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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination 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. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the 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 protective systems. Protective Systems are devices or systems which, when incorpo
rated into a structure, help to improve the structure's ability to withstand seismic or other en
vironmentalloads. 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.
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The study described in this report concerns seismic response ofsteel-frame structures with added
viscoelastic dampers as energy dissipation devices. The objective is to carry out an experimental
investigation on the seismic response of a model structure, which is a 2/5-scaled model of a
prototype five-story structure, with added viscoelastic dampers. The results can thus be com
pared with those from tests to be carried out on the full-scale structure and can be used for a
realistic assessment ofstructural applications ofviscoelastic dampers.

A major emphasis is placed on the ambient temperature effect. With ambient temperature taken
into account, a procedure is proposed for estimating equivalent damping of a viscoelastically
damped structure together with the development ofa damper design procedure. These results are
verified based on the experimental results.
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ABSTRACT

Seismic response characteristics of a 2/5 scale steel frame structure with added

viscoelastic dampers are studied experimentally. The major emphasis is placed on

the ambient temperature effect. It is shown that, while seismic response of a

structure can be s ignifi cantly improved with added dampers, thei r degree of

effectiveness depends on the surrounding temperature within which they operate.

Results also show that, even at very high temperatures, the viscoelastically

damped structure can still achieve a significant reduction of structural response

as compared to the case with no dampers added.

The design of viscoelastic dampers by taking into account the ambient

temperature is addressed. Empirical equations are established based on regression

anal ys is us i ng data obta i ned from component tests of the dampers. These

equations can satisfactorily estimate the dynamic properties of dampers under

various ambient temperatures, excitation frequencies and deformations.

Numerical simulations on equivalent structural damping and structural

response under various ambient temperatures are also carried out. It is

demonstrated that the dynamic behavior of structures with added viscoelastic

dampers can be satisfactorily predicted by existing analytical tools.
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SECTION 1

INTRODUCTION

Earthquake Resistant design and retrofit of moment resisting steel frames

using energy absorption devices has received considerable attention in recent

years [1-5]. Among the available devices, viscoelastic dampers have shown to be

capable of providing structures with added damping to dissipate energy resulting

from severe earthquake ground motions.

Viscoelastic dampers are normally made of viscoelastic layers bonded to

steel plates under direct shear to dissipate input energy [4,5]. When added to

a structure, experimental studies of this type of structures have shown that,

while they can be effective in attenuating seismic response of the structure,

their proper design for maximum efficiency must take into account important

factors such as excitation frequencies and the environmental temperature within

which they operate [4-6].

The objectives of this study are to carry out an experimental investigation

on the effect of ambient temperature on viscoelastic dampers and on the dynamic

response of a viscoelastically damped 2/5 scale five-story steel-frame structure.

Based on test results of individual viscoelastic dampers, empirical formulae on

the dynamic damper properties as functions of excitation frequency, ambient

temperature and strain range are derived. Based on these equations, numerical

studies on the prediction of structural damping and on the simulation of dynamic

structural response under earthquake excitations are carried out.

The model structure used in this study was constructed as a part of a US

China Cooperative Research program [7]. In that program, Beijing Polytechnic

University in China designed and constructed a full-sized five-story steel-frame

structure (Fig. 1.1) and the State University of New York at Buffalo constructed
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Fig. 1.1 Full-Sized Five-Story Steel Frame
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a 2/5 scale steel model to carry out a series of research programs on seismic

response of structures. One of the objectives of this research program is the

feasibility study of using energy absorption devices to reduce excessive

vibration of buildings under severe earthquake ground motions.

This report describes only the test results on the model structure with

added viscoelastic dampers. Experimental studies on the dynamic behavior of the

prototype structure added with similar viscoelastic dampers will be carried out

in the near future.
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SECTION 2

PROPERTIES OF VISCOELASTIC DAMPERS UNDER VARIOUS AMBIENT TEMPERATURES

2.1 Test Set-Up And Experimental Program

Tests of dampers were carried out by using a MTS axial-torsional testing

system [8]. The damper (Fig. 2.1), which is identical to those used in the model

test, has an area of 1.5 in2 and a thickness of 0.2 inch of a 3M viscoelastic

material. It was rigidly connected to the MTS unit and subjected to sinusoidal

excitations of selected magnitudes of strains and frequencies under precise

control of selected ambient temperatures. A picture of the test set-up is shown

in Fig. 2.2.

Fig. 2.3 shows a special device which was developed to provide accurate

control of ambient temperature around the damper. This device consists of a

cylindrical cardboard wrapped by a thin layer of teflon tape, an electric heating

pad, an electronic thermal couple, and a power controller with a dimmer. When the

damper is inserted into the cylinder, the heat generated by the heating pad is

transferred to the space between the damper and the cylinder. By properly setting

the dimmer in the power controller, different ambient temperatures around the

damper can be precisely simulated.

Two types of temperatures were monitored throughout the tests: the

temperature rise within the viscoelastic material due to shear deformation and

the ambient temperature around the damper. During the test, the damper

deformation (strain) and shear force were measured by a LVDT and a load cell

within the MTS unit. Using this experimental set-up, it was possible to obtain

the load-deformation relationship with corresponding temperature changes in the

damper. The basic dynamic properties of dampers under various controlled

temperatures were then determined based on the test data.

2-1
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STEEL FLANGE

CENTERPLATE v'E. MATERIAL

( A = 1.5
. 2
1n , THICKNESS = 0.2 in

Fig. 2.1 Damper used in Test

~quencY (Hz) Ii 0.1, 1.0, 2.0, 3.0, 3.5, 4.0 6 cases

~__"~St~r~~~~,%) ,,__15, 20, 50 --+~ cases

I Temperature (oC) ~I_ 21, 24, 28, 32, 36, 40 6 cases

Table 2.1 Test Program
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Fig. 2.2 Experimental Set-up
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Card board cylinder

Teflon Tape wound around
exterior surface of cylinder

Heating pad

Power controller to control
interior temperature of cylinder

Fig. 2.3 Temperature Control Device
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The damper was tested under six different ambient temperatures (21°C, 24°C,

28°C, 32°C, 36°C and 40°C). At each temperature six tests were conducted at

frequencies of 0.1, 1.0, 2.0, 3.0, 3.5 and 4.0 Hz, respectively, for up to fifty

cycles of deformation in three different strain ranges (5%, 20% and 50%). Alist

of the test program is summarized in Table 2.1.

2.2 Test Results

Force-deformation hysteresis loops of the damper at two controlled strain

ranges (5% and 20%) subjected to excitation frequencies of 1.0 Hz and 3.5Hz under

six different ambient temperatures are given in Figs. 2.4-2.7. In each of these

figures, the damper experienced up to 20 cycles of excitation. It is clear from

these fi gures that energy di ss i pat i on capacity of the damper depends on the

excitation frequency and the surrounding ambient temperature. In general, the

damper stiffness is a function of deformation, number of loading cycles,

excitation frequencies, and the ambient temperature. It is generally stiffer when

subjected to a higher excitation frequency, also stiffer when the deformation

strain range is smaller and the number of loading cycle is not large. Increasing

loading cycles or deformation will cause viscoelastic material softening. This

is due to temperature increase within the damper. However, the rate of stiffness

softening is stabilized after a number of loading cycles, depending on the

surrounding temperature and the strain range.

Based on load-deformation relationships obtained from the damper tests,

important dynami c parameters of the vi scoe1ast ic dampers such as W (energy

dissipation per cycle), K (damper stiffness), G' (shear storage modulus), Gil

(shear loss modulus) and Loss Factor, etc., under each ambient temperature and

excitation frequency are calculated and listed in Table 2.2a-2.2f. Detailed

description of the above parameters can be found in [4,6].
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(a) T = 21°C

Freq. (Hz) strain(%) W(lb. in) K(lb/in) G' (psi) Gil (psi) Loss Factor

0.10 5.00 265.00 786.00 51. 50 56.16 1. 09
20.00 4503.00 847.00 53.58 59.72 1.11

1. 00 5.00 1088.00 2615.00 169.88 230.95 1. 36
20.00 16675.00 2473.00 157.32 221.16 1. 40

2.00 5.00 1591. 00 3945.00 275.30 337.62 1. 23
20.00 22622.00 3387.00 229.49 300.03 1. 31

3.00 5.00 1969.00 5394.00 352.27 417.91 1.18
20.00 26059.00 4306.00 284.82 345.62 1. 21

3.50 5.00 2058.00 6135.00 402.83 436.65 1. 08
20.00 27616.00 5064.00 312.08 366.27 1.18

4.00 5.00 2145.00 6164.00 445.88 455.25 1. 02
20.00 28431. 00 5311. 00 343.55 377.08 1.10

(b) T = 24°C

Freq. (HZ) strain(%) W(lb. in) K(lb/in) G' (psi) Gil (psi) Loss Factor

0.10 5.00 213.00 693.00 45.99 45.27 0.99
20.00 3404.00 663.00 44.04 45.15 1. 03

1. 00 5.00 873.00 2124.00 136.51 185.18 1. 36
20.00 14580.00 2082.00 140.55 193.37 1. 38

2.00 5.00 1256.00 3074.00 211. 46 266.46 1. 26
20.00 20013.00 2963.00 206.17 265.43 1. 29

3.00 5.00 1528.00 3930.00 272.26 324.25 1.19
20.00 23132.00 3819.00 256.42 306.79 1. 20

3.50 5.00 1623.00 4506.00 304.97 344.48 1.13
20.00 24122.00 4426.00 279.87 319.93 1.14

4.00 5.00 1767.00 5524.00 345.26 374.97 1. 09
20.00 24984.00 4560.00 312.38 331.36 1. 06

Table 2.2 Damper Properties
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(c) T = 28°C

Freq. (Hz) strain(%) W(lb. in) K(lbjin) G' (psi) Gil (psi) Loss Factor

0.10 5.00 168.00 538.00 34.86 35.65 1. 02
20.00 2970.00 593.00 38.49 :').39 1. 02

1. 00 5.00 659.00 1598.00 100.01 139.84 1. 40
20.00 10419.00 1548.00 104.19 138.19 1. 33

2.00 5.00 970.00 2382.00 153.65 205.84 1. 34
20.00 14383.00 2241. 00 151. 91 190.77 1. 25

3.00 5.00 1211.00 3188.00 204.76 256.91 1. 26
20.00 16937.00 3045.00 189.75 224.64 1.19

:L50 5.00 1296.00 3562.00 228.37 275.09 1. 20
20.00 17549.00 3232.00 201. 23 232.75 1.16

4.00 5.00 1355.00 4093.00 248.61 287.47 1.15
20.00 18044.00 3459.00 222.26 239.32 1. 07

(d) T = 32°C

Freq. (Hz) strain(%) W(lb.in) K(lbjin) G' (psi) Gil (psi) Loss Factor

0.10 5.00 136.00 505.00 34.53 28.93 0.84
20.00 1718.00 415.00 28.15 22.79 0.81

1. 00 5.00 478.00 1134.00 77.63 101. 43 1. 31
20.00 6451. 00 1067.00 71. 67 85.56 1.19

2.00 5.00 683.00 1732.00 114.63 144.87 1. 27
20.00 9291. 00 1577.00 104.45 123.23 1.18

3.00 5.00 831. 00 2420.00 156.54 176.34 1.13
20.00 11148.00 2051. 00 130.41 147.85 1.13

3.50 5.00 934.00 2636.00 168.96 198.20 1.17
20.00 11807.00 2211. 00 143.29 156.60 1. 09

4.00 5.00 917.00 2622.00 173.83 194.59 1.12
20.00 12089.00 2242.00 153.21 160.33 1. 05

Table 2.2 (Cont'd.)
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(e) T = 36°C

Freg. (Hz) strain(%) W(lb.in) K(lb/in) G' (psi) Gil (psi) Loss Factor

0.10 5.00 88.00 376.00 24.66 18.67 0.76
20.00 1327.00 353.00 23.16 17.61 0.76

1. 00 5.00 317.00 880.00 59.77 67.34 1.13
20.00 4644.00 873.00 55.23 61. 60 1.12

2.00 5.00 462.00 1202.00 84.94 97.97 1.15
20.00 6764.00 1234.00 80.67 89.71 1.11

3.00 5.00 566.00 1626.00 109.72 120.18 1.10
20.00 8273.00 1542.00 100.49 109.73 1. 09

3.50 5.00 619.00 1871. 00 120.72 130.72 1. 08
20.00 8761. 00 1614.00 109.47 116.20 1. 06

4.00 5.00 651.00 1932.00 133.36 138.22 1. 04
20.00 9121. 00 1692.00 119.56 120.97 1. 01

(f) T = 40°C

Freg. (Hz) strain(%) W(lb.in) K(lb/in) G' (psi) Gil (psi) Loss Factor

0.10 5.00 69.00 322.00 22.56 14.57 0.65
20.00 987.00 346.00 23.35 13.08 0.56

1. 00 5.00 233.00 709.00 47.86 49.52 1. 03
20.00 3411. 00 666.00 44.04 45.24 1. 03

2.00 5.00 330.00 1023.00 66.13 69.96 1. 06
20.00 4937.00 957.00 62.46 65.08 1. 04

3.00 5.00 404.00 1245.00 81. 47 85.73 1. 05
20.00 5938.00 1217.00 77.09 78.76 1. 02

3.50 5.00 434.00 1353.00 91. 38 92.03 1. 01
20.00 6317.00 1232.00 84.35 83.78 0.99

4.00 5.00 455.00 1547.00 99.43 96.55 0.97
20.00 6370.00 1249.00 88.76 84.48 0.95

Table 2.2 (Cont/d.)
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2.3 Empirical Formulae for Viscoelastic Dampers

From the above description, it is clear that one has to take into account

the effect of ambient temperature, excitation frequency, maximum expected strain

range, and maximum expected number of loading cycles for an effective design of

viscoelastic dampers. However, these factors are inter-related. For example,

Figs. 2.8 - 2.9 show the dependence of Gil on ambient temperature and on the

number of loading cycles, respectively, under six different vibration

frequencies. It is seen that the shear loss modulus decreases as the ambient

temperature increases. The number of loading cycles also affects Gil, especially

under large strain ranges. The change in Gil can be as much as 30% from cycle one

to twenty at 4 Hz and 20% strain. It is expected that for typi ca1 earthquake

excitations, the number of significant loading cycles will generally be less than

twenty.

In order to cons ider all the factors whi ch affect the properties of

viscoelastic dampers in the design, empirical formulae for the damper stiffness

and the loss factor based on regression analysis using the data obtained from

damper tests are proposed as follows:

where

w

T

Kd=e14.78 (w) 0.69 (T) -2.26

'l'lv=e O. 85 (w) -0.27 (T) -0.12

stiffness of the damper (kip/in)

vibration frequency (Hz)

ambient temperature (OC)

loss factor of the damper

(2.1)

(2 .2)

The above formulae were derived based on average of the first twenty cycles
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of damper deformation with an average strain of 5%, which is considered to be

reasonable during a typical earthquake excitation. The relationships between the

values obtained from the above formulae and the test results are shown in Figs.

2.10a and 2.10b, showing good agreements in general. These formulae will be used

in Section 4 for computer simulation of equivalent structural damping.
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SECTION 3

MODEL STRUCTURE TEST ON EARTHQUAKE SIMULATOR UNDER VARIOUS AMBIENT

TEMPERATURES

3.1 Description of the Test Structure

The test structure is a 2/5 scale five-story steel frame constructed under

the U.S-China Cooperative Research Program on dynamic Testing and Analysis [7].

Overall dimensions of the test frame are 52.0" x 52.0" in plan and 224.0" in

height, as shown in Fig. 3.1. A lumped mass system simulating the dynamic

properties of the prototype structure was accomplished by adding steel plates at

each floor level. The weight at each floor is 1.27 kips for the first four floors

and 1.31 kips for the fifth one. All the girder-to-column joints are fully welded

as rigid connections. This type of design produces a frame behaving as a lumped

mass five-degree-of-freedom system when subjected to lateral loads. The ends of

the first floor columns were welded to base plates which were bolted to a large

concrete boat-type foundation secured to the shake table [9]. The use of this

large foundation effectively minimizes table-structural interaction. The diagonal

bracing members with added viscoelastic dampers were connected by bolts to the

gusset plates welded to the girders (Fig. 3.2). Each set of bracing is composed

of two double angles (L 1-1/2 x 1-1/2 x 1/8) with a viscoelastic damper

connected at the upper 1/3 part of the bracing.

3.2 Test Set-Up and Experimental Program

The test set-up was designed to monitor the global structural response,

local damper response, and temperature rise in the viscoelastic dampers under

precisely controlled ambient temperatures. Typical instrumentations used are

Endevco type accelerometers, Temposonics displacement transducers and thermal
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couples within the damper material. Ten temperature control devices identical to

that used in the damper tests were uti 1ized for the control of the ambi ent

temperature duri ng the model structure tests. Thermocouples were connected

between the thermometers mounted on the second floor and each damper's surface

to detect the ambi ent temperature around the dampers. A tota1 of 20 data

acquisition channels and 10 temperature control devices, one for each damper,

were used in the test set-up. All the ten temperature control devices were

connected to a common power controll er so that the surrounding temperature around

the dampers was set to be identical. A schematic diagram of the instrumentation

is shown in Fig. 3.3. The relative displacement at each floor of the frame was

obtained by subtracting the absolute displacement recorded during the tests from

the table motion. A summary of the instrumentation is listed in Table 3.1.

Signals obtained from accelerometers, temposonics and thermocouples were

processed through the data acquisition system equipped in the laboratory. In

addition, response time histories and their transfer functions were monitored on

the screen of a Scientific Atlanta Fourier Spectrum Analyzer during the tests.

A time-scaled Hachinohe Earthquake acceleration record, normalized to a

peak acceleration of 0.12g, was used as the input excitation to the shaking

table. The earthquake simulation tests were carried out starting at the

temperature of 2SoC (normal temperature of the laboratory). The ambient

temperature was then cont ro11 ed to gradually increase up to 42°C in each

subsequent test. At the beginning of each earthquake simulation test, system

identification using a banded white noise was carried out to observe changes in

dynamic characteristics of the structure under various ambient temperatures.

Tests on the structure without any added viscoelastic dampers were also performed

under both earthquake and white noise excitations to generate bench marks for

comparisons.

3-4



I Channel Channel Fi 1e Signal
--------------1

No. Identification

..~
01 Temposonic Foundation Displacement

02 Temposonic 1st. Floor Displacement

03 Temposonic 2nd. Floor Displacement

04 Temposonic 3rd. Floor Displacement

05 Temposonic 4th. Floor Displacement

06 Temposonic 5th. Floor Displacement

07 Endevco Foundation Acceleration

08 Endevco 1st. Floor Acceleration

09 Endevco 2nd. Floor Acceleration

10 Endevco 3rd. Floor Acceleration

11 Endevco 4th. Floor Acceleration

12 Endevco 5th. Floor Acceleration

13 Temposonic Table Lateral Displacement

14 Endevco Table Lateral Acceleration

15 Temposonic 1st. Floor Damper Deformation

16 Temposonic 2nd. Floor Damper Deformation

17 Temposonic 3rd. Floor Damper Deformation

18 Temposonic 4th. Floor Damper Deformation

19 Temposonic 5th. Floor Damper Deformation

20 Thermocouple Internal Temperature of 2nd.

Floor Dampers's V.E Material

Table 3.1 Instrumentation Scheme
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3.3 Dynamic Characteristics of The Test Structure

Based on the acceleration transfer function between signals of the

structural response output and the white noise input, important dynamic

characteristics of the structure such as natural frequencies and damping ratios

can be obtained [10]. Figs. 3.4a and 3.4b show two typical transfer functions at

the third floor at ambient temperatures of 2SoC and 30°C, respectively. It is

clear from these two figures that, due to the added viscoelastic dampers, higher

modes of vibration become insignificant as compared to the first mode. Therefore,

only the damping ratios associated with the first vibration mode under various

ambient temperatures are calculated using the Half-Power Method.

Fi gs. 3. Sa and 3. Sb show the temperature dependence of the dynami c

characteri st i cs of the test structure under fi ve controll ed ambi ent temperatures.

Also shown in the figures are the first natural frequency and damping ratio of

the structure without added vi scoel ast i c dampers. These two fi gures i ndi cate

that, while structural damping increases significantly with the addition of

viscoelastic dampers, both the natural frequency and damping ratio of the

structure become lower under increasing ambient temperature. When the ambient

temperature is as high as 42°C, the natural frequency reduces to almost the same

as that without dampers, and the structural damping decreases to less than a half

of that at normal temperature (25°C). This can be realized from the results of

damper tests described in the previous section that the stiffness and energy

dissipation capacity of viscoelastic dampers decrease as a result of rising

ambient temperature.

It should be noted that the damping ratios evaluated in this report using

the Half-Power Method is considered to be reliable because they are generally

less than lS% of critical damping [11].
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3.4 Dynamic Response of The Test Structure

Two criteria were considered in order to determine an appropriate

earthquake record in this test program:

(1) The structure without added dampers will behave elastically

without being damaged.

(2) The maximum effective damper strain will be less than 75% to

prevent possible damage to the dampers.

Preliminary dynamic analyses using "DRAIN-2D" [14] were first carried out

for the test structure with and without added viscoelastic dampers by assuming

different damping ratios for the structure. A number of earthquake acceleration

records scaled to different peak accelerations were used in the preliminary

analyses. Numerical results showed that the Hachinohe earthquake with a peak

acceleration of 0.129 could conservatively satisfy the above two criteria over

the range of ambient temperature values selected for these tests.

Figs. 3.6a-3.6c show the dynamic response envelopes of the test structure

without added dampers and with dampers at five different ambient temperatures.

The influence of ambient temperature in seismic responses can be easily

visualized by comparing the response envelope values at each floor level. Figs.

3.7a-3.7f, 3.8a-3.8f, 3.9a-3.9f show the effect of ambient temperature on time

histories of the relative displacements at the roof, the inter-story drift in the

second story, and the acceleration at the roof, rspectively. Also shown in these

figures are the response of the structure without added dampers.

3.5 Discussion of Test Results

Figs.3.10a-3.10d show the temperature dependence of structural response on

the maximum displacement, maximum floor acceleration, maximum inter-story drift

and maximum damper deformation, respectively. It can be seen that the
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Fig.3.6b Maximum Story Drift (in )
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Fig.3.6c Max Floor Acceleration (g9S)
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effectiveness of added viscoelastic dampers reduces almost linearly with

increasing temperature. The damper deformation also increased with temperature,

due to the softening effect in the viscoelastic material. However, even at the

highest temperature, the viscoelastically damped structure can still achieve a

reduction of more than 40% of the structural response without added dampers.

Figs. 3.11a-3.11c show maximum response of the test structure as a function

of the structural damping ratio. It is seen that the dampers increasingly reduce

maximum relative displacement, maximum story drift and maximum absolute

acceleration with increased damping ratio. The range of most effective damping

ratios appears to be 0 to 8%.

Tables 3.2a and 3.2b summarize comparisons of the dynamic response at each

floor of the structure with added viscoelastic dampers subjected to the 0.12g

Hachinohe earthquake and 0.12g white noise input excitation, respectively, under

five different ambient temperatures. The values are given in percent reduction

of the dynami c response in the no-damper case. It can be seen that the added

vi scoe1ast i c dampers effectively reduce the maximum dynami c response of the

structure. The effect of temperature on dampers' effectiveness is also shown by

the reduced percentage effectiveness. At 42°c (108°F), the efficiency reduces to

about 40%.

Fig. 3.12 shows the maximum temperature rise within the viscoelastic

material during the earthquake excitation, which is less than 1.5°C for all five

ambient temperatures tested. It can thus be concluded that earthquake excitations

have minimal effect on the temperature rise in the viscoelastic material of the

damper. This is a similar conclusion to the results obtained previously [5].

Based upon the observations made above, it is important to design

vi scoel ast i c dampers for the expected maximum ambi ent temperature to ensure

adequate damping for the building. However, the temperature rise in the damper
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With Dampers (% reduction of No-Damper
Maximum Floor No Dampers Case)
Response Level Reference

T=25°C T=30°C T=34°C T=38°C T=42°C

5 1. 066 80.1 73.5 65.7 56.8 47.6

4 0.874 79.1 72.3 63.6 54.1 43.9
Relative

Floor 3 0.677 78.6 71. 9 63.1 53.6 43.4
Disp.

2 0.426 78.6 71.4 62.0 53.1 43.2(inch)

1 0.149 73.8 67.1 59.7 50.3 43.6

5 0.142 76.1 70.4 63.4 58.5 51.4

Inter~ 4 0.200 81.0 73.0 66.0 56.5 47.0
story 3 0.260 79.2 73 .1 65.8 56.2 45.4drift
(inch) 2 0.286 79.4 73 .4 64.3 55.9 44.8

1 0.148 73.6 66.9 59.5 50.0 43.2

5 1.151 78.2 74.8 67.8 59.5 49.9

Maximum 4 0.909 74.8 70.2 62.8 54.0 44.1
Floor 3 0.777 74.9 68.7 63.2 56.2 48.0Ace.
(g's) 2 0.538 69.1 63.4 58.9 52.6 46.8

1 0.241 43.6 38.2 38.6 36.5 32.0

Table 3.2a Summary of Dynamic Response under 0.12g Hachenoe Earthquake Motion

With Dampers (% reduction of No-Damper
Maximum Floor No Damper Case)
Response Level Reference

T=25°C T=30°C T=34°C T=38°C T=42°C

5 0.696 81. 9 81. 3 76.4 70.7 66.7

Relative 4 0.588 83.3 80.1 75.0 69.9 66.7
Floor 3 0.484 84.3 80.8 75.6 71.1 68.6Disp.
(inch) 2 0.328 83.5 79.6 75.6 71.6 69.5

1 0.116 76.7 73.3 70.7 65.5 63.8

5 0.152 78.3 82.2 78.3 75.0 73.0

Inter- 4 0.164 86.0 84.1 78.7 73.2 70.1
Story 3 0.178 82.0 82.0 74.2 68.5 65.2Drift
(inch) 2 0.214 85.0 82.7 77 .1 72.4 68.2

1 0.116 76.7 73.3 70.7 65.5 63.8

5 1.222 85.7 85.1 81.1 77 .0 73.9

Max. 4 0.856 82.5 80.5 76.8 72.5 69.4
Floor 3 0.988 86.5 85.2 81. 5 78.7 77.8Acce1.
(g's) 2 0.948 84.6 84.7 84.7 80.1 78.4

1 0.658 74.6 75.2 77 .4 75.2 76.4

Table 3.2b Summary of Dynamic response under 0.12g White Noise Motion
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during operation is relatively insignificant compared to the effect of the

ambient temperature.
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SECTION 4

NUMERICAL SIMULATIONS

In the previous section, we have once again shown the effectiveness of

applying viscoelastic dampers to improve the seismic behavior of structures. We

have also demonstrated the effect of temperature on the seismic response of

viscoelastically damped structure. In this section, numerical simulations are

carried out to predict the equivalent structural damping and seismic structural

response of the test structure under various ambient temperatures.

4.1 Estimation of Structural Damping

Viscoelastically damped structures dissipate seismic input energy through

added damping provided by the added viscoelastic dampers. In order to insure the

effectiveness of these dampers, it is very important that we first be able to

predict the amount of equivalent structural damping due to the added dampers.

In a recent study [13], by assuming a proportionally damped system, the resultant

dampi ng rat i 0 for the i th mode of the structure wi th added dampers can be

expressed as

(4.1)

where

~i = structural damping ratio for the ith vibration mode

Ed
i Energy dissipated in one cycle by the dampers for the ith vibration

mode

Ei strain energy of the structure of the ith vibration mpde

The above equation can also be expressed in terms of modal strain energy

as [12,15]:
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(4.2)

where

~i ith modal shape vector

Kd Structural stiffness matrix due to the contribution of dampers

alone

Kg = Structural stiffness matrix including the contribution of dampers.

~v = loss factor of the viscoelastic damper

In this section, we only calculate the structural dynamic properties

associated with the first mode of vibration since the higher mode response of the

test structure with added dampers are relatively insignificant, as reported in

the previous section.

Table 4.1 shows the damper properties used in the numerical study. These

values are obtained from the empirical formulae derived in Section 2 by assuming

an average 5% strain of dampers. Figs. 4.1a and 4.1b show both the experimental

and the predicted first natural frequency and structural damping using Equation

4.2. As can be seen, the natural frequency and equivalent structural damping of

the viscoelastically damped structure under various ambient temperatures can be

satisfactorily predicted using the modal strain energy method.

4.2 Simulation of Dynamic Structural Response

Numerical simul ations on dynamic response of the test structure under

various ambient temperatures were carried out using the general purpose program

DRAN-2D [14]. The damping ratios obtained from the experiments were used in the
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Table 4.1 Damper Properties used in Numerical Simulation

T(OC) w (Hz) 'Y (%) Kd ( 1b/i n) Tl

25 3.71 5 4421 1.11

30 3.49 5 2840 1.11

34 3.33 5 2044 1.11

38 3.27 5 1569 1.09

42 3.26 5 1248 1.08

analysis. Figs. 4.2a-4.4b show the experimental results and the numerical

simulations on the dynamic response of the viscoelastically damped structure at

ambient temperature of 25°C, 34°C and 42°C, respectively, and Figs. 4.5a,b show

the dynamic response of the structure without added dampers. It can be seen that

they generally agree very well with each other. It is also interesting to observe

that numerical simulations of the structure with added dampers agree better with

the experimental results than those of the structure without added dampers. One

reasonable explanation to this may be due to modeling of the equivalent

structural damping. For the viscoelastically damped structure the added damping

provided by the dampers which can be reliably modeled dominates the dynamic

response of the structure. For the structure without added dampers the effect of

inherent structural damping which normally varies during the vibration

significantly affects the accuracy of the numerical simulation.
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SECTION 5

SUMMARY AND CONCLUSION

Experimental studies on the dynamic properties of viscoelastic dampers and

on the seismic behavior of a viscoelastically damped steel-frame model structure

have been carried out under precisely controlled ambient temperatures between

25°C and 42°C. The test structure is a 2/5 scale model of a prototype which was

constructed in China as part of a US-China cooperative research program. Only

results from tests on the model structure are discussed in this report.

Test results show that, in general, viscoelastic dampers are very effective

in reducing excessive vibration of the test structure due to seismic excitations.

At 25°C, the dampers can achieve a reduction of about 80% of the maximum floor

acceleration, maximum story drifts and maximum lateral displacements of the test

structure without added dampers. With increasing ambient temperature, however,

the viscoelastic material softens and the effectiveness of the dampers is

decreased. However, at the temperature of 42°C, the dampers can still reduce the

structural response by more than 40%. Of course, the viscoelastic dampers can be

des igned for higher effi ci ency with temperature depend i ng on the spec ifi c

temperature requirements of the application. For example, the viscoelastic

dampers should be designed for the expected maximum ambient temperature to ensure

adequate damping for the building.

It should be noted that, in the simulated Hachinohe earthquake tests, the

temperature rise in the damper material was insignificant (approximately 1°C).

The result is similar to that obtained from tests conducted elsewhere [5]. Only

one set of dampers was used for this series of tests; the mechanical properties

of the viscoelastic damper material were recoverable after each test under

different temperatures, strains and load cycles.
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Empirical equations for estimating the stiffness and loss factor of the

viscoelastic dampers used in this study were established based on regression

analysis using data obtained from component tests of dampers. These equations can

adequately estimate the dynamic properties of the dampers under various ambient

temperatures, excitation frequencies and deformations.

Numerical predictions on structural damping under various ambient

temperatures were carried out using the modal strain energy method and the

aforement ioned empi ri ca1 formul ae. Numeri cal results show that structural dampi ng

with added dampers can be satisfactorily estimated by the modal strain energy

method used in this report.

Numerical simulations were also carried out on the dynamic response of

viscoelastically damped structures under seismic excitations. Comparison between

numerical simulation and test results shows very good agreements for the

viscoelastically damped structure. Numerical simulation deviates from

experimental results for the structure without added dampers. This is believed

due to the difficulty in simulating the inherent structural damping.
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"The System Characteristics and Performance of a Shaking Table," by J.S. Hwang, K.C. Chang and
G.C. Lee, 6/1/87, (PB88-134259/AS). This report is available only through NTIS (see address given
above).

"A Finite Element Formulation for Nonlinear Viscoplastic Material Using a Q Model," by O. Gyebi and
G. Dasgupta, 11/2/87, (PB88-213764/AS).

"Symbolic Manipulation Program (SMP) - Algebraic Codes for Two and Three Dimensional Finite
Element Formulations," by X. Lee and G. Dasgupta, 11/9/87, (PB88-219522/AS).

"Instantaneous Optimal Control Laws for Tall Buildings Under Seismic Excitations," by J.N. Yang, A.
Akbarpour and P. Ghaemmaghami, 6/10/87, (PB88-134333/AS).

"IDARC: Inelastic Damage Analysis of Reinforced Concrete Frame - Shear-Wall Structures," by YJ.
Park, A.M. Reinhom and S.K. Kunnath, 7/20/87, (PB88-134325/AS).

"Liquefaction Potential for New York State: A Preliminary Report on Sites in Manhattan and Buffalo,"
by M. Budhu, V. Vijayakumar, R.F. Giese and L. Baumgras, 8/31/87, (PB88-163704/AS). This report
is available only through NTIS (see address given above).

"Vertical and Torsional Vibration of Foundations in Inhomogeneous Media," by AS. Veletsos and
K.W. Dotson, 6/1/87, (PB88-134291/AS).

"Seismic Probabilistic Risk Assessment and Seismic Margins Studies for Nuclear Power Plants," by
Howard H.M. Hwang, 6/15/87, (PB88-134267/AS).

"Parametric Studies of Frequency Response of Secondary Systerns Under Ground-Acceleration
Excitations," by Y. Yong and Y.K. Lin, 6/10/87, (PB88-134309/AS).

"Frequency Response of Secondary Systerns Under Seismic Excitation," by lA HoLung, l Cai and
Y.K. Lin, 7/31/87, (PB88-134317/AS).

"Modelling Earthquake Ground Motions in Seismically Active Regions Using Parametric Time Series
Methods," by G.W. Ellis and AS. Cakmak, 8/25/87, (PB88-134283/AS).

"Detection and Assessment of Seismic Structural Damage," by E. DiPasquale and A.S. Cakmak,
8/25/87, (PB88-163712/AS).

"Pipeline Experiment at Parkfield, California," by J. Isenberg and E. Richardson, 9/15/87, (PB88
163720/AS). This report is available only through NTIS (see address given above).
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"Digital Simulation of Seismic Ground Motion," by M. Shinozuka, G. Deodatis and T. Harada, 8(31/87,
(PB88-155197/AS). This report is available only through NTIS (see address given above).

"Practical Considerations for Structural Control: System Uncertainty, System Time Delay and Trunca
tion of Small Control Forces," J.N. Yang and A. Akbarpour, 8/10/87, (PB88-163738/AS).

"Modal Analysis of Nonclassically Damped Structural Systems Using Canonical Transformation," by
J.N. Yang, S. Sarkani and F.x. Long, 9/27/87, (PB88-187851/AS).

"A Nonstationary Solution in Random Vibration Theory," by IR. Red-Horse and P.D. Spanos, 11(3/87,
(PB88-163746/AS).

"Horizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by A.S. Veletsos and
K.W. Dotson, 10/15/87, (PB88-150859/AS).

"Seismic Damage Assessment of Reinforced Concrete Members," by Y.S. Chung, C. Meyer and M.
Shinozuka, 10/9/87, (PB88-150867/AS). This report is available only through NTIS (see address given
above).

"Active Structural Control in Civil Engineering," by T.T. Soong, 11/11/87, (PB88-187778/AS).

Vertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by K.W.
Dotson and A.S. Veletsos, 12/87, (PB88-187786/AS).

"Proceedings from the Symposium on Seismic Hazards, Ground Motions, Soil-Liquefaction and
Engineering Practice in Eastern North America," October 20-22, 1987, edited by K.H. Jacob, 12/87,
(PB88-188115/AS).

"Report on the Whittier-Narrows, California, Earthquake of October 1, 1987," by J. Pantelic and A.
Reinhorn, 11/87, (PB88-187752/AS). This report is available only through NTIS (see address given
above).

"Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures," by
S. Srivastav and IF. Abel, 12(30/87, (PB88-187950/AS).

"Second-Year Program in Research, Education and Technology Transfer," 3/8/88, (PB88-219480/AS).

"Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics," by W.
McGuire, J.F. Abel and C.H. Conley, 1/18/88, (PB88-187760/AS).

"Optimal Control of Nonlinear Flexible Structures," by IN. Yang, F.x. Long and D. Wong, 1/22/88,
(PB88-213772/AS).

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

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

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

"Combining Structural Optimization and Structural Control," by F.Y. Cheng and C.P. Pantelides,
1/10/88, (PB88-213814/AS).

"Seismic Performance Assessment of Code-Designed Structures," by H.H-M. Hwang, J-W. Jaw and
H-I Shau, 3/20/88, (PB88-219423/AS).
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"Reliability Analysis of Code-Designed Structures Under Natural Hazards," by H.H-M. Hwang, H.
Ushiba and M. Shinozuka, 2/29/88, (PB88-229471/AS).

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

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

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

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

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

"Parameter Identification and Implementation of a Kinematic Plasticity Model for Frictional Soils," by
IH. Prevost and D.V. Griffiths, to be published.

"Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam," by D.V.
Griffiths and J.H. Prevost, 6/17/88, (PB89-1447111AS).

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

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

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers," by R.C.
Lin, Z. Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212/AS).

"Experimental Investigation of Primary - Secondary System Interaction," by G.D. Manolis, G. Juhn and
AM. Reinhom, 5/27/88, (PB89-122204/AS).

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

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

"Identification of the Serviceability Limit State and Detection of Seismic Structural Damage," by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188/AS).

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

"Automated Seismic Design of Reinforced Concrete Buildings," by Y.S. Chung, C. Meyer and M.
Shinozuka, 7/5/88, (PB89-122170/AS).

"Experimental Study of Active Control of MDOF Structures Under Seismic Excitations," by L.L.
Chung, R.C. Lin, T.T. Soong and A.M. Reinhom, 7/10/88, (PB89-122600/AS).

"Earthquake Simulation Tests of a Low-Rise Metal Structure," by J.S. Hwang, K.C. Chang, G.C. Lee
and R.L. Ketter, 8/1/88, (PB89-102917/AS).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes," by F. Kozin
and H.K. Zhou, 9(22/88, (PB90-162348/AS).
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"Seismic Fragility Analysis of Plane Frame Structures," by H.H-M. Hwang and Y.K. Low, 7/31/88,
(PB89-131445/AS).

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

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

"Design Approaches for Soil-Structure Interaction," by AS. Veletsos, AM. Prasad and Y. Tang,
12/30/88, (PB89-174437/AS).

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

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

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

"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2)," by AM. Reinhorn,
S.K. Kunnath and N. Panahshahi, 917188, (PB89-207153/AS).

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

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

"Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling," by A.
Mokha, M.C. Constantinou and A.M. Reinhorn, 12/5/88, (PB89-218457/AS).

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

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

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

"Modeling Strong Ground Motion from Multiple Event Earthquakes," by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB89-174445/AS).

"Nonstationary Models of Seismic Ground Acceleration," by M. Grigoriu, S.E. Ruiz and E.
Rosenblueth, 7/15/88, (PB89-189617/AS).

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

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

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames," by C.Z. Chrysostomou, P. Gergely and J.F. Abel, 12/19/88, (PB89-208383/AS).
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"Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation," by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88,
(PB89-174478/AS).

"Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismi
cally Excited Building," by J.A. HoLung, 2/16/89, (PB89-207179/AS).

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

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

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

"Experiment on Performance of Buried Pipelines Across San Andreas Fault," by J. Isenberg, E.
Richardson and T.D. O'Rourke, 3/10/89, (PB89-218440/AS).

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

"Liquefaction Hazards and Their Effects on Buried Pipelines," by T.D. O'Rourke and P.A Lane,
2/1/89, (PB89-218481).

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

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

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

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

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

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

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

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

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

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

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in
Our Schools," Edited by K.E.K. Ross, 12/31/89, (PB90-207895).
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"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory
Energy Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6nJ89, (PB90-164146/AS).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Nagarajaiah, AM. Reinhom and M.C. Constantinou, 8/3/89, (PB90-161936/AS).

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

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

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

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

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

"DYNA1D: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical Documen
tatiOI}," by Jean H. Prevost, 9/14/89, (PB90-161944/AS).

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

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

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

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by H.H.M. Hwang,
C.H.S. Chen and G. Yu, 11nJ89, (PB90-162330/AS).

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

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

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

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

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

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

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese
and L. Baumgrass, 1/17/89, (PB90-208455/AS).
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"A Determinstic Assessment of Effects of Ground Motion Incoherence," by AS. Veletsos and Y. Tang,
7/15/89, (PB90-164294/AS).

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

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority," by C.J. Cos
tantino, C.A. Miller and E. Heymsfie1d, 12/26/89, (PB90-207887/AS).

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

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment," by I-K. Ho
and AE. Aktan, 11/1/89, (PB90-251943/AS).

"Geotechnical and Lifeline Aspects of the October 17, 1989 Lorna Prieta Earthquake in San Francisco,"
by T.D. O'Rourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (PB90-208596/AS).

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

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (PB91-113415/AS).

"Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90,
(PB90-251984)/AS.

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

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

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

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

"A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and
AS. Cakmak, 1/30/90, (PB91-1108829/AS).

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

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

"Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams," by AN. Yiagos,
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