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Abstract

This report describes a series of tests carried out on the shaking table at Earthquake
Engineering Research Center in which a base-isolated bridge deck model representing a typi-
cal highway bridge superstructure was subjected to a variety of earthquake inputs representing
both real and artificially generated earthquake signals. Two different forms of isolation sys-
tem were used in the testing program. One used natural rubber elastomeric layers reinforced
by steel plates and the other set used the same bearings but with a lead piug inserted in a cen-

tral hole.

The report describes the results of these tests and compares responses of the bridge deck
when carried on each system. The report also describes a simple analysis of limit state of an

isolation bearing and gives results of tests specifically carried out to verify this analysis.

Another feature o_f the experimental program is a parameter identification routine
designed to provide an equivalent linearization of the dynamic response of the non-linear iso-
lation system. This has been developed with a view to providing elementary design rules for
preliminary design of base isolated buildings and bridges. Comparisons of the time histories
of the equivalent linear systems and the actual model show that the method gives accurate

maxima in displacement and acceleration and at the appropriate times.
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Chapter 1 INTRODUCTION

The use of base isolation for the seismic protection of buildings and other structures has
become the subject of considerable interest in the structural engineering profession since it
offers a method of seismic design which could both reduce costs and increase safety. It can
reduce costs by permitting the use of simpler framing systems such as braced steel frames or
ordinary reinforced concrete frames rather than moment resisting steel frames or ductile con-
crete frames. It may increase the degree of protection offered to the structure by allowing the
structure to be designed elastically for any earthquake that may be anticipated at the site
within the lifetime of the structure and would allow the structure to be designed for an

extreme earthquake with reduced ductility demand (and hence reduced damage).

It has been proposed for buildings and a few have been built or are in the planning
stages but its most extensive use has in fact been for bridges. At this time there are twenty-six
highway bridges in New Zealand that use base isolation devices. Some of these bridges have

been retrofitted but most are new construction.

The reason why base isolation is more readily accepted for bridge structures than for
buildings is clear. Bridges already use elastomeric bearings to reduce thermal or shrinkage
loads and so the use of seismic isolation bearings is straightforward. Since the loads transmit-
ted to the piers and foundation structures will be smaller, the use of isolation will reduce the
cost of the bridge substructures and foundations. Thus in contrast to buildings which need a
double foundation system and new components, namely the isolation bearings, all of which
add to the total cost, in the case of bridges it is possible to achieve substantial improvements

in seismic safety with decreased cost by use of this technique.

When used in bridges in New Zealand, seismic isolation is generally effected through the
use of lead-rubber bearings. In this device a multilayer elastomer bearing is provided with a
central hole into which a cylindrical plug of lead is inserted. The lead plug acts as an elastic-
perfectly plastic yielding element and provides the isolation system with a high initial elastic

stiffness thus supporting wind loads and when vielding acts as an energy dissipator thus



providing increased damping. The lead-rubber bearings tend to control the relative displace-
ments between deck and piers and while doing so do not produce increased accelerations

(over those for plain ¢lastomeric bearings) in the bridge superstructure.

It has been shown, in earlier shake table testing with building structure models, that use
of lead-rubber isolators tends to induce higher mode response in the models and in that case
the model accelerations are increased over those when plain bearings are used. In bridge
decks however the higher modes are very much higher than the fundamental mode and are

not important in the dynamic response of an isolated deck.

There are a number of open questions on the response of base-isolated bridge decks that
can only be answered by shake table testing of large models. Among these are the dynamic
response of skew bridge decks. It has been anticipated that there could be problems with rota-
tion {about a vertical axis) if the bridge has a large skew. The precise failure mode of isolation
bearings with and without lead plugs needs to be studied and there is also the question of

differential seismic input between the two ends of a bridge.

An expeﬁmenta] test program to address these matters and others has recently been car-
ried out at the Earthquake Simulator Laboratory of the Earthquake Engineering Research

Center of the University of California using the 20 foot by 20 foot shake table of that facility.

In this test program a half-scale model of a bridge deck supported on seismic isolation
bearings both with and without lead plug inserts was subjected to a large number of real and
artificial earthquake input signals. The model was designed so that it could in addition be
supported on a wide range of skewed supports and it was also possible to have different input

motions at each end of the bridge.

The present report describes the non-skewed test results. The results for skewed supports

and differential input will be given in subsequent reports.
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Chapter 2 CHARACTERISTICS OF ISOLATION BEARINGS

Two types of isolation system were used in the shake table test, one with bearings hav-
ing no lead plug inserts and the other using bearings with inserts. Identical elastomeric bear-
ings were used for both systems and thus the response of the two systems will not be perfectly
comparable since the effective period of the system in the two situations will be different, the
lead plug producing as it does a considerable stiffening of the plain bearing. Nevertheless,
some comparisons can be legitimately made and, since the major cost of a bearing is in the
construction of a mold, the expense of having two sets of bearings of different size was

beyond the resources of the project.

The isolators are multilayer natural rubber bearings and a plan and cross section of a
bearing are shown in Figure 1. They have fourteen layers of 0.375 in. (9.53 mm) thick rubber
and thirteen 0.125 in. (3.18 mm) thick steel plates. At each end is a 0.5 in. (12.7 mm) steel
plate with holes for dowels which are used to transfer shear loads. In the test model these
dowels key the bearings to load cells below and to the bridge deck main girders above. The
total rubber thickness is 5.25 in. (133 mm} and the total height of the bearing is 7.875 in.
(200 mm). A hole with a diameter of 1.5 in. (38.1 mm) is provided in the center of the bear-

ing to hold the lead plug.

The natural rubber compound used for these bearings is EDS 39 [1] which has a nomi-
nal shear modulus of 100 psi (0.690 Mpa) at a shear strain of 50%. Tests on small samples of
the compound before the bearings were manufactured gave a shear modulus of 103 psi (0.710
Mpa) at 50% strain and 0.5 Hz and, 99 psi (0.683 Mpa) at 100% strain and 0.5 Hz. The
rubber contains 25 parts of carbon black filler per 100 parts of rubber. The hardness of the

rubber as compounded was 50 IRHD.

The horizontal stiffness of a single bearing was measured in a static test rig and found to
be 1.18 kips/in. {0.207 kN/m) based on the secant slope at 50% shear strain. For the dimen-

sions of this bearing this is equivalent to a shear modulus of 99.5 psi (.686 Mpa). In a later
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section we will discuss the dynamic testing of the system; in these tests the stiffness was meas-
ured as 1.21 kips/in. (0.212 MN/m) corresponding to a modulus of 102 psi (0.703 Mpa). This

shows that the stiffness of the natural rubber is not sensitive to the rate of loading.

The vertical stiffness of a bearing from a static test was found to be 135 kips/in. (23.6
MN/m). The shape factor, §, for these bearings including the effect of the central hole is 5

and the compressive modulus is 1.6 ksi (80.2 Mpa), calculated by using the standard formula

E, = E, (1 + 2KS§?%)

where, for a hardness of 50, the value of K is 0.73 {2-2] and E, is 310 psi {2.14 Mpa). So

that the predicted vertical stiffness is

K, = E, f— = 138 kips /in. (24.2 MN /m)

where the cross-section area of the bearing, 4, is 62.2 in.> (0.04 m?) and the total rubber
thickness, #,, is 5.25 in. (0.133 m). This is almost exactly the average between the loading
value (135 kips/in.) above and the unloading value of the vertical stiffness. The buckling load
of a bearing was determined to be 70 kips (311 kN) and since the total weight of the model as
tested was 96 kips (427 kN) and four bearings were used the ratio of vertical load to buckling
load is 0.34. Theoretical analysis of the stability of multilayer bearings predicts that the verti-
cal load will reduce the horizontal stiffness by a factor that depends on the ratio of vertical
load to buckling load. At this value of the ratio the predicted reduction in horizontal stiffness
is around 10% but as noted above the measured horizontal stiffness of the bearing is con-
sistent with the measured modulus of the rubber so that either there are compensating factors
in the bearings as manufactured or the effect is masked by the non-linearity of the rubber

response.

The lead plug when inserted increases the elastic stiffness of the bearing substantially
and, having a yield shear stress of 1.5 ksi (10.3 Mpa), produces a nominal yield shear force of

2.6 kips (11.6 kN) per bearing. The yield shear force for the entire base is thus 10.5 kips (46.7
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kN) and constitutes 11% of the weight of the superstructure.
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Chapter 3 EXPERIMENTAL MODEL AND PROGRAM

3.1 Experimental Model of Bridge Deck

The structural model of the bridge deck comprised two twenty foot long WF16 girders
spaced six feet apart and connected transversely by WF8 cross beams with angle cross-
bracing. A set of light precast concrete blocks, eight inches thick, were attached to this steel
frame work to form the deck. The reinforced concrete blocks were loaded by lead ballast to
produce a bridge deck with a total weight of 96 kips (427 kN) which is a typical figure for a
short span reinforced concrete deck. The cross section of the bridge deck model is shown in
Figure 2 and an elevation of the model is shown in Figure 3. Stiffener plates were added to
the WF16 at the several support locations needed for the straight and skew bridge tests. In
the straight bridge tests, the supports used corresponded to a clear span of twelve feet with

overhangs of four feet on each end.

Since the primary purpose of the test program was to answer several questions regarding
the dynamic response of straight and skew decks on non-linear isolators and since non-linear
systems are not easily scaled (different components can scale differently), it was decided to
treat the deck as full scale (scale factor unity). The base isolation bearings were thus designed
to give an effective period of around 1.5 seconds so that real time unscaled records of ground
motion could be used as table input. The bridge deck as a full-scale bridge is of course some-
what short but length-related factors may be expected to be unimportant to base-isolated
response, since higher modes will be very much higher in frequency in a real structure than

the isolation mode which is of predominant interest.

The bridge deck can also be consider as a scaled model of a structural system with an
essentially rigid superstructure. The advantage of the model for this purpose is that, in con-
trast to the tall frame models used in previous testing [2,3,4], the model can be driven to the
point of bearing failure without risk of collapse of the frame. In this phase of the test pro-

gram, the model was considered to be a half-scale model.



3.2 Test Facilities and Instrumentation

The experiments reported here were carried out on the shaking table at the Earthquake
Engineering Research Center of the University of California, Berkeley, at the Richmond Field
Station. The table is 20 ft x 20 ft (6.1 m x 6.1 m) in plan dimension. Simulated seismic
ground excitation to structures weighing up to 100 kips (444.8 kN) can be applied in one hor-
izontal direction and vertical direction with maximum acceleration 1.5g horizontally and 0.5g

vertically.

The shaking table is constructed of a combination of reinforced and prestressed con-
crete. The table is driven in one horizontal direction by three hydraulic actuators and verti-
cally by four such actuators, During operation the dead weight of the table and test structure
is carried on air pressure, so that the actuators apply the seismic accelerations and do not
carry gravity loads. The shaking table is electronically controlled in five degrees of freedom.
Movement in the other horizontal direction is prevented by sliding mechanism. Normally,
the pitch, roll and yaw (twist) commands are zero, and the horizontal and vertical command

signals represent translation and displacement time histories of earthquake record.

The table is displacement controlled and the primary control is the span setting. Span
setting refers to the maximum table displacement during the signal. The extreme table dis-
placement is =5 in. (127 mm) and this is assigned span 1000. Other spans produce propor-

tionally smaller peak displacements.

The scaling that is used in shaking table experimentation is based on constant stress. It
is assumed that the model carries additional loads which will compensate for the reduction in
inertia produced by the geometrical scaling. In constant-stress scaling, the frequency of the
system varies with the square root of the geometrical scale factor. Thus, if the time scale is
increased by the square root, displacement will be decreased by the scale factor and accelera-
tion and stresses are the same for prototype and model. It is possible in the tests both to use
a real-time earthquake input treating the model as if it were a full-scale structure and also by

use of this time-scaling process and geometrical scaling to use the model to predict the



response of a larger structure.

The Earthquake Simulator Laboratory is equipped with a NOVA-1200 minicomputer
that operates in conjunction with a Diablo-31 moving head magnetic disc unit. A maximum
of 128 data channels can be sampled at rates up to 100 samples per second. The analog sig-
nals are fed to amplifiers, multiplexers and to an analog digital converter. The digitized data
are temporarily stored on magnetic disc before being transferred to tape, After each test run,
the positive and negative extreme values of each channel can be searched and can be printed

with the corresponding time to when they occurred.

The important instrumentation for the straight-deck experiments consists of four hor-
izontal accelerometers, two in the longitudinal direction and two in the transverse direction,
located above each bearing. Vertical accelerations were recorded by four accelerometers, also
located above the isolation bearings. Four horizontal potentiometers measured displacement
relative to the table in the longitudinal and transverse directions_, There were also four verti-
cal potentiometers but their output was difficult to use since the vertical displacement on a
bearing is extremely small and is accompanied by a horizontal displacement which is at least
an order of magnitude greater. They are useful in a test in which the only input signal is vert-
ical. The horizontal shear forces in each bearing are monitored continuously during a test by
force transducers under each bearing. The transducers provide shear loads in both longitudi-
nal and transverse directions. The axial force output from these force transducers was not
reliable when horizontal forces were present and they were used only in the tests with purely

vertical input.

The location diagram for the instrumentation is shown in Figure 4. A summary of the

instrumentation used in the tests on the straight deck is given in Table 1.
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3.3 Experimental Program for Plain Rubber Bearing System

The dynamic test program on the bridge deck model with plain rubber bearing system
involved a very extensive range of types of test. Puil-back tests were performed first to obtain
an estimate of the natural frequencies of the system, both longitudinal and torsional, and to
obtain the damping associated with these modes. The frequencies and damping factors that
can be obtained by pull-back tests are restricted to those for small strains since it is not possi-
ble to produce static deflections in pull-back tests that exceed one inch or strains greater than
20%. In the torsional pull-back tests a large pin was located at the center of the bridge deck
preventing lateral displacement with respect to the table. The torsional oscillations took place
around this pin. Some degree of friction will have developed at the pin and will have contri-
buted to the damping measured by logarithmic decrement, but this is not felt to be important

since the lever arm of the frictional forces will be small leading to a negligible couple.

To obtain logarithmic decrement results from larger initial displacements, the model was
subjected to harmonic motion close to resonance to a specified maximum displacement. The
table motion was then abruptly halted and the model allowed to perform free vibrations. An
interesting aspect of this test was the appearance of a beat phenomenon during the start-up of
these tests; these are at first sight unexpected but result from an interaction of the steady-state
response with the damped free vibration response at a very closely adjacent frequency. An
example of the beats is shown in Figure 5 showing time history of the longitudinal displace-
ment when the input frequency was 0.65 Hz, These beats eventually disappear but they per-
sist for a long enough period of time to make it necessary to take care in determining the final
steady-state displacements and accelerations when the input frequencies are close to reso-

nance.

Following these tests, steady-state harmonic tests at fixed table displacement over a fre-
quency range from 0.2 Hz to 2.8 Hz were carried out. These tests allowed the determination

of stiffness and damping at different strain ranges.
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Earthquake input tests were then carried out and in the first series of the tests both hor-
izontal and vertical signals were used. The purpose of these tests was to assess the influence of
vertical motion on the horizontal motion. Tests were run with a purely horizontal input,
purely. vertical input and the combination of the two. The El Centro 1940 NS record was

used for this test series at span setting that varied from {00 to 400.

It was found that when both horizontal and vertical signals were used the horizontal
response of the system was essentially identical to that when horizontal input alone was used.
It was determined that in all subsequent tests only horizontal signals would be used in order

to reduce the quantity of data to be collected.

An extensive series of horizontal earthquake input tests were carried out to investigate

the response of bridge deck on the plain rubber bearing systern. The signals used were
(1) El Centro 1940 N-S record

(2) ATC-3, Soil type 2, spectrum-compatible record [5]

(3) Caltrans spectrum-compatible record [6]

(4) Caltech Al artificial record

(5) Taft 1952 S69E record

(6) Parkfield 1966 N65E record

(7) Pacoima Dam 1971 S14W record

{8) San Francisco 1957 Golden Gate Park S80E record

The first five records are long-period records whereas the last three are short-period records.
The two spectrum-compatible records are derived by modifying the El Centro 1940 N-S signal

to produce a response spectrum consistent with the corresponding design spectrum.
The complete test program of horizontal only carthquake inputs for the plain rubber

bearing system is summarized in Table 2. Two basically different series, real time signals and

V2 time scaled signals, were used in the tests within the displacement capacity of the bearings.
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Since the center of mass of the model was quite low. it is possible to push the bearings
to the limit without fear of great damage to the model or to the shaking table as would be the
case if a tall frame model were being tested. The \3 time scaled El Centro 1940 NS signal at

span 750 was used to study the limiting displacement capacity of the isolation system.

3.4 Experimental Program of Lead-Filled Rubber Bearing System

Only earthquake signal inputs were used in testing the lead-filled rubber bearing system.
The first series of tests was to investigate the influence of vertical excitation on the horizontal
response of the lead-filled bearing system. Tests were run with a purely horizontal input,
purely vertical input and the combination of the two. The El Centro 1940 NS record was

used for this test series at spans varying from 100 1o 500,

The second series was the horizontal only excitation tests using different real time earth-
quake signals and 2 time-scaled earthquake signals. The complete test program for horizon-
tal only inputs is shown in Table 3. Mainly, the real time earthquake test used four real time
signals at different spans: Parkfield, El Centro and two spectrum-compatible El Centro type
signals with enhanced low frequency contents. The v2 time-scaled earthquake test included
six different time scaled signals, long period and short period, at span 750. The Caltrans sig-
nals at spans 630 and 800 were used in the limiting tests. The bearing system slid under the
excitation of span 650 input and under stronger signal, at span 800, the bearing system was

made to roll out.
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Chapter 4 TEST RESULTS OF PLAIN BEARING SYSTEM

In this chapter, the results of the various test routines for the plain rubber bearing sys-
tem will be described in detail. Each of the following sections will cover one of the test rou-

tines described in the previous chapter.

4.1 Results of Longitudinal and Torsional Pull-Back Tests

The maximum pull-back force that could be used was 6 kips (26.7 kN) producing a dis-
placement of roughly 1 in. (25.4 mm). Displacement and acceleration time histories were
recorded after release of pull-back tension. An example of the longitudinal displacement
record averaging channels 48 and 49 is shown in Figure 6. The corresponding acceleration,
the average of channels 42 and 43, is shown in Figure 7. The Fourier transform of the dis-

placement time history is shown in Figure 8 with a strong peak at 0.86 Hz.

Logarithmic decrement analysis

is used to obtain the damping factor 3 from successive cycles of the free vibrations as shown
in Table 4. It is clear that the damping factors decrease with decreasing strain. The strains
here are not large; at the maximum they are 19% and at small strains the data reduction
becomes very difficult due to the small difference between v,_; and v,. Over this range of
strain the average damping factor is about 6.9%. The frequency measured by length of timte
between peaks steadily increascs with decreasing strain from 0.80 Hz at 15% to 0.97 Hz at

0.3% strain.

The rotation of the bridge deck during the torsional pull-back test is shown by the
difference between channels 50 and 51 in Figure 9, and the acceleration computed from the
difference between 40 and 41 corresponding to these rotations is shown in Figure 10. The

Fourier transform of the rotation is shown in Figure 11 and indicates a strong peak frequency
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at 0.86 Hz and, from the logarithmic decrement averaged over the first five cycles, a damping

factor of 6.4%.

The frequencies in the longitudinal and torsional modes are practically the same, and it
might be expected that strong torsional lateral coupling would develop (after the central pin
was removed, of course). However, no torsional lateral coupling was evident during the tests,
nor could it be developed. The lack of torsional coupling is presumably due to the small
eccentricity between center of mass and center of stiffness and the damping available in the
bearings. An analysis of the phenomenon of torsional lateral coupling in base-isolated systems
is given in [7].

After considerable earthquake testing over a period of nine days these pull-back tests
were repeated to determine to what extent the response of the bearings had been changed by a
considerable history of deformation up to very large strains, up to a maximum of 131%.
Under the same 6 kips (26.7kN) pull-back force, the strain becomes 1.3 times the strain
obtained from the first pull-back test. That is, the bearing stiffness decreased after a consider-
able history of deformation, but the damping ratio remained almost the same even though the

strain has increased.

4.2 Decay Curves for Harmonic Input

Due to limitations in the force available for pull-back it was only possible to produce an
initial displacement of 1 in. (25.4 mm) corresponding a strain of less than 20%. In order to
develop higher starting strains in a logarithmic test, the system was set into motion by the
table at a frequency close to resonance, the table stopped and the displacement measured.
Using this technique initial displacements around 4 in, (102 mm) and strains above 70%

could achieved.

The time history of deck displacement after the table stopped is shown in Figure 12,
which shows the decrement of deck displacement in free vibration. Using logarithmic decre-

ment analysis the damping factor 8 obtained from successive cycles of the free vibrations is
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shown in Table 5. The range of the measured strain is from 70.6% to 1.9%. Over this range
of strain the average damping factor is about 6.4%. The frequency measured by length of
time between peaks steadily increases with decreasing strain from 0.63 Hz at 70.6% to 0.76
Hz at 1.9%. The damping factors obtained from the longitudinal pull-back test and the har-
monic decay test are plotted in Figure 13 versus logarithmic strain. Except some values
determined from the first cycle and at small strains, which create large errors, the damping
factors obtained from these two tests show a smooth variation with respect to the logarithmic

strain from 1% to 60%.

4.3 Test Results of Steady-State Sinusoidal Loading

Steady-state sinusoidal tests were carried out at frequencies from 0.2 Hz to 2.8 Hz. In
these tests purely horizontal input was used. The maximum shaking table displacement was
fixed at 0.35 in. (8.89 mm) and the resultant relative displacements and absolute accelerations
of the model recorded. As shown in Table 6, there are two sets of steady-state sinusoidal test.
The second set was carried out after the first set was finished. Even under the same excitation
frequency, the relative displacements of the second set were larger than those of the first set.
Since the rubber bearings had experienced a history of large deformations before the second
set of tests, the inconsistent results of these two test sets indicates that the rubber bearing can
memorize the experienced strain and the future behavior of the rubber bearing will be

affected by this memory.

The amplification factor, defined as the ratio of the maximum relative displacement of
model response to the maximum absolute displacement of table input, is listed in Table 6,
which indicates that the resonant frequency is roughly 0.7 Hz. Figure 14 compares the hys-
teresis loops under the frequencies, 0.65 Hz, 0.7 Hz and 0.8 Hz. The reduction in stiffness of
the bearing as a function of peak strain is very clear from these plots. The bearing stiffness
shown in Table 6 is calculated from the maximum shear force in the bearing divided by the

maximum relative displacement of deck. Based on these stiffnesses, the natural frequency of
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the base isolation system can be estimaied.

The nature of the rubber damping is more accurately modeled by using the so-called
hysteretic model of damping [8] where the shear stress 7 is related to the shear strain v

through

7=G(1+id8)y

in which G is the shear modulus and 6 is the loss factor. The damping force and the energy
loss per cycle of hysteretic damping are independent of the input frequency whereas those of
viscous damping are linearly dependent on the input frequency. The loss factor can be

estimated by measuring the area of the hysteresis loop using the formula

_ Area of Loop

’rfmax Y max

)

where f . and v, are the maximum force and maximum displacement in the loop. The
loss factors listed in Table 6 are from this equation. They have the same tendency as effective
stiffness to decrease with increasing maximum strain. The damping ratios are calculated from

the loss factors by the following equation
)
F=3q

where @ is the ratio of input frequency to natural frequency. High fluctuation in the damping
ratios, from 1.8% to 44.7%, indicates that the representation of the response by the conven-

tional model of linear viscous damping is not an accurate one.

For a linear hysteresis damping system, the theoretical amplification factor is equal to

92
V(1-02) + 4

Using the loss factor of 7.4%, obtained from the second set of test at the resonant frequency

0.7 Hz, the theoretical amplification factor at resonancy, —;, should be equal to 13.5. How-

ever, as shown in Table 6, the amplification factor at 0.7 Hz is only 9.85. For the small loss
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factor, the amplification factor in the above equation is very sensitive to slight changes in fre-
quency near resonance. The Fourier spectrum of input displacement record at 0.7 Hz shows
that the real input frequency is 0.68 Hz. Using this real input frequency, the theoretical
amplification factor calculated from the above equation is 10.1, which is very close to the
experimental result 9.85. The curve of theoretical amplification factor based on a linear
model with natural frequency 0.7 Hz and loss factor 9% is plotted in Figure 15, along with the
experimental results of Table 6, Because of the nonlinear stiffness of the rubber bearing, the
experimental results for low amplification factors tend to shift towards the curve of higher

natural frequency.

4.4 Influence of Vertical Excitation

The natural frequency of the system in purely vertical input was found to be 7.8 Hz
corresponding to a vertical stiffness of 150 kip/in. (26.3 MN/m) for a single bearing. The
results for the El Centro signal at span settings of 100 to 400 for horizont_al only, vertical only
and horizontal and vertical combined are given in Table 7. The results show that the horizon-
tal accelerations when both signals are used do not differ greatly from those for horizontal
input only and the vertical accelerations for vertical loading only are similarly unaffected by
simultaneous horizontal input. This lack of cross coupling between horizontal and vertical
loading justified the subsequent restriction to horizontal input only to limit the amount of

data to be collected.

There is in fact a high degree of inconsistency in the table input. The peak horizontal
table acceleration, when both inputs are combined, is not the same as when horizontal input

only is used.
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4.5 Results of Horizontal Real-Time Earthquake Tests

The test results of four real time signals, Parkfield, EI Centro and two artificial El Centro
type signals with enhanced low-frequency components, are given in Table 8. The peak
accelerations, peak displacements and bearing forces are tabulated with peak table values and
the corresponding reduction factors for acceleration and amplification factors for displace-
ment. The ratio of peak bearing force to peak displacement is also shown to provide an esti-
mate of the bearing stiffness during the test. The tests were carried ount at various span set-
tings.

The results for the El Centro and the two El Centro type artificial inputs are substan-
tially the same with the artificial signals (ATC-3 and Caltrans) producing more accelerations
in the model and larger displacements than the real signal (El Centro). This is to be expected
since the artificial records are obtained from the El Centro record by enhancement of the
lower frequency components. The largest relative displacement measured at the bearings was
during the ATC-3 at span 400, and was 6.88 in. (175 mm), corresponding to a strain of 131%
and a displacement that is 86% of the bearing width. The force displacement curve for the
bearing during this test is shown in Figure 16. The characteristic behavior of the bearing at

these large displacements is shown, This will be treated in detail later.

The results for the Parkfield signal are significantly higher for the same span than for the
other three input signals. For example, comparing the results for Parkfield at span 300 with
the most severe of the other three, namely ATC-3 at span 300, they have the same peak table
displacement of around 1.5 in. (38.1 mm) but the deck relative horizontal displacement is 5.0
in. (127 mm) for Parkfield and 4.6 in. (117 mm) for ATC-3. The peak table acceleration of
Parkfield at span 300 is 0.227g and the deck acceleration 0.184g, a reduction of only 0.81.
For ATC-3, we have 0.251g and 0.173g, a reduction of 0.69. The Parkfield is a relatively
short duration signal with a large acceleration pulse at the beginning of the signal. The
response spectrum has a substantial peak at 0.6 Hz which is the frequency of the isolated sys-

tem so that the severity of the results is not unexpected. This earthquake had a magnitude of
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5.6 Richter and occurred on the San Andreas fault. The acceleration was recorded 200 feet

from the fault trace on alluvial soil overlying rock roughly 100-200 feet below.

As an example of the response of the system to these inputs, Figure 17 shows the table
acceleration and model acceleration of ATC-3 at span 400. The corresponding displacements
are shown in Figure 18 and the Fourier transforms of table acceleration and model accelera-

tion in Figure 19,

To iliustrate the action of the isolation system with increasing earthquake intensity we
plot the ratios of model to table acceleration and model relative displacement to table dis-
placement and the bearing stiffness in Figure 20, These are shown for the El Centro input
and represent results for two sets of input, one set of tests done before the skew tests were
carried out and one set after the skew tests. The stiﬁ‘ﬁess of the bearings was somewhat
reduced in the later set since they had undergone a very extensive amount of work, The dis-
placement ratio increases with increasing span and the acceleration decreases and there is, as
indicated in other tests, a reduction in stiffness with increasing span and thus increasing shear

strain in the elastomer.

4.6 Results of Horizontal Time-Scaled Earthquake Tests

Since the time scaled earthquakes can be used to predict the response of full scale struc-
tural systems, the results of this test series can be used for bridge decks roughly twice the size
of the experimental model. The resuits of these tests are summarized in Table 9 in which
peak relative displacements and peak deck accelerations are listed and compared to the table
values. The isolation system reduces the accelerations by a factor which varies from 0.679 for
the Caltech signal (a long duration record) to 0.109 for the San Francisco signal (a short dura-
tion signal). The average reduction factor is 0.331 over all six records. The relative displace-
ments experienced by the bearings are, with the exception of the San Francisco record, larger
than the absolute displacements of the table, with the maximum amplification factor being

that for the Et Centro record at [.838. The average amplification factor is 1.291. The
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reduction of displacement which occurs in the San Francisco record is somewhat unexpected
but reference to the displacement and acceleration time histories Figures 21 and 22 show that
very high accelerations occur very early in the signal with high-frequency components and
negligible displacements and the large displacements which occur in this record are produced
by low-frequency displacement pulses having a period of around six seconds. Thus for
acceleration the isolation system is a low-frequency system and attenuates it and for displace-
ment the system is a high-frequency system and rides with the ground motion producing

small relative displacements.

The measured peak forces in the bearings divided by measured peak displacements are
also shown in Table 9, providing an estimate of the effective stiffness of the bearings under
the transient loading. This varied from 0.9 kips/in. (0.}158 MN/m) to 1.3 kipsfin. (0.228

MN/m) indicating the non-linearity of the system.

In this case the Parkfieid record is no longer the most severe input, reflecting the fact
that Parkfield has energy in a limited frequency ratio and time scaling moves this away from
the resonant range of the system, whereas El Centro with a wide band of frequencies with
high energy continues to be a severe input to the system. The maximum displacement under
El Centro input was 6.91 inches which represents a shear strain of 132% and a displacement
of 86% of the width of the bearing. The hysteresis loop for the whole system under this load-
ing is shown in Figure 23 where the instability of the bearing is seen. The force displacement
curve is diminishing, indicating incipient roll-out of the bearing. The dynamics of the situa-
tion at that instant are such that the bearing can recover without damage. A detailed analysis

of the roil-out behavior of the bearings will be given in a following section.

Another demonstration of the non-lincar response of this system is shown in Figure 24
where the hysteresis loops of the first few cycles of response to the Pacoima Dam record are
shown. The loops are averaged over all four bearings. The initial response has a stiffness of
1.77 kips/in. (0.31 MN/m), 7.08 kips/in. (1.24 MN/m) for the system, and after one cycle the

stiffness drops to | kip/in. (0.175 MN/m), 4 kips/in. (0.7 MN/m) for the system. The
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maximum strain on the first cycle is 6% and on the second 84%.
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Chapter 5 TEST RESULTS OF LEAD-FILLED BEARING SYSTEM

In this chapter, the results of the test routines for the lead-filled rubber bearing system
will be described in detail. Real-time carthquake inputs and V2 time-scaled earthquake inputs
are the two test series carried out on the lead-filled rubber bearing system. These test results

will be compared with those of the plain rubber bearing system.

5.1 Influence of Vertical Excitation

The natural frequency of the system for the vertical vibration mode was found to be 11
Hz corresponding to a vertical stiffness of 300 kips/in. (52.5 MN/m) for a single bearing. Due
to the insertion of lead plug, the vertical stiffness of the lead-filled bearing is twice that of the
plain bearing. To investigate the influence of vertical excitation on the horizontal motion of
the bridge deck with the lead-filled bearing system, a series of tests for the El Centro real-time
signal at spans varying from 100 to 500 for horizontal only, vertical only and horizontal and

vertical combined were carried out and the results of test are given in Table 10.

The results show that the horizontal accelerations when both horizontal and vertical sig-
nals are used do not differ greatly from those for horizontal input only. Similarly, the vertical
accelerations are almost unaffected by the excitation of vertical loading only or simultaneous
horizontal and vertical inputs. Similar results were found for the plain bearing sysiem. This
uncoupled response between horizontal and vertical loading suggests that the later earthquake

input tests could be horizontal input only to limit the amount of data to be collected.

5.2 Results of Horizontal Real-Time Earthquake Tests

The test results of four real-time signals at different spans are shown in Table 11. These
four real-time signals are Parkfield, El Centro, ATC-3 and Caltrans, where the last two are
artificial El Centro type signals with enhanced low-frequency components. This table shows

the peak displacements and peak acceleration of the shaking table input and the measured
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response of the bridge deck. The corresponding reduction factors for acceleration and
amplification factors for displacement are computed from the ratio of the bridge deck
response to the shaking table input. Also shown is the peak shear force measured in a single
bearing and the ratios of peak bearing force to peak displacement to provide an estimate of

the bearing stiffness during the test.

The results for the Parkfield, ATC-3 and Caltrans inputs are substantially the same
whereas the result for the El Centro input is completely different. For the same span, the El
Centro signal has a much higher input acceleration than the other three signals, but produces
less relative deformation of the deck and only slightly higher deck acceleration. The El Cen-
tro signal thus has smaller amplification factor for displacement and reduction factor for
acceleration. For example, comparing the results at span 400, the deck relative displacement
for El Centro is 3.06 in. {(77.7 mm) whereas it is between 3.75 in. (95.3 mm) and 4.00 in, (102
mm) for the other three inputs. The deck acceleration for El Centro, 0.245g, is almost the
same as that of the other three, from 0.238g to 0.241g, but the input acceleration of El Centro
is 0.509g which is much higher than the other three signals, varying from 0.302g to 0.315g.
Thus, the amplification factor of displacement for El Centro, 1.514, is lower than the average
of the other three, 1.887, and the reduction factor of acceleration for El Centro, 0.481, is
lower than the average of the other three, 0.777. The smaller response for the El Centro sig-
nal is expected because the three other signals -- Parkfield, ATC-3 and Caltrans -- have con-

siderable lower frequency energy which is severe to the base isolation system,

The other main difference of the test results between the El Centro input and the other
three inputs shown in Table 11 is the variation of isolation effect with increasing span. For
the El Centro signal, the reduction factors of acceleration decrease with increasing span but
the amplification factors of displacement remain almost the same. This implies that the effect
of the lead-filled rubber bearing system on the protection of bridge deck increases when the
intensity of the El Centro input signal increases. However, the opposite effect occurs with the

other three signals, for which both the amplification factor of displacement and the reduction
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factor of acceleration increase with increasing input intensity.

The relation between the shear force and shear deformation of the lead-filied rubber
bearing during the ATC-3 test at span 400 is shown in Figure 25. This relation is approxi-
mately bilinear. For small excitation, the lead plug does not yield and confers high stiffness
on the bearing. As the intensity of the motion increases, the lead plug yields and the stiffness
of the bearing drops to that produced by the rubber. Large hysteresis loops are formed due to
yielding of the lead and dissipate more energy than the plain rubber bearing. The
phenomenon of stiffness hardening is illustrated in Figure 25. At the lead yielding stage,
when the bearing has returned to its undeformed shape and is moving to the opposite side,
the stiffness of bearing is found to increase slightly. This stiffness hardening will reduce the

isolation effect of lead-filled rubber bearing.

As an example of the response of the system to these real-time inputs, the displacement
time history of bridge deck response under the excitation of the ATC-3 signal at span 400 is
shown in Figure 26. The corresponding acceleration time history is plotted in Figure 27, and
the Fourier response spectrum of this acceleration time history in Figure 28. Unlike the plain
bearing case, the Fourier spectrum does not have a concentrated frequency content near the

natural frequency.

5.3 Results of Horizontal Time-Scaled Earthquake Tests

The results of the v2 time-scaled earthquake tests are summarized in Table 12 in which
peak relative displacements and peak accelerations of bridge deck are listed and compared to
the table input values. Since the bridge deck model is approximately one-half scale of the
prototype, the acceleration response of the v2 time-scaled earthquake tests can be used to
predict the response of the full-scale structure. The isolation system reduced the accelerations
by a factor which varied from 0.713 for the Caltech signal (a long duration record) to 0.200
for the San Francisco signal (a short duration signal). The average reduction factor was 0.532

over all six records. The relative displacements experienced by the lead-filled rubber bearing
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are smaller than the absolute displacements of the table input. The average displacement

ratio was 0.747.

The measured peak shear forces in the single lead-filled bearings divided by measured
peak displacements shown in Table 12 provide an estimate of the effective stiffness of the
bearings under the transient loading. This varied from 2.0 kips/in. (0.35 MN/m) to 2.7

kips/in. (0.473 MN/m).

5.4 Comparison between Plain and Lead-Filled Systems

- The amplification factor of displacement and the reduction factor of acceleration for the
plain and lead-filled bearing system are compared in Table 13 for the four real-time earth-
quake inputs at different spans, as are the ratios of the lead-filled bearing values to the plain
bearing values. The ratios of the displacement amplification factor vary from 0.43 to 0.75
with an average of 0.58. The ratios of the acceleration reduction factor vary from 0.80 to
1.22 with an average of 1.06. This indicates that, while the lead plug insert can reduce the
relative displacement of the bridge deck, acceleration response will remain nearly the same.
However, the acceleration response of real-time earthquake inputs represents the response of
the size of the model, which can not be applied to predict the response of a full-scale struc-

ture.

The results for the six V2 time-scaled signal at span 750 are compared in Table 14. The
ratios of the displacement amplification facto; vary from 0.35 to 1.10 and have an average of
0.67. The ratios of the acceleration reduction factor vary from .87 to 1.83 with an average
of 1.35, This shows that, although the lead plug can reduce displacement response by one-
third, it also increases acceleration response by one-third, Although the lead-filled rubber
bearing can reduce the relative displacements of the bridge deck, this resuction is at the cost

of increased deck accelerations.

The vertical acceleration responses of the plain and lead-filled bearing systems are com-

pared in Table 15 for the El Centro vertical only real-time signal at spans varied from 100 to
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400. The ratios of the deck response acceleration to the table input acceleration shown in
Table 15 indicate that the amplification factor of vertical acceleration for the plain bearing
system, with an average of 1.66, is larger than that for the lead-filled bearing system, with an

average of 1.20.
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Chapter 6 PARAMETER IDENTIFICATION ROUTINE

6.1 Parameter Identification for Linear Viscous Model

Since the bridge deck model has a uniformly distributed dead load and is excited in the
longitudinal direction, lateral or torsional vibrations will be negligible. Thus, the entire sys-
tem can be idealized as a single degree-of-freedom system. There are considerable advantages
in analysis and design to modeling the base isolation system as a linear viscously damped sys-
tem. The natural frequency and the damping ratio are then the only two parameters needed
to describe the model. If these two parameters are identified from the experimental results of
the base isolation system, the mode! they describe should simulate the real system. Also from
these identified parameters, the extent to which the real system differs from the ideal model

can be estimated.

To obtain the parameters for each test, the response spectrum of the table input is calcu-
lated for a range of frequency and a range of damping ratio which are around the identified
values. The maximum acceleration and maximum displacement for each frequency and
damping ratio are used as two coordinates, The contour plots of constant damping ratios at
varying frequencies and those of constant frequencies with different damping ratios form two
sets of intersecting curves. This produces a network the intersections of which represent the
maximum displacement and maximum acceleration for a specific frequency and a specific
damping ratio as shown in Figure 29, the example for the Parkficld time-scaled signal at span
750. This response network has twenty frequencies, from .35 Hz to 1.30 Hz with an interval
of 0.05 Hz, and four damping ratios, 3%, 5%, 7% and 9%. The actual experimental results for
this signal were 4.99 in. (178 mm) peak displacement and 0.177g peak acceleration. When
these results are plotted on Figure 29, the estimated frequency is 0.60 Hz and the damping
ratio is 5%. By this response network approach, the effective frequency and damping ratio are
determined by satisfying the following two conditions: the maximum displacement and max-

imum acceleration of the linear viscous model are the same as those in the real base isolation
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system.

6.2 Parameter ldentification of Plain Rubber Bearing

This identification procedure has been carried out on the plain rubber bearing system
for the thirteen real-time and time-scaled signals. The results, namely effective frequencies,
damping ratios and the effective stiffness of a bearing derived from the effective frequency,
are shown in Table 16. The large variation of effective stiffness and damping ratio indicates
that the real system is far from the linear viscous model. There is a tendency for the effective
stiffness to decrease when the maximum strain increases. This is consistent with the observa-
tion in the steady state sinusoidal tests mentioned in section 4.3. However, damping ratios
fluctuate too much, from 2% to 10%. Since the rubber damping is more accurately modeled
using the hysteretic model of damping illustrated in section 4.3, the loss factors are also listed
in Table 16, which are measured from the largest loop of each test as shown in Figures 16, 23
and 24. They tend, as does the effective stiffness, to decrease with increasing maximum

strain.

The actual experimental response and the computed model responses based on these
values of effective frequency and damping ratio are compared in Figures 30, 31 and 32 for the
El Centro, Parkfield and Pacoima Dam time-scaled signals at span 750. These time history
plots show that the maximum response is well fitted, but away from the maximum peak the
actual response and the computed response differ, the differences being in the rapidity with
wﬁich the response dies away. At lower displacements the effective damping of the system is
underestimated due to the nature of damping in rubber-like materials. In contrast to the
idealized linear viscous model, the damping in rubber is independent of frequency. Thus
selecting the damping factor on the basis of the low effective frequencies and the large strains
at peak displacement has the effect of underestimating the damping at the smaller strains and

the higher effective frequencies away from the peak response.
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The stiffness of a single plain rubber bearing as estimated from the parameter
identification routine for the earthquake input tests is plotted in Figure 33 as a function of
maximum strain. This figure also shows the stiffness as calculated from the steady-state
sinusoidal tests. The sinusoidal tests cover a smaller maximum strain whereas the earthquake
tests cover a range of strain up to 141%. The results from these two types of test are seen to
be mutually consistent which suggests that results of steady-state sinusoidal tests can be used
to infer the peak response values under transient loading. When the least squares method is
used to fit these data, an approximate functional relationship between the shear stiffness K,

and the maximum strain €,,,, can be calculated by the expression

Ky = 0.894 — 0.790 108 €na

in which the unit of shear stiffness is kip/in. This function is plotted in Figure 33 and seen to
fit the experimental results very well. It should be noted that this equation does not show the
relationship between shear force and shear strain. It only indicates the rule that the stiffness
will change if the maximum strains in deformation cycles differ. The hysteresis loops shown

in Figures 23 and 24 reveal that the stiffness during a deformation cycle remains constant,

The variation of loss factors, measured in the sinusoidal and earthquake tests, with
respect to maximum strain is shown in Figure 34. The result of fitting these data by a curve

of the form

8 = 0.894 — 0.79010g ey

is also shown in the figure. This equation indicates that the loss factor decreases with increas-

ing maximum strain.

These properties of reducing stiffness and high internal damping make the plain rubber
bearing the most suitable mechanism for the earthquake protection of buildings. The shear
stiffness of these bearings is high at the low displacement amplitudes associated with wind

loading and low at the much larger displacements associated with earthquake excitation.
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6.3 Parameter Identification of Lead-Filled Rubber Bearing

Although the behavior of lead-filled rubber bearing can be closely represented by a bil-
inear model, any nonlinear approach requires considerable computational effort. This section
will describe a correlation study between the lead-filled rubber bearing and the linear viscous
model, which is the simplest modeli in structural dynamics. The parameter identification rou-

tine described in section 6.1 will be applied to find the equivalent best linear viscous model.

The parameter identification procedure has been carried out on the lead-filled rubber
bearing system for the twelve real-time and time-scaled signals. The results, namely effective
frequencies, damping ratios and the effective stiffness of a single bearing derived from the
effective frequency, are shown in Table 17. The actual experimental responses and the com-
puted model responses based on these parameters are compared in Figures 35, 36 and 37 for
the El Centro, Parkfield and Pacoima Dam time-scaled signals at span 750. These time his-
tory plots show that the maximum response is well ﬁtFed and also that the peak values are
achieved at very nearly the same times as in the experiments, but the computed response of
the cycles after the maximum peak differs from the actual response. The differences arise
because the hysteresis loop of the lead-filled rubber bearing at peak displacement is greater
than that of the linear viscous model. At peak response, more energy is dissipated in the
actual bearing so that after the peak the response of the linear viscous model is greater than

the actual response.

Distributions of the identified effective stiffness and damping ratio with respect to the
maximum strain are shown in Figures 38 and 39. The following two equations approximately

fit these data

Ky = 2.924 - 1.686 mpay

and

£ = 0.1398 - 0.0221 gy
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where the unit of effective shear stiffness K, is kip/in. With these two formulae, the linear
viscous model can be applied to predict the response of lead-filled rubber bearings at different

maximum strain levels.

6.4 Influence of Earthquake on Response of Isolation Systems

It can be seen that the effective stiffness and damping ratio of the lead-filled rubber bear-
ing are highef than those of the plain rubber bearing. In general, the plain rubber bearing
produces lower acceleration and larger displacement responses, and the lead-filled rubber
bearing can be expected to decrease displacement response because of higher damping, but
also due to greater stiffness to increase slightly the acceleration response. However, this is not
always true. Figures 40 to 45 show the response networks, described in the section 6.1, of six
different time-scaled signals at span 750. Networks with coarse subdivisions are plotted so
that the responses of plain and lead-filled rubber bearing can be shown in the same figure. As
shown in Figures 40 and 41, the lead-filled bearing is the best isolation system for earthquakes
such as the El Centro and Caltech Al, because the displacement response is tremendously
decreased while the acceleration response remains nearly the same. For the earthquakes such
as Taft and Parkfield, shown in Figures 42 and 43, the lead-filled bearing is less efficient, The
advantage of reduced displacement is achieved at the cost of increased acceleration. For
types of earthquake such as Pacoima Dam and San Francisco, the plain bearing is more
attractive than the lead-filled bearing. Greatly increased acceleration and slightly decreased
displacement response is found for the lead-filled bearing excited by the Pacoima Dam record
as shown Figure 44. For the San Francisco earthquake, shown in Figure 45, the displacement
and acceleration responses of the lead-filled bearing are all higher than those of the plain bear-
ing. This result for the Pacoima Dam record was earlier reported when a five-story steel

frame was tested in the large-scaled shaking table with lead-filled rubber bearings [4].
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Chapter 7 LIMIT RESPONSE OF BASE ISOLATION SYSTEMS

7.1 Limit State of Rubber Bearing Deformation

In order to study the limiting displacement capacity of the base isolation system, the
bridge deck model was subjected to large seismic inputs that would exceed the displacement
capacity of bearings. In this section, the possible failure modes when a bearing arrives at its
limit state will be investigated. Then, experimental results for the plain and lead-filled bear-

ings will be given in the following sections.

As shown in Chapter 2, the bearings are not attached to the load cells below or the
bridge deck above. They are keyed to each by dowels which can transmit shear but no ten-
sion, a design that ensures that no tensile stresses can be induced in the bearings. When a
bearing is under lateral force and vertical load, a moment is developed at the top and bottom
surfaces. Since no tension can be developed at the top or bottom surfaces, this moment can
only be provided by a shifting of the resultant vertical load, P, as shown in Figure 46. The

equilibrium state for a bearing with height 4 and width & can be described by

Vh=Pd

where V is the resultant shear force developed at the top and bottom surfaces and 4 is the
arm of the resultant vertical forces. When the lateral displacement, 5, increases, the increas-
ing shear force ¥ must be balanced by enlarging the arm, ¢, requiring the resultant vertical
forces to move toward the edges and the contact stresses to increase. There is a limit to the
extent that the resultant vertical forces acting on the top and bottom surfaces can be moved
and this is reached when they are concentrated at the edges of the 5earing as shown in Figure

47. Equilibrium at this point requires that

Vh=P(b-34)

This equation shows that the shear force will decrease if the shear deformation increases and

indicates that the bearing becomes unstabie at this limit state. As shown in Figure 48, a plot
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of this limit state equation on a plot of lateral force ¥ as a function of lateral displacement 5
for different vertical loads P produces a set of downward sloping lines from V=Pb/h at 6=0
to V=0 at é=b. If the lateral deformation is greater than b, the bearing will roll out under

even the smallest value of V.

When the lateral deformation of the bearing increases, the bending of the steel plates on
the bearing induces openings on the top and bottom surfaces. If this opening is large, the
dowels will leave the holes and no longer transmit shear. In this situation, the shear force is
taken by the friction force developing on the top and bottom surfaces which can be expressed

as

where p is the friction coefficient. If the shear force is larger than V7, there will be a lateral

slide movement between the deck and bearing or between the bearing and load cell.

There are thus two kinds of failure mode as shown in Figure 49. For plain bearings
with lower stiffness in which the developed shear force is smaller than V; when the lateral
deformation reaches the limit state, the response of the bearing follows the limit state curve
and the bearing rolls out. For the higher stiffness bearing in which the developed shear force
is larger than V, and the shear key does not work, the bearing will slide and the shear force in
the bearing will suddenly be released. These failure modes have been found in the shaking
table tests. Only roll-out was found in testing of the plain bearing system whereas both roll-

out and sliding occurred with the lead-filled bearings.

7.2 Limit Response of Plain Rubber Bearing

For the plain rubber bearing, the elastic force-displacement curve can be expressed as

F=K,7

where K, is the horizontal stiffness of the plain rubber bearing. This ascending curve will

intersect the descending curve for the limit state at the critical point which Ilateral
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deformation is given by

b

ac:———————
h
1+KhP

In other words, the plain rubber bearing becomes unstable when the lateral deformation is
greater than 6,. In these experiments, a bearing has a height of 7.5 in. (179 mm) and a width
of 8 in. {203 mm). The vertical loading on each bearing is approximately 24 kips (107 kN)
and the horizontal stiffness is around 1 kip/in. (0.175 MN/m). So that the critical deforma-

tion &, is about 6.1 in. (155 mm).

Roll-out took place when the experimental model was horizontally excited by the V3
time-scaled El Centro signal at span 750. The force-displacement curves shown in Figure 50
indicates instability occurs at 6.1 in, (155 mm). The curve approaching roll-out is the same

as the predicted curve shown in Figure 49 except for a rounding near the critical deformation.

In the tests there were several examples of instability which did not lead to roll-out. An
example of a case where the bearings went beyond the point of instability but did not roll out
is shown Figure 16. In this case of the real time ATC-3 signal at span 400, the maximum dis-
placement was 7.42 in. (188 mm). The displacement at which the forcé—displacement curve
becomes negative is 6.2 in. ({157 mm). In other cases where instability occurred but no roll-
out happened, the point of instability is in the range 6.0 to 6.2 in. (152 to 157 mm). It is
interesting to look at the time histories of displacement, acceleration and shear force in this
situation. These are shown on the same plot in Figure 51. When the displacement is small,
all three graphs are clearly linearly related but when the displacement is close to 6.0 in. (152
mm) the shear force diagram drops and the acceleration also drops but an additional high-
frequency acceleration appears. It is clear that in this case the bearings must have lifted up

out of their dowels and, when they rolled back in, some impact effects were produced.

These results indicate that the approximate analysis, although based as it is only on a

limiting equilibrium concept, seems to be a good indication of the onset of instability in the
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bearings. Thus the formula for the critical value of relative displacement, §,, can be used as
an ultimate design rule for roll-out of the bearing. It will be a conservative estimate for the
limiting displacement, since the results show that it is only the displacement at which roll-out
could happen but not necessarily that it will happen. In the course of the testing program, the
bearing weré subjected to displacements in excess of 6.1 in. (153 mm) in 4 runs without roll-
out and, in the one instance that roll-out occurred, the predicted peak displacement on the
basis of elastic analysis was around 8 in. (203 mm). These results show that the design of the

bearings for maximum displacement can be approached with confidence.

7.3 Limit Response of Lead-Filled Rubber Bearings

In the tests of lead-filled bearing system, there were two examples in which the lateral
deformation exceeded the limit displacement capacity of the bearings, one of which, excited
by the real-time Caltrans signal at span 650, to a slide and the other to a roll-out, the input

being the same signal at span 800.

The displacement time history of deck response in the case of span 650 is shown in Fig-
ure 52. Two of four bearings actually developed a slide as shown in Figure 53, The isolation
system was still working after the slide but left the bridge deck model with about 2 in. {(50.8
mm) permanent set. The relation between the deck deformation and the shear force meas-
ured on the load cell of the slide bearing is plotted in Figure 54. The shear force reached a
maximum value of 9.5 kips (42.3 kN) and was then suddenly released because the friction can
not support such a large shear force. Figure 55 shows the force-displacement curve on the
bearing which did not slide. Due to the permanent set, this bearing had a residual force

which was opposite in sign to the residual force in the bearing which slipped.

The force-displacement curve in the case of roll-out is shown in Figure 56. The max-
imum shear force is 8 kips (35.6 kN), which i1s smaller than 9.5 kips (42.3 kN) in the slide
case. The critical deformation is about 5 in. (127 mm). Since the stiffness of lead-filied bear-

ing is higher than that of plain bearing, it is to be expected that this critical displacement will
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be smaller than that for the plain bearing, 6.1 in. {155 mm). Figure 57 shows the shape of
bearing at large deformation where gaps at the top and bottom surfaces of bearing can been

seen.
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Chapter 8§ CONCLUSIONS

In all previous shake table testing of base-isolated models it has been necessary due to
scaling to use rubber isolators with fairly soft rubbers. These rubbers would not be practical
for actual application to full-scale systems where filled rubber would be used. In this test
series because of the use of a bridge deck as the structural system to be modeled it has been
possible to increase the mass of the model to the extent that a more realistic filled rubber
material could be used in the isolaters. In earlier tests the structural response of the isolated
system and the dynamic response of flexible attachments were important aspects of the study,
but in the present tests these were omitted by using a model that behaved as a rigid block on

the isolation system,

The advantage of this is that it is possible to study the performance of an isolation sys-
tem on a reasonably well-filled rubber. In this case the rubber contained 25 parts of carbon
per 100 parts of natural rubber. This is a lightly filled rubber compound but it does have a
low strain shear modulus which much higher than the modulus at large shear strain. The
implication of this for seismic protection systems is that the resistance to wind load of the
isolation system is provided by the high shear modulus at low strains and the flexibility
desired under earthquake loading is provided‘ by the lower large strain modulus. The ratio of
the two moduli in the compound used here is around 3. For a full-scale system where a more
highly filled rubber would be used this ratio would rise to at least 5 and possibly more. The
results also show that the drop in the value of the modulus with strain is very rapid and takes
place mainly in the range 2% to 10% strain. The modulus changes less rapidly for strains
greater than 10% and thus an isolation system could be designed for seismic loading at least

in the preliminary design stage as if it were a linear elastic system.

These conclusions of course apply only to the bearings not having the central lead plug.
When the lead plug is present in the bearings the lead behavior dominates the rubber and

wind resistance 1s provided entirely by the lead. Under large seismic loading when the lead
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yields the rubber provides an elastic restoring force bu’t the energy dissipation is also dom-
inated by the lead. The lead plug bearings were extremely effective in limiting the displace-
ments experienced by the bridge deck model. For real time input signals, that is, treating the
twenty-foot model as a full-scale structure, the system with lead plugs reduced the displace-
ments as compared to the plain bearing system. The range of the reduction was to between
25% and 50%. For these real time signals the reductions were not achieved at the expense of
increased accelerations since the accelerations on the filled bearings were generally about the
same as those on the plain bearings, exceeding them in only few instances and by no more

than 20%.

These results indicate that the use of lead plugs is highly effective for bridge structures,
reducing displacements with minimal increases in acceleration. The high-frequency actions
which have been observed in previous lead-plug system testing will have no effect on a bridge
superstructure. It is essential not to overstate the case on this point since the earthquake
inputs used in the real time tests were low-frequency earthquake El Centro and Parkfield and
the two artificial earthquakes were specially enhanced low-frequency signals. The presence of
the lead plug increases the effective frequency for the system from roughly 0.5 Hz to close to
1.0 Hz and much of the effect may be due to period shift rather than energy dissipation.
Nevertheless all four earthquakes conform in their frequency content to design spectra recom-
mended for highway bridge design and the resuits are therefore of particular interest to

seismic design of bridges.

When we compare the plain bearing system with the lead-plug system for the time-scaled
earthquake input, that is treating the model as a part of a real building and neglecting the
structural vibrations of the building, the results are more evenly balanced between the sys-
tems. Over the range of the input signals reduction in displacement is achieved at the
expense of a commensurate increase in accelerations. The exceptions are the El Centro
record where the lead system is clearly superior and the Pacoima Dam and San Francisco

records where the plain bearing system is clearly superior. The implications of these results to
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building design are somewhat unfortunate since the choice between the two systems is not

clear.

The inclusion of a lead plug in the elastomeric bearing incurs increased costs and other
technical problems such as damage to the rubber/steel bond, bending of the steel reinforcing
plates and loss of energy dissipation capacity by ovalling of the plug. These problems can be
addressed and more elaborate designs of lead-plug system than that used here and the replace-
ment of the lead by other substances have been developed. However, if the simplest system is
desired and the displacements predicted by the design spectrum for the site are zicceptable,
then a plain bearing is probably the better choice. If, as in bridges, displacements must be
controlled, then the extra cost and complications are jﬁstiﬁed and the lead-plug system would

be the better choice.

The pfediction of the displacement capacity of an isolation system has been an impor-
tant question since these systems were first considered. The results of this test series show
that a very simple formula can be used to predict the roll-out of the bearing system. This sug-
gests that, at least at the present time, it is advantageous to use the doweled system to connect
the bearings to the foundation and to the superstructure. The alternative of firmly bolting the
bearings to upper and lower sole plates will produce a failure mechanism involving cavitation
in the rubber. The displacement may be larger in some cases than when doweled, but the
limit state is governed by a very imprecisely predictable mechanism and the reliability of a
predicted limit cannot be great. The roll-out mechanism on the other hand is governed by a
simple static analysis which can provide a prediction with high reliability. It further shows
that the limit displacement can be increased by increasing the size of the bearings while hold-
ing the bearing pressure constant or by increasing the bearing pressure while maintaining the
same size of bearing. The possibility of sliding of the bearings prior to roll-out, which is a

possibility in the lead-plug system, can be avoided by the use of longer dowels.

A high-frequency vibration generated by the dowels when they move in and out of the

dowel holes will not be a problem in bridges and most building structures. It could be a
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problem in nuclear systems but would not occur until the earthquake input exceeded the safe

shut-down earthquake (SSE) level.

A final conclusion is that the method of parameter identification proposed here and
tested by correlation with time history analysis is a highly effective one for the bearing system
using lead plugs. The fact that it is not so effective for the plain bearing system which is less
nonlinear than the other system is surprising and further study of why this should be so is
warranted. It is worth noting that, when time hiétory computations are carried out with the
parameters obtained by the identification procedure, the peak values of acceleration and dis-
placement are obtained at the correct time as given by the experiments. This is not a neces-
sary result of the parameter identification procedure but confirms that it is an accurate

method for linearization of the non-linear system.

In all, the test series has provided a great amount of information on the response of iso-
lation systems. The conclusions given here pertain only to the non-skew bridge deck model

and results for the skewed system await future publication.
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Channel Title Measurement Direction
28 SHEAR 1EW | bearing shear force longitudinal
29 SHEAR 2EW | bearing shear force longitudinal
30 SHEAR 3EW | bearing shear force longitudinal
31 SHEAR 4EW | bearing shear force longitudinal
32 SHEAR INS | bearing shear force transverse
33 SHEAR 2NS | bearing shear force transverse
34 SHEAR 3NS | bearing shear force transverse
35 SHEAR 4NS | bearing shear force transverse
36 AXIAL 1 bearing axial force vertical
37 AXIAL 2 bearing axial force vertical
38 AXIAL 3 bearing axial force vertical
39 AXIAL 4 bearing axial force vertical
40 ACC 1 deck acceleration transverse
41 ACC 2 deck acceleration transverse
42 ACC 3 deck acceleration longitudinal
43 ACC 4 deck acceleration longitudinal
44 ACCS deck acceleration vertical
45 ACC 6 deck acceleration vertical
46 ACC 7 deck acceleration vertical
47 ACC 8 deck acceleration vertical
48 POT | deck relative displacement | longitudinal
49 POT 2 deck relative displacement | longitudinal
50 POT 3 deck relative displacement | transverse
51 POT 4 deck relative displacement | transverse
52 POT 5 deck relative displacement | vertical
53 POT 6 deck relative displacement | vertical
54 POT 7 deck relative displacement | vertical
55 POT § deck relative displacement | vertical

Table |

List of Instrumentation
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SERIES INPUT RECORDS HORIZONTAL SPANS
real time Parkfield 100 150 200 300
El Centro 100 200 300 400 450
ATC-3 100 150 200 300 350 400
Caltrans 100 200 300 400
v2 time scaled | El Centro 750
Taft 500 750
Parkfield 750
Pacoima Dam 500 750
San Francisco 250 750
Caltech Al 750
v3 time scaled | El Centro 750

Table 2 Summary of Horizontal Earthquake Input Test Programs

for Plain Bearing System
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SERIES INPUT RECORDS HORIZONTAL SPANS
Real time Parkfield 100 200 300 400

El Centro 1006 200 300 400 450 500

ATC-3 100 200 300 400

Caitrans 100 200 300 400 500 650 800
12 time scaled | El Centro 500 750

Taft 750

Parkfield 750

Pacoima Dam 750

San Francisco 250 750

Caltech Al 750

Table 3

Summary of Horizontal Earthquake Input Test Programs

for Lead-Filled Bearing System
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Cycle | Displacement Strain Damping Ratio Frequency
(n) (V) (€n) (B} (Hz)
0 1.007 0.192
1 0.586 0.112 0.086 0.80
2 0.372 0.071 0.072 0.81
3 0.233 0.044 0.074 0.85
4 0.152 0.029 0.068 0.87
5 0.102 0.019 0.064 0.89
6 0.067 0.013 0.067 0.90
7 0.044 0.008 0.067 0.92
8 0.034 0.006 0.041 0.93
9 0.022 0.004 0.069 0.93
10 0.013 0.002 0.084 0.97

Table 4 Logarithmic Decrement of Longitudinal Pull-Back Test

for Plain Bearing System
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Cycle | Displacement Strain Damping Ratio Frequency

(n) (V) (€n) (B4) (Hz)
0 3.779 0.720
1 3.707 0.706 0.63
2 2.822 0.538 0.043 0.63
3 1.939 0.369 0.060 0.62
4 1.299 0.247 0.064 0.64
5 0.848 0.162 0.068 0.67
6 0.544 0.104 0.071 0.67
7 0.347 0.066 0.072 0.70
8 0.226 0.043 0.068 0.70
9 0.147 0.028 0.068 0.74
10 0.098 0.019 0.064 0.76

Table 5 Logarithmic Decrement of Harmonic Motion

for Plain Bearing System
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[ test input amplf. max. bearg. natur. | dampg. loss
set freqy. factor strain stiff. freqy. ratio factor
no. | (Hz) (%) | (kpi) | (Hz} | (%) (%)

1 0.2 0.07 0.4 2,78 1.06 447 16.8
1 0.4 0.23 1.5 2.40 0.99 17.3 14.0
2 0.5 0.48 3.2 2.09 0.92 11.1 12.0
1 0.6 1.06 6.9 1.91 0.88 8.7 11.8
2 0.6 1.17 7.8 1.82 0.86 7.9 11.0
2 0.65 2.86 19.2 1.54 0.79 5.9 9.6
1 0.7 7.81 50.3 1.21 0.70 4.6 9.1
2 0.7 9.85 66.6 1.19 0.70 3.7 7.4
1 0.8 4.03 25.8 1.36 0.75 4.9 10.5
2 0.8 4.17 27.2 1.38 0.75 4.7 10.0
1 0.9 2.67 17.2 1.43 0.76 4.8 11.3
1 1.0 2.35 15.2 1.61 0.81 4.2 10.4
1 1.2 1.68 10.8 1.66 0.82 3.9 11.4
| 1.4 1.42 9.1 1.70 0.83 3.6 12.0
1 1.6 1.29 8.2 1.73 0.84 33 12.6
{ 1.8 1.22 7.6 1.74 0.84 2.9 12.3
| 2.0 1.17 7.2 1,76 0.85 2.6 12.3
1 2.2 1.13 7.0 1.76 0.85 2.4 12.2
| 24 1.10 6.7 1.78 0.85 2.1 11.9
1 2.6 1.09 6.6 1.76 0.85 2.0 12.2
1 2.8 [.07 6.4 1.77 0.85 1.8 11.9

Table 6 Steady-State Sinusoidal Response of Plain Rubber Bearing
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(Unit: g) Table Acc. Deck Acc. Ratio (Deck/Table)
Input Horiz. Vert, Horiz. Vert. Horiz. Vert.

H100,V0 0.122 0.006 0.062 0.010 0.508 1.667
HO,V100 0.007 0.086 0.009 0.119 1.286 [.324
SUM 0.129 0.092 0.071 0.129 0.550 1.402
H100,V100 0.128 0.075 0.071 0.124 0.555 1.653
H200,V0 0.218 0.038 0.113 0.036 0.518 0.947
HO0,V200 0.012 0.133 0.028 0.252 2.333 1.895
SUM 0.230 0.171 0.141 0.288 0.613 1.684
H200,v200 0.246 0.154 0.113 0.275 0.459 1.786
H300,V0 0.328 0.017 0.160 0.039 0.488 2.294
HO,V300 0.015 0.213 0.026 0.368 1.733 1.728
SUM 0.343 0.230 0.186 0.407 0.542 1.769
H300,V300 | 0.345 0.249 0.160 0.427 0.464 1.715
H400,V0 0.503 0.024 0.200 0.060 0.398 2.500
HO0,vV400 0.016 0.299 0.045 0.506 2.812 1.692
SUM 0.519 0.323 0.245 0.566 0.472 1.752
H400,v400 | 0.511 0.310 0.219 0.559 0.428 1.803

Table 7 Influence of Vertical Excitation on Plain Bearing System

under El Centro Signal Inputs
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Horzn Displacement (in) Acceleration (g) Shear | Stiff
‘Span | Table | Deck | Ratio | Table | Deck | Ratio | (kip) | (k/in)
(a) Parkfield Input
100 0.503 | 1.344 | 2.672 | 0.096 | 0.069 | 0.719 | 1.848 | 1.375
150 0.761 | 2.186 | 2.872 | 0.133 | 0.102 | 0.767 | 2.659 | 1.216
200 1.015 | 3.176 | 3.129 | 0.159 | 0.134 | 0.843 | 3.440 | 1.083
300 1.529 | 5.014 | 3.279 | 0.227 J:).184 0.810 | 4.874 | 0.972
(b) El Centro Input
100 0.502 | 1.118 | 2.227 | 0.122 ) 0.062 | 0.508 | 1.658 | 1.438
200 1.008 | 2.221 | 2.203 | 0.218 | 0.113 | 0.518 | 3.005 | 1.353
300 1.513 | 3.550 | 2.346 | 0.328 | 0.160 | 0.488 | 4.050 | 1.141
400 2,018 | 5.164 | 2.559 | 0.503 | 0.200 | 0.398 | 5.511 | 1.067
450 2.269 | 5996 | 2.643 | 0600 | 0.214 | 0.357 | 6.418 | 1.070
(¢) ATC-3 Input
100 0.515 | 1.449 | 2.814 | 0.098 | 0.078 | 0.796 | 2.122 | 1.464
150 0.769 | 2.186 | 2.843 | 0.140 | 0.103 | 0.736 | 2.820 | 1.290
200 1018 | 2,977 | 2.924 | 0.178 | 0.130 | 0.730 | 3.595 | 1.208
300 1.531 | 4.618 | 3.016_; 0.251 | 0.173 } 0.689 | 5.149 | 1.115
400 2041 | 6.882 | 3.372 | 0.319 | 0.232 | 0.727 | 5.872 | 0.853
(d) Caltrans Input
100 0.513 | 1.334 | 2,600 | 0.107 | 0.069 | 0.645 | 1.859 | 1.394
200 1.031 | 2.754 | 2.671 | 0.183 | 0.129 | 0.705 | 3.520 | 1.278
300 1.526 | 4.189 | 2.745 | 0.238 | 0.168 | 0.706 | 4.840 . 1.155
400 2,041 | 6.264 | 3.069 | 0.308 | 0.209 | 0.679 | 5.660 | 0.904

Table &8 Peak Responses of Real-Time Signal Inputs

for Plain Bearing System
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Record El Cen Parkfd Pac Dm Taft San Fr Caltec
Table Disp. {in) 3.758 3.739 3.748 2.099 3.816 3.604
Deck Disp. (in) 6.906 4,990 4.400 2.386 2.059 5.758
Ratio {Dec/Tab) 1.838 1.330 1.174 1.137 0.540 1.598
Table Acc. {g) 0.426 0.371 0.428 0.294 1.219 0.274
Deck Acc. (g) 0.240 0.177 0.163 0.109 0.133 0.186
Ratio (Dec/Tab) 0.563 0.477 0.381 0.371 0.109 0.679
Shear For. (kip) 6.352 5.123 4.383 2.770 2.575 5.223
Stiff. (kip/in) 0.920 1.033 0.996 1.161 1.251 0.907

Table 9 Peak Responses of Time-Scaled Signal Inputs at Span 750

for Plain Bearing System
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{Unit: g) Table Acc. Deck Acc. Ratio {Deck/Table)
Input Horiz. Vert. Horiz. Vert, Horiz. Vert.
H100,V0 0.169 0.018 0.093 0.021 0.550 1.167
HO, V100 0.008 0.103 0.017 0.122 2.125 1.184
SUM 0.177 0.121 0.110 0.143 0.621 1.182
H100,V100 0.135 0.096 0.098 0.129 0.726 1.344
H200,VD 0.238 0.015 0.150 0.024 0.630 1.600
HO0,vV200 0.014 0.197 0.035 0.249 2.500 1.264
SUM 0.252 0.212 0.185 0.273 0.734 1,288
H200,v200 0.255 0.209 0.151 0.244 0.592 1.167
H300,V0 0.350 0.025 0.201 0.045 0.574 1.800
H0,V300 0.015 0.298 0.050 0.354 3.333 1.188
SUM 0.365 0.323 0.251 0.399 0.688 1.235
H300,V300 0.340 0.277 0.202 0.339 0.5%4 1.224
H400,V0 0.509 0.029 0.245 0.074 0.481 2.552
HO,V400 0.020 0.364 0.072 0.431 3.600 - 1.184
SUM 0.529 0.393 0.317 0.505 0.599 1.285
H400,v400 0.509 0.305 0.248 0.424 0.487. 1.390
H450,V0 0.614 0.031 0.260 0.094 0.423 3.032
HO,V450 0.023 0.397 0.082 0.482 3.565 1.214
SUM 0.637 0.428 0.342 0.576 0.537 1.346
H450,v450 0.624 0.323 0.270 0.492 0.433 1.523
H500,V0 0.776 0.040 0.276 0.121 0.356 3.025
HO0, V500 0.027 0.433 0.076 0.496 2.815 1.145
SUM 0.803 0.473 0.352 0.617 0.438 1.304
H500,V500 0.777 0.327 0.288 0.544 0.371 1.664
Table 10 Influence of Vertical Excitation on Lead-Filled Bearing System

under El Centro Signal Inputs
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Horzn Displacement {in) Acceleration (g) Shear | Stiff
Span | Table | Deck | Ratio | Table | Deck | Ratio | (kip) | (k/in)
(a) Parkfield Input
100 0.509 | 0.666 | 1.308 | 0.089 | 0.066 | 0.742 | 1.720 | 2.583
200 1.018 | 1.608 | 1,580 | 0.153 | 0.127 | 0.830 | 3.330 | 2.071
300 1.531 | 2.585 | 1.688 | 0.220 ; 0.188 | 0.855 | 4.960 | 1.919
400 2.044 | 3,768 | 1.843 | 0.309 | 0.241 | 0,780 | 6.575 | 1.745
(b} El Centro Input
100 0.509 | 0.851 | 1.672 | 0.169 | 0.093 [ 0.550 | 2.327 | 2.734
200 1.018 | 1.560 { 1.332 | 0.238 ! O.151 | 0.634 | 3.977 ) 2.549
300 1.520 | 2,390 | 1.572 | 0.350 | 0.201 | 0.574 | 5.377 | 2.250
400 2.021 j 3.060 | 1.514 | 0.509 | 0.245 | 0.481 { 6.425 | 2.100
450 2,272 | 3.550 | 1.563 | 0.614 | 0.261 | 0.425 | 6.870 | 1.935
500 2.514 | 3.998 | 1.590 | 0.776 | 0.276 | 0.356 | 7.280 } 1.821
{c) ATC-3 Input
100 0.512 | 0.620 | 1.211 | G.106 | 0.068 | 0.637 | 1,746 | 2.816
200 1.026 | 1.402 ( 1.366 | 0.190 | 0.123 | 0.647 | 3.135 | 2.236
300 1,542 | 2.618 | 1.698 | 0.263 | 0,190 | 0.722 | 4.997 | 1.909
400 2.046 | 3.816 | 1.865 | 0.315 | 0.240 | 0.762 | 6.475 | 1.697
(d) Caltrans Input
100 0.512 | 0.677 | 1.323 | 0.103 | 0.068 | 0.660 | 1.788 | 2.641
200 1.018 | 1.600 | 1.572 |, 0.193 | 0.130 | 0.674 | 3.362 | 2.101
300 1.534 | 2.839 | 1.851 ‘0.249 0.195 | 0.783 | 5.083 { 1.790
400 2.045 | 3.991 1.952 1 0.302 { 0.238 | 0.788 | 6.487 | 1.625
500 2.553 | 4.122 | 1.614 | 0.448 | 0.296 | 0.661 | 7.578 | 1.838
Table 11 Peak Responses of Real-Time Signal Inputs

for Lead-Filled Bearing System
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Records El Cen Parkfd | Pac Dm Taft San Fr Caltec
Table Disp. (in) 3.759 3.756 3.755 2.115 3.817 3.138
Deck Disp. (in) 2.416 3.346 3.610 1.482 2.271 2.176
Ratio {Dec/Tab) 0.643 0.891 0.961 0.701 0.595 0.693
Table Acc. (g) 0.484 0.392 0.437 0.321 1.231 0.275
Deck Acc. (g) 0.236 0.264 0.286 0.148 0.246 0.196
Ratio (Dec/Tab) 0.488 0.673 0.654 0.461 0.200 0.713
Shear For. (kip) 5.802 6.682 7.375 3.985 5.908 5.316
Stiff. (kip/in) 2.401 1.997 2.043 2.689 2,60t 2.443

Table 12 Peak Responses of Time-Scaled Signal Inputs at Span 750

for Lead-Filled Bearing System
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Horzn Disp. Amplif. Factor Accel. Reduc. Factor

Span Plain | Lead | Ratio | Plain | Lead | Ratio

(a) Parkfield Input

100 2.672 | 1.308 | 049 | 0.719 | 0.742 | 1.03
200 3.129 | 1.580 | 0.50 | 0.843 | 0.830 | 0.98
300 3279 | 1.688 | 0.51 | 0.810 | 0.855 | 1.06

(b} El Centro Input

100 2227 | 1.672 | 0.75 | 0.508 | 0.550 | 1.08
200 2203 | 1.532 | 0.70 | 0.518 | 0.634 | 1.22
300 2.346 { 1.572 | 0.67 | 0.488 | 0.574 | 1.18
400 2,559 | 1.514 | 0.59 | 0.398 | 0.481 1.21
450 2.643 | 1.563 | 0.59 | 0.357 | 0.425 | 1.19

(c) ATC-3 Input

100 2.814 | 1.211 | 0.43 | 0.796 | 0.637 | 0.80
200 2.924 | 1.366 | 0.47 | 0.730 | 0.647 | 0.89
300 3.016 | 1.698 | 0.56 | 0.689 | 0.722 | 1.05
400 3.372 | 1.865 | 0.55 | 0.727 | 0.762 | 1.05

{d) Caltrans Input

100 2,600 | 1.323 | 0.51 | 0.645 { 0.660 | 1.02
200 2.671 | 1.572 | 0.59 | 0.705 | 0.674 | 0.96
300 2745 | 1.851 | 0.67 | 0.706 | 0.783 | 1.1t
400 3.069 | 1.952 | 0.64 | 0.679 | 0.788 | .16

Table 13 Comparison of Peak Response under Real-Time Signal Inputs
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Disp. Amplif. Factor Accel. Reduc. Factor
Signal Plain ] Lead Ratio Plain Lead Ratio
El Cen 1.838 0.643 0.35 0.563 0.488 0.87
Parkfd 1.330 0.891 0.67 0.477 0.673 1.41
Pac Dm-| 1.174 0.961 0.82 0.381 0.654 1.72
Taft 1.137 0.701 0.62 0.371 0.461 1.24
San Fr 0.540 0.595 1.10 0.109 0.200 1.83
Caltec 1.598 0.693 0.43 0.679 0.713 1.05

Table 14 Comparison of Peak Response under Time-Scaled Signal Inputs at Span 750
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El Centro Plain Bearing Lead Bearing

V. Span Table Acc. | Deck Acc. Ratio Table Acc. | Deck Acc. Ratio
100 0.086 0.119 1.32 0.103 0.122 1.18
200 0.133 0.252 1.89 0.197 0.249 1.26
300 0.213 0.368 1.73 0.298 0.354 1.19
400 0.299 0.506 1.69 0.364 0.431 1.18

Table 15 Comparison of Peak Acceleration Under Vertical Excitation




- 56 -

(a) Real-Time Signals

horzn. record max. max. max. effct. effct. dampg. loss
span name displ. accel. strain freqy. stiff, ratio factor
(in) (g) (%) (Hz) | (kpi) (%) (%)
100 El Cen 1.13 .059 22 0.71 1.29 4 9.8
150 Parkfd 2.19 102 42 0.67 1.15 g 8.7
200 El Cen 2.26 101 43 0.66 1.11 7 8.4
300 Caltrn 4,19 167 80 0.62 0.98 5 7.4
400 El Cen 6.28 195 120 0.55 0.77 5 7.0
400 Caltrn 6.26 .208 119 0.57 0.83 7 6.8
400 ATC-3 7.42 207 141 0.52 0.69 5 6.6
(b) Time-Scaled Signals
horzn. | record max. max, max, effct. effct. dampg. loss
span name displ. accel. strain freqy. stiff. ratio factor

(in) (g) (%) | (Hz) | (kpi) | (%) (%)

750 | EICen | 691 | .234 132 | 056 0.80 10 6.5
750 | Caltec 576 | .185 110 | 0.57 0.83 2 7.0
750 | Taft 239 | .109 45 | 0.66 111 5 9.9
750 | Parkfd | 499 | .177 95 | 0.60 0.92 5 7.4
750 | PacDm | 4.40 | .163 84 | 0.60 0.92 3 7.4
750 | SanFr | 206 | .127 39 | 076 1.48 4 8.8

Table 16 Parameter Identification of Plain Rubber Bearing
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(a) Real-Time Signals

horzn. record max. max. max. effct. effct. dampg.

span name displ. accel. strain freqy. stiff. ratio
(in) | (8) (%) | (Hz) | (kpi) | (%)

100 El Cen 0.85 092 16 1.00 2.56 13
300 Caltrn 2.84 195 54 0.81 1.68 11
400 Caltm 3.99 237 76 0.77 1.52 11
500 Caltrn 4,12 296 79 0.82 1.72 14
400 ATC-3 3.81 .240 73 0.77 1.52 12
(b) Time-Scaled Signals
.
horzn. record max. max, max. cifct. effct. dampg.
span name displ. accel. strain freqy. stiff. ratio

(in) (g) (%) | (Hz) | (kpi) | (%)

500 El Cen 1.60 170 31 1.00 2.56 13
750 El Cen 2.42 236 46 0.95 2.31 14
750 Caltec 2.17 195 41 0.94 2.26 14
750 Taft 1.48 147 28 0.94 2.26 14
750 Parkfd 3.34 .263 64 0.86 1.89 13
750 Pac Dm 3.61 285 69 0.86 1.89 12
750 San Fr 2.27 .246 43 0.98 2.46 13

Table 17 Parameter Identification of Lead-Filled Rubber Bearing
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Figure 46  Forces Acting on Deformed Bearing
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