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ABSTRACT

This report describes a series of earthquake simulator tests of a five-story steel frame founded on
Resilient-Friction Base Isolation {(R-FBI) bearings. These bearings use alternating plates of teflon and
stainless steel encircling a hard rubber core to absorb damaging horizontal ground motions. System
identification tests were performed on the test structure to characterize its fixed base and isolated
response, and then the frame was subjected to simulated ground motions from a variety of earth-
quakes. To a varying degree for each signal, the isolation system limited the accelerations ransmitted
to the frame and reduced the amplification of accelerations toward the top of the frame that is typical
in conventional fixed-base structures. Measured interstory drifts were below levels likely to cause
serious damage to structural or nonstructural components. The sliding displacements in the bearings
were smaller than predicted by previous analyses because the measured coefficient of friction during
the shake table tests was larger than that predicted by the material properties. The frequency response
of the test frame was highly dependent on the characteristics of the input signal. In general, the bear-
ings tended to spread the input energy over several modes and a wide range of frequencies for each
mode. Attempts to develop an equivalent linearized model for the isolated structural system were
unsuccessful because of the highly nonlinear transition between the fixed and sliding phases of the R-
FBI bearings. Comparisons were made with results from previous earthquake simulator tests of the

same steel test frame founded on various rubber bearing isolation systems.
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1. INTRODUCTION

1.1 Background

Base isolation is an earthquake-resistant design strategy which separates a structure from the
damaging horizontal ground motions of large earthquakes. The main feature of an isolation system is
a horizontally flexible foundation which prevents the transmission of lateral earthquake energy upward
into the superstructure. In addition, some form of energy dissipation or damping is usually provided
to limit lateral deflections at the isolation interface. Although this technique was first proposed in the
early 1900s it has only recently been applied to full-scale building construction as new materials that
can provide sufficient horizontal flexibility while maintaining vertical stiffness have become available.
For example, base isolation bearings made up of alternating lavers of steel and natural rubber are now
in use in several structures in the United States and more than thirty structures in Japan. In these iso-
lators the rubber layers can provide lateral flexibility to accommodate large shear strains while the

embedded steel plates prevent the rubber from distorting horizontally and ensure vertical stiffness.

The most elementary application of base isolation is 1o detach a structure completely from its
foundation, allowing it to slide freely during horizontal ground motion. In this configuration energy
can only be transferred to the superstructure through the friction force developed between the maoving
structure and its base. Several test structures using this principle have been built in China in the wake
of the 1976 Tangshan earthquake, and frictional components have been incorporated in several other
isclation systems. An isclation bearing based on this concept is the Resilient-Friction Base Isolator
(R-FBI) which was developed by Naser Mostaghel of the University of Toledo, while at the Univer-
sity of Utah. In the R-FBI system alternating layers of stainless steel and teflon provide slip planes
between the base and the supersiructure while maintaining a large vertical stiffness. A hard rubber
core in the center of the bearing provides a lateral restoring force to ensure that adjacent plates do not

slide off each other. An illustration of a tvpical isolator is provided in Figure 1.
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This report summarizes tests of the R-FBI system performed on the shaking table at the Earth-
quake Simulator Laboratory of the Earthquake Engineering Research Center (EERC), University of
California at Berkeley. An experimental program was developed to test the effectiveness of the R-FBI
system under moderate-to-severe earthquake ground motions and to assess the reliability of analytical
procedures used to predict the dynamic characteristics of structures founded on the R-FBI system,
Earthquake signals similar to those used in previous shake table tests of the same test frame founded
on rubber bearings, were also included so that comparisons could be made between the performances

of the different isolation systems.

1.2 Frictional Isolation Systems

A significant amount of the recent research in base isolation has focussed on the use of frictional
components to concentrate flexibility in the foundations of structural systems and to add damping to
isolated structures. Frictional isolation systems have two desirable characteristics which are not found
in conventional rubber bearing systems. First, because the friction force developed at any bearing is
proportional to the mass supported by that bearing, there is no eccentricity between the center of mass
of the superstructure and the center of stiffness of the isolation system. This means that even if the
mass distribution in the structure is different from that which is assumed in the original design, the
effects of torsion at the foundation level are diminished. The second advantage of frictional systems
is their performance over a wide range of input frequencies. Although a structure supported on rubber
isolators will have a fundamental frequency much lower than if it were fixed-base, a low frequency
ground motion may still drive such an system into resonance. This makes rubber isolators inappropri-
ate for regions where the major part of the earthquake energy is concentrated in the low frequency
range. However, frictional isolators have no characteristic frequency and can effectively dissipate
energy over a wide range of input frequencies with no risk of resonance with the ground motion.

This makes frictional systems practical for use in soft soil regions such as Mexico City.

Several different frictional isolation systems are used today in a variety of structures around the

world, and many more have been proposed. One of the first to be implemented was in the Chinese
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project noted above in which four full-scale brick buildings, one a four story dormitory building at the
Seismological Observatory in Beijing, were constructed with a thin layer of sand separating them from
their foundations. These isclated structures are designed to remain fixed relative to an external refer-
ence frame by sliding on the sand layer as the ground moves underneath during strong ground motion.
Although the structures were intentionally constructed poorly to represent typical construction quality
in the region, simulated earthquake tests on one of these buildings using explosively generated ground

motions showed that the building avoided collapse by sliding on the sand base [1].

An isolation system already implemented in a nuclear power plant in Kroeberg, South Africa
contains a sliding plane made of lead bronze and stainless steel plates on top of conventional lam-
inated neoprene isclation bearings. This two-component design protects against small earthquakes by
concentrating deformations in the neoprene bearings. During larger earthquakes, which may cause
forces and deformations too large for the neoprene bearings to withstand, the bronze and steel plates
are intended to slide and dissipate energy. A coefficient of friction of 0.20 was used in the design of
these plates so that the maximum lateral force transferred to the superstructure during a severe earth-

quake will ideally be only 20 percent of the to1al weight of the struciure [2].

Studies several years ago at the Earthquake Simulator Laboratory of the EERC examined the use
of steel beams in parallel with a laminated rubber and steel isolation system as a combination friction
damper and fail-safe device. Because the natural rubber and steel bearings undergo vertical displace-
ment as they are strained horizontally, a structure supported on these bearings will drop slightly during
peak displacement cycles. By placing a steel beam several millimeters underneath the support beam
of the superstructure in its undeformed configuration, frictional restoring forces can be applied to the
superstructure as horizontal displacement increases. Furthermore, the underlying steel beam serves as
a fail-safe system to catch the superstructure if the bearings become unstable under excessive displace-
ments. Tests showed that this system performed as expected in both reducing peak displacements and
protecting against collapse of the frame. However, because the friction forces at the base of the frame
change direction instantaneously with change in the direction of the movement, high frequency vibra-

tions which could be undesirable in buildings containing sensitive equipment or piping are transferred



to the structure [3].

Much of the recent research into the application of frictional compoenents 1n base isolation sys-
tems has concentrated on the use of teflon because of its low coefficient of friction which increases
with increasing sliding velocity. Experimental studies within the last several years have comprehen-
sively established the dynamic properties of teflon sliding in contact with stainless steel and have
investigated how the coefficient of friction of such interfaces varies with contact pressure, sliding
velocity and acceleration, frequency of excitation, and surface finish of steel and teflon. Mathematical
models have also been developed which can predict the coefficient of friction for a wide range of con-
ditions [4]. Of particular interest for earthquake engineering applications is the dependence on sliding
velocity. It has been shown that for the range of velocities and bearing pressures anticipated in isola-
tion systems incorporating pure teflon and polished stainless steel interfaces, the coefficient of friction

is less than 0.20 [4,5].

One isolation system which incorporates a teflon and stainless siee] interface in a pendulum-
shaped slider is the Friction Pendulum System (FPS). Tests on the Earthquake Simulator at the EERC
using four different structures with varying aspect ratios and eccentricities demonstrated the
effectiveness of this system for resisting strong ground motion and dissipating energy. Long term
cyclic iests using the FPS connection also showed that the teflon surface has the durability to with-

stand the equivalent of 144 El Centro earthquakes without deterioration of its dynamic characteristics

[6].

1.3 Resilient-Friction Base Isclator

The Resilient-Friction Base Isolator has been designed to take advantage of the favorable proper-
ties of teflon sliding in contact with stainless steel. R-FBI bearings use alternating plates of stainless
steel and teflon surrounding a cylindrical core of hard rubber to carry the vertical and horizontal com-
ponents of the foundation force separately. While the steel and teflon plates take all of the vertical
force, the central rubber core contributes only a horizontal restoring force as it shears during strong

earthquake motion. This uncoupling of the force response contrasts with isolation systems using



rubber bearings which must simultaneously provide horizontal flexibility and vertical stiffness in a sin-
gle laminated steel and rubber bearing. The teflon and stainless steel interface in the R-FBI system
also acts as a structural fuse to resist smatl levels of horizontal load (e.g. wind loading or small earth-
quakes). During moderate-to-severe earthquake loads adjacent teflon and steel layers dissipate energy

by sliding while the core limits the relative displacements.

Analysis of structures on the R-FBI system is given in References 7 and 8, and preliminary tests
have been performed on individual isolators to quantify their dynamic properties. The isolators used
in the present series of experiments were designed using the procedure outlined in Reference 9 in
which the following assumptions were made:

seismic intensity, ZNS§S=0.4
friction coefficient between teflon and steel, u=0.06, and
isolator seismic coefficient, C=0.1.
This last parameter, chosen by the designer, should limit the lateral force transmitted to the superstruc-

ture to 10 percent of the weight of the structure.

Shop drawings showing the final dimensions of the bearings used in these tests are given in Fig-
ures 2 through 6. Each of the four bearings supports 20,000 pounds, and each teflon ring has a sur-
face area of 28.89 square inches. The resultant normal stress on the teflon is 707 psi. The friction
coefficient predicted by the material properties is 0.06 as required by the design assumptions, for the

given expected sliding velocity between any teflon-steel interface of (.44 inches/second.
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2. EXPERIMENTAL MODEL AND TEST FACILITIES

2.1 Test Facilities

The shaking table of the Earthquake Engineering Research Center of the University of California
at Berkeley measures 20 ft x 20 ft (6.1 m x 6.1 m} in plan and can support test structures weighing
up to 100 kips (444.8 kN). Simulated earthquake motions can be applied vertically and in one hor-

izontal direction with maximum accelerations of 1.0g ventically and 1.5g horizontally.

The shaking table is a heavily reinforced post-tensioned concrete slab 1 ft thick driven by three
50-1<ip (22.4 kN) actuators in the horizonial direction and four 25 kip (11.2 kN) actuators vertically.
During testing a chamber beneath the table is filled with compressed air to carry both the 100 kip
(44.8 kN) dead weight of the table and the weight of the model so that the vertical actuators apply
only the seismic accelerations and do not carry gravity load. The table is controlled in two transla-
tional degrees of freedom (one horizontal and one vertical) as well as three rotational degrees of free-

dom (pitch, roll, vaw). Displacement in the transverse direclion is restricted by a sliding mechanism.

The table is displacement controlled with a horizontal displacement limit of = 5 in. (= 127 mm)
and a vertical displacement limit of = 2 in. (= 50.8 mm). The extreme displacement for a particular
record is prescribed by the span setting where a span of 1000 corresponds to a horizontal displace-
ment of 5 inches or a vertical displacement of 2 inches. Smaller spans produce proportionally smaller

peak displacements.

To reproduce earthquake time histories a given acceleration record must first be integrated to
produce a digitized displacement time history. This signal is then passed through a Preston D/A con-
verter which converts the digitized signal to an analog signal. An MTS controller uses this analog sig-
nal to generate the table displacement command signal for the translational degrees of freedom while
the rotational degrees of freedom are held fixed. A more detailed discussion of the operating charac-

teristics of the shake table is given by Rea and Penzien [10].



2.2 Five Story Frame Model

The test structure used in this study is a five story steel frame previously tested using natural
rubber and neoprene isolation bearings [3,11]. The frame has three bays in the direction of shaking
with crass bracing only in the center bay of the first floor. The single bay in the transverse direction
is heavily stiffened with double angles to minimize out-of-plane motion. This design is intended to
represent at one-third scale a section of a steel frame in the weak direction. The entire structure is
mounted on a ﬁeavy base made of two 16WF girders connected by 8WF cross beams and rests on
four R-FBI bearings with load cells undemeath. The load cells are in turn connected to the shaking

table by high-tension stress rods. Figure 7 shows the details of the frame.

The scaling used for shake table tests is based on constant stress so that accelerations in the
model are the same as in the prototype. The five story frame is assumed to be a one-third scale
model so that the time scale factor is V3 for both the excitation and the response. The applied dead
load must produce stress levels equal to those in a full-scale frame. This dead load is supplied by
concrete blocks bolted to the frame at different floor levels. The total weight of the blocks is 72 kips
(320.26 kN) so that the total weight of the structure is approximately 80 kips (355.84 kN). Figure 8

shows the complete frame with dead load on the shaking table.

2.3 Instrumentation of the Model

Fiftv-five channels of data were recorded during each test to measure the response of the com-
bined shake table-structure system. A complete list of the instrumentation used is given in the Appen-

dix. The goal was to measure the following four components of response:

o  Earthquake Simulator Response: Ten channels of data recorded shake table displacement and
acceleration time histories both horizontally and vertically as well as accelerations in the pitch
(x-z plane) and roll (v-z plane) directions. Table acceleration in the wwist (x-y plane) direction

was not recorded because of a malfunction in the signal conditioner for Channel 7.

. R-FBI Bearing Response: Displacement transducers on top of the southeast and southwest bear-

ings measured the relative top-to-bottom bearing displacements in the direction of shaking while
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displacement transducers on the southwest and northwest bearings measured the relative
transverse bearing displacements. Load cells under all four bearings measured shear and

moment in the direction of shaking.

» Frame Response: Displacement transducers mounted on a reference frame adjacent to the south
end of the shake table measured absolute displacements of the base and all five floors of the
frame. Displacements relative to the table could then be calculated by subtracting the table dis-
placement from these measurements. Accelerometers were mounted on the southeast and
southwest corner columns of the frame at the base and at each floor level to measure accelera-
tions in the direction of shaking. Additional accelerometers were also placed at the southwest
and northwest comers of the fifth floor to measure accelerations in the transverse direction and

on top of each of the corner columns to measure vertical accelerations.

e  Oscillator Response: Three single-mass oscillators were mounted on the frame and instrumented
with accelerometers to capture any high frequency vibrations transmitted to the frame through
the isolators. These oscillators were tuned to the first three natural frequencies of the fixed-base
frame. Oscillators 1 and 2 were mounted on the roof and Oscillator 3 was mounted on the

second floor.

2.4 Data Acquisition

The data acquisition system at the Earthquake Simulator Laboratory is centered around a VAX
11-750 mainframe computer. First, Pacific signal conditioners power the instrumentation and filter out
frequencies above 100 Hz in the analog signal. A Preston multiplexer is then used to sample up to
128 channels of data simultaneously with a frequency of up to 400 samples per second. Analog sig-
nals from the multiplexer are fed to a Presron A/D (analog-to-digital) converter to produce digitized
data. Finally, this data is temporarily stored on magnetic disc before being transferred to tape. Max-
imum and minimum values from each of the instruments are available immediately after each run to

check that all channels are operating correctly.



-9.

3. EXPERIMENTAL PROGRAM

3.1 General

The base isolated test structure was subjected to four groups of tests: free vibration pull-back
tests, white noise input tests, harmonic motion tests, and simulated earthquake ground motion tests. A

log of the entire testing program is given in Table 1.

3.2 Free Vibration Pull-Back Tests

The first tests on the base isolated structure were pull-back tests in which a chain attached to the
second floor of the frame was tensioned to introduce an initial deformation in the bearings and then
quickly cut to set the frame into free vibrations. The purpose of this type of test is to identify the
natural frequencies and corresponding mode shapes and damping ratios of the isolated system by exa-
mining the peaks in the Fourier spectra calculated using the Fast Fourier Transform (FFT) algorithm
and shown in Figures 9 and 10. During the pull-back tests the table is locked and, thus, interaction
between the table and the model is avoided. However, in the R-FBI tests only the properties of the
fixed-base frame could be determined because without the steel rods in the rubber core the bearings
remained in their deformed configuration during free vibration, and the lateral shear forces were car-
ried by static friction. During the tensioning process the bearings had deformed across only one or
two plates, resulting in local strain concentrations in the central rubber cores, yet the rubber did not
provide sufficient restoring force to eliminate the deformations when the chain was cut. 1f the steel
reinforcing rods were included in the rubber cores during this series of tests it is possible that they
may have contributed enough stiffness to recenter the bearings after the initial deformations. This
possibility was not explored so that these tests gave data only for the fixed base structure which was

used for comparisons with later tests in which the bearings deformed under ground motion.
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3.3 White Noise Tests

The second portion of the testing program used a random earthquake signal with a broad-band
Fourier spectrum to identify the response of the structure and the isolation system further. The table
displacement and acceleration time histories as well as the Fourier spectrum of the table acceleration
for the highest intensity signal in the series (span 600) are shown in Figure 11. For the low intensity
motions (span 200 and 300) the maximum deformation across the bearings was insignificant (0.0087
inch), and the frame response was predominately fixed base. The results from these tests were com-
bined with the results from the snapback tests described above to identify the first three fixed base fre-

quencies at approximately 3.6, 10.7. and 15.9 Hz.

During the span 600 test the isolation system was fully activated and the maximum deformation
across the bearings was larger (0.083 inch) although still relatively small compared with the design
displacement. While isolation systemns with rubber bearings distinctly shift the fixed base frequencies
of the supported structure toward the higher end of the frequency spectrum, specific identification of
the isolated frequencies of the test frame on the R-FBI system is difficult. The Fourier spectra of the
accelerations throughout the frame in Figure 12 show that the majority of the energy transmitted to the
structure is at the same frequency as the peak in the input signal — approximately 3.1 Hz. Significant
energy is also contained in the first fixed base mode at a frequency of 3.6 Hz, but distinct frequency
peaks above this are not evident. This tendency for the R-FBI system to spread energy evenly across

a wide range of frequencies is seen repeatedly in the shake table tests.

3.4 Harmonic Motion Tests

The frame was next subjected to sinusoidal ground motions at frequencies of 2.4 Hz, 2.6 Hz,
and 2.8 Hz with various span settings to examine the response of the model to harmonic ground
motions. Although a sweep of sinusoidal tests across a wide range of frequencies would be ideal, it
was decided to use only this small range of frequencies to save time and try to identify a local trend
in the displacement response as the frequency was increased. For a constant span, the peak relative

bearing displacement increased with increasing frequency. This is not surprising since an increase in
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the frequency of the signal at a constant table displacement implies an increase in the peak table
acceleration. However, as larger span signals were used the increase in bearing displacement was not
linear with the increase in table displacement. This implies that while the isolation system isolates
accelerations more effectively for higher frequency inputs, it does so without a proportional increase

in displacement.

3.5 Earthquake Simulator Tests

Finally, the base isolated structure was subjected to ground motions time-scaled by V3 from the

following eight earthquakes:

. May 18, 1940 El Centro Earthquake. SO0E Component

. April 13, 1949 Olympia Earthquake, NS6E Component

. July 21, 1952 Taft Earthquake, S69E Component

. March 22, 1957 San Francisco Earthquake (Golden Gate Park), S80E Component
. June 27, 1966 Parkfield Earthquake, N65E Component

. February 9. 1971 Pacoima Dam Earthquake, S16E Component

. March 3, 1985 Llolleo (Chile) Earthquake, N10E Component

. September 19, 1985 Mexico City Earthquake (SCT), Calculated N60E Component

This test program was designed to subject the isolated structure to a variety of earthquakes ranging
from relatively high frequency (El Centro) to low frequency (Mexico City) motions. The recorded
table displacements and acceleration time histories as well as the Fourier acceleration response spectra

for the maximum amplitude tests of each ground motion are shown in Figures 13 through 20.

Tests combining vertical and horizontal ground moticns recorded during the San Francisco and
Llolleo earthquakes were also conducted to study the influence of vertical ground motion on the isola-
tion system. Plots of the vertical compeonent of the table displacement and acceleration time history
and the Fourier spectrum of the vertical acceleration for each of these tests are shown in Figures 21

and 22.



4. DISCUSSION OF EARTHQUAKE SIMULATOR RESULTS

4.1 Response to Horizontal Ground Motions

In general the R-FBI system performed well in isolating the test structure from the simulated
earthquake ground motions. For the majority of the earthquake inputs the maximum acceleration
recorded in the frame was less than 1.5 times the peak table acceleration, and at no time did the fifth
floor acceleration exceed 1.32 g. The interstory drifts measured during the maost severe tests remained
below 0.5 percent, although during lower intensity tests the isolation system was not fully activated
and these drifts were larger. The relative bearing displacements and base shear forces were limited to
maximums of 4.5 inches and 18 kips, respectivelv. For the 80 kip test structure this implies a peak
base shear coefficient of approximately 0.23. In most of the tests the measured coefficient of static
friction was no greater than about 0.15. However, since the coefficient assumed in the design and
preliminary analysis of the bearings was 0.06, the measured bearing displacements were generally
lower and the base accelerations higher than those predicted by analysis. The overall effect of the
larger friction coefficient was to reduce the effectiveness of the isolation system during low intensity
tests while enhancing its performance during the severs tests by keeping the bearing displacements at

manageable [evels.

4.1.1 Acceleration Response

Figures 23 through 30 show for each earthquake record and for a wide range of span settings the
distribution of maximum accelerations throughout the test frame, normalized to the peak table
acceleration. Although an increase in span implies an increase in peak table acceleration, for each
series of earthquake signals the relative accelerations in the frame tend to decrease with increasing
span. For example, the response to the series of El Centro signals with spans 100 through 600 sum-
marized in Figure 24 shows that the highest relative accelerations occurred during the test with the
span equal to 100 and the lowest during the 600 span test. Higher intensity tests using other long

duration signals such as Mexico City, Taft, and Olympia produced comparable reductions in relative
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accelerations. However, the reduction was not as great in the records with short high-energy pulses
such as San Francisco and Pacoima Dam because the table accelerations associated with their sharp
pulses were sufficient to overcome the static friction of the bearings even at low spans. This allowed
the isolation system to absorb the earthquake energy at the lower span settings for these signals as

effectively as in the higher intensity tests.

4.1.2 Displacement Response

Because the transition between the fixed and sliding phases of the R-FBI system is inherently
nonlinear, the relative bearing displacement response to a random earthquake acceleration time history
is highly dependent on the characteristics of the record. The shake table tests showed a tendency for
the displacement response of the combined frame and isolation system to alternately drift and then
oscillate about a fixed displaced location. The onset of the sliding and the magnitude of the bearing
displacement during any particular deformation cycle were very unpredictable because of variations in
the intensity, duration, and frequency content of the earthquake signal.. In some cases the same earth-
quake at different magnitudes resulted in significantly different bearing displacement time histories
because in each test the frame was in a different displaced condition when a high-energy pulse hit.
Other signals produced very similar time histories from one intensity test to the next because the
higher energv acceleration pulses were sufficiently separated from each other for the frame to finish
responding 10 one pulse before the next hit. While the displacement response was generally nonlinear,
for many of the signals the maximum relative displacement of the bearings was found to be approxi-

mately proportional to the maximum table displacement.

Figures 31 through 38 illustrate the variation in the relative bearing displacement time histories
for each of the earthquake signals over a range of span settings. The Pacoima Dam, Parkfield, and
San Francisco records are essentially single-pulse ground motions, and the displacement time histories
from the high intensity tests using these signals are very similar to the same time histories from the
low intensity test runs. Also, the maximum and minimum displacements occur at the same instant

regardless of span. This is because the bearings undergo significant deformation only during and
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immediately after the strongest pulse in each earthquake as the base shear builds up almost instantane-
ously and then dissipates just as suddenly as the bearings slide. The table motion after the time of the
maximum acceleration is typically not strong enough to produce a base shear greater than the static
friction in the bearings, and the energy input into the structure is subsequently dissipated only through

conventional viscous damping.

The displacement responses to the longer duration, broad-banded Chile, El Centro, Olympia, and
Taft earthquakes are much more dependent on span (or intensity). For each different test of these sig-
nals the times of the maximum and minimum displacements are different, and the relationship between
any two response peaks is not predictable. For example, the displacements during the Olvmpta signal
at 200 and 400 span reach their minima at approximately 11 seconds and their maxima at about 13
seconds while the same signal run at a span of 1000 yields a maximum and minimum at about 4.2
and 6.5 seconds, respectively. Furthermore, the alternately drifting and sticking deformations lead to
very different displacement time histories because a signal run at one intensity may produce no bear-
ing deformation at a certain instant. while a slightly stronger signal causes a slip at the same instant
that affects the subsequent displacement time history. This is illustrated by comparing the displace-
ment responses at about 4 seconds into the El Centro signal for the 400 and 500 span runs. The
negative displacement at this instant in the 400 span test is smaller than that in the 500 span test and

leads to a final offset of about 1 inch. The offset at the end of the 500 span test is negligible.

The displacement response of the structure to the Mexico City signal is unique because the table
motion is essentially harmonic with a period of 1.16 seconds. As the intensity of the signal is
increased the magnitude of the relative bearing displacement increases in the same fashion as for the
single-pulse earthquake signals. Also, the displacement maxima and minima occur at the same time in
each of the tests. However, the unique feature of the frame’s response to the Mexico City signal is
that it is almost entirely in the first isolated mode as shown by the in-phase acceleration time histories
throughout the frame, illustrated in Figure 39. This contrasts with similar acceleration time histories
from the Pacoima Dam record shown in Figure 40 which result from the contribution of many

different vibrational modes.
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Figure 41 illustrates the tendency for the maximum relative bearing displacement to increase as
the span setting (or alternatively the maximum table displacement) of the earthquake simulator
increases while Figure 42 shows a similar relationship using the peak bearing displacement normalized
by the peak table displacement. The earthquake records with significant low frequency content such
as Mexico City, Taft, and Pacoima Dam show an essentially linear increase in both normalized and
absolute relative bearing displacement, whereas the responses to the predominantly high frequency sig-
nals are more unpredictable. For example, the response to the El Centro record has peaks and valleys
in the normalized displacement response plot, and the Olympia record seems to result in a maximum
displacement of about 1.5 inches for all tests with the peak table displacement above = 2.5 inches.
This implies that the response of the R-FBI system to low frequency ground motions could be
assumed to be linear as a first approximaticn, probably because thete is time for the sliding deforma-
tions of the bearings to stop during a low frequency acceleration pulse before the next pulse hits.
Response to higher frequency ground metions. on the other hand, is highly nonlinear because the
bearings do not stop sliding before the next acceleration pulse hits, and the displacement at the end of
each pulse is not predictable. However, for all of the signals the peak normalized bearing displace-
ment remains below 1.0. This implies that the peak ground displacement could be used in design as a

conservative upper limit cn the peak bearing displacement.

The offset of the bearings at the end of each test is an important parameter of the bearing
response because there is concem that an earthquake with its energy concentrated in one direction
could cause a friction isolation system to drift beyond its stability limit. In general, the offset after
each of the earthquake signals used in the R-FBI shake table tests is random and does not depend on
earthquake intensity. Figure 34 illustrates this randomness for the Olympia record over a range of
intensities in which the strongest table motion occurs late in the record and causes the final offset to
depend mainly on the deformation in the bearing at this time. The largest offset occurs at the end of
the moderate intensity signal (span = 500) and decreases for the lower and higher intensity records.

Similar results can be seen in the displacement time histories from the other earthquake records.
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Figure 43 shows the residual offset in the bearings over a series of nineteen tests. Numerical
values of the offsets are given in Table 2. The relative offset is based on the difference between the
displacement at the end of each test and the displacement at the beginning of each test while the abso-
lute offset is the displacement at the end of each test measured from the centerline of the undeformed
bearings. The random nature of the offsets and the tendency of the system to recenter itself
throughout a series of ground motions are evident. The implication is that the R-FBI system should

be able to survive several consecutive shocks without loss of stability.

4.1.3 Base Shear Response

Figures 44 through 51 give time histories of total base shear and relative base displacement as
well as the base shear-displacement hysteresis loops from the maximum intensity test of each earth-
quake signal. The time history plots clearly show that the times of the largest relative base motion
coincide with the times at which the base shear reaches its local peaks. Furthermore, the base shear
stays approximately constant until the bearing movement stops. On the other hand, as the base shear
changes the bearing displacement remains fixed. This slip-stop movement is characieristic of a fric-

tion system.

The rectangular hysteresis plots with rounded comers are also typical for a friction system and
illustrate the ability of the R-FBI system to absorb large amounts of energy during a single displace-
ment cvcle. The static friction coefficient of the bearings is between 0.10 and (.20 for all of the tests
and is usually less than or equal to 0.15 for deformation cycles within =1 inch. After the onset of
sliding the bearing stiffness changes to approximately 0.9 kip/inch and seems to remain constant
regardless of the magnitude of the relative displacement during each loop. This stiffness comes partly
from the stiffness of the central rubber core and partly from the sliding friction in the isolators, which
theoretically varies with sliding velocity. Since the duration of each loop is approximately the same
but the relative displacements vary, the relative bearing velocity during some loops should be larger
than in others. Although this implies that the sliding stiffnesses should also be larger, in each of the

tests the sliding stiffness is approximately constant. The conclusion is that the relative bearing
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velocity does not affect the coefficient of friction in the R-FBI bearings as much as predicted by pre-

vious studies.

4.1.4 Interstory Drift

The relative displacement between consecutive floors of a building is generally regarded as one
indication of the degree to which a structure and its nonstructural components will be damaged during
an earthquake. The interstory drift index is the ratio of the relative floor displacement to the story
height. Drifts of 1.5-2.0 percent are considered likely to cause damage in typical structural systems.
Figure 52 shows the maximum interstory drift index at each level of the test frame for the maximum
intensity earthquake inputs. It should be noted that for these severe ground motions the maximum
interstory drift at any peint in the frame is never greater than 0.5 percent. This implies that the frame
1s within its elastic range during all of the tests, and in an actual building nonstructural components
would suffer minor damage. if any. Normally the interstory drift in a moment-resisting frame would
be maximum at the first floor and decrease toward the roof, but in this case the lowest drift is at the
first floor because the frame is braced in its first floor center bay. However, the drift is almost con-
stant above the first floor for many of the tests (Chile, Mexico City, Olympia. Parkfield), while it is
irregularly distributed in others (Pacoima, San Francisco, Taft). A constant distribution is desirable
because it implies that the elastic strain energy is distributed evenly throughout the height of the
frame. For the signals with such a distribution the maximum drift remains less than 0.4 percent. The
irregular distributions are probablv due to the influence of higher modes in the response, especially for
the impulsive Pacoima Dam and San Francisco records and to a lesser extent for the Taft record.
However, this effect is not necessarily bad because even for these records the interstory drift is always

less than 0.5 percent which should not cause significant damage.

4.1.5 Frequency Response

Although the stick-slip nature of the R-FBI bearings makes exact calculation of the frequencies

and mode shapes of the isolated structural system impossible because of their dependence on the
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characteristics of the input ground motion, bounds for the frequency response of the isolated structure
during its sliding phases can be found. Figures 53 through 60 show Fourier spectra of the story
accelerations throughout the frame for the maximum span test of each ground motion. In the fre-
quency range where the fundamental mode of the isolated system is expected — between O and 2 Hz
— each of the Fourier spectra has the same general shape as the spectrum of the corresponding
ground motion. This illustrates the adaptive nature of the first mode response of the system, and
points out the difficulties in finding the fundamental frequency of the isolated structure because the
energy contained in the first mode is transferred to higher modes. The second and third frequencies
éf the isolated structure appear more readily at approximately 6.5 and 14 Hz, respectively, depending
on the earthquake. For example. the Fourier spectra from the Mexico City signal give easily inter-
preted results because of the lack of high frequency energy in the Mexico City record and show dis-
tinct peaks at approximately 6.5 and 14.2 Hz. The results from the other signals are more difficult to
pinpoint but give comparable frequency values for the second and third modes of the isolated structure
with values ranging between 5 and 7.5 Hz and 13 and 15 Hz, respectively. There is no significant
amplification of the Fourier spectra at the frequencies of the fixed-base structure — 3.6, 10.7, and
15.9 Hz. Therefore, although the mode shapes of the isolated structure cannot be determined pre-

cisely, they are known to be different from those of the fixed-base frame.

The approximate measured frequency of the second mode can be compared with the theoretical
value for a perfectly-isolated system given by the formula

. OR
W, = ———=—
(1-7)"

in which w, = frequency of the second mode of the isolated structure, w, = fundamental frequency of

the structure if it were fixed-base, and

where L; = participation factor for the fundamental mode in the fixed base structure, M; = first modal
mass of the fixed base structure, and M+M, = total mass of the structure [12]. Given that the funda-

mental fixed-base frequency is 3.61 Hz, and calculating L;, M, and M+M,, the theoretical frequency
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for the second mode of the structure is w, = 6.42 Hz, very near that found from the acceleration spec-
tra. This means that for some earthquake records — especially the Mexico City signal — the fre-

quency response of the R-FBI system is very similar to that of a perfectly-isolated system.

4.2 Response to Combined Horizontal and Vertical Ground Motions

Because the R-FBI system is designed to distribute the horizontal and vertical loads to the cen-
tral rubber core and the steel and teflon plates, respectively, the response of the combined frame and
isolation system to simultaneous horizontal and vertical ground motions should be similar to the
response to pure horizontal excitation. The shake table tests confirm this, and the accelerations in the
frame, the relative bearing displacements, and the total base shears on the bearings during combined

horizontal and vertical shaking are nearly equal to those measured under horizontal shaking alorne.

Figures 61 and 62 show the distribution of accelerations throughout the frame for both pure hor-
izontal table excitation and horizontal plus vertical excitation over a range of intensities for the Chile
and San Francisco signals. The added vertical ground motion has ne significant effect on the max-
iImum horizontal accelerations in the frame. nor does it alter the individual floor acceleration time his-
tories. Base shear and displacement time histories from the maximum horizontal intensity tests and
the same tests including vertical motion. illustrated in Figures 63 through 66, also show no change in
the bearing response when vertical ground motion is included. This uncoupling of the horizontal and
vertical responses implies that time history analyses can be done separately for input in each direction,

greatly simplifying the amount of analvsis necessary.

4.3 Response with and without Steel Rods in Central Rubber Core

Tests up to and including 880816.15 studied the response of the R-FBI bearings without the
steel rod in the central rubber core. In general, the beaning deformations during these tests were con-
centrated on one sliding surface at a time as shown in Figure 67, although many different sliding sur-
faces were activated during the course of each earthquake signal. While the mechanics of the core

deformation is not known exactly, it is likely that these Jocal deformations lead to strain
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concentrations in the rubber which would accelerate the deterioration of the rubber cores over many
displacement cycles. However, Figure 68 shows that after the steel rads were inserted the bearings
spread the deformations evenly throughout their height. Because the movement in the first test series
was not distributed across the height of the bearings the instantaneous sliding velocity at the point of
deformation must have been larger than in the later tests. Furthermore, since the coefficient of kinetic
friction for teflon in contact with stainless steel increases with increasing sliding velocity, the friction
force developed in the bearings should have been greater than in the tests with rods in the bearing
cores. Table 3 shows, however, that the maximum shear force does not vary a great deal between the
tests with the central steel rod and those without it. Tables 4 and 5 show similar results for the peak
base accelerations and base displacements and imply that the quantitative differences between the
bearing response with and without the steel rods are negligible. Nevertheless, the steel rods should
probably be included in any practical application of the R-FBI bearings because they enhance the sta-

bility of the system and inhibit localized deformations in both the rubber core and the sliders.

4.4 Individual Bearing Response

Although the shake table tests of the R-FBI system prove that the bearings effectively limit the
transmission of lateral forces into the test frame, the bearings did not behave as anticipated on the
basis of the previous analytical studies. The most significant difference was that the coefficient of
friction measured during the tests ranged from 0.10 to 0.15, much higher than the assumed value of
0.06. A possible explanation for this large deviation is that the teflon became contaminated during the
manufacturing process or that the stainless steel plates had a larger surface roughness than expected.
When the bearings were disassembled to install the steel rods after the series of tests up to 880816.15
it was noticed that the sliding surfaces were covered with black residue from the rubber core which
also may have increased the friction. However, after the surfaces were cleaned with freon the

coefficient was not markedly lower in the following series of tests,

A further explanation for the increased coefficient of friction may lie in the dyramics of the iso-

lator. Although the bearing is designed to deform unifermly throughout its height during its sliding
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phases. it is possible that the sliding was concentrated on one plate at a time, even in the tests with
the steel rod in the central rubber core. If this was true, the instantanecus velocity along each sliding
surface would be much higher and would lead to a much higher friction coefficient. The force imbal-
ance would be absorbed by local stress concentrations in the rubber core. Unfortunately this explana-
tion cannot be checked with the data collected during these tests because measurements of the relative

displacement time history across individual sliding surfaces were not taken.

Another unexpected result was that the response of the individual bearings varied greatly since
two of the bearings showed a lower friction coefficient than the others. Figures 69 through 76 illus-
trate this problem for each of the signals run at maximum intensity, and although it is difficult to
explain this behavior precisely there are several possible explanations. First, even though the bearings
and test frame were carefully leveled during their erection, it is possible that an imbalance caused the
bearings at the southwest and northeast cormners to take more of the gravity load, leading to a lower
coefficient of friction in those bearings. Another possibility is that the coefficient of friction is highly
sensitive to dust particles and two of the bearings were inexplicably contaminated while the others
remained clean. This is very unlikely because all of the surfaces were cleaned before the first test
series and again at the time that the steel rods were inserted in the bearings. It is interesting to note,
however. that the variation in the friction coefficients of the bearings did not affect the overall base
shear response nor did it cause severe torsional motions in the frame. Either these effects were self-
cancelling or were insignificant in the overall response. It can be concluded that the coefficient of
friction between the teflon and stainless steel is difficult to determine exactly for individual bearings in
a large building svstem because their bearing pressures cannot be determined exactly. Also, further
study is needed to understand and to predict more accurately the variation of the coefficient of friction
as well as the mechanics of the interaction between the rubber core and the sliding plates in the R-FBI

bearings.
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4.5 Stability of R-FBI Bearings

Previous studies have examined the stability of R-FBI bearings and provided a design displace-
ment limit of approximately 4 inches for the bearings used in the R-FBI shake table tests [9,13]. How-
ever, the peak relative bearing displacement measured during the test series was 4.5 inches, and the
hysteresis loop for this test shows no deterioration in stiffness near the peak displacement (Figure 46).
Although a fail-safe mechanism was installed under the test frame to support the frame in the event
the bearings overturned, repeated attempts to topple the bearings failed, and the fail-safe mechanism
was never activated. This implies that the procedures for stability analysis and design are appropriate
and provide a conservative stability limit, below which there is no adverse effect on the bearing

response.

4,6 Equivalent Linearization

To simplify the design and analysis of structures founded on the R-FBI system it would be use-
fu] to develop equivalent linearization techniques so that standard linear response spectrum analyses
could be performed on an equivalent system. Previous research at EERC on a base isolated bridge
deck on rubber bearings used the conventional Kelvin model with a spring and a dashpot in parallel to
calculate equivalent frequencies and damping values. This research showed good correlation between
experimental and analytical displacement and acceleration time histories [14]. The linearization pro-
cedure involves calculating a network of spectral acceleration and displacement responses to a
recorded table motion for a range of frequencies and damping ratios, and then identifying an
equivalent frequency and a damping ratio which correspond to the measured peak base acceleration
and displacement. A typical response network for the Maxwell model described below is shown in

Figure 77.

Similar analyses were performed using the results of the R-FBI shake table tests with both the
Kelvin and the Maxwell models. Note that the Maxwell model has an inherent advantage over the
Kelvin model because it contains a spring and a dashpot in series which allow permanent deforma-

tions in the dashpot analogous tr those found in the R-FBI system. Because of this configuration the
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damping ratio in the Maxwell model is necessarily defined differently than in the standard Kelvin
model [15]. Although the peak base acceleration and base displacement responses in the Maxwell
model analyses are equal to those measured in the shake table tests (because of the way the model is
defined), the calculated acceleration and displacement time histories are very different as shown in
Figure 78. Unfortunately the Maxwell model fails 10 model the displacement response of the system
because the drift in the model does not occur as rapidly as in the test structure. These analyses imply
that for the inherently nonlinear R-FBI system standard equivalent linearization procedures do not
suffice, and more thorough nonlinear analyses must be performed to predict the response of the sys-

tem fully.
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5. COMPARISON WITH PREVIOUS ELASTOMERIC BEARING TESTS

5.1 Background

A series of earthquake simulator tests were performed at EERC in 1981 to evaluate the perfor-
mance of several rubber isolation systems using the same test frame that was used in the R-FBI study.
Four natural rubber bearings with a variety of inserts supported the 80 kip frame as it was subjected
to the El Centro, Pacoima Dam, Parkfield, and Taft earthquake signals. Each 8 inch x 8 inch bearing
had a cylindrical hole in its center into which cores of three different materials were placed to add
damping to the isolation system. In the first half of the tests the cores of all four bearings were either
left empty or were filled with inserts of Veriprene or Adiprene. The remainder of the tests used two
empty bearings in parallel with two bearings containing lead inserts. The combination of the empty
bearings with the lead-rubber bearings was necessary because using lead plugs in all four of the
rubber bearings would have substantially increased the lateral stiffness of the isolation system and
reduced its effectiveness. The results of the rubber bearing tests and tests using the same frame with
a fixed base are given in Reference 11. To varying degrees, each isolation system substantially

reduced the response of the frame compared with the fixed-base tests.

Recently the shake table has undergone modifications which have altered its frequency response.
In tandem with these modifications most of the earthquake signals have been altered to take advantage
of the enhanced capabilities of the table with the result that not all of the previous signals may be
reproduced exactly. A listing of the maximum table and frame responses (above the isolators) from
the El Centro, Pacoima Dam, Parkfield, and Taft records for both the R-FBI and the rubber bearing
tests is given in Table 6. For each test the equivalent peak acceleration (EPA) and equivalent peak
velocity (EPV) of the shake table for 5 and 10 percent critical damping based on the ATC-3 recom-
mendations [16] is also provided. The different base conditions for the rubber bearing tests are
denoted by S0D, 50V, 50A, and 50/2L corresponding to the empty, Veriprene, Adiprene, and lead-

filled cases, respectively.
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For the El Centro, Pacoima Dam, and Parkfield records, the differences in the table inputs pre-
clude direct comparisons between the response of the R-FBI systern and the response of the various
rubber bearing configurations. In general, the old versions of these signals were much richer in high
frequency content than those used currently so that for a constant span the peak table accelerations in
the rubber bearing tests are much higher than in the R-FBI tests. For example, the old El Centro sig-
nal run at a span of 200 (peak table displacement = 1 inch) produces a peak table acceleration of
about 0.53 g while the current El Centro signal at the same span leads to a maximum acceleration of
only 0.383 g.

The only signal which has not been significantly modified is the Taft record. Run at a span of
350 (peak table displacement = 1.75 inches) both the old and the new versions of this signal produce
peak table accelerations of approximately 0.56 to 0.58 g. Likewise, the calculated values of EPA and
EPV are reasonably close. Figures 79 and 80 show the complete table displacement and acceleration
time histories as well as the Fourier spectrum of the table acceleration from a representative rubber
bearing test (120281.15) and one of the R-FBI tests (880810.09). Although there is a time offset
between the two time histories and the newer signal has a longer duration, the acceleration records are
nearly equal during the intervals of strongest shaking. The Fourier amplitudes are different because a
different number of points was used to calculate each spectrum, but the shapes of the two spectra are
very sumilar, especially in the range from O to 6 Hz where the majority of the input energy is concen-
trated. Hence, direct comparisons between the responses of the R-FBI system and the response of the

various rubber bearing svstems tested with the Taft signal at span 350 can be made.

5.2 Acceleration Response

Figure 81 shows the maximum normalized accelerations throughout the test frame recorded dur-
ing the Taft signal for each of the rubber bearing lests at span 350 as well as for R-FBI tests at spans
of 350 and 800. The performance of both the 50V and 50A rubber systems is excellent. Each
reduces the frame accelerations to less than 0.3 times the maximum table acceleration with no

amplification throughout the height of the frame. The constant distribution of the accelerations
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indicates that the frame is essentially rigid as it moves above the bearings in the fundamental mode of

the isolated structure.

The lead-rubber system also shows a fairly constant reduction in the frame accelerations to
approximately 0.5 to 0.6 times the peak table acceleration. There is some amplification apparent at
the top story of the frame. The relative accelerations for the lead-rubber system are larger than those
for the bearings with Veriprene and Adiprene inserts because the lead plugs are much stiffer and
hence require a larger base shear and thus larger frame accelerations before they deform. The yield-
ing of the lead plugs also leads to a nonlinear force-displacement response in the lead-rubber bearings.
The transition between the elastic and vielding states of the lead excilés higher modes in the isolated

structure which lead to increased accelerations toward the top of the frame.

When compared with the performance of the rubber systems the acceleration response of the
frame supported on the R-FBI system appears poor. The minimum frame acceleration is 0.6 times the
peak table acceleration, while the amplification towards the top of the frame leads to a peak roof
acceleration of 0.706 g — over 1.2 times the peak table acceleration. However, the span 350 Taft
signal is a relatively moderate test of the R-FBI system in comparison with a much more severe earth-
quake such as the 800 span test also plotted in Figure 81. In this test the peak table acceleration
reaches 1.319 g, but the accelerations in the middle floors of the frame stay well below half of this
value and the relative bearing displacement is 3.705 inches. The peak acceleration at the roof is lim-
ited to 0.950 g. This is because the higher intensity test generates larger base shears which lead to
more sliding in the frictional isolation svstem. The increased sliding provides a more effective way of
instantaneously dissipating energy and hence reduces frame accelerations more than is possible during
the lower intensity tests. The resulting reduction in accelerations is comparable to that attained by the
lead-rubber system. Extrapolating from the earlier test results to a span of 800 for this signal would
indicate a relative displacement at the lead-rubber bearings of approximately 4 inches which would not

be possible for the six-inch diameter bearings.
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5.3 Hysteretic Response

Figure 82 shows hysteresis plots of the total base shear versus the relative bearing displacement
from the span 350 Taft tests of the rubber bearing systems and the R-FBI system. The bearings with
the Veriprene (50V) and Adiprene (50A) insents reach a peak displacement of almost 3 inches,
corresponding to a displacement of 9 inches in a full-scale structure. However, the displacements in
the lead-rubber system (50/2L) and the R-FBI system remain under 1.5 and 1.0 inch, respectively.
The response is reduced in these two systems because they inherently provide more damping as bear-
ing displacements increase. While the force-displacement relationship for the SOV and S0A bearings
is close to linear even for relatively large displacements, the response of the 50/2L and R-FBI bear-
ings is highly nonlinear. In the 50/2L bearings this nonlinearity comes from vielding in the lead plugs
while in the R-FBI bearings it comes from sliding between the teflon and stainless steel plates. Thus,
each isolation system absorbs much more energv in its hysteresis loops than do the 50V and 50A
bearings, especially for large displacement cycles. The ability to absorb so much energy in each cycle

increases the effective damping and limits the peak displacements.

The tradeoff for this reduced displacement response is an increase in the maximum base shear
— from between 8 and 10 kips for the Veriprene and Adiprene systems to between 12 and 14 kips
for the lead-rubber and R-FBI systems. The increased base shears are also reflected in the increased
frame accelerations described in the previous section. However, these effects are not necessarily
undesirable. In many applications it mav be possible to allow slightly higher base shears and

accelerations in the superstructure to reduce excessive displacement demands on the isolation system.

5.4 Interstory Drift

The maximum interstory drift measured at each level of the test frame is shown in Figure 83 for
each of the rubber bearing tests as well as for the R-FBI test. The drift response of the structure
founded on the 50V bearings is excellent. Its maximum drift of less than 0.3 percent is far below that
which would cause significant damage, and the uniform distribution of drift with height implies that

the strain energy in the superstructure is distributed evenly. This is in contrast to the response of the
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frame supported on the S50A bearings in which the drift is constant and very small (3 sierse0ry < 0-15%)
throughout the first four floors of the frame and then jumps to 0.6 percent at the top ficor. Although
this peak could be caused by higher mode response, such an explanation is not consistent with other
measurements of both the 50V and 50A systems. The acceleration profiles discussed above and the
frequency response discussed below indicate that when supported on the Veriprene and Adiprene bear-
ings the superstructure remains essentially rigid with negligible participation from the higher modes.
It is most likely that the drift peak at the roof during the 50A test is the result of an instrument mal-

function.

The profile of the interstory drifts in the frame supported on lead-rubber bearings is interesting
because it has a uniform distribution in the lower floors and a peak at the roof. The uneven distribu-
tion of the normalized frame accelerations for the 50/2L bearings discussed above indicates that the
contribution of higher modes 1o the overall response of the frame supported on these bearings is
significant, and this explains why the drift peaks at the roof. Also. the highest acceleration in the
frame was measured at the roof. However, the maximum drift of 0.7 percent is still below the point

at which significant structural damage would occur.

The 1.0 percent drift measured at the roof of the frame during the span 350 R-FBI test
approaches the threshold of serious damage. However, it is interesting to compare this plot with the
interstory drift profile shown in Figure 52 for the frame supported on the R-FBI bearings and sub-
jected to the span 800 signal. Here the maximum drift is only 0.4 percent and occurs at the third
floor, even though the peak table acceleration is almost three times greater than in the span 350 test.
Because the larger intensity earthquake excites the frictional isolators more than the lower intensity
signal, the drift response of the frame is greatly reduced. This demonstrates again‘how the perfor-

mance of the R-FBI system improves as the severity of the ground motion increases.

5.5 Frequency Response

The Fourier acceleration spectra at the base and at all five floors of the test frame are shown in

Figures B4 through 87 for each of the four different isolation systems. While the 50V and 50A
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systems respond primarily at the fundamental frequency of the isolated structure, the 50/2L and R-FBI
systems spread energy among several modes and across a wide range of frequencies for each mode.
The profiles of the Veriprene and Adiprene systems are very similar both in shape and in Fourier
amplitude, but the slightly stiffer Adiprene inserts lead to a higher fundamental frequency — 0.8 hz as
compared with 0.6 Hz for the Veriprene system. The amplitude corresponding to these frequencies is
approximately 0.025 in the top three floors of the frame and only slightly lower at the base and the
bottom two floors. This implies that the fundamental mode shape is essentially a rigid translation of
the frame above the bearing level. A relatively small second mode contribution can be seen in both
spectra at approximately 6 Hz (slightly higher for the 50A bearings) with a Fourier amplitude
approaching 0.003. The third mode of the isolated structure is evident at about 14.5 Hz but with a
very small amplitude. The lack of energy in these higher modes reinforces the conclusion that the
frame supporied on the 50V and 50A svstems responds primarily in the fundamental mode. Higher
modes are not easily excited because the force-displacement response of the rubber bearings with

these inserts is nearly linear.

The Fourier spectra for the lead-rubber and R-FBI systems show a much broader range of fre-
quency response. The lead-rubber system has distinct peaks at 1.0 and 1.6 Hz but also has a
significant amount of first-mode energy distributed over the range between 0.75 to 2.5 Hz. For com-
parison with the 50V and 50A systems, its peak Fourier amplitude is approximately 0.02 and
decreases only slightly toward the bottom of the frame. Thus, the fundamental mode shape approxi-
mates a rigid transiation of the frame atop the bearings with only a slight interstory drift as in the SOV
and 50A tests. The second mode appears within the range of 5.5 to 8 Hz and attains a peak ampli-
tude of 0.017 at both the base and the roof corresponding to frequencies of 6.9 and 6.04 Hz respec-
tively. The total energy contained in the second mode appears to be approximately equal to that con-
tained in the first mode. A relatively smaller (but still significant) third mode response is apparent in
the range of 14.5 to 16 Hz. The higher mode participation and wide range of modal frequencies is
caused by the nonlinear behavior of the lead-rubber system. As the lead core of the bearing yields,

the bearing stiffness decreases leading to a decrease in the fundamental frequency of the isolated
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structure. The transition between the elastic and vielding phases distributes the frame energy across a

wide range of frequencies as well as exciting higher modes in the structure.

The R-FBI system also distributes energy across a wide band of the Fourier spectrum and into
the higher modes of the superstructure. However, locating the exact modal frequencies of the struc-
ture on the R-FBI bearings is even harder than for the lead-rubber system. The amplitudes of peaks
in the spectrum between 0.5 and 1.75 Hz remain approximately constant throughout the height of the
frame while above 2.0 Hz the amplitudes of the response peaks increase substantially toward the roof.
(Note that because the spectrum from the R-FBI test was not calculated using the same number of
i:o‘ints as was used for the other spectra, direct amplitude comparisons are not possible.) It appears
that the first mode of the isolated structure is in the range of 2.0 to 3.5 Hz, but it is not a rigid body
mode as in the rubber bearing tests. The second mode is even harder to locate since there is a
significant amount of energyv in the lower and upper floors at frequencies between 5.0 and 9.0 Hz.
The third mode frequency is greater than 13 Hz. The frequency response during this test seems to be
dominated by a broad-banded first mode which amplifies the lower frequency accelerations toward the
roof. Again the wide range of frequencies and panticipating modes is caused by the nonlinearity of
the bearing. In this case the transition between the rigid and sliding phases leads to an approximately

bilinear force-displacement relationship for the R-FBI bearing,.

5.6 Discussion

Although the comparisons detailed above are based on only one earthquake record, several
observations can be made regrading the merits of the R-FBI bearings relative to the various rubber
isolation systems. While the response measurements of all four systems were of the same order of
magnitude for the moderate intensity Taft earthquake, the bearings filled with Veriprene and Adiprene
provided superior reductions in frame accelerations and interstory drifts as compared with the lead-
rubber and R-FBI bearings. However, the relative isolator displacements in the lead-rubber and R-FBI
systems were limited to manageable levels, equivalent to approximately 4.5 inches in a full-scale

structure. The tradeoff for these reduced displacements was an increase in the peak base shears.
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The frequency responses of the Veriprene and Adiprene systems were concentrated in the funda-
mental mode of the isolated structure. When the frame was supported on the lead-rubber and R-FBI
systems higher mode response was induced and the input energy spread across a wide range of fre-
guencies because of the nonlinearities in these bearings. The fundamental mode shape of the structure
on the lead-rubber bearings was still fairly well defined, approximating a rigid translation of the frame
atop the bearings. However, the first mode of the frame supported on the R-FBI bearings was not as
evident. One advantage of frictional systems is their lack of a distinct frequency at which resonance
can develop, and the results from the R-FBI test series show that it is able to withstand a range of
inputs including such low frequency records as the Mexico City earthquake. While the rubber bearing
systems each performed well when subjected to the higher frequency Taft signal, a soft soil ground
motion like that of Mexico City would certainly drive the Veriprene and Adiprene systems into reso-
nance and might also threaten the lead-rubber bearings. In contrast, the adaptive nature of the R-FBI

systemn makes their use practical in a wider variety of applications.

Finally. the response of the R-FBI system to the 800 span Taft signal should be mentioned in
these comparisons because during this test the bearing deformations were much larger and the
increased sliding dissipated more of the input energyv. While such a severe ground motion probably
would have led to roll-out in the rubber bearing systems, the performance of the R-FBI bearings was
greatly improved compared with the span 350 test — peak interstory drifts were lowered to less than
0.4 percent, and the normalized frame accelerations were reduced significantly. The peak bearing dis-
placement increased from less than 1.5 inches to approximately 3 inches, but the frequency response
of the frame remained similar to that recorded during the span 350 test. While these results show an
improvement in the performance of the R-FBI system with increasing earthquake intensity, it should
be kept in mind that the coefficient of friction measured throughout the R-FBI test series was much
higher than assumed in the design of the bearings. Therefore the displacements were much lower than
expected, and the frame accelerations were higher. If the coefficient of friction had been closer to the
assumed value of 0.06. it is likely that the bearings would have performed much better during the

lower intensity tests but would have been jeopardized by the stronger ground motions.



- 32 .

6. SUMMARY AND CONCLUSIONS

This report has reviewed a series of shake table tests of the Resilient-Friction Base Isolation sys-
tem using a five story, 1/3 scale steel test structure supported on four R-FBI bearings. The fully
instrumented isolated system was subjected to a series of system identification tests and simulated
ground motions from a variety of earthquakes. Pull-back tests and low level random noise inputs pro-
duced the first isolated response, resulting in structural frequencies spread across a wide range of the
spectrum and shifted abave those of the fixed-base structure. Finally, earthquake inputs with varying
intensities and table accelerations up to 1.98 g tested the displacement response and energy-absorbing

capabilities of the system.

During the moderate-to-severe earthquake motions the isolation system performed extremely
well, reducing the accelerations transmitted to the frame and the amplification of accelerations toward
the top of the frame while undergoing displacements well within the stabilitv limits of the bearings.
The base shear on the 80 kip test structure attained a maximum of 18 kips during the most severe test
but remained below 15 kips for the majority of the signals. Although a coefficient of friction of 0.06
was predicted by the material properties and was used in the preliminary analysis and design of the
test structure, the experimentally determined coetficient calculated from the base shears at the initia-
tion of sliding was much larger, typically in the range of 0.12 to 0.15. This value was unexpected
and could not be readily explained by either the experimental setup or the condition of the bearings
after repeated shaking. The teflon layers were examined after all of the tests had been completed and
showed little deterioration. Based on the inspection of the bearings at the halfway point of the tests at
which time each of the sliding layers was thoroughly cleaned, the contribution of residue from the
hard rubber core to the coefficient of friction was minimal and also could not explain the difference

between the predicted and measured values.

Comparisons of the performance of the R-FBI bearings with previous tests of three different

elastomeric bearing systems showed that for a moderate earthquake such as the Taft record the R-FBI
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system provides a level of protection similar to the elastomeric systems. While the response of the
test frame on the bearings with Veriprene and Adiprene inserts was dominated by the first mode of
the isolated structure (a rigid translation on top of the bearings), the lead-rubber and R-FBI bearings
distributed energy across a wide range of frequencies and several modes. Consequently, the peak
bearing displacements during the lead-rubber and R-FBI tests were kept at more manageable levels
than during the Veriprene and Adiprene tests. Although the interstory drifts in the structure when
supported on the R-FBI system were larger than for the elastomeric systems during the span 350 tests,
the frictional energy dissipation of the R-FBI system was not fully activated during this moderate test.
The more severe 800 span Taft signal increased the sliding deformations of the bearings while simul-
taneously reducing the interstory drifts throughout the height of the frame, demonstrating how the per-

formance of the R-FBI system improves with increasing ground motion intensity,

In conclusion, the following can be said about the behavior of the R-FBI system during this

series of shake table tests:

. Damaging horizontal accelerations were reduced and the amplification of accelerations toward

the top of the structure was minimal.

. Relative bearing displacements were lower than predicted by analysis (due in large part to the
higher coefficient of friction), and at no time did the bearings approach their stability limit or

exhibit deterioration of their stiffness properties.

. The frequency response of the structure was spread across a wide ranpe of the spectrum.
Specifically, the shape of the low frequency portion of the Fourier acceleration spectra at each
story in the frame was similar to that of the ground motion while much of the energy normally

associated with the first mode of the isolated structure was shifted to higher modes.

. The response with and without the steel rods in the central rubber cores of the bearings was not
quantitatively different. However, the steel rods should be included in practical applications
because theyv prevent concentrated deformations developing at individual sliding surfaces within

the bearings.
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Response 10 combined vertical and horizontal ground motion is similar to the response to purely

horizontal mation, and the two effects can be uncoupled to simplify analytical procedures.

Equivalent linearization procedures for predicting the response of the isolated system are difficult
if not impossible because of the highly nonlinear transition between the fixed and sliding phases

of the bearings.

The response of the R-FBI bearings is inherently different from that of the rubber isolators, but
the R-FBI system provides a similar degree of protection for the superstructure. The perfor-
mance improves as the intensity of the ground motion is increased. R-FBI bearings are also

applicable to a wider range of structures including those built in soft soil regions.

Further research is needed to predict the effective coefficient of friction of the isolation bearings
more accurately and to understand the interaction between the sliding plates, the hard rubber

¢ylinder, and the steel rod at the core of a bearing.
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FILENAME SIGNAL SPAN | REMARKS
880808.01 Free Vibration! System
880808.02 Free Vibration - identification
880810.01 Random Noise® 200 testing
880810.02 Random Noise 300
880810.03 El Centro® 100 Tests without
880810.04 El Centro 200 steel rods in the
880810.05 El Centro 300 bearing cores
880810.06 Taft? 100
880810.07 Taft 200
§80810.08 Taft 300
880810.09 Talt 350
880810.10 Olympia® 100
880810.11 Olympia 200
880810.12 Oly mpia 300
880812.01 Random Noise 600
880812.02 Harmonic® 2.8 hz 200
880812.03 Harmonic 2.6 hz 200
880812.04 Harmonic 2.4 hz 200
880812.05 Harmonic 2.4 hz 300
880812.06 Harmonic 2.6 hz 300
880812.07 Harmonic 2.8 hz 300
880812.08 El Centro 400
880812.09 Olympia 400
880812.10 Taft 400
880812.11 Pacoima’ 400
880812.12 Parkfield® 400
880812.13 Mexico City? 400
880812.14 San Francisco!® 400
880812.15 Chile!! 400
880815.01 Random Noise 300
B80815.02 Random Noise 600
880815.03 Random Noise 600
880815.04 El Centro 400
880815.05 Olympia 400
880815.06 Talt 400
880815.07 Pacoima 400
880815.08 Parkfield 400
880815.09 Mexico City 400
880815.10 Chile 400
880815.11 San Francisco 400

Table 1 R-FBI Test Log
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FILENAME SIGNAL SPAN REMARKS
880815.12 El Centro 500
880815.13 Olympia 500
880815.14 Taft 500
880815.15 Pacoima 500
880815.16 Parkfield 500
880815.17 Mexico City 500
880815.18 San Francisco 500
880815.19 Chile 500
880816.01 Chile 100V1?
880816.02 Chile 500V
880816.03 Chile 1000V
880816.04 Chile 500
880816.05 Chile 500H 500V
880816.06 Chile 500H 1000V
880816.07 Chile 600
880816.08 El Centro 600
880816.09 Olympia 600
880816.10 El Centro 600
880816.11 Taft 600
880816.12 Pacoima 600
880816.13 Parkfield 600
880816.14 Mexico City 800
880816.15 San Francisco 600
880818.01 Chile 400 Tests including
880815.02 El Centro 400 steel rods in the
880818.03 Olympia 400 bearing cores
880818.04 Taft 400
880818.05 Pacoima 400
880818.06 Parkfield 400
880818.07 Mexico City 400
880818.08 San Francisco 400
880818.09 San Francisco 600
880818.10 Mexico City 600
880818.11 Mexico City 700
880818.12 Mexico City 800
880818.13 Parkfield 600
880818.14 Pacoima 500
880818.15 Taft 600
B80818.16 Olympia 600
880818.17 El Centro 600
BR0R18.18 Chile 600

Table I R-FBI Test Log (Continued)




FILENAME SIGNAL SPAN REMARKS

880818.19 San Francisco | 200H 200V

880818.21 San Francisco | 400H 400V

880818.22 San Francisco 400H 800V

B80818.23 Taft 800

880818.24 Pacoima 800

880818.25 Olympia 1000

880831.01 Mexico City 800

880831.02 Mexico City 800

880831.03 Mexico City 950 Table response
limits exceeded

880831.04 San Francisco | 500H 500V

880831.05 San Francisco | 500H 1000V

880831.06 Chile 800

880831.07 Chile 900

*1 Free Vibration Pullback Test
*2 White Noise Test
*3 1940 Ei Centro Earthquake SOOE
*4 1952 Taft Earthquake S69E

*5 1949 Olympia Earthquake N86E

*6 Harmonic Signal at Indicated Frequency

*7 1971 Pacoima Dam Earthquake S16E
*8 1966 Parkfield Earthquake N65E

*9 1985 Mexico City Earthquake N60E, calculated
*10 1955 San Francisco Earthquake S80E
*11 1985 Llolleo Earthquake N1OE

*12 All span values refer to horizontal spans unless followed by a V

Table 1 R-FBI Test Log (Continued)
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Data Initial Absolute Offset | Final Absolute Offset | Final Relative Offset

File (inches) {inches) (inches)
880818.01 0.0 -0.1222 -0.1222
880818.02 -0.1212 0.3365 0.4577
880818.03 0.3373 0.7243 0.3870
880818.04 0.7225 0.2336 -0.4889
880818.05 0.2336 0.0121 -0.2215
880818.06 0.0121 0.5503 0.5382
880818.07 0.5303 0.3001 -0.2502
880818.08 0.29G3 0.3458 - 0.04563
880818.09 0.3456 0.2097 -0.1360
880818.10 0.2115 0.3934 0.1819
8ROR18.11 0.3944 0.1350 -0.2594
880818.12 0.1358 -0.1037 -0.2395
880818.13 -0.1021 0.4699 0.5720
880818.14 0.4709 0.1301 -0.3408
8R0818.15 0.1309 0.4566 0.3257
880818.16 0.4565 1.3392 0.8827
880818.17 0.0582 0.2722 0.2140
880818.18 0.2998 0.3064 0.0068
880818.19 0.3076 0.1034 -0.2042

Table 2 History of Absclute and Relative Bearing Offsets




SW SE NW NE ]
Earthquake :
w/o rod Lw/ rod | wiorod | w/rod | wiorod | w/rod | w/orod | w/rod ’
El Centro 4181 | 4613 | 7480 | 6083 | 6.107 | 5426 | 3.786 | 3.402
Taft 4706 | 4515 | 7415 | 6526 | 6.086 | 5674 | 3.937 | 3.399
Olympia 3.785 L3'471 6.712 6359 | 5557 | 5016 3.177 3.021
Parkfield 3.949 | 3742 | 6202 | 5638 | 4.893 | 4.747 | 3362 | 3.078
Pacoima 3.754 | 3725 | 6190 | 5200 | 5812 | 5175 | 4228 | 3450
MexicoCity | 3.148 | 3.183 | 5086 | 5396 | 4790 | 5035 | 2915 | 2937
Chile 4366 | 4104 | 7241 | 6943 | 6627 | 6092 | 4284 | 4.035
San Francisco || 4.885 | 4.883 | 7.216 | 7198 | 6902 | 6650 | 5455 | 4872
Shear, kips

Table 3

Table 4 Maximum Base Accelerations with and without Center Steel Rod

Maximum Shear in Bearings with and without Center Steel Rod

. span = 400 span=600 |
Earthquake
wiorod | w/rod | w/orod [ w/rod
El Centro 0471 0.459 0.494 03512
Taft 0.585 0.578 0.615 0.592
Olympia 0.364 0.363 0.458 0.458
Parkfield 0436 0410 0.468 0.438
Pacoima 0.387 0.380 0.496 0.481
Mexico City 0.163 0.166 0.204 0.208
Chile 0.655 0.612 | 0.759 0.735
San Francisco 0.891 0.925 0.974 0.982

w/o rod
w/ rod

Acceleration, g's

= tests without steel rod in rubber core
= tests with steel rod in rubber core
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span =400 span = 600
Earthquake

wiorod | w/rod | wiorod | w/rod

El Centro 1919 1.642 3.428 3.085

Taft 1417 1,288 2.481 2.723

Olympia 0.600 0.624 1.451 1.209

Parkfield 1.534 1.532 2.563 2.699

Pacoima 0.839 0.929 1.941 2.067

Mexico City 0.203 0.317 1.585 1.577

Chile 1.862 1.526 2.620 2.609

San Francisco 1.656 1.668 2.138 2.189

Relative Bearing Displacement, inches

w/orod =tests without steel rod in rubber core
w/rod  =tests with steel rod in rubber core

Table § Maximum Bearing Displacements with and without Center Steel Rod



- 44 -

R-FBI TEST FILES

El Centro
| A EPV X a

i R sy | G (e
880810.03 | 100 | .222 ! _'112409 ((;-15092) 12_;’93 ((;_'1502) 291 272
88081004 | 200 | 383 | o Yod 604 | 318
88081005 | 300 | .462 oy S Lo |
88081208 | 400 | 595 e 17%? 186 | 478
880815.04 || 400 | 569 gl P 192 | 47
880815.12 || 500 = .734 > P 182 | 565
880816.08 || 600 | .934 :g;.‘g ﬁgg 277 | 535
88081610 | 600 | 986 | o) e 343 a5
830818.02 | 400 | 572 oo P 164 459
830818.17 | 600 | .942 o R s | s

Pacoima Dam

file span | PGA EPA EPV | Xpase,, | Bbase,,
880812.11 || 400 ‘ 481 _53:57 éE_'fO'}% 5‘5"546 (g:foc@) 839 T
88081507 | 400 493 o o 839 | 287
880815.15 || 500 | .609 :ggg e 136 | .471
880816.12 || 600 | .703 i 194 | .496
880818.05 | 400 | .466 :ggf o7 929 | .38
880818.14 | 600 | .700 o e 207 | 481
890818.24 | 800 | 1025 :ggg 191_6851 318 | 588

Table 6 Comparison between R-FBI Earthquake Simulator Tests and
Rubber Bearing Earthquake Simulator Tests




R-FBI TEST FILES (continued)
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Parkfield

file span | PGA EPA EPV Rbase,,, | Bbaseg,
| 880812.12 | 400 | .366 _'222%5 (S.'fo@) ;;f ((5:1509;)) 1.56 407
[ 880815.08 | 400 | .383 o - 153 | .436
\ 880815.16 | 500 | .488 oy P 182 | 483
; 880816.13 || 600 | .633 o o 256 | .468
| 880818.06 a0 | 378 oo e 153 | .410
880818.13 | 600 | .627 g T oe 270 | .438

Taft

file ! span | PGA EPA EPV Xoase,,, | Bbase,
880810.06 | 100 | .145 .bls;zoz((gg:fo@) izzs(&;g;z; 116 | 144
880810.07 | 200 | .304 a3 > 502 | 313
880810.08 | 300 | .473 :ggg iﬁ’ 886 | .462
880810.09 | 350 | .563 :‘;g g:g; 984 | .498
880812.10 | 400 I 650 o oo 132 | .593
| 880B15.06 | 400 666 P o 142 | 585
i880815.14 500 I‘ 802 i :igg 2;? 1.97 .649
88081611 | 600 | 995 : 1o post 248 | 615
88081804 | 400 | 653 | peis o 120 | .578
88081815 | 600 | 978 % P 272 | 592
{ 880818.23 || 800 | 1.319 pi oo 371 | 686

Table 6 Comparison between R-FBI Earthquake Simulator Tests and

Rubber Bearing Earthquake Simulator Tests (Continued)
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RUBBER BEARING TEST FILES

El Centro
PGA EPA EPV x a

e 1® @9 | @ sy | G| @9 | O
11028103 | 200 | 533 | o ég_'foi‘% o g_'fo'@) 253 | .102 | 50D -
120281.13 || 200 | .536 o oot 228 | 107 | sov
13028104 | 200 | 530 poyy izgg 153 | 121 | 50A
180281.09 | 200 | .527 o e 893 | 221 | s07L
18028110 || 100 | .255 o 2 493 | 157 | sonL
18028112 | 300 | 853 s e 144 | 276 | SOnL
18028113 | 400 | 1.145 P o 196 | 409 | S07L
1028116 | 500 | 1468 Lo Lot 246 | 654 | sorL |

Pacoima Dam

file span | PGA EPA EPVY Xbase,, | Bbase,, | Dase
12028117 || 300 | 1.290 19323(&;3% ;_12'28@(3338 210 | 122 | sov
13028109 | 300 | 1284 | 15 Py 272 | 139 | S0A .
180281.02 | 300 | 1.331 e e 260 | 474 | soL

Parkfield

file span | PGA EPA EPV Rpase,,. | 3base,,, | 0Ase
028109 | 300 | a7 | SOFESRL MG 256 |97 | o |
120281.18 || 300 | .368 o o 267 | 17 sov |
13028110 | 300 | 374 o . 346 | 208 | s0A
180281.04 | 300 | .381 po ppi 197 | "322 | so2L

Table 6 Comparison between R-FBI Earthquake Simulator Tests and
Rubber Bearing Earthquake Simulator Tests (Continued)
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RUBBER BEARING TEST FILES (continued)

Taft
file span | PGA EPA EPV Rowse.. | Bbasn. | DES
12028115 | 350 | ses | (5G| TREEO | s | as | sov
. 130281.06 | 350 | .578 P il 291 | 152 | s0aA
18028103 | 350 | .82 o 720 156 | 281 | 502L

Base conditions for the rubber bearing tests are as follows:

50D
50V
50A

= Rubber Bearing only

= Rubber Bearing with Variprene insert
= Rubber Bearing with Adiprene insert

50/2L = Rubber Bearing with Lead Plug inserts

Table 6 Comparison between R-FBI Earthquake Simulator Tests and
Rubber Bearing Earthquake Simulator Tests {(Continued)
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FIGURES
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Figure 8 Test Frame Mounted on R-FBI Bearings
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Figure 68 Sliding Deformations Distributed Evenly Across Bearing
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List of Instrumentation

Explanation

Table h1 Displacement

Table h2 Displacement

Table Horizontal Acceleration
Table Vertical Acceleration

Table Pitch Acceleration

Table Roll Acceleration

not used

Table v1 Displacement

Table v2 Displacement

Table v3 Displacement

Base Shear SW

Base Moment SW

Base Shear SE

Base Moment SE

Base Shear NW

Base Moment NW

Base Shear NE

Base Moment NE

Absolute Base Displacement W
Absolute Base Displacement E
Absolute Floor 1 Displacement W
Absolute Floor 1 Displacement E
Absolute Floor 2 Displacement W
Absolute Floor 2 Displacement E
Absolute Flocr 3 Displacement W
Absolute Floor 3 Displacement E
Absolute Floor 4 Displacement W
Absolute Floor 4 Displacement E
Absolute Floor 5 Displacement W
Absolute Floor 3 Displacement E
Relative Bearing Displacement W

Relative Bearing Displacement E

Units

inches
inches
G’s

G's

rad /sec?

rad/sec®

inches
inches
inches
kips

kip-in
kips

kip-in
kips

kip-in
kips

kip-in
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches

inches



33
34
35
36
37
38
39
40
41
42
43
44

46
47
48
49
50
51
52
53
54
35
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Transverse Bearing Displacement N

Transverse Bearing Displacement S
Horizontal Base Acceleration W
Horizontal Base Acceleration E
Horizontal Floor 1 Acceleration W
Horizontal Floor 1 Acceleration E
Horizontal Floor 2 Acceleration W
Horizontal Floor 2 Acceleration E
Horizontal Floor 3 Acceleration W
Horizontal Floor 3 Acceleration E
Horizontal Floor 4 Acceleration W
Horizontal Floor 4 Acceleration E
Horizontal Floor 5 Acceleration W
Horizontal Floor 5 Acceleration E
Transverse Floor 5 Acceleration 8
Transverse Floor 3 Acceleration N
Vertical Floor 5 Acceleration NW
Vertical Floor 5 Acceleration NE
Vertical Floor 5 Acceleration SW
Vertical Floor 5 Acceleration SE
Oscillator 1 Acceleration
Oscillator 2 Acceleration

Oscillator 3 Acceleration

inches
inches
G’s
G's
G’s
G’s
G's
G’s
G’s
G’s
G’s
G's
G’s
G’s
G’s
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EARTHQUAKE ENGINEERING RESEARCH CENTER REPORT SERIES

EERC reports are available from the National Information Service for Earthquake EnpineeringtNISEE) and from the National Technicai Information

Servics(NTIS)

Numbers in parentheses are Accession Numbers assigned by the National Technical Informauon Service: these are followed by a pnce code.

Contact NTIS. 5285 Port Roval Road, Springfield Virgima. 22161 for more information. Reports without Accession INumbers were not available from NTIS
at the ume of pnnting. For a current complete list of EERC reports (from EERC 67-1) and availablity information. please contact University of Caitforma.
EERC. NISEE. (301 South 46th Street. Richmond. California 94804,
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LCB/EERC-81/03
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UCB/EERC-81/10

UCB/EERC-81:1!
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UCB/EERC-§i/13
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LUCB/EERC.81/15
UCB/EERC-§81416
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UCB/EERC-81/!8
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UCB/EERC-§1/20

VCB/EERC-82/0!

UCB/EERC-§2.32
UCB/EERC-52/3
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UCB/EERC-82:03

UCB/EERC-32:06

UCB/EERC-82/07
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UCB/EERC-82/C%
UCB/EERC-82/10

“Control of Seismuic Response of Piping Systems and Other Structures by Base Isolauon.” by Kelly. J.M . January 1981. (PBSI 200
735)A05.

"OPTNSR- An Interactive Software System for Opumal Design of Siatically and Dynamically Loaded Struclures with Moniinear
Response.” by Bhatti. M.A.. Ciampi. V. and Pister. K.S.. January 198§, (PB81 218 851)A09.

"Analysts of Local Variauons 1n Free Field Seismic Ground Motions.” by Chen, J.-C., Lysmer. ] and Seed, H.B.. January [98]. (AD-
AQS9508)A13.

“Inelastic Structural Modeling of Braced Offshore Platforms for Seismic Loading,” by Zavas, V.A., Shing, P..S.B.. Mahin, 5.A, and
Popov, E.P.. January 1981, INEL4, (PB82 1138 777)A0".

"Dynamic Response of Light Equipment in Structures.” by Der Kiursghian. A.. Sackman. J.L. and Nour-Omtd. B.. Apnl 1951, (PB§!
218 497)A04

“Preiiminary Experimental Tnvestigation of a Broad Base Liquid Storage Tank.” by Bouwkamp. J.G.. Kollegger. J.P. and Stephen. R.M.,
Mav 1981, (PB82 140 385)A03.

"The Seismic Resistant Design of Reinforced Concreie Coupled Structural Walls.” by Aktan, A.E. and Bertero. V.V.. June 1981. (PBEZ
113 358)A11

"Unassigned.” by Unassigned. [981.

"Experimen:ai Behavior of a Spat:al Piping Svstem with Stecl Energy Absorbers Subjecied 1o a Simulated Differsnual Seismic Input.” by
Suemer. S.F.. Godder. W.G. and Kells. J.M ., July 1231, (PB82 201 898)A04.

“Evaluauon of Seismic Design Provisions for Masonry in the United States.” by Sveinsson, B.l.. Maves, R.L. and McNusen. HD .,
August 1981, (PBE2 166 075)A08.

“Two-Dimensional Hybnd Modelling of Soil-Structure Interacuon.” by Tzong, T.-J.. Gupia. § and Perzien. J.. august 1981, (PBJ2
1181A04.

“Studies on Effects of Infills in Seismic Resistant R/C Construcuion.” by Brokken. S. and Berero. V V.. October 1581, (PB8Z
1603A09.

Linear Models 10 Predict the Noniinear Seismic Behavior of a2 One-Story Steel Frame” by Valdimarsson. H.. Skah, AH. and
McNiven, H D.. Sepitmber 198:. (PB82 138 7931407,

142

66

"TLUSH: A Compuier Program for the Three-Dimensional Dynamic Analysis of Earth Dams,” by Kagawa. T.. Mejia. L. H.. Seed. H.B.
and Lysmer. J_. Septembper 1981, (PB82 139 940)A06

"Three Dimensional Dvramic Response Analvsis of Earth Dams,” by Mejia. L.H. and Seed. H.B.. September !981.(PBE2 137 27HAl2.

"Experimenial Study of Lead and Elasiomernc Dampers for Base Isolauon Svstems.” by Keliv. J.M. anc Hodder. 5.B., October 1981,
(PBEY 166 182)A05.

“The Influence of Base Isolation on the Seismic Response of Light Secondary Equipment.” by Kellv. J.M.. Apnl 1931, {PB82 253
2661404

“Studies on Evaluauon of Shaking Table Response Analvsis Procedures.” by Blondet J. M., November 1981, (PB82 |37 278)a10.

"DELIGHT.STRUCT: A Computer-Aided Design Envirorment for Structural Engineering.” by Balling. R.J.. Pister. K.S. and Pelak. E..
December 1981 (PB82 218 4961407,

"Opuma! Design of Seismic-Resistant Planar Sieel Frames.” by Balling. R.J.. Crampi. V. and Pister. K.S.. December 98], (PB82 210

1793A07.

“Dynamic Behavior of Groungd for Sersmic Analysis of Lifeline Sysiems.” by Sato, T. and Der Kiureghian, A . Januars |98, (PB&2 218
§263A05.

"Shazking Table Tests of 2 Tubular Steel Frame Model,” by Ghanaat, Y. and Clough, R.W., January | 982 (PB§Z 220 16 1)AD7.

“Behavior of a Piping Svstem unaer Seismic Excutauon. Experimental Investigations of 2 Spatiai Piping Sysiem supponed by Mecham-
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