0.1205 0.1156 4.1 0.1088 9.7
Acceleration 2 0.1606 0.2076 -29.3 0.1472 11.5

( gls ) 3 0.2283 0.3383 -48.2 0.2337 -2.4

Relative 1 0.2336 0.0210 91.0 0.0244 89.6
Displacement 2 0.3572 0.1672 53.2 0.1505 57.9

( in ) 3 0.5129 0.2737 46.6 0.2586 49.6

Storydrift 0-1 0.2336 0.0210 91.0 0.0244 89.6
3 Displacement 1-2 0.1356 0.1466 -8.1 0.1272 6.2

.V
( in ) 2-3 0.1623 0.1168 28.0 0.1173 27.7

Absolute 1 0.1627 0.1396 14.2 0.1108 31.9
Acceleration 2 0.1443 0.2140 -48.3 0.1900 -31. 7

( g's ) 3 0.2568 0.2280 11.2 0.2165 15.7

TABLE 4.3. Simulation ResuJ.ts
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An experimental investigation was conducted to determine whether

viscoelastic dampers. when installed in a building structure. can be

effective in reducing structural response to seismic excitations. The

experiments were performed using a 1:4 scale nodel structure simulating a

multi-degree-of-freedom frame structure whose base notion was supplied ~ a

shaking table. By proper bracing. a single-degree-of-freedam as well as a

multi-degree-of-freedom system was simulated.

Experimental as well as simulation results show that significant

improvement of structural performance under seismic conditions can be

realized with addition of VE dampers at appropriate locations. In the

single-degree-of-freedom case. it was shown that reductions in response can

be as high as 87~ for the relative displacement and 60~ for the absolute

acceleration. Results for the multi-degree-of-freedom case show that. with

the most favorable damper configuration. the average reductions in

structural response were 8~ for relative displacements 7~ for storydrifts

and about SO% for absolute accelerations.

Gamparisons were made between the experimental and simulation results.

These comparisons show good agreement. suggesting that the basic

assumptions made in the theoretical considerations are val ide And the

simulation procedure developed in this study can be used for extrapolation

of results to other cases of interest.

Temperature dependency of the VE dampers was carefully studied in this

investigation. The experiments were carried out at temperatures ranging

from 220 C to 3soC and the results show that the damper properties and their

efficiency are strongly temperature dependent. Hence. environmental

temperature must be taken into account when designing dampers for
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structural applications.

Attention was also y;:aid to damper configurations. Diagonal placement

of the dampers was the best in case of the SOOF system since the relative

displacement is the greatest in this position and so is the energy

dissiy;:ated by the damper. Similar considerations were given to experiments

involving mUlti-degree-of-freedom systems and the advantage of optimum

damper placement was also clearly demonstrated.

One limitation associated with this experimental investigation has to

do with the fact that. since the model structure is light in comparison

with the weight of dampers and their fixtures. the addition of dampers not

only resulted in an increase in its damping ratio. but also its stiffness.

A significant increase in stiffness is generally not expected in real

structural applications and hence the results presented in this study must

be interpreted with care. However. simulation studies have been made under

the assumption of no increase in stiffness which support the general

conclusions stated above.

Finally. while damper additions are accompanied by damping increases

in the structure. their effectiveness in structural response reduction

diminishes as damping is increased beyond a certain range. In this

connection. results in relative displacement and absolute acceleration for

the SDOF system were generated through simulation as functions of the

damping ratio while the structural stiffness or natural frequency was kept

constant (5.124 HZ). These are shown in Figs. 5.1 and 5.2 which

demonstrate this diminishing effect when the damping ratio is increased

beyond 0.2.
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