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ABSTRACT

The results of forced and ambient vibrat{on studies of the dynamic
behavior of a steel 1iquid storage tank with a diameter of approximately
115" and a height of 40' are presented. The water elevation in the tank
was changing during the tests from 35'-6" to 38'0". Frequency response
curves were determined from the ambient vibration tests; resonant fre-
quencies, associated viscous damping factors, vertical and circumferential
mode shapes, at 10' height in radial and tangential direction, from the
forced vibration tests. Especially for the lower order modes significant

radial and vertical (rocking motion) displacements at the base were observed.






1. INTRODUCTION

1.1 General

The design of structures subjected to dynamic forces resulting from
foundation motions requires a consideration of both the characteristics of
the ground motion and the dynamic properties of the structure. Ground
motions as caused by an earthquake are random and, although not prescribable
for aseismic design, have been fairly well studied for past earthquakes.
The engineer is therefore mainly interested in the dynamic properties of
the structure when designing for earthquake forces and is only indirectly
concerned with the ground motion characteristics.

In order to accumulate a body of information on the dynamic properties
of structures, especially when these structures have novel design features,
a number of dynamic tests have been conducted on full-scale structures. The
accuracy of available computer formulations has been assessed by comparing
calculated and experimental results (Ref. 1,2,3,4).

This report describes the dynamic tests using forced and ambient
vibrations of a broad water storage tank. Of the Timited information on
the earthquake response of liquid storage tanks what is available, only their
qualitative behavior is known, demonstrating the need for experimental studies.

The tank is described in Chapter 2, and the results of the dynamic
tests, from forced, as well as ambient vibration study, are given in Chapters

3 and 4, respectively.
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of the engineering staff and Mr. D. P. Petersen of the operations staff
for their cooperation and assistance in coordinating and carrying out the
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2.  DESCRIPTION OF THE TANK

2.1 General

The investigated tank, Berkeley View No. 2 Reservoir (Fig. 2.1), forms
together with a concrete tank, Berkeley View No. 1 Reservoir, a water storage
unit for the city of Berkeley, CA. The tank is operated by East Bay Municipal
Utility District (EBMUD), Oakland, CA and could not be taken out of the

water supply system during the tests in July and August 1979.

2.2 Architectural Layout

The inner diameter of the cylindrical steel tank is 114'-10". The 40'
high shell is constructed of welded steel plates of 8' height in five layers.
The height to radius ratio is therefore 0.70 and the tank can be classified
according to Ref. 5 as a broad tank. The roof, also built with thin welded
steel plates, and supported by an internal structural frame, rests on the shell
where bent steel plates (radius = 3'-0 T%”) provide a smooth connection to the
roof. fhe roof is inclined at a ratio of 3/4" per foot (Fig. 2.2). Archi-
tectural elements, two vertical 6" diameter aluminum pipes, are positioned on
twelve Tocations around the perimeter of the wall. Seventeen columns carry
the weight of the roof as shown in Fig. 2.3. The locations of the valve pit
with water-level indicator, the inlet-outlet, overflow and drain line are
also shown in Fig. 2.3. The floor of the tank is comprised of %" steel plates

which rest on dense graded aspalt concrete. The steel shell is supported on

a ring footing which is shown in the floor detail in Fig. 2.4.



FIG. 2.1 BERKELEY VIEW NO. 2 RESERVOIR
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3. FCRCED VIBRATION STUDY

3.1 General

The forced vibration study was carried out and completed during July and
August 1979. The tank is part of the water supply system for the East Bay
and because the tank could not be isolated in the system the water level was
changing throughout the test program. The experimental apparatus employed in
the dynamic test is decribed below. The general experimental procedures,
equipment used, and procedures for data reduction applied, for forced vibration
study conducted are also described. Finally, the experimental results are

presented and discussed.

3.2 Experimental Apparatus

The experimental apparatus employed in the tests were one yibration
generator, five accelerometers and equipment for the measurement and recording
of the frequency responses. The apparatus is described in the following

sections.

3.2.1 Vibration Generator

Forced vibrations were produced by a rotating-mass yibration generator
or shaking machine, which is shown in Fig. 3;1 This machine was developed
at the California Institute of Technology under the supervision of the Earth-
quake Engineering Research Institute for the Office of Architecture and
Construction, State of California. The machine consists of an electronic
motor driving two pie-shaped baskets or rotors, each of which produces a
centrifugal force as a result of the rotation. The two rotors are mounted
on a common vertical shaft and rotate in opposite directions so that the
resultant of their centrifugal forces in a sinusoidal rectilinear force. When

the baskets are lined up, a peak value of the sinusoidal force will be exerted.
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The structural design of the machine 1imits the peak value of force to

5,000 1bs. This maximum force may be attained at a number of combinations

of eccentric mass and rotational speed, since the output force is proportional
to the square of the rotational speed as well as the mass of the baskets and
the lead plates inserted in the baskets. The maximum force of 5,000 1bs

can be reached for a minimum rotational speed of 2.5 cps when all the lead
plates are placed in the baskets. At higher speeds the eccentric mass must
be reduced in order not to surpass the maximum force of 5,000 1bs. The
maximum operating speed is 10 cps, and the minimum practical speed is approx-
imately 0.5 cps. At 0.5 cps with all lead plates in the baskets, a force of
200 1bs. can be generated. The relationship between output force and frequency
of rotation of the baskets for different basket loads is shown in Fig. 3.2.

A complete description of the yibration generator is given in Ref. 6.

3.2.2 Accelerometers

The transducers used to detect horizontal floor accelerations of the
tank were Statham Model A39TC Tlinear accelerometers, with a maximum rating

of + 5g.

3.2.3 Equipment for Measurement of Frequency

For the vibration generators, the vibration excitation frequencies
were determined by measurement of the speed of rotation of the electric
motor driving the baskets. A tachometer, attached to a rotating shaft driven
by a transmission belt from the motor; generated a sinusoidal signal of fre-
quency 300 times the frequency of rotation of the baskets. Hence, the maximum
accuracy of frequency measurements was + 1 count in the total number of
counts in a period of 1 second (the gating period), i.e., + 1/3 of 1% at 1 cps

and + 1/9 of 1% at 3 cps,
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3.2.4 Recording Equipment

The electrical signals for all accelerometers were fed to amplifiers
and then to a Honeywell Model 1858 Graphic Data Acquisition System with
8-in. wide chart. In frequencyjresponse tests, the digital counter reading
was observed and recorded manually on the chart alongside the associated
traces. Because of the presence of high frequency vibrations the graphic
data acquisition system could not be used to measure the magnitude of the
response accelerations, but only to determine the relative phase relationship.
To eliminate the high frequency vibrations the signals were fed from the
graphic data acquisition system into a Rockland FFT 512/S Real-Time Spectrum
Analyzer. This unit is a single unit analyzer with 512 spectral lines cal-
culated but only 400 1ines displayed to reduce aliasing errors. Twelve
analysis ranges are provided from 0-2 cps to 0-10000 cps. The frequency

range was set typicaliy to 0-10 cps.

3.3 Experimental Procedure and Data Reduction

The quantities normally determined by a dynamic test of a structure are:
resonant frequencies, mode shapes, and damping capacities. The experimental
procedures and reduction of data involved in determining these quantities are

described in the next section.

3.3.1 Resonant Freguencies

With the equipment described on the previous pages, resonant frequencies
were determined by sweeping the frequency range of the vibration generator
from 0 to 4 cps and observing the tank response at the 10 ft height in the
radial direction on the south side for N-S forcing and on the east side for
E-W forcing. Each time the frequency was set to a particular value the
vibration response was given sufficient time to become steady~state, before

the acceleration signals were transformed into the freguency domain by the
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Rockland FFT 512/S Real-Time Spectrum Analyzer and measured. At the same
time, the frequency of vibration, as recorded on a digital counter, was recorded.
Plotting the vibration response at each frequency step resulted in the fre-
quency-response curve.

Frequency-response curves in the form of acceleration amplitude versus
exciting frequency may be plotted directly from the data on the recording
chart. However, the curves are for a force which increases with the square
of the exciting frequency, and each acceleration amplitude should be divided
by the corresponding square of its exciting frequency to obtain so-called
normalized curves equivalent to those for a constant force (assuming linear
stiffness and damping for the structural system). If the original accelera-
tion amplitudes are divided by the frequency to the fourth power, displacement

frequency-response curves for constant exciting forces are obtained.

3.3.2 Mode Shapes

Once the resonant frequencies were found the mode shapes at each of these
frequencies were determined for forcing in E-W direction. In this case, with
five accelerometers available it was decided to evaluate radial and tangential
components of the circumferential mode shapes by measuring the accelerations
at four locations in each quandrant and keeping one accelerometer as a reference
always on the east side. Measurements for the vertical mode shape were made
on the east side at heights of 10 ft, 20 ft, 30 ft, and 28 ft. The radial
tangential and vertical motion of the tank at the base was measured on the
east side with reference to the accelerometer at 10 ft, also on the east side,

again E-W forcing.

3.3.3 Damping Capacities

Damping capacities may be found from resonance curves in the normalized

frequency-response curves by the formula:
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where

g
f

damping factor,

resonant frequency,

Af = difference in frequency of the two points on the resonance

curve with amplitudes of 17/ 2 times the resonant amplitude.

Strictly, the expression for £ is only applicable to the displacement
resonance curve of a linear, single degree-of-freedom system with a small
amount of viscous damping. However, it has been used widely for systems
differing appreciably from that for which the formula was derived, and it
has become accepted as a reasonable measure of damping. In this respect,
it should be remembered that in the case of full-size c¢ivil engineering
structures, it is not necessary to measure damping accurately in a percentage
sense. 0Bt is sufficient if the range in which an equivalent viscous damping
coefficient 1ies is known. Meaningful ranges might be defined as: under 1%,

1-2%, 2-5%, 5-10% over 10% {Ref. 1).

3.4 Experimental Results

The vibration generator was bolted to two E-W oriented wide flanges and
these were fixed with bolts to the roof access hatch as illustrated in Fig. 2.1.
With the experimental apparatus as described previously the frequency response
of the tank was observed in the range from 0 to 4 cps on the south side for
N-S forcing and on the east side for E-W forcing radially at the 10 feet
height. Forcing in the N-S direction, thus carrying the exciting forces of
the vibration generator over the weak axis of the wide flanges to the roof

plate resulted in a rocking motion of the generator. Therefore the frequency
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search was repeated for E-W forcing and, consequently, without rocking of the
generator. For both, N-S and E-W forcing, Tittle or no response was observed
below 2.5 cps. It is not possible to generate large enough exciting forces
below 0.5 cps and therefore the sloshing mode, whose frequency was calculated
using Housner's mechanical analog (Ref. 5) to be 0.13 cps, could not be
excited.

Whereas the frequency response curve for the south side for N-S forcing
(Fig. 3.3) has a digtinct peak of 2.70 cps, the response curves for the
east side (Fig. 3.4) for E-W forcing are ambiguous at this frequency. Possible
explanations for this behavior may be the nonlinear behavior of the tank and
the smaller exciting forces for N-S forcing (392 1bs and 2392 1bs) than for
E-W forcing (3392 1bs). Both graphs indicate after low values from 2.80 to
3.05 cps an increase in the response with a peak dround 3.33 cps. The fre-
quency search had to be stopped around 4 cps because of intolerable rocking
of the vibration generator and loud rattling sounds of the roof plates. From
the frequency response curves (Figs. 3.3 and 3.4) it can be easily observed
that the curves are different, even for the same exciting forces, in magnitude,

shape and the resonance frequencies. Possible reasons for this are the:

1.) changing water level in the tank throughout the test program (from

35'-6" to 38') with resulting change in the roundness of the tank;

2.) temperature changes of the tank shell (from approximately 45 to

190 degree Fahrenheit);

3.) large exciting forces that deformed the tank in the non-linear range

(comparatively smooth frequency response curve for empty baskets
and N-S forcing);
4.) test set-up. The vibration generator was fixed to the very flexible

tank roof.
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Viscous damping factors were determined for the E-W forcing between 0.4% and
0.8% for the peak around 2.7 cps and from 0.4% to 1.2% for the peak around
3.33 cps. The damping factors are indicated for the corresponding curves

in Fig. 3.4.

Because of the changing water level and therefore shifting resonant
frequencies the circumferential modes shapes, vertical mode shapes and the
motion at the base are not associated with one distinct frequency but rather
with a frequency range as indicated in Fig. 3.4,

The modes of a cylindrical tank can be described by two integer para-
meters, n, the number of circumferential waves and m, the number of vertical
half waves (Ref. 7). For n = 1 the tank would behave like a vertical canti-
lever beam. Figure 3.5 illustrates the circumferential nodal pattern of these
modes. The vertical mode shapes (Figs. 3.6 to 3.8) have all only one vertical
half wave (m = 1). The radial and tangential components and their combinations

for each mode, as recorded on 16 locations along the circumference are shown

in Figs. 3.9 to 3.11. The lowest mode clearly is of fifth order (n = 5). The
next higher mode (Fig. 3.10) is not so clear but seems to be of second order

(n = 2). The highest mode (Fig. 3.11) is definitly of second order (n = 2).

A comparison of radial and tangential motion (not to scale} is plotted under
the letter (d) in Figs. 3.9 to 3.11. It can be observed that the number

of circumferential waves, n, are the same for the radial and for the tangential
components. The base motion for the three modes at the east side for E-W
forcing is tabulated in Table 3.7 for the three modes. The signs are clarified
in an attached sketch. The radial and vertical base motions for the fifth
order mode (around 2.7 cps) are significantly lower than the base motion

recorded for the two lower order modes when compared with the reference accel-

erometer at 10 feet in radial direction.
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POSITIVE TANGENTIAL

T —»POSITIVE RADIAL

V

POSITIVE VERTICAL

RADIAL AT TANK

RADIAL AT FOUNDATION

W —> POSITIVE RADIAL
E
TABLE 3.1 Relative Base Motion at East Side for E-W Forcing
(Note: These are mv/v)
LOCATION 2.68 cps 3.13 cps 3.32 cps
10" Radial 4.58-2 1.00 3.48-2 1.00 9.50-2 1.00

Base-Radial
Base-Tangential
Base-Vertical

Foundation-Radial

0.34-2 0.07
+0.05-2 0.01
-0.32-2 -0.07
+0.09-2 0.02

0.88-2 0.25
-0.41-2 -0.12
-0.88-2 -0.25
-0.22-2 -0.06

1.78-2 0.19
+0.12-2 0.01
-1.64-2 -0.18

0.44-2 0.05
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FIG. 3.5 CIRCUMFERENTIAL NODAL PATTERN OF THE VIBRATIONAL
NODES OF CIRCULAR TANKS
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4. AMBIENT VIBRATION TESTS

4.1 General
As an initial test an ambient vibration study of the tank was performed

on July 18, 1978. The measuring equipment is described and the results are

presented.

4.2 Measuring Equipment

The wind induced vibrations were measured using Kinemetrics Ranger Seis-
mometers, Model SS-1. The seismometer has a strong, permanent magnet as the
seismometer inertial mass moving within a stationary coil attached to the
seismometer case. Small rod magnets at the periphery of the coil produce a
reversed field which provides a destabalizing force to extend the natural
period of the mass and its suspension.

The resulting seismometer frequency was 1 Hz. Damping was set at 0.7
critical. The output for a given velocity is a constant voltage at all fre-
quencies greater than 1 Hz and falls off at 12 dB/octave for frequencies less
than 1 Hz.

The Kinemetrics Signal Conditioner, Model SC-1 (Fig. 4.1) was used to
amplify and control simulataneously four seismometer signals. The four input
channels have isolated circuitry to integrate and differentiate the amplified
input signal. Al1 outputs are simultaneously or independently available for
recording. A modification to the signal conditioner allows for outputing each
channel separately or for taking the sum or difference on two channels and
outputing the average of those channels. Each channel provides a nominal
maximum gain of 100,000. An 18 dB/octave low pass filter is available with a
cut-off frequency continuously selectable between 1 Hz and 100 Hz for each

channel.
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A Rockland FFT 512/S Real-Time Spectrum Analyzer was used in order to

facilitate the rapid determination of the resonant frequencies.

4.3 Experimental Results of the Ambient Vibration Study

The Fourier amplitude response spectra as obtained from the Rockland
FFT Analyzer for the radial motion as recorded at different locations on the base
of the tank are presented in Figs. 4.1 to 4.2. The Fourier spectra shows peaks
in the E-W direction at 2.90 cps, 3.85 cps, and 6.1 cps, and in the N-S direction
at 2.90 cps, 3.25 cps, 3.75 cps and 6.2 cps. The difference in the resonant
frequencies obtained from forced vibrations (2.70 cps and approximately 3.33 cps)

may be due to the strong non-linear behavior of the tank under large excitation.
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5. CONCLUSIONS

The forced vibration study of the broad 1iquid storage steel tank was
affected by the changing water level. Although the difference in water level
from 35'-6" to 38'-0" was only 2.5' it casued because of structural nonlinearity
a change in shape of the frequency response curves and a shift of the resonance
freguencies. Other reasons for this extreme non-linear behavior may be temper-
ature changes, the large exciting forces and the flexibility of the tank roof
on which the vibration generator was positioned. The difference in the fre-
quency response curves for forced and ambient vibrations also clearly demon-
strates the strong non-linear behavior of the tank. Equivalent viscous damping
factors from the forced vibration tests were found to be rather small (around 1%).

Three circumferential mode shapes, the lowest of fifth order, the other
two of second order were measured radially and tangentially. It was observed
that the number of circumferential waves was the same for the radial and
tangential components in each mode. The corresponding vertical modes were all
of first order. Whereas only small radial and vertical motion at the base was
recorded for the fifth order mode, a significant rocking motion was observed
for the second order modes.

The study described on this report should be regarded as an exploratory
test indicating several factors which may affect the dynamic characteristics
of steel thin-plate liquid storgae tanks. In general the results indicate
that the efficiency of forced vibration studies of this type of structure is
questionable at least when the yibration generator is attached directly to the
tank. Using base excitation with high-grade pick-up equipment would most

likely provide a higher degree of test accuracy.
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1975 (PB 248 136)A05

"Evaluation of Soil Liquefaction Potential during Earthquakes," by H.B. Seed, I. Arango and C.K. Chan-1975
(NUREG 0026)Al3

"Representation of Irreqular Stress Time Histories by Equivalent Uniform Stress Series in Liquefaction
Analyses,™ by H.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee - 1975 (PB 252 635)R03

"FLUSHE - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems," by
J. Lysmer, T. Udaka, C.=-F. Tsai and H.B. Seed - 1975 (PB 259 332)A07

"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Soil-Structure Systems," by
E. Berger, J. Lysmer and H.B. Seed - 1975

"TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves," by T. Udaka, J. fwvsmer and li.B. Seed - 1975

"Predicting the Performance of Structures in Regions of High Seismicity," by J. Penzien - 1975 (PB 248 130)A""

"Efficient Finite Element Analysis of Seismic Structure - Soil - Direction," by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwang and C.-F. Tsai - 1975 (PB 253 570)A03

"The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthquake Loading,”
by R.W. Clough and L.-Y. Li - 1975 (PB 248 841)A05

"Earthquake Simulator Study of a Steel Frame Structure, Volume II -Analytical Results," by D.T. Tang - 1975
(PB 252 926)Al0

"ANSR-I General Purpose Computer Program for Analysis of Non-Linear Structural Response," by D.P. Mondkar
and G.H. Powell - 1975 (PB 252 3B6)A08

“"Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrete
Structures," by M, Murakami and J. Penzien -1975 (PB 259 530)A05

"Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected to Eari:
quake Loading," by N.D. Walker and K.S. Pister - 1975 (PB 257 78l)A06

"An Alternative Representation of the Elastic-Viscoelastic Analogy." by G. Dasgupta and J.L. Sackman - 1975
(PB 252 173)A03

"Effect of Multi-Directional Shaking on Liquefaction of Sands," by H.B. Seed, R. Pyke and G.R. Martin -197%
(PB 258 781)A03
"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings - Screening Methoa,' iy

T. Okada and B. Bresler - 1976 (PB 257 906)All

"Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams," by S.-¥.M. Ma, E.P. Popov and V.V. Bertero - 1976 (PB 260 B43)Al2

"Dynamic Behavior of a Multistory Triangular-Shaped Building," by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1976 (PB 273 279)A07

"Earthquake Induced Deformations of Earth Dams," by N. Serff, H.B. Seed, F.I. Makdisi & C.-Y. Chanyg - 197¢
(PB 292 065)A08
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"Analysis and Design of Tube-Type Tall Building Structures,” by H. de Clercg and G.H, Powell - 1976 (PB 252 220}
AlD

“"Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernande Earthquake," by T. Kubo
and J. Penzien (PB 260 556)Al11

"Expected Performance of Uniform Building Code Design Masonry Structures,” by R.L. Mayes, Y. Omote, S.W. Chen
and R.W. Clough - 1976 (PB 270 098)A05

"Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results," by R.L. Mayes, Y. Omote, R.W.
Clough - 1376 (PB 264 424)A06

"A Substructure Method for Earthquake Analysis of Structure - Soil Interaction," by J.A. Gutierrez and
A.XK. Chopra - 1976 {PB 257 783)A08

"Stabilization of Potentially liquefiable Sand Deposits using Gravel Drain Systems,” by H.B. Seed and
J.R., Booker - 1976 {PB 258 820)a04

"Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames." by
G.H. Powell and D.G. Row- 1976 {PB 271 4C2)A06

"Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications," by D. Ray, K.5. Pister and
. Polak - 1976 (PB 262 859)A04

"Coupled Lateral Torsional Response of Buildings to Ground Shaking," by C.L. Kan and A.K. Chopra -
1976 (PB 257 907)AQ%

u

“Seismic Analyses of the Banco de America,” by V.V. Bertero, S.A. Mahin and J.A. Hollings - 1976

"Reinforced Concrete Frame 2: Seismic Testing and Analytical Correlation,” by R.W. Clough and
J. Gidwani - 1976 (PB 261 323)AC8

"Cyclic Shear Tests of Masonry Piers, Volume 2 - Analysis of Test Results,” by R.L. Mayes, Y. Omote
and R.W. Clough - 1976

"Structural Steel Bracing Systems: Behavior Under Cyclic Loading," by E.P. Popov, K. Takanashi and
C.W. Roeder - 1976 (PB 260 715)A05

"Experimental Model Studies on Seismic Response of High Curved Overcrossings," by b. Williams and
W.G. Godden — 1976 (PB 269 S54B}A08

"Effects of Non-Uniform Seismic Disturbances eon the Dumbarton Bridge Replacement Structure,™ by
F. Baron and R.E. Hamati - 1976 (PB 282 58l}alé

"Investigation of the Inelastic Characteristics of a Single Story Steel Structure Using System
Identification and Shaking Table Experiments,”" by V.C. Matzen and H.D. McNiven -~ 1976 (PB 258 453)R07

"Capacity of Columns with Splice Imperfections," by E.P. Popov, R.M. Stephen and R. Philbrick - 1976
(PB 260 378)A04

"Response of the Oilive View Hospital Main Building during the San Fernando Earthguake,™ by S. A, Mahin,
V.V. Bertero, A.K, Chopra and R, Collins - 1976 (PB 271 423)A14

"A Study on the Major Factors Influencing the Strength of Masonry Prisms," by N.M. Mostaghel,
R.L. Mayes, R. W. Clouwgh and 5.W. Chen — 1976 (Mot published)

“GADFLER - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyclic or Earthquake Loading," by J.R. Booker, M.S. Rahman and H.B. Seed - 1978 (PB 263 947)A04

"Seismic Safety Evaluation of a R/C School Building," by B. Bresler and J. axley - 1976

"Correlative Investigationsg on Theoretical and Experimental Dynamic Behavior of a Model Bridge
Structure," by K. Kawashima and J. Penzien - 1976 (PB 263 388)All

"Earthquake Response of Coupled Shear Wall Buildings," by T. Srichatrapimuk - 1976 {PB 265 157}R07
"Tensile Capacity of Partial Penetration Welds," by E.P. Popov and R.M. Stephen - 1976 (PB 262 899)A03

"Analysis and Design of Numerical Integration Methods in Structural Dynamics,™ by H.M. Hilber - 1976
{PB 264 410)A06

"Contribution of a Floor System to the Dynamic Characteristics of Reinforced Concrete Buildings," by
L.E. Malik and V.V. Bertero - 1976 [(PB 272 247)al3

The Effects of Seismic Disturbances on the Golden Gate Bridge," by F. Baron, M. Arik i -
Y an and R.E. Hamati
1976 (PB 272 279)h09

"Infilled Frames in Earthguake Resistant Construction," by R.E. Klingner and V.V. Bertero - 1976
{PB 265 §92)Al3
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"PLUSH - A Computer Program for Probabilistic Finite Element Analysis of Seismic Soil-Structure Inter-
action," by M.P. Romo Organista, J. Lysmer and H.B. Seed - 1977

"Soil-Structure Interaction Effects at the Humboldt Bay Power Plant in the Ferndale Earthquake of June
7, 1975," by J.E. valera, H.B, Seed, C.F. Tsai and J. Lysmer - 1977 (PB 265 795)A04

"Influence of Sample Disturbance on Sand Response to Cyclic Loading," by K. Mori, H.B. Seed and C.K.
Chan - 1977 (PB 267 352)A04

"Seismclogical Studies of Strong Motion Records," by J. Shoja-Taheri - 1977 (PB 269 655)Al0

"Testing Facility for Coupled-Shear Walls," by L. Li-Hyung, V.V. Berteroc and E.P. Popov - 1977

"Developing Methodolegies for Evaluating the Earthquake Safety of Existing Buildings," by No. 1 -
B. Bresler; No. 2 - B. Bresler, T. Okada and D. Zisling; No. 3 - T. Okada and B. Bresler; No. 4 - V.V.
Bertero and B. Bresler - 1977 (PB 267 354)A08

"A Literature Survey = Transverse Strength of Masenry Walls," by ¥, Omote, R.L. Mayes, S.W. Chen and
R.W. Clough - 1977 (PB 277 933)A07

"DRAIN-TABS: A Computer Trogram for Inelastic Earthquake Response of Three Dimensional Buildings," by
R. Guendelman-Israel and G.H. Powell - 1977 (PB 270 693)A07

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
of Strxuctural Walls with Substructure Option," by D.Q. Le, H. Peterson and E.P. Popov - 1977
(PB 270 S67)A0S

"Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks," by D.P. Clough
(PB 272 280)Al3

"Earthquake Engineering Research at Berkeley - 1976," - 1977 (PB 273 507)A09

"Automated Design of Earthgquake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr. - 1977
(PB 276 526)A09

“Concrete Confined by Rectangular Hoops Subjected to Axial Loads," by J. Vallenas, V.V. Bertero and
E.P. Popov - 1977 (PB 275 165)A06

"Seismic Strain Induced in the Ground During Earthquakes," by Y. Sugimura - 1977 (PB 284 201)A04

"Bond Deterioration under Generalized Loading," by V.V. Bertero, E.P. Popov and S. Viwathanatepa - 1977

"Computer Aided Optimum Design of Ductile Reinforced Concrete Moment Resisting Frames," by S.W.
Zagajeski and V.V. Bertero - 1977 (PB 280 137)A07

“Earthquake Simulation Testing of a Stepping Frame with Energy-Absorbing Devices," by J.M. Kelly and
D.F. Tsztoo - 1977 (PB 273 506)A04

"Inelastic Behavior of Eccentrically Braced Steel Frames under Cyclic Loadings," by C.W. Roeder and
E.P. Popov - 1977 (PB 275 526)Al5

"A Simplified Procedure for Estimating Earthquake-Induced Deformations in Dams and Embankments," by F.I.
Makdisi and H.B. Seed - 1977 (PB 276 B820)A04

"The Performance of Earth Dams during Earthquakes," by H.B. Seed, F.I. Makdisi and P. de Alba - 1977
(PB 276 821)A0D4

"Dynamic Plastic Analysis Using Stress Resultant Finite Element Formulation," by P. Lukkunapvasit and
J.M. Kelly - 1977 (PB 275 453)A04

"Preliminary Experimental Study of Seismic Uplift of a Steel Frame," by R.W. Clough and A.A. Huckelbridge
1977 (PB 278 769)A08

"Earthquake Simulator Tests of a Nine-Story Steel Frame with Columns Allowed to Uplift," by A.A.
Huckelbridge - 1977 (PB 277 944)A09

"Nonlinear Soil-Structure Interaction of Skew Highway Bridges," by M.-C. Chen and J. Penzien - 1977
(PB 276 176)A07

"Seismic Analysis of an Offshore Structure Supported on Pile Foundations," by D.D.-N. Liou and J. Penzien
1977 (PB 283 180)A06

"Dynamic Stiffness Matrices for Homogeneous Viscoelastic Half-Planes," by G. Dasgupta and A.K, Chopra -
1977 (PB 279 654)A06

"A Practical Soft Story Earthquake Isolation System,” by J.M, Kelly, J.M. Eidinger and C.J. Derham -
1977 (PB 276 Bl4)A07

"Seismic Safety of Existing Buildings and Incentives for Hazard Mitigation in San Francisco: An

Exploratory Study," by A.J. Meltsner - 1977 (PB 281 970)A05

“Dynamic Analysis of Electrohydraulic Shaking Tables," by D. Rea, S. Abedi-Hayati and Y. Takahashi
1977 (PB 282 569)A04

"An Approach for Improving Seismic - Resistant Behavior of Reinforced Concrete Interior Joints," by
B. Galunic, V.V. Bertero and E.P. Popov - 1977 (PB 290 B70)A06
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"The Development of Energy-Abscrbing Devices for Aseismic Base Isolation Systems,” by J.M.
D.F. Tsztoco - 1978 (PB 284 978)A04

Kelly and
"Effect of Tensile Prestrain on the Cyclic Response of Structural Steel Connecticns, by 7.G. Bouwkamp
and A. Mukhopadhyay - 1978

“Experimental Results of an Earthquake Ysolation System using Natural Rubber Bearings," by J.M.
Eidinger and J.M. Kelly - 1978 (PB 281 &€86}A04

"Seismic Behavior of Tall Liquid Storage Tanks,™ by h. Niwa - 1978 (PB 284 C017)Al4

“"Hysteretic Behavior of Reinforced Concrete Columns Subjected to High Axial and Cyeclic Shear Forces,"
by S.W. Zagajeski, V.V. Bertero and J.G. Bouwkamp - 1978 (PB 283 858)al3

"Inelastic Beam-Columnh Elements for the ANSR~I Program," by A. Riahi, D.G. Row and G.H. Powell - 1978
“Studies of Structural Response tc Earthquake Ground Motion," by C.A. Lopez and A.K. Chopra ~ 1378
(PB 282 790)A05

"A Laboratory Study of the Fluid-Structure Interaction of Submerged Tanks and Caissons in Earthguakes,”
by R.C. Byrd - 1978 (PB 284 957)A08

"Model for Evaluating Damageability of Structures.,” by I. Sakamoto and B. Bresler - 1978

"Seismic Performance of NWonstructural and Secondary Structural Elements," by I. Sakamoto - 1978
"Mathematical Modelling of Hysteresis Loops for Reinforced Concrete Columns," by S. Nakata, T. Sproul
and J. Penzien - 1978

“"Damageability in Existing Buildings," by T, Blejwas and B, Bresler - 1978

"Dynamic Behavior of a Pedestal Base Multistory Building," by R.M. Stephen, E.L. Wilson, J.G. Bouwkamp
and M., Button - 1978 (PB 286 650)A08

"Seismic Response of Bridges - Case Studies,” by R.A. Imbsen, V. Nutt and J. Penzien - 1978
(PB 286 503}Al0

"A Substructure Technigue for Nonlinear Static and Dynamic¢ Analysis,” by D.G., Row and G.H. Powell -
1978 (pB 288 4771Al0

"Seismic Risk Studies for San Francisco and for the Greater San Francisco Bay Area," by C.S5. Qliveira =
1978

"Strength of Timber Roof Connections Subjected to Cyclic Loads,” by P. Giilkan, R.L. Mayes and R.W.
Clough - 1978

"Response of K-Braced Steel Frame Models to Lateral Loads," by J.G. Bouwkamp, R.M. Stephen and
E.P. Popov - 1978

"Rational Design Methods for Light Equipment in Structures Subjected to Ground Motion,™ by
J.L. Sackman and J,M. Kelly - 1978 (PB 292 357)A04

“Testing of a Wind Restraint for Aseismic Base Isolation,” by J.M. Kelly and D.E. Chitty - 1978
(PE 292 833)A03

“APOLLO - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation in Horizontal
Sand Layers During Cyclic or Earthquake Loading,™ by P.P. Martin and H.B. Seed - 1978 (PB 292 835}a04

*Optimal Design of an Earthquake Isclation System.,” by M.A. Bhatti, K.S. Pister and E. polak - 1978
(PB 294 735)A06

"MASH - A Computer Program for the Non-Linear Analysis of Vertically Propagating Shear Waves in
Horizontally Layered Deposits," by P.P. Martin and H.B. Seed - 1978 (PB 293 l01l}AQS

"Investigation of the Elastic Characteristics of a Three Story Steel Frame Using System Identification,”
by I. Kaya and H.D, McNiven - 1978

"Investigation of the Nonlinear Characteristics ©f a Three-Story Steel Frame Using System
Identification,” by I. Kaya and H.D. McNiven - 1978

"Studies of Strong Ground Motion in Taiwan," by Y.M. Hsiung, B.A. Bolt and J. Penzien - 1978
"Cyclig Loading Tests of Masonry Single Piers: Volume 1 - Height to Width Ratio of 2," by P.A. Hidalgo,
R.L. Mayes, H.D, McHNiven and R.W. Clough - 1978

"Cyclic Loading Tests of Masonry Single Piers: velume 2 - Height to Width Ratio of 1," by §.-W.J. Chen,
P.A. Hidalge, R.L., Mayes, R.W. Clough and H.D. McNiven - 1978

"Analytical Procedures in Soil Dynamics," by J., Lysmer - 1278
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"Yysteretic Behavior of Lightweight Peinforced Concrete Seam-Tolumn Subassemblages,™ by B. Forzani,
E.P. Popov and V.V. Bertero - April 1979(PB 298 267)A06

"The Developmert 2f a Mathematical Model to Predict the Flexural Respons= of Reinforced Concrete Beams
to Cyclic Loads, Using System Identification," by J. Stanton & H. McNiven = Jan. 1979(PB 295 875) AlD

"Linear and Nonlinear Earthquake Response of Simple Torsionally Coupled Systems," by C.L. Kan and
A.K. Chopra - Feb., 1979(PB 298 262)206

"A Mathematical Model of Masonry for Predicting its Linear Seismic Response Characteristics," by
Y. Mengi and H.D. McNiven - Feb. 1979(Ps 298 266) A06

"Mechanical Benhavior of Ligntweight Concrete Confined by Different Types of Lateral Reinforcement,”
by M.A. Manrique, V.V. Bertero and E.P. Popov - May 1979(PB 301 114)AO6

“Static Tilt Tests of a Tall Cylindrical Licuid Storage Tank,"” by R.W. Clough and A. Niwa - Feb. 1979
(PB 301 167)A06

"The Design of Steel Energy Absorbing Restrainers and Their Incorporation into Nuclear Power Plants
for Enhanced Safety: Volume 1 - Summary Report," by P.N. Spencer, V.F. Zackay, and E.R. Parker -
Feb. 1979 (UCB/EERC-79/07) RO9

"The Design of Steel Energy Absorbing Restrainers and Their Incorporation into Nuclear Power Plants
for Enhanced Safety: Volume 2~ The Development of Analyses for Reactor System Piping,""Simple Systems"
by M.C. Lee, J. Penzien, A.K. Chopra and K, Suzuki “Complex Systems" by G.H. Powell, E.L. Wilson,
R.W. Clough and D.G. Fow - Feb. 1979(UCB/EERC-79/08)Al0

“The Design of Steel Erergy Absorbing Restrainers and Their Incorporation into Nuclear Power Plants
for Enhanced Safety: Volume 3 - Evaluation of Commercial Steels," by W.S. Owen, R.M.N. Pelloux,

R.0. Ritchie, M. Faral, T. Ohhashi, J. Toplosky, S.J. Hartman, V.F. Zackay and E.R. Parker =-

Feb. 1979 (UCB/EERC-79/09) A04

"The Design of Steel Energy Absorbing Restrainers and Their Incorporation into Nuclear Power Plants
for Enhanced Safety: Volume 4 - A Review of Energy-Absorbing Devices," by J.M. Kelly and
M.S. Skinner - Feb. 1979 (UCB/EERC-79/10)A04

"Conservatism In Summation Rules for Closely Spaced Modes," by J.M. Kelly and J.L. Sackman - May
1979(PB 301 328)A03

"Cyclic Loading Tests of Masonry Single Piers; Volume 3 - Height to Width Ratio of 0.5," by
P.A. Hidalgo, R.L. Mayes, H.D. McNiven and R.W. Clough - May 1979(PB 301 321)A08

"Cyclic Behavior of Dense Course-Grained Materials in Relation to the Seismic Stability of Dams,"™ by
N.G. Banerjee, H.B. Seed and C.K. Chan - June 1979(FB 301 373)al3

“Seismic Behavior of Reinforced Concrete Interior 3eam-Column Subassemblages," by S. Viwathanatepa,
E.P. Popov and V.V. Berterc - June 1979(P8 301 326)Aal0

"Optimal Design of Localized Nonlinear Systems with Dual Performance Criteria Under Earthquake
Excitations," by M.A. Bhatti = July 1979(PB 8C 167 109)A06

"OPTDYN - A General Purpose Optimization Program for Problems with or without Oynamic Constraints,"
by M.A. Bhatti, E. Polak and K.S. Pister - July 1979(PB 80 167 Q91)A05

"ANSR-II, Analysis of Nonlinear Structural Response, Users Manual," by D.P. Mondkar and G.H. Powell -
July 1979(PB 80 113 301)A0S

"Soil Structure Interaction in Different Seismic Enviix
and H.B. Seed = August 1979(P8 B0 101 520)A04

ts," A. G -Masso, J. Lysmer, J.-C. Chen

"ARMA Models for Earthquake Ground Motions," by M.K. Chang, J.W. Kwiatkowski, R.F. Nau, R.M. Oliver
and K.S. Pister - July 1979(PB 301 168)A05

"Hysteretic Behavior of Reinforced Concrete Structural Walls," by J.M. Vallenas, V.V. Bertero and
E.P. Popov - August 1979(PB 80 165 905)Aal2

"Studies on High-Frequency Vibrations of Buildings - 1: The Column Effect," by J. Lubliner - August1979
(PB 80 158 553)A03

"Effects of Generalized Loadings on Bond Reinforcing Bars Embedded in Confined Concrete Blocks," by
5. Viwathanatepa, E.P. Popov and V.V. Bertero - August 1979

"Shaking Table
R.L. Mayes and

Study of Single-Story Masonry Houses, Volume l: Test Structures 1l and 2," by P. Gulkan,
R.W. Clough - Sept. 1979

"Shaking Table Study of Single-Story Masonry Houses, Volume 2: Test Structures 3 and 4," by P. Gulkan,

R.L. Mayes and R.W. Clough - Sept. 1979

"shaking Table Study of Single-Story Masonry Houses, Volume 3: Summary, Conclusions and Recommendations,”
by R.W. Clough, R.L. Mayes and P. Gulkan - Sept. 1979

"Recommendations for a U.S.-Japan Cooperative Research Program Utilizing Large-Scale Testing Facilities,"
by U.S.-Japan Planning Group - Sept. 1979(PB 301 407)A06

"Earthquake-Induced Liquefaction Near Lake Amatitlan, Guatemala," by H.B. Seed, I. Arango, C.K. Chan,
A. Gomez-Masso and R. Grant de Ascoli - Sept. 1979 (NUREG-CRL341)A03

"Infill Panels: Their Influence on Seismic Response of Buildings," by J.W. Axley and V.V. Bertero -
Sept. 1979(PB 80 163 371)AlD

"3D Truss Bar Element (Type l)
{PB 80 169 709)A02

"2D Beam-Column Element (Tvpe 5 - Parallel Element Theory)
G.H. Powell and D.P. Mondkar - Dec. 1979(PB 80 167 224)A03

"3D Beam-Column Element (Type 2 - Parallel Element Theory)
G.H. Powell and D.P. Mondkar - Dec. 1979(PE B0 167 216)A03

of Structures to Stationary Excitation,” by A. Der Kiureghian

for the ANSR-II Program," by D.P. Mondkar and G.H. Powell - Nov. 1979
for the ANSP-IT Program," by D.5. Pow,
for the ANSR-II Program," by A. Riahi,

"On Response - Dec. 1979(PB 80166 929) AD3
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