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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center of
excellence in advanced technology applications thatis dedicated to the reduction of earthquake losses
nationwide. Headquartered at the University at Buffalo, State University of New York, the Center
was originally established by the National Science Foundation in 1986, as the National Center for
Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions throughout the
United States, the Center’s mission is to reduce earthquake losses through research and the
application of advanced technologies that improve engineering, pre-earthquake planning and post-
earthquake recovery strategies. Toward this end, the Center coordinates a nationwide program of
multidisciplinary team research, education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies: the National
Science Foundation (NSF) and the Federal Highway Administration (FHWA), and the State of New
York. Significant support is derived from the Federal Emergency Management Agency (FEMA),
other state governments, academic institutions, foreign governments and private industry.

The Center’s NSF-sponsored research is focused around four major thrusts, as shown in the figure

below:

e quantifying building and lifeline performance in future earthquake through the estimation of
expected losses;

» developing cost-effective, performance based, rehabilitation technologies for critical facilities;

* improving response and recovery through strategic planning and crisis management;

» establishing two user networks, one in experimental facilities and computing environments and
the other in computational and analytical resources.

I. Performance Assessment of the Built Environment

- using

Loss Estimation Methodologies

IV. User Network
Il. Rehabilitation of Critical Facilities
® Facilities Network > using
® Computational Network Advance Technologies
A 4 l
L> lll. Response and Recovery
using

Advance Technologies
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This report provides an assessment of the benefits offered by damping systems in near-source
earthquakes and of the accuracy of currently available tools for analytical prediction of their seismic
response. A two-span continuous deck bridge configuration was used in the test program. First, an
isolator testing machine was designed and constructed that was capable of testing small bearings
under controlled conditions. Next, three vastly different bearings (flat sliding, friction pendulum and
elastomeric) were tested prestressed in the developed testing machine. Test results provided strong
evidence for the capability of prestressing to prevent uplift or tension in isolation bearings. Finally,
an experimental study of bridge elastomeric isolation systems with emphasis on near-source high
velocity seismic excitation was performed. The addition of the damping devices caused a substantial
reduction in displacement, provided relief to the vulnerable pier, caused a reduction in the total
shear force transmitted to the bridge substructure, and provided for redistribution of the reduced
inertia forces from the vulnerable pier to the presumed strong abutments.

The experimental results for the prestressed isolators, non-isolated configurations, and bridge
model isolated with low damping elastomeric bearings, high damping elastomeric bearings, low
damping elastomeric bearings combined with linear viscous dampers, and low damping elastomeric
bearings combined with nonlinear viscous dampers are provided in postscript format in the
publications section of MCEER’s web site (http://mceer.buffalo.edu/pubs.html).
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ABSTRACT

This report focussed on three parts: (a) the design and construction of an isolator testing machine,
(b) the testing and modeling of prestressed isolators, and (c) an experimental study of bridge
elastomeric isolation systems with an emphasis given to near source high velocity seismic
excitation.

An isolator testing machine, that overcomes intrinsic difficulties encountered in such testing, was
designed and constructed. The machine is capable of testing a variety of isolators under controlled
conditions of axial load, lateral displacement and rotation.

The prestressing of isolators for preventing uplift or tension has been experimentally investigated
for the purpose of demonstrating its effects on the behavior of isolators and for evaluating the
validity and accuracy of theoretical predictions of the behavior of prestressed isolators. Flat
sliding bearings, spherical FPS bearings and elastomeric bearings were tested prestressed within
the developed testing machine under imposed combined horizontal displacement and variable

axial load. A theory of prestressed isolators is presented and evaluated on the basis of the
experimental results.

Earthquake simulator tests were performed on a quarter scale bridge model representing a two-
span bridge. A total of four isolated configurations were studied. These consisted of a low
damping elastomeric isolation system without and with linear and nonlinear viscous dampers, and
a high damping elastomeric isolation system. In addition, three non-isolated configurations,
without and with dampers, were investigated.

The testing of these systems had multiple objectives such as:

(a) Observation of the behavior of high damping elastomeric isolation systems under
conditions of changing bearing properties due to the phenomena of scragging and related
recovery.

(b) Comparative study of the effectiveness of elastomeric systems and elastomeric systems
enhanced with viscous dampers.

(¢) Observation of the behavior of elastomeric systems enhanced with linear and nonlinear
viscous dampers in near-field source high velocity seismic excitation.

(d) Study of the behavior of non-isolated bridges with supplemental energy dissipation
systems.

(e) Demonstration of the significance of enhanced damping in isolation systems for the
reduction of displacement demand and the effective redistribution of the force transmitted to
the substructure. '

(f) Investigation of the validity and degree of accuracy of currently available analytical tools
for the prediction of the dynamic response of bridges equipped with seismic isolation and
energy dissipation systems.
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SECTION 1

INTRODUCTION

The increasing acceptance of seismic isolation and seismic energy dissipation technologies is
evident in the number of structures constructed or retrofitted with these systems. Too many to
attempt a detailed listing of these structures, it is sufficient to mention that just in North America
there are as of 1998 about 120 bridges constructed or scheduled for construction with various
forms of seismic isolation and energy dissipation systems. These bridges vary in size from small
one-span bridges to monumental structures. The interested reader may find information on most,
but not all, of these structures by visiting the web site of the Earthquake Engineering Research
Center at www.cerc.berkeley.edu/prosys/applications.html.

A variety of seismic isolation systems have been used in bridge applications. They include lead-
rubber bearings, lubricated sliding bearings with yielding steel devices, high damping elastomeric
bearings, sliding bearings with restoring force and combined sliding and elastomeric systems. In
the United States most applications employ lead-rubber bearings. Moreover, there is in the United
States an increasing interest in the use of energy dissipation devices in bridges, either as elements
of the isolation system or just as elements to reduce displacement demand and to provide for
redistribution of inertia forces. A number of designs have been developed and a number of bridges
in California are scheduled for installation of damping devices in 1998 and 1999. The devices of

choice in these applications are fluid viscous dampers due primarily to the requirements for large
stroke.

The acceptance of the technologies of seismic isolation and energy dissipation by the profession
in the United States has been the result of a number of influencing factors, of which a significant
one is the generation of experimental results and particularly results of shake table testing. Shake
table testing, when performed with realistic models of sufficient size, allows for the observation of
behavior under conditions of simulated extreme seismic loading and generates results that can be
used to verify analytical methods for the prediction of the dynamic response. It is likely the best
available tool for the observation of the seismic behavior of structural systems, which is surpassed
only by field observations in actual earthquakes. Such observations have been made (Asher et al.,
1997). While the observations have been so far for seismic motions which did not bring the
isolation systems to the limits of their design, they provided convincing evidence of the validity of
the technology.

Shake table testing of seismically isolated bridge models have been conducted at the University of
California at Berkeley using low damping elastomeric and lead/rubber bearings (Kelly et al.,
1986). These tests were conducted with a 427 kN rigid deck model. Despite the simplicity of this
model, significant observations have been made including the instability of bearings during large
deformations and the significance of damping (in this case provided by the lead core in the
elastomeric bearings) for reducing the displacement response to acceptable limits.

Kawashima et al. (1992) reported on the shake table testing of high damping elastomeric and lead/



tubber bearing systems within a 392 kN bridge model at the Public Works Research Institute in
Japan. The model featured flexible piers and testing was conducted at a time scale of unity. That
is, the model was treated as a small size prototype. Due to limitations in the capability of the
shake table, testing could not be conducted at large ground velocities which are representative of
the Japanese bridge design motions of level 2. More recently, Feng and Okamoto (1994)
conducted testing of a sliding isolation system using the same bridge model.

Bridge seismic isolation systems have been studied at the University at Buffalo starting in 1991
with the testing of a sliding isolation system using a 227 kN rigid deck model (Constantinou et al.,
1991; 1992b). Work at Buffalo continued with the construction of a new 160 kN bridge which
featured flexible and stiff piers. A variety of isolation systems have been tested including the
Friction Pendulum System (Constantinou et al., 1993; Tsopelas et al., 1996a), sliding isolation
systems with elastomeric restoring force devices and fluid dampers (Tsopelas et al., 1994b;
1996b), pressurized fluid devices (Tsopelas and Constantinou, 1994a) and lubricated sliding
bearings with yielding steel devices (Tsopelas and Constantinou, 1994b; 1997). The testing
included motions compatible with the level 2 Japanese bridge design spectra, motions compatible
with the Caltrans 0.6g spectra and historic earthquakes with high peak acceleration (up to 1.0g)
and peak velocity (up to 1.0 m/s in prototype scale). Several interesting observations were made
including those of significant permanent displacements in systems with insufficient restoring
force, and the significance of energy dissipation devices in reducing displacement demands to
strict limits. These tests have been instrumental in the implementation of combined seismic
1solation and energy dissipation systems in the United States and provided information for the
modification of the criteria for sufficient restoring force in the 1997 AASHTO Guide
Specifications for Seismic Isolation Design (American Association of State Highway and
Transportation Officials, 1997).

The aforementioned testing programs were conducted prior to the 1994 Northridge and the 1995
Japanese Kobe earthquakes. These earthquakes generated a number of records with near-fault
characteristics which had substantial peak ground accelerations and velocities. Near-source
effects from strong earthquakes became an important consideration in earthquake engineering and
cast doubt on the suitability of seismic isolation for near-fault locations (e.g., Hall et al., 1995).

The work described herein started as a continuation of the previous work at the University at
Buffalo on bridge seismic isolation systems but with the concentration shifted to elastomeric
systems and with emphasis given to near-source seismic effects. A particular two-span,
continuous deck configuration was selected for testing and elastomeric bearings were designed to
provide an isolation period in prototype scale of about 2 sec. While this and even larger values of
period are entirely feasible, it was the limit at which testing could be conducted at the quarter
length scale of the bridge model due to instability problems of the scaled bearings. It was
presumed that the abutments of this bridge model represented strong elements to which the inertia
forces could be directed, whereas the flexible pier was presumed to be the weak element in the
system which needed relief from inertia forces. Inelastic action in the pier was not allowed based

on the current philosophy in the 1997 AASHTO (American Association of State Highway
Transportation Officials, 1997).



The elastomeric bearings (of low damping) provided a damping of about 7-percent of critical. The
system was enhanced with linear viscous dampers which were located at the abutment locations.
The enhanced system exhibited damping of about 35-percent of critical. In this configuration the
bridge model was tested with a variety of seismic excitations including several with substantial
near-source characteristics. The same system was also tested with nonlinear viscous dampers
which were detailed to produce lesser damping force than the linear dampers beyond a specific
velocity which was expected to be achieved in the near-source earthquakes. Accordingly, the
nonlinear dampers were expected to be as effective as the linear dampers in reducing the
displacement demand but with the benefit of lesser force transmitted to the abutments.

Moreover, high damping elastomeric bearings were used. These bearings were compounded to
produce damping in the range of 15 to 20-percent and to have comparable stiffness characteristics
to the low damping elastomeric bearings. This system was not tested with near-source excitations
due to failure of one of the bearings. However, the testing provided valuable observations on the
effects of the scragging and recovery processes of these bearings on the dynamic response.
Moreover, data produced in the testing of this system provided a basis for comparison to the

damping-enhanced systems and, once more, demonstrated the significance of damping in seismic
isolation systems.

The two-span bridge model was also tested in its non-isolated configuration and then again in a
non-isolated configuration but enhanced with linear and nonlinear dampers. The latter tests
provided valuable information on the behavior of damping-enhanced conventional bridges.

The described work represented the bulk of the experimental effort in this report. The
experimental data were utilized in a comparison of the behavior of isolated and non-isolated
bridges, in the assessment of the benefits offered by damping systems in near-source earthquakes
and in the assessment of the accuracy of currently available tools for the analytical prediction of
seismic response.

As part of this work, elastomeric bearings required component testing prior to the shake table
testing. This necessitated the design and construction of a bearing testing machine. This machine
is now a permanent feature of the Structural Engineering and Earthquake Simulation Laboratory
at the University at Buffalo. The design and capabilities of this machine are described herein.

Results obtained in the testing of a variety of seismic isolation bearings with this machine are
presented. Particularly, sliding and elastomeric bearings were tested under conditions of variable
axial load and lateral displacement in the presence of prestress for preventing uplift or tension.
Due to the novelty of this approach and the complexities encountered in the design of a
prestressing arrangement capable of accommodating large movements, this testing program is
presented in detail. Moreover, analytical techniques for the prediction of the behavior of
prestressed isolators are presented and evaluated on the basis of the experimental results.

This report ends with a number of appendices, totaling 158 pages, which contain selected graphs
of experimental results. These appendices are provided on MCEER’s web site at http:/
mceer.buffalo.edu.






SECTION 2

ISOLATOR TESTING MACHINE

2.1 Introduction

To understand the behavior of an isolation system, isolators need to undergo rigorous laboratory
testing prior to their field installation. The conditions under which the testing should be done
include a wide range of axial loads, displacements, velocities and temperatures. During moderate
to large lateral displacements, isolators experience a change in height, thus requiring apparatus to
accommodate this geometric change. Also, the isolator behavior may be sensitive to the rotation
of its top and bottom parts. This chapter describes the design, construction and capabilities of an
isolator testing machine that overcomes the intrinsic difficulties associated with such testing.

2.2 Factors Influencing the Isolator Testing Machine Design

Isolators exhibit changes in height when laterally displaced (e.g., FPS bearings have an increase
in height with lateral displacement and elastomeric bearings experience a loss of vertical height
during lateral displacement). Thus an isolator testing machine should be able to maintain the
desired vertical load on the bearing during these movements.

The rotation of the top part of the isolator with respect to the bottom part has an influence on the
isolator behavior. Therefore, the testing machine should have the capability to ensure that the top
and bottom parts of the bearing are paralle] and levelled during testing or should be able to impose
a prescribed history of rotation.

The requirement for control of the isolator rotation precludes the possibility of load application
through a concentric vertical actuator, for such an actuator would have no control over the rotation
of the bearing. A rigid loading beam operated by symmetrically placed actuators can precisely
control rotation. The actuators on the loading beam should be spaced as far apart as possible to
minimize the difference between their forces during peak horizontal displacements of the bearing.
Vertical actuators rotate about pivot points during the lateral movement of bearing. Hence, the
actuators and their assemblage should be sufficiently long to keep the rotations and their
secondary effects negligible.

It is important to measure the reaction forces, excluding inertia effects and losses due to friction.
Thus, it is desirable to place a load cell directly under the bearing.

2.3 Designed Bearing Testing Machine

Figure 2-1 illustrates the designed testing machine. A total of three actuators are needed to ensure
proper testing of the bearing: two vertical actuators to maintain the axial load on the bearing and
one horizontal actuator to induce the lateral displacement. Also, three load cells are required to
monitor the load on the bearing: one placed directly under the bearing (reaction load cell) which
measures the axial and shear forces experienced by the bearing, and two load cells that are
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connected to vertical actuators to control the vertical load.

The apparatus consists of two horizontal beams, a lower support beam that is fixed to the rigid
floor and an upper loading beam that is moved by the horizontal actuator. The horizontal actuator
is connected to a reaction frame, which in turn is fixed to the rigid floor. The lower beam supports
a braced pedestal with the reaction load cell and the bearing mounted on the top of it. Two vertical
actuators connect the top loading beam to the lower support beam at equal distances on either side
of the pedestal. These vertical actuators support the loading beam as well as maintain the desired
axial load on the bearing.

The displacement of one of the actuators was designed to be the master degree-of-freedom and
that of the other was made to be the slave degree-of-freedom. This circuit arrangement ensures
equal displacements by both the actuators, thus keeping the loading beam horizontal. The load
cells of the two actuators and the load cell under bearing were connected by a feed back loop as
illustrated in Figure 2-2.
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Figure 2-2: Load Control Using Reaction Load Cell (Control 1)
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The control strategy is capable of maintaining the specified axial load on the bearing while
imposing the specified lateral displacement, provided that sufficient hydraulic power is available.
In the current configuration of the machine the horizontal actuator is furnished with a 90 GPM
electrohydraulic servovalve and the vertical actuators with a 15 GPM servovalve each. There is a



mismatch in the flow capabilities of the vertical and horizontal actuators. Accordingly, the vertical
load exhibited fluctuations during high speed lateral movement.

The load exerted by the vertical actuators and the weight of the loading beam would be referred to
as “gravity load” hereafter. The control shown in Figure 2-2 was used when gravity load was the
only vertical load experienced by the bearing. During the testing of prestressing bearings a second
type of control as shown in Figure 2-3 was employed.
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Figure 2-3: Load Control using Vertical Actuator Load Cells (Control 2)

In this case, the reaction load cell could not be utilized for the control of the gravity load on the
bearing since it measures both the gravity load as well as the forces exerted on the bearing by the
prestressing tendons. Accordingly, the vertical actuator load cells were utilized for this purpose.
This control strategy was less accurate that the first one (control 1) due to errors introduced by the
inclination of the vertical actuators and differences in the load applied by the vertical actuators.

The horizontal actuator used for applying lateral displacements on the bearing had a displacement
range of +152 mm and force capacity of 245 kN. The vertical actuators had a displacement range
of +50 mm and a force limit of 356 kN each. The upper and lower beams were spaced apart at a
distance of L=1905 mm to reduce the angle of rotation of vertical actuators during extreme

horizontal displacement of the bearing (less than 5° at a displacement of 152 mm). The top
loading beam was supported for out-of-plane lateral stability.
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The relative accuracy of the two control strategies can be assessed based on the free body
diagrams of Figure 2-4. In control 1, when a load P is specified, it is achieved provided there is
sufficient hydraulic power. In control 2, however, when a load P is specified, load P/2 is
maintained by the master vertical actuator, whereas the slave actuator could have a variation in
P (L+d) P L (L-d)

) T+

PL PL
{L+d) to =d"

force from

, where d=bearing displacement. Consequently, the load applied

on the bearing varies from ———

At Neutral
Position v v
I:VA1 =P/2 FVA2 =P/2
FReaction = P
At a Lateral - L-d -l L+d — |
Displacement =d V v
towards the right
Fyat = P/2 P (L-d)
VAl PL Fuaz = 5% (L+d)

FReation = T3 q)

Figure 2-4: Variation of Vertical Load in Control 2

This variation occurs due to the requirements of equilibrium of the loading beam and is present
even at low velocity quasi-static testing. That is, when d=152 mm (current capacity of the
horizontal actuator), the variation in the axial force on the bearing is approximately minus /1-
percent to plus I/4-percent of the specified value. At d=95 mm (at which most of the testing was
conducted), the variation is approximately +8-percent of the specified value.

2.4 Instrumentation

A total of 10 channels were monitored during the shear testing of bearings and 14 during
compression tests. Figure 2-5 illustrates the instrumentation diagram. These include three
measurements from the reaction load cell, the displacement (extension / contraction) and load in
each vertical actuator (total of four), the displacement and load in the horizontal actuator (total of
two) and the horizontal acceleration of the loading beam. During the compression-only tests, four
additional displacements were monitored. These were the relative displacements of the top and
bottom plates of the bearing at each of its four corners.
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2.5 Prestressing Tendon Capability

The machine has the capability for developing additional axial load on bearings by use of a
prestressing tendon arrangement. Prestressing of bearings may be desirable for avoiding the
occurrence of uplift conditions either because they may be catastrophic (e.g., rupture of rubber
bearings or overturning of slender structures), detrimental (e.g., significant uplift in sliding
bearings and impact on return), or simply undesirable by the responsible engineer. The
prestressing of isolation bearings has been proposed by Logiadis (1996).

The testing machine has provisions to install two prestressing tendons on each side of the tested

bearing. In its current configuration the arrangement features:

a. Spherical bushings for avoiding bending of the tendons. The bushings are at a distance of
1970 mm with a capability of adjustment of the distance by +50mm.

b. Fiberglass tendons of 7.5 mm diameter and 1100 mm free length. The tendons have been sup-
plied by SUSPA Spannbeton GmbH, Langenfeld, Germany. They have a low Young’s modu-
lus (64,000 MPa) and large ultimate strength (exceeding 1250 MPa), which makes them ideal
for bearing prestressing.

c. Load cells for direct measurement of the prestressing force.

d. Integrated capability for developing the initial prestress without the use of hydraulic jacks.

Figure 2-6 shows a view of the testing machine with installed prestressing tendons during the
testing of a flat sliding bearing. Figure 2-7 shows a close-up view of the same arrangement,

whereas Figures 2-8 and 2-9 show two views of the arrangement during the testing of a
prestressed elastomeric bearing.
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Figure 2-6: Testing Machine with Prestressing Tendons

Reproduced from
best available copy.
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Figure 2-7: Close-up View of Prestressing Tendon Arrangement

Reproduced from
best available copy.
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Reproduced from
best available copy.
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Figure 2-9:. Close-up View of Elastomeric Bearing Testing

Reproduced from
best available copy.
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2.6 Examples of Test Results

2.6.1 Example of Results for Variable Axial Load

The testing machine is capable of exerting variable axial load on the bearing. This variation can be
made a function of the horizontal displacement of the bearing or an independent programmable
function. Figure 2-10 shows the results obtained in the variable axial load testing of an FPS
bearing (Constantinou et al., 1993; Tsopelas et al., 1996a). Here, the axial load on the bearing is
made a function of its lateral displacement: peak axial load at the neutral position and minimum
load at either extreme lateral displacement. Testing was conducted using control strategy No. 1.
The lateral force in the figure was measured by the reaction load cell. The axial load on the
bearing was directly measured by the reaction load cell. The vertical actuator force is the sum of
the forces monitored by the actuator load cells and the weight of the loading beam. Evidently, this
measurement agrees with that of the reaction load cell.

The FPS bearing had a radius of curvature R = 558.8 mm. The lateral force, F, needed to maintain
a lateral displacement u is (Constantinou et al., 1993; Tsopelas et al., 1996a)

F = %’u+uNsign(d) (2-1)

where N = axial load and p = coefficient of friction. The recorded lateral force in Figure 2-10
shows a peculiar shape, however, this is entirely the result of the variable axial load. That is, if (2-
1) is re-written as

]% = %+ usign(i) (2-2)
we observe that the loop of the normalized lateral force versus displacement should be a perfect
rigid-plastic loop with slope equal to I/R. Indeed, this is the behavior depicted in the bottom right

figure except for a minor deviation due to the dependency of the coefficient of friction on apparent
pressure.

Figure 2-11 shows test results from the testing of a flat sliding bearing under a different history of
axial load. The load varies from 20 kN at one peak lateral displacement to 130 kN at the other peak
displacement.

2.6.2 Importance of Direct Measurement of Lateral Force

The machine features a large and stiff loading beam having a mass of 1496 kg. If measurements of
the lateral force are made by using the load cell of the horizontal actuator, the inertia effects in
dynamic testing may be significant. Correcting for these inertia effects by using measurements of
the acceleration is not always successful and it may lead to erroneous results.

For example, consider the case of the tested flat PTFE sliding bearing of which the results are
shown in Figure 2-11. Figure 2-12 shows again the recorded friction force (that is, the lateral
force) versus displacement as obtained:

a. By the reaction load cell, which represents the most accurate measurement.
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b. By the actuator load cell which includes the effects of the inertia force.

c. By the horizontal actuator load cell and correcting for the inertia effects by using records of
the acceleration of the moving beam.

While the correction succeeded in removing much of the fluctuations measured by the actuator

load cell, it did not so at the start of the experiment where the corrected friction force exhibits wild

fluctuations. These fluctuations may be mistakenly interpreted as stick-slip.

2.6.3 Results of Testing of Prestressed Isolators

Figure 2-13 presents the results in the testing of a prestressed flat sliding bearing under constant
gravity load. In this case an initial prestress of approximately 20-percent of the gravity load was
applied. As seen in Figure 2-13 the gravity load, as developed by the vertical actuators, exhibits
fluctuations of about +15-percent around the specified value of 95 kN. This error is the result of
the utilized control strategy (see Section 2.3) and the inability of the vertical actuator servovalves
to supply the required oil flow.

2.7 Summary of Capabilities of Testing Machine

Table 2-1 presents a summary of the capabilities of the testing machine. The machine has been
designed for the load capabilities of the utilized actuators. However, the current load capabilities
of the machine are limited by the rated capacity of the reaction load cell.

Table 2-1: Summary of Isolator Testing Machine Capabilities

. . . .. 635 kN compression
Vertical Load Capacity (based on vertical actuator capacities) 600 kN tension
Current Vertical Load Capacity (as limited by capacity of
. 220 kN
reaction load cell)
Horizontal Load Capacity 245 kKN
Current Horizontal Load Capacity (as limited by capacity of
. 90 kN
reaction load cell)
Vertical Displacement Capacity +50 mm
Horizontal Displacement Capacity + 150 mm
Bearing Top Rotation Capacity + 2 degrees
. . . within square of
Specimen Plan Dimensions 300 mm x 300 mm
. . adjustable within
Specimen Height 6 mm to 230 mm
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Figure 2-13: Results in the Testing of a Prestressed Flat PTFE Sliding Bearing under

Specified Constant Gravity Load (FST2002.000)
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SECTION 3

TESTING AND MODELING OF PRESTRESSED ISOLATORS

3.1 Introduction

Isolation bearings are typically subjected to varying axial load during seismic excitation. Under
certain conditions bearings experience either tensile forces (e.g., bolted rubber bearings) or uplift
(e.g., sliding bearings and doweled rubber bearings). A variety of conditions may result in either
tensile forces or uplift in bearings. Examples are:
(a) Slender buildings with large height to width ratio. A notable example of such building is
the Excel Minami-Koshigaya building in Koshigaya City, Japan. Completed in 1990 by
Sumitomo Construction, this 10-story building is supported by 14 lead-rubber bearings in two
rows of seven bearings at a distance of 9.3 m. To prevent uplift of the bearings, eight uplift
restrainers were installed. Each consists of two massive steel beams at right angles and
connected to the structure above and below the isolation bearings, respectively. They allow for
some small vertical movement of 10 mm before engaging to prevent uplift.

Another uplift restraint mechanism has been described by Griffith et al. (1988, 1990).
This mechanism is incorporated within a central hole in elastomeric bearings and can be
activated only when the bearing undergoes either substantial uplift or substantial lateral
deformation. Apart form this limitation, the mechanism is furthermore hidden within the
bearing and can not be inspected (e.g., in case it has failed) without removal of the bearing and
disassembly.

(b) Continuous concrete box girder bridges with large ratio of height of centroidal axis to the
distance between the bearings. Often in this case the centroidal axis (and center of mass) of
the girder above the piers is sufficiently high and the girder is supported by closely spaced
bearings so that the combination of lateral earthquake force and unfavorable vertical
excitation leads to bearing uplift.

(c) Bearings below braced columns. In such cases it has been the practice so far to create a
massive and stiff basement above the isolators for altering the unfavorable load path and re-
distributing the force to a large number of bearings, thus eliminating uplift.

The consequences of tensile forces or uplift in isolation bearings may be:
(a) Catastrophic when bearings rupture and can not anymore support the vertical load
(unless the designer provides for an alternative load path) or the structure overturns. The latter
case may appear an extreme situation. However, a simple calculation for the Excel Minami-
Koshigaya building in Japan (height of 32 m above isolators, 9.3 m distance between
isolators) shows that a lateral force of about 0.22 times the weight (or less when considering
unfavorable vertical excitation) results in overturning.

(b) Problematic when significant uplift and impact on return cause damage to the bearings.
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(c) Uneventful when the uplift is minor and measures have been taken in the design for the
resulting axial and shear forces on the bearings and foundation. An example for such a case is
the experiments reported in Al-Hussaini et al. (1994), in which a 7-story steel model structure
supported by FPS isolators has been tested on the shake table. The bearings under the exterior
columns in a moment frame configuration of the tested structure experienced uplift (this was
monitored by load cells which measured a zero force transmitted to the column above the
uplifted bearings). Nevertheless, the analysis of the structure with and without due account
given for the uplift phenomenon resulted in nearly identical global responses of the structure
in terms of story drifts, floor accelerations and story shear forces. However, the two analyses
resulted in significantly different distribution of forces in the first story columns. Nevertheless,
it is often the desire of the designer to avoid uplift or tensile forces out of concerns for the
behavior of the bearings under conditions that are not well understood nor they are easily
analyzed.

Apart from the aforementioned uplift restraint mechanism utilized in Japan and the mechanism of
Griffith et al. (1988, 1990), Logiadis (1996) proposed the use of prestress for the prevention of
tensile force and uplift