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ABSTRACT

This report describes a series of experiments carried out on the shaking table at the
Earthquake Simulator Laboratory of the Earthquake Engineering Research Laboratory,
involving a base isolation system which incorporated multilayer isolation bearings of
polychloroprene rubber. The Neoprene for the bearings was manufactured by E. . du Pont
de Nemours & Co. (Inc.), Wilmington, Delaware: compounding and processing of the
Neoprene and fabrication of the bearings took place at Oil States Industries Inc., Athens,
Texas. Several forms of isolation system using the same basic bearing design but including
inscrts of different materials in a central hole in each bearing were studied. The inserts
were used to enhance the damping properties of the system and to improve the response.
The results indicate that there are no difficulties in designing an effective isolation system
in polychloroprene rubber and that the multilayer clastomeric bearings can substantially
reduce the seismic loads experienced by a building and its contents. Elastomeric inserts
were effective in improving the response only to a limited extent. The use of lead inserts
to enhance the damping was very effective in controlling the displacement. There is an
increasing interest in the use of base isolation as a way of reducing the effects of earth-
quakes on structures. There is general acceptance of ihe concept but doubts about its
implementation center on the question of suitable bearings. Experiments of the kind
reported here, on large models where scaling effects are minimized, can allay the fears of
the seismic engineering profession that bearings may not be available.
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I. INTRODUCTION

The many thousands of earthquakes that occur each year can cause great loss of life
and damage to property when they happen in heavily populated areas. In addition to the
buildings which collapse those left standing may have been weakened beyond use or may
have had their contents totally destroyed. The damage from an earthquake is caused
mainly by the horizontal ground motion, which is amplified by the vibratory response of the
building. Standard methods of building for earthquake protection have cencentrated on
strengthening buildings to resist these horizontal forces. However, when the structure of
the building is strengthened it may increase the degree of amplification of the ground
motion and while the building may be saved in this way its contents may be more severely

damaged and the danger to occupants increased.

This report describes an experimental study on the shaking table at the Earthquake
Simulator Laboratory of the Earthquake Engineering Research Center of the University of
California, Berkeley, of an alternative approach to earthquake protection of structures. This
method is called ascismic basc isolation. In this approach the building floats on foundation
bearings that prevent horizontal ground motions from being transmitted upward into the

structure.

The foundation system for the test program incorporated a new design of multilayer
bearing in polychloroprene rubber (Neoprene). The bearings were designed by the Polymer
Products Department of the Elastomers Division of E. I. Du Poni de Nemours & Co. (Inc.)
and were manufactured by Oil States Industries, Inc. Two hardnesses of rubber were used
and inserts were used in some tests to increase the damping in the bearings. Two elas-

tomeric materials and lead were used for these inserts.

The results of the shaking table experiments indicate that the polychloroprene rubber
bearings can produce effective isolation systems and can substantially reduce the seismic

loads experienced by a building and its contents. The elastomeric inserts in the bearings



were found to be of limited utility in improving the performance of the bearings, but the

lead inserts resulted in improved performance.

There is an increasing interest in the use of base isolation as a way of reducing the
effects of earthquake on structures. While there is general acceptance of the concept,
doubts about its implementation center on the question of suitable bearings. Experiments
of the kind reported here, on large models where scaling effects are minimized, can allay

the fears of the seismic engineering profession that bearings may not be available.



1I. ASEISMIC BASE ISOLATION

Base isolation is an antiseismic design strategy founded on the premise that a building
can be decoupled from the damaging horizontai components of earthquake ground motion
through a mechanism that prevents or at least attenuates the transmission of horizontal
acceleration into the building. Many unimplemented base isclation systems have been pro-
posed [1], ranging from ball bearings to inverted suspension systems, but the concept has
become a practical reality in recent years with the development of multilayer elastomeric
bearings. These bearings have been developed for highway bridges {2] to allow for thermal
expansion, for helicopter rotors [3], and for wharf fenders [4]. They have recently been
used to isolate buildings from the effects of ground-borne acoustic vibration [5]. Some
very large buildings have been constructed on multilayer bearings, e.g. the Berlin Confer-

ence Hall [6].

Bearings for use in an aseismic isolation system are a natural development of acoustic
isolation bearings, and although they differ in design, the manufacture, materials, and
installation would be similar. In fact, there are two systems based on natural rubber which
have been or are being implemented: namely, three small school buildings in France on a
system designed by Delfosse [7] and a four story office building which has been designed
and constructed in New Zealand using natural rubber laminated bridge bearings incorporat-
ing two inch diameter lead inserts [8]. A nuclear power plant (Kroeberg) on a Neoprene

bearing topped by a slip plate system is presently under construction in South Africa [9],

There has been some resistance in the engineering profession to the use of base isola-
tion as an ascismic design strategy connected with a lack of confidence and experience in
the use of elastomeric materials in engineering applications, but experience with bridge
bearings over many years has demonstrated that they are reliable, long lived, and resistant

to environmental damage, including damage from oil and fire [10}.



This form of seismic protection depends on lowering the fundamental frequency of
the structure to below the range of frequencies which dominate in the earthquake input
generally, for buildings on good soil, from 1 Hz to 10 Hz. This method of protection then
is applicable to buildings of rigid construction, for example, masonry or reinforced concrete
with story heights from 4 to 14 stories. A building of less than 4 stories is relatively easy to
make ecarthquake resistant and one greater than 14 stories will have a natural frequency low
enough to be below the dominant range of the earthquake, and wilt in any case be resistant
to lateral loads due to wind load requirements. However, many buildings below 4 stories
could benefit from base isolation if they house sensitive equipment which must continue to
operate in the aftermath of an earthquake. Examples are hospitals, telephone exchanges,
and pumping stations for water or gas pipelines. Recently, circuit breakers at the Edmons-
ton Pumping Plant of the California State Water Project have been mounted on isolators for

seismic protection {11].

An important consideration in the design of nuclear and, recently, geothermal power
plants in seismically active regions is the assurance of the structural integrity of essential
equipment such as pumps, valves, and control devices, and piping systems under
earthquake-induced loading. These components are connected to the primary structure,
and their response is determined by the response of the primary structure to the earthquake
ground motion. The design process for such equipment and for piping systems is a particu-
larly difficult one, complicated both by uncertainties in the specification of the ground

motion and by uncertainties in the specification of the primary structure.

Since the secondary systems are driven by the primary structure during seismic
motion, it is possible that very high accelerations could be induced in light equipment
items. A further complication arises when the equipment or piping system has a natural
frequency close to one of the natural frequencies of the primary system — a situation

referred to as tuning and one almost inevilable in a large system. In this case, it can be



shown that the interaction between the equipment and the structure can be very important,
even in relatively light equipment. If this interaction is ighored, as is usually the case in
design methods, equipment response will be significantly overestimated and excessively

conservative equipment design will result.

Peak earthquake levels for which nuclear and geothermal power plants must be
designed have been steadily increased by regulatory agencies over the past several years,
leading to the proposal that inelastic action be permitted in the equipment and its supports
or that energy-absorbing restrainers be used in piping systems. Since plastic deformation
produces a drop in the frequencies of the system and an energy absorption, the response of
the equipment or the piping would theoretically be lowered to a level below that which
would prevail if the system were to remain elastic. However, plastic action inevitably
involves some damage to the equipment supports of the primary structure and will require

nonlinear deterministic analysis of both the primary and secondary systems.

Base isolation on elastomeric bearings is an alternative approach to aseismic design in
which internal equipment or piping is protected from earthquake motion by constructing
the entire power plant on a base isclation system. There are many possible systems, but in
essence they all involve a double layer foundation system with a lower element fixed to the
ground and an upper element separated from the lower by a decoupling system. The feasi-
bility ef 2 number of possible base isolation systems has been demonstrated by large-scale
shaking table experiments at the Earthquake Engineering Research Center of the University
of California, Berkeley. The major benefits of base isolation to equipment and piping
design are that equipment-structure interaction and inelastic response need not be con-
sidered, and, due to the fact that the primary structure above the isclation system moves
almost as a rigid body, all support points of a piping system have the same displacement
time history. Multiple support response spectrum analysis, with its controversial aspects,

thus need not be used.




The research work to be described here concerns an experimental study if different
types of base isolation system using Neoprene bearings. It will be shown that in general

base isolation will reduce the accelerations experienced by buildings and equipmert.

The benefits that base isolation brings to the buildings and their contents in the sense
of reduction in acceleration are achieved at the cost of increased relative displacement
between the structure and the ground. These displacements can be very large. The recom-
mended design spectrum for nuclear plant [12] specifies a relative displacement of around
30 inches for a 5% damped 0.5 Hz system subjected to a 1.0g peak ground acceleration,
while that for buildings in California, according to the recommendations of ATC-3 [13], for
the same system and for 0.4g peak ground acceleration, is around 8.0 inches. While there
is a very real question as to the validity of these extremely large low-frequency displace-
ments and while the 8.0 inches for buildings would bg acceptable, it is unlikely that 30
inches would be acceptable and some control system would be required. In the test serics
reported here, three methods of conirolling displacement through the use of inserts in the

bearings have been explored, and these are described in the next section.



III. EXPERIMENTAL PROGRAM

a) Test Facilities

The experiments reported here were carried out at the Earthquake Sirmulator Labora-
tory of the Earthquake Engineering Research Center at the Richmond Field Station of the
University of California, Berkeley. The main dynamic test facility is a 20 ft x 20 ft shaking

table with associated control equipment, described by Rea and Penzien [14].

The shaking table is a 20 ft x 20 ft x 1 ft prestressed concrete slab, driven indepen-
dently in the vertical direction by servo-controlled actuators. The 100 kip dead weight of
the table, plus the weight of the model, is supported by differential air pressure during
operation, thus relieving the vertical actuators of any static load-carrying function. The
control signals for the two degrees of freedom are in the form of analog displacement time
histories on magnetic tape, obtained normally through a double integration of acceleration

time histories. The table motion has been demonstrated to have good repeatability.

The limits of table motion with no model are given in reference 13. The displace-
ment limits result from the actuator strokes; oil-pumping capacity limits the velocity, and
the acceleration is limited by actuator force capacities and the oil column resonance of the
drive system. With a model on the table, the acceleration limits are somewhat lower; the

other limits are not appreciably affected.

The data acquisition system, centered around a NOVA 1230 minicomputer equipped
with a Diablo 31 magnetic disc unit, is capable of discretely sampling up to 128 channels at
rates of up to 100 samples/sec/channel. Transducer signals, in analog form, pass through a
NEFF system 620 analog-digital processor. The digitized data are then temporarily stored
on a magnetic disc before being transferred to tape by a Wang 9-track magnetic tape drive

for permanent storage.



b} Five-Story Frame Structural Model

The experimental model used is shown in Figure 1. It is a five-story frame mounted
on two heavy (16WF) base floor girders that are supported by four sets of rubber bearings
resting on load cells. The load cells are anchored onto the shaking table with high-tension
stress rods. The dead load is provided by concrete blocks tied down to the {rame at various
floor levels as shown in Figure 1. The weight of the dead load adds up to 72 kip, which
gives an approximate total weight of 80 kip for the entire structure. Thus, a compressive
force of approximately 20 kip is'produced in each bearing. The dead load provided by the
concrete blocks produces stress levels comparable to those in a full-scale structural frame,
and the geometrical scale factor of the model is roughly 1/3. The corresponding time scale

factor will be /3.

Although the experimental model has four columns per frame, each frame is carried
on only two bearings. It is impractical to carry each frame on a bearing under each column,
as would be done in an actual structure, since this would require a very small bearing
design and the bearings as manufactured are about as small as can be made by standard
techniques. A disadvantage of the use of four bearings under the model rather than eight
is that the base frame girders are much larger relative to the structural frame than they
would be in a full-scale structure: the appearance of the model exaggerates the proportions
that a base slab in a real building would have. Although unfortunate, this is unavoidable
particularly in view of the fact that the stability of laminated isolation bearings becomes

more critical as the isolation mass per bearing is reduced at a fixed isolation frequency [15].

¢) Elastomeric Bearings

The elastomeric bearings for the base isolation tests were designed by the Polymer
Products Department, Elastomers Division of E. I. du Pont de Nemours & Co. (Inc.),
Wilmington, Delaware and were manufactured and donated by Qil States Industries Inc.,

Athens, Texas. The Du Pont Neoprene was compounded and compression molded with



steel shims in a one-step process to form the multilayer bearings. Qil States Industries Inc.
has been manufacturing similar maintenance-free Neoprene hearing pads for prestressed
concrete bridges for over 25 years. Du Pont engineers designed the bearings to provide the
structural model with a natural frequency of approximately 0.6 Hz in the horizontal direc-
tion and 16 Hz in the vertical. A cylindrical bearing design was preferred so as to minimize
the formation of localized stress points. A hole was provided in the center of the bearing
to facilitate the insertion of dissimilar elastomeric materials. The design of the bearing was

based on concepts developed in reference 16.

The dimensions of each bearing were as follows: a cross sectional area of 20.6 square
inches; an effective elastomer height of 2.5 inches; a total height of 5.5 inches; an outside
diameter of 5.5 inches and an inside diameter of 2.0 inches; 44 layers of Neoprene, each
layer approximately 0.057 inch thick; 43 layers of 16 gauge steel, each layer approximately
0.06 inch thick; and end plates 7 inches x 7 inches square and 0.250 inch thick. Two sets
of bearings were manufactured, one set in 50A durometer hardness Neoprene and another

in 40A hardness. A typical bearing as installed is shown in Figure 2.

Prior to the dynamic testing, the bearings were statically tested in a specially designed
press in which a pair of bearings were loaded to a specified vertical force and then horizon-
tally deflected at the midline as shown in Figure 3. These tests were done to verify the
horizontal stiffness of the bearings under vertical load and to determine the vertical dis-
placement consequent on horizontal displacement. It is typical of such elastomeric bearings
that the horizontal stiffness decreases with increasing vertical load. Under a vertical load of
20 kip, the lateral stiffness of a single 50A durometer bearing was approximately 1.0 kip/in
at zero lateral deflection. This stiffness steadily decreased with increasing lateral deflection,

reaching a value of approximately 0.4 kip/in at a lateral deflection of 2 inches.

Static compression tests under purely vertical loading were conducled to determine

the vertical stiffness under the working load and also to measure the buckling load in the



10

bearings. As in the horizontal stiffness tests, a pair of bearings was tested: this allowed in
the testing machine a buckling mode compatible with that under installation conditions
beneath the structure. Vertical load-deflection curves for both the 50A and 40A durometer

bearings are shown in Figure 4.

Under a vertical load of 20 kip, the vertical stiffness of a single 50A durometer bear-
ing was measured at 600 kip/in, while that for a 40A durometer bearing was 420 kip/in.
The peak load carried by the 50A durometer bearing was 53.8 kip, however the 40A

durometer bearing was able to sustain a peak load of only 33.4 kip.

@) Damping-Enhancing Inserts

The controlling design criterion for base isclation systems is relative displacement
between the ground and the building. As the isolation frequency is reduced the relative
displacement increases. One way of reducing the relative displacement without increasing
the acceleration is to increase the effective damping in the bearings. However, rubbers
both artificial and natural with high damping are subject to creep and reduced strength and
it is relatively difficult to produce rubber suitable for an isolation bearing with a damping
factor (tan §) greater than 0.1 which corresponds to 5% of critical equivalent viscous damp-
ing in the fundamental isclated mode of structure. Increasing the damping to around 10%
of critical damping would improve the displacement characteristics of the isolation system

while retaining low acceleration transmission.

One method of increasing damping is to include in the isolation system a set of
energy-absorbing devices which operate on the principle of elastic-plastic cyclic deformation
of mild steel. Examples of these have been tested on the shaking table, and some have in
fact been implemented in practice, and have been shown to be reliable and effective. They
have the disadvantage that they require a separate mechanical system to enable them to

work with the isolation system.
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An alternative method is to include a high damping material in the bearings them-
selves and this approach if successful eliminates the need for a separate mechanical system.
Part of the present study is to assess the effectiveness of such inserts in increasing the

damping in the bearings and improving the response of the isolation system.

The bearings were manufactured with a central hole 2.0 inches in diameter: this
allowed the insertion of cylindrical plugs of other materials. The insert material is con-
strained by the steel plates of the bearing to deform almost entirely in pure shear. In the
experimental program three damping materials were studied: two of these were elastomeric
materials, ADIPRENEY urethane rubber and VAMACY ethylene/acrylic elastomer, while
the third was lead. At 20°C ADIPRENE® has a damping factor (tan 8) of 0.1 and
VAMAC® has a damping factori of 0.25. Cylinders of the three materials were cast and
machined to 2.0 inches diameter and 5.5 inches high and pressed into the bearings. In the
case of the lead inserts only two of the four bearings were filled. Since the iable motion is
in one horizontal direction, no complication arises if two are filled and two not. There were

thus six different foundation systems in the test series, namely:

1)  fixed base (FB);

2)  50A durometer hardness bearings (50D);

3)  40A durometer hardness bearings (40D);

4)  50A durometer hardness bearings with ADIPRENE® inserts (50/A);
5)  S0A durometer hardness bearings with VAMAC® inserts (50/V);

6)  50A durometer hardness bearings with lead inserts (50/L).

T ADIPRENE and VAMAC are regisiered U.S. trademarks of E.I. du Ponl de Nemours & Co. (Inc.)
t Data obtained from Rhevibron (Toyo Boldwin Co. Ltd.)
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1V. EARTHQUAKE SIMULATOR TEST PROGRAM

a} Farthquake Input

Four earthquake input signals, based on records of historical California earthquakes,
were used for this test series: each was time scaled at a factor of /3. This time scaling of
the earthquake inputs corresponds to the geometrical scale of the model, so that the
acceleration response of the model to these inputs should correspond to the actual accelera-
tion of a full-scale structure to the historical earthquakes. The displacements in the model

will correspond to one third of those for the full-scale structure.

The four earthquake records used were the El Centro 1940 SO0E component, the
Pacoima Dam 1971 S14W component, the Taft 1952 S69E component, and the Parkfield
1966 N65SE component. The El Centro and Taft are typical California earthquake records,
one representing a long duration record and the other a short duration signal with dominant
frequencies in the 1 Hz to 5 Hz range. The Pacoima record has frequencies in a slightly
higher range but has a high-frequency pulse in the middle of the signal that produces a very
high acceleration. The Parkfield signal is a short duration signal with low-frequency energy.
The Fourier spectra of the four records, and their displacement and acceleration time his-
tories are shown in Figures 5 to 7. It should be noted that each of the originally recorded
signals has been filtered to provide an acceptable balance of motion for the table. This is
particularly important in the range of frequencies below 0.5 Hz: these low-frequency com-
ponenis have been cut back in order that the table motion is not restricted by displacement
limits.

In addition teo testing the system with simulated earthquakes, pull-back tests were car-
ried out to determine the response of the model with the various foundations in free vibra-
tion, In these tests the model was pulled in one direction by a wire attached to the second
floor and a bolt was cut, allowing the model to snap back. Data were collected during the

free-vibration period. This allows the frequencies of the system to be estimated and the
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damping in the fundamental isolation mode for the vartous isolation systems to be
evaluated. The pull-back tests were carried out on the model for all foundation conditions

except the lead-filled bearings,

b) Frame Response - Vertical Direction

The frequencies of vibration in the vertical direction for the fixed-base structure were
very high and thus the verticai modes are not significantly excited for this case. However
the vertical response of the structural model on the laminated rubber bearings must be con-
sidered. The frequency of symmetrical vertical vibration for the structural system mounted
on the 50A durometer bearings was measured at 13.0 Hz. This is significantly lower than
the 17.1 Hz frequency estimated on the basis of a rigid 80 kip superstructure, giving an
indication of the effect of the flexibility of the base beam ahd the frame iiself in altering
system response. The frequency of rocking on the 50A durometer bearings was measured
at approximately 15.8 Hz: this frequency would be significantly increased under full-scale
installation conditions with bearings located under each column. A third mode with
significant vertical amplitudes, corresponding to base girder flexure, was detected at a fre-
quency of 18.6 Hz. None of these vertical mode frequencies are significantly altered by the

inclusion of the elastomeric insert materials.

¢} Frame Response - Horizontal Direction

The pull-back tests of the frame in the fixed-base condition gave fixed-base frequen-
cies in horizontal vibration of 3.9 Hz, 12.4 Hz, and 20.0 Hz. On the 50A durometer bear-
ings the first three frequencies were found to be 0.75 Hz, 6.1 Hz, and 14.8 Hz: time his-
tories of base displacement and total base shear for this test are shown in Figure 8. The
0.75 Hz isolation frequency corresponds to a vibration mode which is roughly a horizontal
rigid body franslation of the frame, while the other two frequencies correspond to the first

two structural modes of the model. It is characteristic of base isolation systems that they
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add a rigid body mode with a low-frequency and increase the frequencies of the deforma-

tional modes above their values in the fixed-base system.

The horizonta! stiffness of a single 50A durometer bearing assuming that the total
weight of the frame was 80 kip and on the basis of a .75 Hz isolation frequency is approxi-
matety 1.15 kip/in. This stiffness is 15% higher than that measured under static conditions,
giving an indication of the difference between bearing properties measured statically and the
same properties under dynamic conditions. For the 40A durometer bearings the pull-back
test gave 0.50 Hz, 6.0 Hz, and 14.7 Hz for the three lowest frequencies. The estimated

horizontal stiffness of a single 40A durometer bearing in this case is thus 0.50 kip/in.

When the ADIPRENE® cylinders were inserted into the S0A durometer bearings the
three lateral vibration frequencies were 1.0 Hz, 6.2 Hz, and 15.0 Hz: the lateral stiffness of
a single ADIPRENE®-filled bearing is thus 2.0 kip/in. For the bearings with the VAMAC®
inserts the frequencies were 0.8 Hz, 6.1 Hz, and 14.9 Hz, and the individual lateral bearing
stiffness was 1.3 kip/in. No pull-back tests were performed on the lead-filled bearings due

to the inherent nonlinear response of lead.

The response of the frame to the three earthquake signals with combined horizontal
and vertical input is summarized in Table 1: no vertical signal is available for the Parkfieid
record. Table 2 lists the responses to the signals with horizontal excitation only, with the

vertical input suppressed.

The reason for conducting tests with horizontal input only is that the model as assem-
bled tends to exaggerate the horizontal accelerations that result from vertical input. This is
illustrated in Figure 9, which shows the peak amplitudes of horizental acceleration at each
level in the frame mounted on the 50A durometer bearings under combined vertical and
horizontal excitation, and also under vertical only and horizontal only input. It is apparent
that the horizontal accelerations due to the vertical motion dominate the peak horizontal

accelerations recorded under combined excitation.
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The spectral amplitudes of horizontal acceleration at each level in the frame under
purely vertical excitation is shown in Figure 10. The broad band of significant response
between 21 Hz and 26 Hz, particularly noticeable in the accelerations at floor 3 in the
frame, is due to high-frequency local vibration modes of individual beams within the frame.
These components tend to mask the accelerations produced by the horizontal signal, but
due to their significantly higher frequency content have very small displacements and do
not markedly alter the overall structural response. The local vibration of the beams is
caused by the additional dead load applied in the model, and would occur at much higher

frequencies in a full-scale structure.

To demonstrate the significant reduction in accelerations brought about through the
use of the isolation bearings, the measured accelerations at all floor levels for the fixed-
base, lead-filled and 40A durometer base conditions are shown in Figures 11 through 14.
The accelerations for the fixed base case increase almost linearly from the bottom of the
frame to a maximum at the fifth floor: generally this maximum is roughly four times the

table acceleration.

The effectiveness of the various foundation conditions in reducing the forces applied
to the structure is shown in Figures 15 through 18 where the measured accelerations at all
floor levels are plotted. In these plots the accelerations for the model in the fixed-base con-
dition are omitted: had they been included, the scale would have had to be so reduced that
the differences in acceleration between the various cases would have been obscured. Figure
15 shows the accelerations in the frame when the El Centro signal is used. The maximum
table acceleration is roughly 0.54g and the fifth floor acceleration for the fixed-base case is
1.9¢. Each isolated case shows accelerations which are roughly constant with height and
less than the table acceleration. The 50D bearings show accelerations of roughly 1.0g in the
frame and adding the VAMAC® inserts increases the acceleration only slightly. Adding the

ADIPRENE® inserts increases the accelerations to 0.12g and adding the lead inserts dou-
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bles the accelerations. Generally it can be said that the elastomeric inserts increase the
accelerations slightly, but reduce relative displacements across the bearings. In the El Cen-
tro record the relative disptacement is 2.6 inches with the unfilled 50D bearings, across the
VAMAC®-filled bearings it is 2.3 inches, and across the ADIPRENE®-filled bearings it is

1.5 inches.

The 40D bearings show the greatest reductions in acceleration. The accelerations are
11% of the table input and 2.3% of the corresponding fifth floor acceleration in the fixed-

base condition.

The results for the other records are similar. For the Parkfietd signal, for exampte,
the reductions are somewhat less than for the El Centro signal, but again the 50D bearings
produce accelerations of 0.1g and the 40D bearings accelerations of 0.05g, but here the
peak input is 0.375g. The maximum fixed-base acceleration is 1.75g, so that the reductions
over the fixed-base case are still substantial. For the Pacoima Dam record and the Taft

record the reductions are greater than those for the Parkfield signal.

d) Bearing Response

The bearings in the experimental program were mounted on shear load cells which
record the shear forces experienced during a test. Relative displacement of the base frame
with respect to the floor was measured using linear potentiometers. Time history plots of
total base shear and relative bearing displaccment for the the unfilied and filled bearings
subjected to the El Centro signal are shown in Figures 19 through 22. The hysteresis loops
generated by the bearings during a test can also be plotted: examples for the unfilled and
filled bearings during a large cycle of displacement in the El Centro record are shown in
Figures 23 through 26. From these curves it is possible to estimate the equivalent linear
viscous damping ratio based on the ratio of the area of the hysteresis loop to the maximum
stored energy. Denoting the area of the hysteresis loop by W, and the maximum stored

energy by Wy, the damping ratio & (i.e. the ratio of the viscous damping coefficient to that
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for critical damping) for the fundamental isolated mode is given by ¢ = Wp/4m W. This
assumes that the system is in steady staie at resonance, however it will give a reasonable
approximation ic the damping ratio in this case. For the 40D bearings the damping is
approximately 10% of critical, while for the 50D bearings the damping is 11% of critical.
The estimate for the 50D bearings with ADIPRENE® inserts is 8% of critical and for the
50D bearings with VAMAC® inserts the damping ratio is 10%. These damping ratios are
consistent with those obtained from the pull back tests which were found to be approxi-

mately 11% to 13% of critical.

The measured damping in the structural system is, in each case, much higher than
would be expected from the damping factor for the Neoprene itself. The damping factort
tan & of both the 50A durometer and the 40A durometer hardness Neoprene was recorded
as 0.1 at 11 Hz. A value of 0.1 for tan & corresponds to an equivalent viscous damping
ratio of 5% of critical in the fundamental isolated mode of the structure. Damping factors
in Neoprene do not vary much with frequency and if at all decrease with decreasing fre-
quency. The shear strains are very much larger in the bearings than in the dynamic testing
of the rubber: at the maximum displacement of the 50D bearings in the El Centro signal,
2.6 inches, the shear strain in the rubber exceeds 100%. The fact that the damping ratio for
the bearing with ADIPRENE® inserts is only 9% is due to the doubling of the stiffness of
the bearing, thus reducing the effective damping. It is clear that the reduction in displace-
ment produced by the ADIPRENEZ® inserts is due to the increase in frequency rather than
to increased damping. The VAMAC?® inserts produce a 15% increase in stiffness and an
increase in the energy dissipated but the damping ratio itself is unchanged. The conclusion
1o be drawn from these results is that the inserts are not effective in reducing response.
The effect of the ADIPRENE® could be achieved more simply merely by using a larger
bearing: the influence of the VAMACE® insert, although it adds some dissipation, is not

significant. There simply is not enough material in the insert to dissipate enough energy to

t Data obtained from Rhevibron {Toyo Boldwin Co. Ltd.)
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produce a worthwhile change in the response.

The response of the 50D bearings without inserts was tested further to determine the
limiting displacement to which the bearings could be subjected. The input signal was
increased from a peak horizontal acceleration of 0.54g to 0.68g which produced a relative
displacement of 3.5 inches across the bearings. The accelerations in the frame remained
roughly around 0.10g to 0.11g, that is, the table acceleration was increased by 25%, but the
response remained almost unchanged. This suggests that at larger strains the effective
stiffness is reduced and the effective damping is increased. The input peak horizontal
acceleration was again increased, to 0.835g, which produced a maximum bearing displace-
ment of 4.2 inches: this displacement indicates a shear strain of 170% in the elastomer.
The frame accelerations were now around 0.12g. The accelerations of the base and fifth
floor are plotted as a function of the table acceleration in Figure 27. The structural
accelerations change only slightly with increasing earthquake intensity: the explanation for
this is that the bearing properties are changing in a manner favorable to protection of the
structure. The increase in displacements with increased earthquake intensity is also shown
in Figure 27. No external evidence of failure was observed. That the effective stiffness is
reduced and the effective damping increased for these large bearing deformations is clear
from the hysteresis loops show in Figures 28{(a) through (d). The fattening of the loops at
the large excursion is clear and in two bearings there is a reduction in stiffness. The two
bearings with the reduced stiffness are those for which there is an increased compressive
load due to the overturning moment. Although the overturning moment is small since the
frame accelerations are small (the increase in bearing load is only 20%), the additional
compressive load coupled to the large lateral displacement has a large effect on the horizon-

tal stiffness.
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e) Lead-Filled Bearings

The response of the structural model on the lead-filled bearings is markedly different
from that on the unfilled or elastomer-filled bearings. The lead appears to act as if it were
almost rigidly perfectly plastic with a yield shear stress of approximately 1.4 kip/in% The
response of the frame for very small input motion is thus similar to the fixed-base
response, however as the intensity of the motion increases the effective stiffness drops and
the amplification of the input acceleration is reduced. As the lead yields, significant energy
dissipation occurs. In effect, the lead acts as a mechanical fuse and an energy dissipator,
and the damping per cycle increases almost linearly with displacement. In this way the lead
produces an almost ideal isolation system and combined with the compactness of the

lead/bearing assembly produces a very effective system.

The accelerations experienced by the frame on the lead-filled bearings are always less
than the input accelerations for the comparison cases shown in Figures 15 through 18.
They are higher than for the other foundation systems, but the relative displacements are
lower. For the El Centro signal with a peak table acceleration of 0.54g, the frame accelera-
tions (Figure 15) are between 0.20 and (.25g and the frame responds more or less as a rigid
body. The relative displacement at the bearings is reduced to 0.86 inches from 2.6 inches
for the unfilied bearings. -The lead is nonlinear in its response and in principle a permanent
deformation after yielding is possible. The nonlinearity also implies that the response
should be dependent on previous history. In fact no permanent deformation was observed
after a test and there was no dependence on previous history. Four runs were carried out
on the model using the same input signal (El Centro). As shown in Figure 29, the
accelerations recorded on the model varied slightly but unsystematically and were no more
than the variations in the peak table input acceleration. A possible explanation for the lack
of permanent displacement and history dependence is that the portion of greatest intensity

of the earthquake which would produce the largest accelerations and relative displacements
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and produce permanent set in the bearings is followed by a period of lower intensity where
some yielding of the lead takes place. During this period the centering action of the rubber
forces the tead back to the neutral position and over several cycles of reduced yielding the
permanent force in the lead disappears, allowing the system to restart more or less in an

unloaded, undisplaced initial condition.

The nonlinear response of the system and the increased isolation with increased input
intensity is shown in Figures 30 through 34. To demonstrate this effect the model was sub-
jected to a series of El Centro iﬁput motions with steadily increasing intensity from a peak
acceleration of 0.115g to one of 1.46g. As the table accelerations increase over this range
by a factor of more than ten, it is shown in Figure 30 that the fifth floor accelerations and
the base accelerations increase only by factors of around five. The nonlinearity of the lead
compared to the linearity of the unfilled bearings is shown in Figure 30. To demonstrate
the increased isolation with increased intensity the accelerations in the frame have been
plotted as normalized with respect to the peak table acceleration. The convergence 1o a
reduction factor of 40% of the input acceleration is clear (Figure 32). A plot of normalized
displacement, normalized fifth floor acceleration, and normalized base acceleration is shown
in Figure 33. It is interesting to note that while the accelerations decrease, the relative dis-
placement remains almost exactly equal to the peak table displacement over the entire

range of input (Figure 34).

Hysteresis loops for the lead-filled bearings are shiown in Figures 35 through 38. The
first can be compared with those for the other foundation systems with the same earth-
quake input (Figures 23 through 26). The total effective base stiffness is 13 kip/inch, com-
pared with 4.6 kip/inch for the unfilled bearings and based on the area of the hysteresis
loop the equivalent viscous damping ratio is approximately 35%. For the much larger
earthquake shown in Figure 36, the effective stiffness of the bearing system becomes 7

kip/inch and the equivalent viscous damping factor is again around 35%.
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Since two bearings contained lead inserts and two did not it is easy to obtain the force
in the lead by subtraction and this is shown in Figures 37 and 38. The force in the lead
when vielding is almost constant at 9 kip, which corresponds to a shear stress of 1.4 kip/in™
The shear strain in the lead at maximum displacement is roughly 45%. The yield shear
strain is difficult to estimate from these plots, but based on a Young’s modulus value of 2.4
x 10% Ib/in? it is around 0.15%: the ductility factor for the lead is thus 300. This is an
exceptionally large ductility factor in engineering practice, but lead appears to be capable of
sustaining unlimited cyclic plastic deformation without failure. This ability is due to the
fact that at ambient temperatures the lead is being hot worked: during cyclic plastic defor-

mation the lead is continually able to recover its original mechanical properties [17].

It seems clear from the results that the amount of lead in the bearings was greater
than optimum. Previous tests with an energy-absorbing base isolation system have sug-
gested that the optimum response is obtained when the yield level is around .5% of the
weight of the structure. Here the yield level was around 10% of the weight of the structure
and thus the accelerations could be reduced and the degree of protection increased while

maintaining displacements within safe limits for the bearings.
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V. CONCLUSIONS

The experimental program has shown that the multilayer isolation bearings of
polychloroprene can be effective in protecting buildings from damage by earthquake ground
motion. The 50A durometer hardness bearings are capable of sustaining a relative lateral
displacement of 75% of their diameter without buckling and the material itself is capable of
sustaining a shear strain of 170% without failure. The reductions in acceleration experi-
enced by the superstructure as compared to conventionally designed structures vary with
earthquake signal, but are not less than a factor of 10 and can be much higher. Although
the 40A durometer bearings achieved the greatest overall degree of structural protection
under the simulated earthquake inputs considered, they were too close to their stability

limit to be considered candidates for full-scale application.

The peak earthquake accelerations at which the maximum deformations of the bear-
ings were achieved were 0.835g. For most buildings and structures in California the peak
design accelerations are not greater than 0.4g [13] and in such cases a simple rubber bearing
isolation system would suffice. At that level of peak earthquake acceleration the maximum
relative displacement would be on the order of 6 inches for bearings with 10% of critical
damping as in this study and around 8 inches if the bearings had a damping factor of only

5% of critical.

For nuclear plants the very low probability seismic events for which the plant must be
designed could require a much higher design peak acceleration than could be accommo-
dated by a simple rubber bearing base isolation system. The energy-dissipating base isola-
tion system in which rubber bearings and lead inserts are integrated then becomes an ideal
choice for seismic protection. No other structural design strategy can simuyltaneously pro-
tect a structure at such earthquake intensities and limit the forces applied to sensitive inter-

nal equipment.
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The effectiveness of base isolation on multilayer elastomeric bearings has been
demonstrated by these and other experiments. The remaining unanswered question is the
cost. The bearings themselves are not expensive items, particularly if many are manufac-
tured. Increased foundation costs are required mainly because of the need for a seismic gap
around the structure. This would require the foundation pit to be surrounded by a retain-
ing wail. The gap would be covered by an elastomeric seal and the foundation pit used for

parking, for example, or mechanical purposes.

The savings on the other hand on the construction of the superstructure could offset
these increased costs. Seismic shear walls would be diminished and other structural ele-
ments reduced. Bracing for ceiling suspended components and for mechanical and electrical

components would be reduced.

A study was carried out [18] of the comparative cost of an isolated and a convention-
ally founded six-story medical building with roughly 170,000 square feet as shown in Figure
39. A potential savings using base isolation of $107,000 was estimated for the structural
system alone. However, further savings could be possible since a major portion of the cost
of a medical facility is in sensitive equipment. If this equipment must be braced or
attached to walls in such a way as to protect it against earthquakes its mobility will be
greatly reduced. Equipment that cannot be moved conveniently from one location to
another within the building due to earthquake bracing will have to be replicated many
times. Thus, it seems clear that base isolation must reduce the cost of buildings where the
protection of equipment is paramount. Decreased costs with increased safety are the driv-
ing force behind all structural engineering research, but aseismic base isolation offers the

best method for the achievement of these goals.
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HTable | HBase | HF15 | H Table | Rel Base | Base | V Table | VFI 5
Accel Accel Accel Displ Displ Shear Accel Accel
() (g) (g) (in) (in) (k) (g) (g)

Fixed Base 0.520 0.500 1.894 0.924 0.000 69.1 0.365 0.675
50/ Lead 0.543 0.260 0.345 0.914 0.931 10.91 0.399 0.764
SOIADIPRENE® 0.553 0.235 0.408 0914 1.509 8.01 0.400 0.752
SO/VAMAC® 0.536 0.154 0.234 0.917 2.331 7.02 0.402 0.619
50 Durometer 0.562 0.171 0.208 0.914 2.362 7.13 0.415 0.664
40 Durometer 0.555 0.104 0.169 0.915 2.160 3.04 0.422 0.585

Table 1(a). El Centro input signal: V=200, H=200

H Table | HBase | HFIS | H Table | Rel Base Base V Table | VFIS
Accel Accel Accel Displ Displ Shear Accel Accel
(g) (g) (g) {in) (in) (k) (g) (g)

Fixed Base 1.042 2.602 4.550 1.522 0.200 166.0 0.622 1.914
50/Lead 1.282 0.466 0.716 1.534 2.450 16.32 0.583 0.804
SOIADIPRENE® 1.319 0.190 0.358 1.527 2.672 10.39 0.589 0.667
SO/VAMAC® 1.296 0.181 0.205 1.527 2.038 6.69 0.613 0.656
50 Durometer 1.287 0.210 0.220 1.523 2.011 6.22 0.557 0.638
40 Durometer 1.290 0.165 0.266 1.534 1.734 2.95 0.618 0.655

Table 1(b). Pacoima Dam input signal: V=200, H=300

H Table | HBase | HF15 | H Table | Rel Base | Base | V Table | V FI 3
Accel Accel Accel Displ Displ Shear Accel Accel
(g) (g) (2) (in) (in) (k) (® (g)

Fixed Base 0.536 0.464 1.640 1.862 0.020 39.8 0.520 0.523
50/Lead 0.548 0.322 0.336 1.817 1.519 13.82 0.436 0.443
SOIADIPRENE® 0.546 0.244 0.230 1.806 2.761 10.96 0.441 0.523
SO/VAMAC® 0.541 0.189 0.191 1.806 2.972 8.66 0.445 0.470
50 Durometer 0.527 0.173 0.225 1.804 3.430 8.03 0.404 0.480
40 Durometer 0.541 0.122 0.143 1.812 2.893 397 0.450 0.496

Tabie 1(c). Taft input signal: V=350, H=350
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HTable | HBase | HF15 | HTable | HBase | HF15 | Rel Base | Base
Accel Accel Accel Displ Displ Displ Displ Shear

(g) (g) (g) {in) (in) (in) {in) (k)

Fixed Base 0.379 0.861 1.810 1.526 1.692 3.178 0.117 66.0
50/Lead 0.377 0.320 0.361 1.508 2.053 2.374 1.878 14.43
SO/JI\DIPREI\IE® 0.374 0.202 0.218 1.511 3.174 3.407 3.366 11.81
50/VAMAC® 0.370 0.117 0.123 1.513 2.410 2,542 2.629 7.33
50 Durometer 0.375 0.098 0.112 1.514 2.321 2.373 2.565 6.76
40 Durometer 0.378 0.052 0.067 1.511 1.426 1.489 2.771 3.28

Table 2(a). Parkfield input signal: V=0, H=300

H Table 1 HBase | HF15 | HTable | HBase | HFl13 | Rel Base | Base
Acccl Accel Accel Displ Displ Displ Displ Shear

(g) (g) (g) {in) (in) (in) (in) (k)

Fixed Base 0.555 0.681 2.629 0.908 0.920 1.936 0.138 95.9
50/Lead 0.553 0.245 0.271 0.910 1.197 1.338 0.885 11.26
50/ADIPRENE® 0.531 0.119 0.134 0.913 1.695 1.822 1.480 7.98
S(J/VAMAC® 0.535 0.103 0.112 0.910 2.200 2.330 2.263 6.95
50 Durometer 0.534 0.100 0.110 0.909 2.255 2.306 2.589 6.63
40 Durometer 0.543 0.050 0.059 0.912 1.309 1.372 2077 2.81

Table 2(b). El Centro input signal: V=0, H=200
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HTable | HBase | HF15 | HTable | HBase | HF15 | Rel Base | Base
Accel Accel Accel Dispt Displ Displ Displ Shear
(g) (g) (g) {in) (in) (in) (in) &)
Fixed Base 0.588 0.836 1.909 1.874 2.028 2.816 0.137 69.6
50/Lead 0.581 0.282 0.355 1.822 2.688 2.871 1.455 13.68
SO/ADIPRENE® 0.576 0.151 0.165 1.808 3.267 3.415 2.819 10.35
50/VAMAC® 0.562 0.130 0.147 1.809 3.002 3.140 3.000 7.92
50 Durometer 0.548 0.156 0.235 1.808 2.950 30 3.430 8.03
40 Durometer 0.558 0.069 0.069 1.820 1.850 1.905 2.607 2.90
Table 2(c). Taft input signal: V=0, H=350
H Table { HBase | HFI5 | HTable | HBase | HF1 5 | Rel Base Base
Accel Accel Accel Displ Dispt Displ Displ Shear
(g) (g) {g) (in) (in) {in) (in) k)
Fixed Base 1.047 1.076 2.833 1.578 1.683 2.496 0.127 103.3
50/Lead 1.330 0.471 0.690 1.537 1.482 1.902 2.473 16.52
SOIADIPRENE® 1.283 0.133 0.193 1.520 1.336 1.533 2.685 10.47
SO/VAMAC® 1.292 0.120 0.157 1.521 0.812 0.878 2.063 6.53
50 Durometer 1.287 0.210 0.220 1.523 0.755 0.819 2.011 6.22
40 Durometer 1.258 0.071 0.112 1.531 0.625 0.647 1.794 2.47

Table 2(d). Pacoima input signal: V=0, H=300




Figure 1

Five story, three bay onc-third scale structural model
used in base isolation experiments.

31







33

Figure 3 Static test of bearings under simuliancous vertical
and horizontal load. Two bearings were tested simultaneously.
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FOURIER SPECTRA OF INPUT SIGNALS
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Figure 5 Fourier amplitude spectra of time-scaled simulated
earthquake input signals.
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"Dynamic Behavior of a High-Rise Diagonally Braced Stecl Building," by D. Rea, A.A. Shah and 5.G. Bouwhauwp
1971 (PB 203 584)A06

"Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible Fluids,” by J. Ghaboussi and
E. L. Wilson - 1971 (PR 211 396)A06

"Inelastic Behavior of Steel Beam-to-Column Subassemblages,” by H. Krawinkler, V.v. Berterc and E.P. Popov
1671 (PB 211 335)}Al4

"Modification of Seismograph Records for Effects of Local Soil Conditicns,” by P. Schnabel, H.B. Seed and
J. Lysmer - 1971 (PB 214 450)A03
"Static and Earthguake Analysis of Three Dimensional Frame and Shear Wall Buildings," by E.L. Wilaon and

H.H. Dovey - 1972 {FB 212 904)A05

"Accelerations in Rock for Earthguakes in the Western United States," by P.B. Schnabel and H.B. Seed - 1972
(PB 213 100)AQ3

"Elastic-Plastic Earthquake Response of Soil-Building Systems," by T. Minami -1972 (PB 214 868)A08

"Stochastic Inelastic Response of Offshore Towers to Strong Motion Earthquakes,” by M.K. Kaul -1972
(PB 215 713)A05

"Cyclic Behavior of Three Reinforced Concrete Flexural Mermbers with High Shear," by E.P, Popov, V.V. Bertero
and H, Krawinkler - 1972 (PE 214 SK5)}A08

"farthquake Response of Gravity Damg Including Reservoir Interaction Effects," by P. Chakrabarti and
A.¥. Chopra - 1972 (AD 762 330)AD8

"Dynamic Properties of Pine Flat Dam," by D. Rea, C.¥. Tiaw and A.K. Chopra - 1972 (AD 7863 928)A05
"Three Dimensional Analysis of Building Systems," by E.L. Wilson and H.H. Dovey - 1972 (PB 222 438)n06

"Rate of Loading Effects on Uncracked and Repaired Reinforced Concrete Members," by S. Manin, V.V. Bertero,
D. Rea and M. Atalay - 1972 (PB 224 520) 08

"Computer Program for Static and Dynamic Analysis of Linear Structural Systems," by E.L. Wilson, K.-J. Bathe,
J.E. Peterson and H,H.Dovey - 1972 (PB 220 437)A04

“Literature Survey - Seismic Effects on Highway Bridges," by T. Iwasaki, J. Penzien and R.W. Clough - 1972
(PB 215 613)Al%

"SHAKE-A Computer Proqram for Earthquake Response Analysis of Horizontally layered Sites," by P.B, Schnabel
and J. Lysmer - 1972 (PR 220 207)A06
"optimal Seismic Design of Multistory Frames," by V.V. Bertero and H. Kamil - 1973

"Analysis of the Slides in the San Fernando Dams During the Earthquake of February 2, 1971," by H.B. Seed,
K.L. Lee, I.M. Idriss and F. Makdisi - 1973 (PB 223 402)Al4
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"Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames,"” by M.B. El-Hafez and G.H. Powell
1973 (PB 248 315)A09

"Experimental Investigation inte the Seismic Behavior of Critical Renions of Reinforced Concrete Components
as Influenced by Moment and Shear," by M. Celebi and J. Penzien - 1973 (PB 215 884)A09

"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams," by M, Celebi and J. Penzien -1973
(PE 239 568)A03

"General Purpose Computer Program for Ineclastic Dynamic Response of Plane Structures," by A. Kanaan and
G.H. Powell - 1973 (PB 221 260)A08

"A Computer Program for Earthguake Analysis of Gravity Dams Including Reserveir Interaction," by
P. Chakrabarti and A.K. Chopra-1973 (AD 766 271)A04

"Behavior of Reinforced Concrete Deep Beam—Column Subassewblages Under Cyclic Loads,” by O. Kustl and
J.G. Bouwkamp — 1973 {PB 245 117)Al2

"Earthquake Analysis of Structure-Foundation Systems,” by A.K. Vaish and A.K. Chopra - 1273 (AD 766 272)A07
"Deconvolution of Seismic Response for Linear Systems," by R.B. Reimer - 1973 (PB 227 179208

"SaAP TV: A Structural Analysis Program for Static and Dynamic Response of Linear Systems," by K.~J. Bathe,
E.L. Wilson and F.E. Peterson -~ 1973 (PB 221 967)A09

"Analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges," by W.S. Tseng
and J. Penzien - 1973 (BB 227 81&)Al10

"Earthquake Analysis of Multi-Story Buildings Including Poundation Interaction,” by A.K. Chopra and
J.A. Gutierrez - 1973 (PB 222 9701403

"ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams," by R.W. Clough, J.M. Raphael and
3. Mojtahedi - 1973 (PB 223 763)A09

"Cyclic Plastic Analysis of Structural Steel Joints,"” by R.B. Pinkney and R.W. Clough - 1973 (PB 226 843)A08

"QUAD-4: A Computer Program for Evaluating the Seismic Response of Soil Striuctures by Variable Damping
Finite Element Procedures,” by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 (PB 229 424)A05

"Dynamic ochavior of a Multi-Story Pyramid Shaped Building," by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp - 1973 (PB 240 718}Aa06

"Effect of Different Types of Reinforcing on Seismic Behavior of Short Concrete Columns,” by V.V. Bertero,
J, Hollings, 0. Kustu, R.M. Stephen and J.G. Bouwkamp - 1973

"Ollve View Medical Center Materials Studies, Phase I," by B. Bresler and V.V. Bertero - 1973 (PB 235 SR6IA06

"Linear and Nenlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges,” by
W.8. Tseng and J. Penzien - 1973

"Constitutive Models for Cyclic Plastic Deformation of Engineering Materials,” by J.M. Xelly and P.P. Gillis
1973 (PB 226 (024)A03

"DRAIN - 2D User's Guide," by G.H. Powell ~ 1973 (PB 227 0l6)A05
"Farthquake Fngineering at Rerkeley - 1673," (PR 226 033}All
Unassigned

"BEarthquake Response of Axisymmetric Tower Structures Surrounded by Water," by C.¥. Liaw and A.K. Chopra
1973 (AD 773 052)A09

"Investigation of the Failures of the Olive View Stairtowers During the San Fernando Earthquake and Their
Implications on Seismic Design,”™ by V.V. Bertero and R.G. Collins - 1973 (PR 235 106)Al3

"rurther Studies on Seismic Behavior of Steel Beam-Column Subassemblages,™ by V.V. Bertero, H. Krawirkler
and E.P. Popov - 1973 (PB 234 172)a06
"Seismic Risk Analysis," by C.5. Oliveira -1974 (PB 235 920)A06

"Settlement and Liguefaction of Sands Under Multi-Directional Shaking,” by R. Pyke, C.K. Chan and H.B. Seed
1974

"Optimum Design of Earthquake Resistant Shear Buildings,” by D, Ray, K.S5., Pister and A.X. Chopra - 1974
{PB 231 172)A06

"LUSH - A Computer Program for Complex Response Analysis of Soil-Structure Systems," by J. Lysmer, T. Udaka,
H.B. Seed and R, Hwang - 1974 {(PB 236 796)}ACS
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"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthguake Engineering," by D. Ray
1974 (PB 233 213)A06

"5ei) Structure Interaction Analyses for Evaluating Seismic Response," by H.B. Seed, J. Lysmexr and R. Hwang
1974 (PB 236 S19)A04

Unassigned
"shaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 240 8G9)A03

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement," by
Vv.V. Bertero, E.P. Popov and T.¥, Wang - 1974 (PB 236 797)A07

"applications of Reliability-Based, Global Cost Optimization to Design of Barthquake Resistant Structures,”
by E. Vitiello and K.5. Pister - 1974 (PR 237 231)A06

"Liquefaction of Gravelly Soils Under Cyclic Loading Conditions,” by R.T. Wong, #.B. Seed and C.K. Chan
1974 (PB 242 042)RA03

"Site-Dependent Spectra for Earthquake-Resistant Design,” by H.B. Seed, €, Ugas and J. Lysmer - 1974
(PR 240 953)A03

vparthquake Simulator Study of a Reinforced Concrete Frame," by P. Hidalgo and R.W. Clough - 1974
(PR 241 944)B13

“Nonlinear Earthquake Response of Concrete Gravity Dams,” by N. Pal - 1974 (RD/A 006 5831206

“Modeling and Identification in Nonlinear Structural Dynamics - T. One Degree of Freedom Models," by

N. Distefano and A. Rath - 1974 (PB 241 543)A06

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.I: Description,
Theory and Analytical Modeling of Bridge and Parameters," by F. Raron and §.-H. Pang -~ 1975 (PB 259 407)Al5
"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.II: Numerical
studies and Establishment of Seismic Design Criteria,” by F. Baron and S.-H. Pang - 1375 (PB 259 408)all
{For set of EERC 75-1 and 75-2 (PB 259 406))

“Seismic Risk Analysis for a Site and a Metropolitan Area," by C.S. Olivelira - 1975 (PB 248 134)}A09

"Analytical Investigations of Seismic Response of Short, Single oxr Multiple-Span Highway Bridges," by
M.-C. Chen and J. Penzien- 1975 (PB 241 454}309

"An Evalvaticn of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings," by $.A,
Mahin and V.V. Bertero - 1975 (PB 246 306)Al6

"rarthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang ~ 1975 (PB 243 981}Al3

"Dynamic Properties ¢of San Bernardino Intake Tower," by D. Rea, C.-Y. Liaw and A.K. Chopra - 1975 (AD/AQO8 406)
ADS

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Strueture, Vol. I: Description,
Theory and Analytical Modeling of Bridge Components," by F. Baxon and R.E. Hamati - 1975 (PB 251 539)A07

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: Numerical
studies of Steel and Concrete Girder Alternates,” by F. Baron and R.E, lamati - 1975 (PB 251 540)Al0

"static and Dynamic Analysis of Nonlinear Structures," by D.P. Mondkar and G.H. Powell ~ 1975 (PB 242 434)A08
"Hysteretic Behavior of Steel Columns,” by E.P. Popov, V.V, Berterc and 5. Chandramouli - 1975 (PB 252 363)All
"Earthquake Engineering Research Center Library Printed Catalog," - 1975 (PB 243 711)}AZ6

"Three Dimensiconal Analysis of Building Systems (Extended Version)," by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 1975 (PB 243 989)A07

"Determination of Seil Liguefaction Characteristics by large-Scale Laboratory Tests," by P. De Alba,
C.X. Chan and H.B. Seed - 1975 (NUREG 0027)A08

"A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonyy," by R,L. Mayes and R.W.
Clough - 1975 (PB 24€& 292} A10

"Hysteretic Behavior of Ductlile Moment Resisting Reinforced Concrete Frame Components," by V.V, Bertero and
E.P. Popov - 1975 (PE 246 388)A0S

"Relationships Between Maximum Acceleration, Maximum Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes,” by H.B. Seed, R. Murarka, J. Lysmer and T.M. Idriss -1975 (PB 248 172)303

"The Effects of Method of Sample Preparation cn the Cyclic Stress~Strain Behavior of sands," by J. Mulilis,
C.K. Chan and H.B. Seed - 1975 (Summarized in EERC 75-28)
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"The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Penzien - 1975 (PB 258 842)all

"Dynamic Properties of an Eleven Story Masonry Building,” by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp aind
D. Jurukovski - 1975 (PB 246 945)A04

“State-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review," by R.L. Mayes and R.W. Clough
1975 (PB 2439 040)A07

"frequency Dependent Stiffness Matrices for Viscoelastic Half-Plane Foundations," by A.K. Chopra,
?. Chakrabarti and G. Dasgupta ~ 1975 (PB 248 121)A07

"Hysteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Bertero and E.P. Popov - 197%
"Testing Facility for Subassemblages of Frame-Wall Structural Systems," by V.V. Bertero, E.P. Popcv and
T. Endo - 1875

"Influence of Seismic History on the Liquefaction Characteristics of Sands,” by H.B. Seed, X. Mori and
C.¥. Chan - 1975 (Summarized in EERC 75-28}

"The Generation and Dissipation of Pore Water Pressures during Soil Liguefaction," by H.B. Seed, P.P. Martin
and J. Lysmexr - 1975 (PB 252 648)A03

"Identification of Rescarch Needs for Improving Aseismic Design of Building Structures," by V.V. Bertero
1975 (PB 248 136)A05

“"Evaluation of Soil Liguefaction Potential during Earthquakes," by H.B. Seed, I. Arango and C.K. Chan - 1975
{NUREG 0026)A13

"Representation of Irreqular Stress Time Histories by Equivalent Uniform Stress Series in Liguefaction
Analyses," by H.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee - 1975 (PB 252 63Z)A03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-S8tructure Interaction Problems," by
J. Lysmer, T. Udaka, C.-F. Tsali 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. lLwsmer and #.B. Seed - 1975 :

"Predicting the Performance of Structures in Regions of High Seismicity,” by J. Penzien -1975 (PR 248 13N)A%%

"Efficient Pinite Element Analysis of Seismic Structure - Soil - Direction,” by J. Lysmer, H.R. Seed, 7T. Udaks,
R.N. Hwang and C.-F. Tsai - 1975 (PFB 253 570)A03

"The Dynamic Behavicr 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

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

"ANSR-1 General Purpose Computer Program for Analysis of Non-Linear Structural Response," by D.P. Mondkar
and G.H. Powell - 1975 (PR 252 386)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 Eart:
quake Ioading," by N.D. Walker and K.S. Pister - 1975 (PB 257 741)A06

"An Alternative Representation of the Elastic-Viscoelastic Analogy," by G. Dasgupta and J.L. Sackman - 197%
(PB 252 173)A03

"Effect of Multi-Directional Shaking on Liguefaction of Sands," by H.B. Seed, R. Pyke and G.R. Martin - 1973
(PB 258 78B1)A03
"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings - Screening Method," by

. Okada and B. Bresler - 1976 (PB 257 906)A1l ’

"Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectanqular and
T~Beams,” by $.-Y.M. Ma, E.P. Popov and V.V. Bertero ~ 1976 {(PB 260 843)Al2

"Dynamic Behavior of a Multistory Triangular-Shaped Building," by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1876 (PB 273 279)A07

"parthquake Induced Deformations of Earth Dams," by N. Sexff, H.B. Seed, F.I. Makdisi & C.-Y. Chang - 19756
(PB 292 065)208
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EERC 76-5 "Analysis and Design of Tube-Type Tall Building Structures," by H. de Clereq and G.H. Powell - 1976 (BB 252 220)
Alo

EERC 76-6 "Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthquake," by T. Kubo
and J, Penzien (PB 260 556)All

EERC 76-7 "Expected Performance ¢f Uniform Building Code Design Masonry Structures," by R.L. Mayes, Y. Omote, S.W. Chen
and R.W. Clough - 1976 (PB 270 098)A05

EERC 76-8 "Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results,” by R.L. Mayes, Y. Omote, R.W.
Clough - 1976 (PB 264 424)A06

EERC 76-9 "A Substructure Method for Earthquake Analysis of Structure - Soil Interaction,” by J.A. Gutierrez and
A.X. Chopra - 1976 (PB 257 783)A08

EERC 76-10 “"Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems," by H.B. Seed and
J.R. Booker - 1976 (PB 258 820)A04

EERC 76=11 "Influence of Design and Rnalysis Assumptions on Computed Inelastic Response of Moderately Tall Frames," by
G.H. Powell and D.G. Row -~ 1976 {(PB 271 409)A06

EERC 76-12 "Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications," by D. Ray, K.S. Pister and
E. Polak - 1976 (PB 262 BS59}A04

EERC 76-13 "Coupled Lateral Torsional Response of Buildings to Ground Shaking," by C.L. Kan and A.XK. Chopra -
1976 (PB 257 9C7)A09

EERC 76-14 '"Seismic Analyses of the Banco de America," by V.V. Bertero, S.A. Mahin and J.A. Hollings - 1976

EERC 76-15 "Reinforced Concrete Frame 2: Seismic Testing and Analytical Correlation," by R.W. Cleugh and
J. Gidwani - 1976 (PB 261 323)A08

EERC 76-16 "Cyclic shear Tests of Masonry Piers, Volume 2 - Analysis of Test Results," by R.L. Mayes, Y. Omote
and R.W. Clough - 1976

EERC 76-~17 “"Structural Steel Bracing Systems: Behavior Under Cyclic Loading,” by E.P. Popov, K. Takanashi and
C.W. Roeder - 1976 (PB 260 715)A05

EERC 76-18 "Experimental Mcdel studies on Seismic Response of High Curved Overcrossings,” by D. Williams and
W.G. Godden ~ 1976 (PB 269 548)a08 )

EERC 76-19 "Effects of Non-Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure," by
F. Baron and R.E. Hamatl - 1976 (PB 282 9B8l)Alé

EERC 76-20 '"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)A07

EERC 76-21 "Capacity of Columns with Splice Imperfections," by E.P. Popov, R.M. Stephen and R. Philbrick - 1976
(PB 260 378)a04

EERC 76-22 “"Response of the Olive View Hospital Main Building during the San Fernando Earthgquake," by $. A. Mahin,
V.V. Bertero, A.K. Chopra and R. Cellins - 1976 (PB 271 425)3al4

EERC 76-23 "A Study on the Major Factors Influencing the Strength of Masonry Prisms," by N.M. Mostaghel,
R.L. Mayes, R. W. cClough and 5.W. Chen - 1976 (Not published)

EERC 76-24 "GADFLEA - A Computer Pregram for the Analysis of Pore Pressure Generation and Dissipation during
Cyclic or Earthguake Loading," by J.R. Bocker, M,S. Rahman and H.B. Seed - 1976 (PB 263 947)A04

EERC 76-25 ‘"sSeismic Safety Evaluaticon of a R/C School Building,” by B. Bresler and J. Axley - 1976

EERC 76-26 "Correlative Investigations on Theoretical and Experimental pynamic Behavier of a Model Bridge
Structure," by K. Kawashima and J. Penzien - 1976 (PB 263 388)All

EERC 76-27 ' "Earthguake Response of Coupled Shear Wall Buildings,” by T. Srichatrapimuk - 1976 (PB 265 157)AQ07
EERC 76-28 “Tensile Capacity of Partial Penetration Welds," by E.P. Popov and R.M. Stephen - 1976 (PB 262 B99)A03

EERC 76-29 "Analysis and Design of Numerical Integration Methods in Structural Dynamics,” by H.M. Hilber - 1976
(PB 264 410)A06

EERC 76-30 “Contribution of a Floor System to the Dynamic Characteristics of Reinforced Concrete Buildings,” by
L.E. Malik and V.V, Berterc - 1976 (FBE 272 247)al3

EERC 76-31 "The Effects of Seismic Disturbances on

the Golden Gate Bridge,”™ by F. Baron, M. Arik d R.E. H i -
1976 (PB 272 279)a09 ‘ ’ Y ' an e amaed

EERC 76-32 "infilled Frames in Earthquake Resistant Construction," by R.E. Klingner and V.V. Berterc - 1976
(PB 265 892)Al3



UCB/EERC-77/01

UCB/EERC-77/02

UCB/EERC-77/03

UCB/EERC-77/04

UCB/EERC-77/05

UCB/EERC-77/06

UCB/ERRC-77/07

UCB/EERC-77/08

UCB/EERC-77/09

UCB/EERC=-77/10

UCB/EERC-77/11

UCB/EERC=77/12

UCB/EERC~77/13

UCB/EERC-77/14

UCB/EERC-77/15

UCB/EERC-77/16

UCB/EERC-77/17

UCB/EERC-77/18

UCB/EERC-77/19

UCB/EERC-77/20

UCB/EERC-77/21

UCB/EERC-77/22

UCB/EERC-77/23

UCB/EERC-77/24

UCB/EERC=-77/25

UCR/EERC~77/26

UCB/EERC~-77/27

UCB/EERC~77/28

UCB/EERC-77/29

UCB/EERC-77/30

75

"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-3tructure 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.X,
Chan - 1977 (PBE 267 352}R04

“"Scismological Studies of Strong Motion Records," by J. Shoja-Taheri - 1977 (PR 269 £53)Al0

"Testing Pacility for Coupled-Shear Walls,” by L. Li-Hyung, V.V. Bertero and E.P. Popov - 1977
“Developing Methodologies for Evaluating the Earthquake Safety of Existing Buildings," by No. 1 -

B. Bresler; No. 2 - B, Bresler, T. Ckada and D. Zisling; No. 3 - T. Okada and B. Bresler; No. 4 -~ V.V.

Berterc and B, Bresler - 1977 (PR 267 354)a08

"A Literature Survey - Transverse Strength of Masonry Walls,” by ¥. Omote, R.L. Mayes, S.W. Chen and
R.W. Clough - 1977 (PB 277 933)a07

"DRAIN-TABS:
R. Guendelman-Israel and G.H.

A Conputer Program for Inelastic Earthquake Response of Three Dimensional Buildings," by
powell -~ 1977 (PB 270 €93}A07

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Desiqgn
of Structural walls with Substructure Option,” by D.¢. Le, H. Peterson and E.P. Popov - 1977
(PB 270 5671405

"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 Earthquake Resistant Multistery Steel Building Frames," by N.D. Walker, Jr. - 1977
(PR 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}3806

"Seismic Styain Induced in the Ground During Earthguakes,” by Y. Sugimura - 1377 (PB 284 201)A04

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