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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center of
excellence in advanced technology applications that is 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.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by developing
seismic evaluation and rehabilitation strategies for the post-disaster facilities and systems (hospitals,
electrical and water lifelines, and bridges and highways) that society expects to be operational
following an earthquake; and to further enhance resilience by developing improved emergency
management capabilities to ensure an effective response and recovery following the earthquake (see
the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and analytical
network to facilitate the exchange of information between researchers located in various institutions
across the country. These are complemented by, and integrated with, other MCEER activities in
education, outreach, technology transfer, and industry partnerships.

This combined experimental and analytical study provides an assessment of the validity and
accuracy of analysis methods commonly used for seismically isolated structures, emphasizing
secondary system response, contemporary seismic isolation systems, and strong and/or near-fault
seismic excitation. A six-story steelmodelwasused inthree configurations: flexible moment-frame,
asymmetrically braced-frame and stiff braced-frame. Eight isolation systems were studied, namely,
low damping elastomeric bearings with and without linear and nonlinear viscous dampers, Friction
Pendulum (FP) bearings with and without linear and nonlinear viscous dampers, low damping
elastomeric bearings with lead cores, and low damping elastomeric bearings in conjunction with flat
sliding bearings. Over 300 experiments were conducted. The various experimental results were
compared with analytical results obtained using the SAP2000 and 3D-BASIS-ME computer
programs. The vast database of experimental results on secondary system response provided the
opportunity to assess the performance of various seismic isolation systems.
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ABSTRACT

This report consists of two main parts: an experimental study of seismic isolation systems
with emphasis on secondary system response, and verification of the accuracy of
dynamic response-history analysis programs. Tests were performed on a single bearing
test machine to determine isolation system properties for analytical modeling. Earthquake
simulator tests were performed on a quarter-scale, six story, building model. A total of
eight different isolation systems were studied, namely, low damping elastomeric bearings
with and without linear and nonlinear viscous dampers, Friction Pendulum (FP) bearings
with and without linear and nonlinear viscous dampers, low damping elastomeric
bearings with lead cores, and low damping elastomeric bearings in conjunction with flat
sliding bearings. Each configuration was modeled in two dynamic analysis computer
programs: SAP2000 and 3D-BASIS-ME.
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SECTION 1
INTRODUCTION

1.1 Background

Recent building codes accept that earthquake induced forces can be absorbed by the
structural system through inelastic action which lengthens the period of the system and
increases its energy dissipation capabilities (e.g., structural components are detailed for
increased deformability and hysteretic damping). This action involves damage to the
structural system; this damage is acceptable because it is not economically feasible with
standard construction methods to construct a facility that will not sustain damage.
However, earthquakes have other cost impacts such as repair and disruption costs after
the earthquake, and emotional costs from personal losses and injuries.

Seismic isolation is a design technique for reducing the effects of earthquakes on
structures by using a mechanism that provides flexibility and energy absorption while
simultaneously supporting the weight of the structure. This is achieved by building the
structure on devices that serve to substantially decouple the structure from the damaging
horizontal components of the earthquake motions. This not only prevents the structural
system from experiencing the full effects of the earthquake, but also damage to contents
and non-structural components is significantly reduced or eliminated.

Currently more than 1000 structures worldwide have been constructed or are being
constructed on seismic isolation. The first application of seismic isolation in the United
States in a building structure was the use of high damping elastomeric bearings in the
Foothill Communities Law and Justice Center in California in 1985. Since then there
have been several more applications in new construction and retrofit of historic
structures. The damage caused by the 1989 Loma Prieta and 1994 Northridge
earthquakes greatly increased the demand for base isolated structures on the west coast of
the United States. The number of new and retrofitted projects using seismic isolation
demonstrates the increasing acceptance of this design technique and is also reflected in
the new seismic isolation code provisions and specifications in the IBC 2000, FEMA 273
& 274 and AASHTO 2000.

The application of new technologies (specifically energy dissipation and seismic
isolation systems) in important construction (particularly hospitals, emergency operation
centers, buildings housing sensitive equipment and historic buildings with fragile
ornaments) has very recently reached an interesting development. Guidelines for
performance-based design now include statements on the performance of secondary
systems. This performance is quantified in terms of a single parameter: the peak value of
structural acceleration. However, it is well understood now that non-structural
components and secondary systems are affected by several structural system response
parameters, such as structural drift (e.g., piping systems, cladding, etc.), peak floor
acceleration (e.g., rigidly attached equipment), spectral floor acceleration (e.g., flexibly
attached equipment), and combination of response parameters (e.g., cabinets and
equipment that are allowed to rock, and complex systems such as sprinkler systems, gas
supply systems, etc.). Applied Technology Council — ATC (1998) has addressed many
issues with non-structural components. While the ATC document identifies structural



response parameters that affect non-structural system response, it does not define
response limits for specific performance objectives.

Apart from the fact that peak acceleration cannot adequately describe the potential for
damage to secondary systems, there are concerns that current methods of analysis,
whether simplified or sophisticated response-history methods, are capable of providing
accurate information for assessing the potential for damage to secondary systems.
Particularly, there has been little work to date on assessing the validity and accuracy of
methods of analysis of seismically isolated structures with emphasis on secondary system
response. Apart from the study of Juhn et al. (1992), which was very limited in scope,
there is no work done on the verification of accuracy of methods of dynamic analysis of
secondary systems in seismically isolated structures by comparison with experimental
data.

Given the current emphasis on high performance structures and the interest in the
behavior of non-structural components, there is a need to assess the validity and accuracy
of methods of analysis of seismically isolated structures with emphasis on:

(a) secondary system response,

(b) contemporary seismic isolation systems, and

(c) seismic excitation that is characteristic of strong seismicity and near-fault
effects.

A number of seismic isolation and energy dissipation systems in configurations not
previously tested but which are now often envisioned for applications in areas of high
seismicity and near-fault excitation were designed and manufactured for this purpose.
They include highly flexible and highly damped systems. While such systems are
effective in reducing the response of the structural system, they are likely less effective in
the protection of secondary (non-structural) components and systems.

The scope of this research is to acquire data on displacements, velocities and
accelerations, as well as forces relevant to design of the structural system and utilize
these data both to study the effectiveness of these systems and to investigate the accuracy
of analytical prediction by the commonly utilized dynamic analysis programs. An
existing six-story steel model was used in three configurations: flexible moment-frame,
asymmetrically braced-frame and stiff braced-frame.

1.2 Report Organization

Section 2 provides current information on non-structural component response to
seismic excitation and seismic isolation systems. Section 3 provides information on the
isolator testing machine, isolation system properties, the six-story structural model, tested
configurations, instrumentation, and the simulator used for earthquake testing. Section 4
provides a summary of test results and interpretation of results. Analytical models of the
isolation systems and the six-story structural system are developed and comparisons of
response history analysis with experimental results are provided in Section 5. Section 6
includes a summary of key findings and conclusions drawn from this research project.
The full results of experimental testing are presented in Appendix A. Appendix B
provides sample computer input files used in analytical modeling. Appendices C and D
provide analytical vs. experimental response results for computer programs SAP2000 and
3D-BASIS-ME, respectively.



SECTION 2
NON-STRUCTURAL COMPONENT RESPONSE AND SEISMIC

ISOLATION SYSTEMS

Recent earthquakes, such as the 1989 Loma Prieta and 1994 Northridge earthquakes,
have shown that code-designed buildings can suffer serious damage to their structural and
non-structural systems when subjected to moderate and severe earthquake excitations. In
particular, non-structural and secondary systems have sustained heavy damage, which
some cases have rendered the structures unusable. Since 1994, particular attention has
been focused on the economic consequences of damage to non-structural components and
systems. ATC (1997a) presents a historical review of the seismic design and construction
practices of non-structural components in the U.S.

Recent seismic retrofit guidelines distinguish between non-structural components
whose failure represents life hazard, those whose failure represents loss of building
function, and those whose failure represents economic loss (ATC 33, 1997a,b). Building
codes, seismic provisions and guidelines, such as the SEAOC (1999), IBC (2000), ATC
(1997a,b) and FEMA (2001), contain some provisions for the seismic design of non-
structural components. Other equipment and components installed in the building after
completion (i.e. computer systems, furniture and art) are excluded. The failure or damage
of such equipment and components could have a significant impact on building safety or
function. Moreover, apart from ATC (1997a,b), there is no attempt in any building code
or seismic provision to relate the seismic design criteria to performance-based design and
there is no information on the expected state of damage (Arnold, 1998).

The ATC (1997a,b) has the first comprehensive guideline for performance-based
seismic design. FEMA 273/274 provides design criteria for non-structural components to
achieve the performance levels of Life Safety and Immediate Occupancy. No specific
criteria are included for the performance levels of Operational. Moreover, no criteria are
provided for complex non-structural systems, such as those that are essential for the
operation of hospitals, or complex telecommunication systems that are essential for
emergency, post-earthquake operations.

Seismic protective systems and particularly seismic isolation systems are generally
presented as the systems most likely to achieve Operational Performance Level and to be
useful for application in hospitals, emergency centers, museums and structures of
architectural significance where damage to non-structural components is unacceptable
(ATC 33, 1997a). Actually, the vast majority of seismically isolated buildings in the U.S.
and Japan are structures of architectural significance, hospitals, emergency operations
centers and buildings containing sensitive equipment or artifacts. This is to a certain
extent a paradox given that there are no established procedures for achieving Operational
performance — the level of performance contemplated for the seismically isolated
structures.

Over the last decade a number of researchers have sought to identify what variables
are important to the design of different types of non-structural components and systems.
Some limit states have been established for various components, but to test all
components in every type of structure in every orientation is impractical. It is possible to
set criteria for some non-structural components that have a relatively small pool of



commercially available products, like architectural glass and windows, which seem to be
controlled by drift, and possibly out-of-plane acceleration. For example, Behr and
Worrell (1998) studied limit stages for architectural glass under simulated seismic
loading. Many different types of glass with different types of laminates and prestressing
were tested in plane. The glass did not start cracking until about 2% story drift in these
tests.

For other non-structural components, like suspended ceilings, is more difficult to
choose a critical structural response parameter. If the ceiling is braced in plane, it could
be considered rigid and thus the peak floor acceleration might be critical. On the other
hand, if the ceiling system is flexible in plane, the response of the ceiling system might
depend on how close the natural frequency of the ceiling is to the peaks in the floor
acceleration spectrum. In addition to acceleration, drift and bay deformation due to
torsion may necessitate a gap between the ceiling system and the walls.

After the 1994 Northridge earthquake, the Olive View Medical Center was rendered
unusable due to flooding from a failed fire sprinkler line that resulted from interaction
between the ceiling system and the fire sprinkler heads (McGavin et al. 1998). These two
non-structural systems had a joint boundary at the sprinkler head, and since their motions
did not match, some heads were ruptured causing significant flooding. The hospital was
then evacuated despite the complete lack of structural damage.

Many components in a building structure are dependant upon a specific single
criterion for proper design, and some, like block type elements subject to sliding and
overturning, depend on a combination of many variables. Upon first glance, the aspect
ratio would appear to vastly affect the probability of overturning a block type element
(i.e. filling cabinet, computer server, printer, copy machine, etc.). However, recent work
by Zhu and Soong (1998) has shown that aspect ratio has relatively little effect on
overturning. Instead, the general size of the object, the duration of excitation, the peak
floor acceleration (the combination of the latter two parameters denotes the significance
of floor velocity), vertical acceleration, and the restitution coefficient matter most. The
aspect ratio and coefficient of friction determine whether the object is subject to sliding
or rocking possibly leading to overturning. However, the probability of overturning is
markedly affected by the restitution coefficient, leading to the conclusion that simply
softer floor tiles may reduce the overturning effects by 50 to 90 percent. On the other
hand, research by Agbabian et al. (1990) for the J. Paul Getty Museum contains
experimental data which portrays a vastly different view. Instead, their results reinforce
the logical assumption that the aspect ratio of the object plays a dominant role in the
prediction of overturning. These two differing conclusions point to the fact that
secondary system response parameters require much more research.

The plotting of probability of failure or damage to a non-structural system or
component versus a particular input parameter is usually referred to as a fragility curve.
Grigoriu and Waisman (1998), as well as Zhu and Soong (1998), have recently presented
the idea of evaluation of system reliability using fragility data and a logic tree. Figures 2-
1 and 2-2 present sample logic trees for two non-structural systems. Note that each
system is made up of components, which in turn could be made up of sub-systems of
components, and the trees can quickly branch out to a substantial number of components
and variables. Every component in Figures 2-1 and 2-2 have different response
characteristics, which are dependent on different primary structural responses. Piping that



runs vertically is likely dependent on story drifts, while valves and piping running
horizontally are likely more affected by acceleration, but probably the full floor
acceleration spectrum is needed to characterize damage rather than the peak floor
acceleration. Peak acceleration or peak displacement alone is not sufficient information to
assess the performance of secondary components and systems. Rather, the components
and systems should probably be broken down to components with known fragility curves
and an overall system fragility created. One can optimize the overall structural system by
concentrating design effort on the limiting the probability of failure of specific
components or subsystems that are critical for the operation of the facility.

Medical
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[ |
Redundant Normal Gas
Gas Supply Supply
@)
| |
02 N2 NO
(cylinders)
0 Y
| | [ |
Central Individual Cylinders Supply
System Cylinders Line
0
[ I [ |
Liquid By-Pass Supply Evaporator
Oxygen Tank Valve Line

FIGURE 2-1 Logic Tree Diagram for Medical Gas Supply Equipment (Zhu,
1998)

It is thus indeed a severe problem that single-parameter statements on the performance
of secondary components and systems in seismically isolated structures have been
included in performance specifications, and oversimplification by some researchers has
led to general conclusions that certain isolation systems may have significant and harmful
impacts on the contents of isolated buildings. For example, Skinner et al. (1993)
mistakenly conclude that isolation systems with high non-linearity are harmful to
building contents. This observation is based entirely on analysis of a simple four-degree-
of-freedom system subjected to the 1940 EI Centro NS input and by using the top floor
acceleration response as the parameter for assessing the performance of secondary
systems. This will be visited again in Section 4.5.
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It should be noted that it is generally accepted that properly designed seismic isolation
systems reduce demands on non-structural components and systems by comparison with
conventional fixed base structures. This conclusion is based on limited analytical studies
such as those reported in Fan and Ahmadi (1990) and Skinner et al. (1993), and the
experimental studies of Kelly and Tsai (1985) and Juhn et al. (1992).

The experimental studies of Kelly and Tsai (1985) and Juhn et al. (1992) concentrated
on elastomeric and sliding isolation systems, respectively, both however of design and
construction that do not correspond to those of isolation systems in use today.
Nevertheless, both studies attempted analytical predictions of the response of secondary
systems, with Kelly and Tsai (1985) presenting a simplified method applicable only to
linear systems (such as low-damped elastomeric systems). While the studies correctly
predicted trends in the response of secondary systems, peak values of interest in design
could not be accurately predicted.

Accurate prediction of the response of secondary systems in seismically isolated
structures is important in performance-based design. The available tools for analysis of

6



seismically isolated structures have not been evaluated for accuracy in the prediction of
the dynamic response of secondary systems. Moreover, the evaluation of accuracy of
these tools in the prediction of the dynamic response of the primary system has been
limited. The study reported herein presents such an evaluation by (a) generating
experimental results on six contemporary seismic isolation systems, and (b) comparing
the experimental responses to analytically obtained results using currently available

computer software.






SECTION 3
COMPONENT AND SYSTEM EVALUATION

3.1 Introduction

The building model used in the earthquake simulator test program is the one used in
numerous experiments at the University at Buffalo over the last 15 years. The model was
originally tested in its fixed base configuration by Reinhorn et al. (1989), and the
properties of the model were identified at that time by dynamic testing. The properties of
the model were then verified and presented later in this section. Moreover, all seismic
isolation and energy dissipation hardware was tested and its characteristics and properties
are reported herein. FP and lead-core bearings were chosen since these systems represent
the types of isolation systems used in the United States. Furthermore, elastomeric
bearings, and FP bearings combined with viscous damping devices were studied because
of their perceived usefulness in near fault applications. The combined elastomeric and
flat sliding bearing system was tested because it is viewed as a competitor to the FP
system in applications of large displacement demand and low bearing loads where purely
elastomeric systems are ineffective due to inability to be designed with low stiffness.

3.2 Testing Machine Description

The single bearing test machine at the University at Buffalo was used to test the seismic
isolation bearings. A schematic and a photograph of the bearing testing machine are
presented in Figures 3-1 and 3-2 respectively. It was designed by Kasalanati and
Constantinou (1999) to be a versatile, small-scale bearing test machine. Its capabilities
are listed in Table 3-1. These capabilities are currently limited by the available reaction
load cell and neither the strength of the support framing nor the capacity of the hydraulic
actuators

The machine is capable of applying high-speed horizontal movement of the loading
beam while controlling the axial load on the specimen to either a fixed value or to a
prescribed history. A multi-component reaction load cell measures the forces in the
isolator. The use of the reaction load cell and the overall construction of the machine
greatly improve the accuracy of measurement since they eliminate the necessity for
corrections due to dynamic and frictional losses that result from indirect measurement of
forces.



REACTION LOAD CELL HORIZONTAL

ACTUATOR
BEARING (245 kN, £ 150mm)
LOADING BEAM — _‘
W 14X257 (147 kN) REACTION
‘ _ = , FRAME
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- = - - VERTICAL
A -- ACTUATOR
1905 ) (@1okN, 2540 Wexat
1067 +50 mm) W14X145
Y Y _C
W14X145
sl 2438

ALL DIMENSIONS IN mm

FIGURE 3-1 Schematic of Machine Used to Test Individual Isolators

FIGURE 3-2 Ph_otograph of Machine Used to Test Individual Isolators
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TABLE 3-1 Summary of Bearing Testing Machine Capabilities

Vertical Load Capacity 220 kN
Horizontal Load Capacity 90 kN
Vertical Displacement Capacity + 50 mm
Horizontal Displacement Capacity + 150 mm
Specimen Plan Dimensions Within 300 mm x 300 mm square
Specimen Height Adjustable from 6mm to 230 mm

3.3 Viscous Damping Devices

Damping devices were added between the earthquake simulator and the rigid base of
the model for selected tests to increase the effective damping of the isolation system.
Linear and nonlinear fluid viscous damping devices were used in conjunction with both
the Friction Pendulum and low damping elastomeric isolation systems. The properties of
the damping devices were determined previously by Kasalanati and Constantinou (1999).
Sinusoidal tests of varying amplitude and frequency (up to 10 Hz) were imposed on the
dampers using the MTS test machine, and the force in the load cell directly connected to
each damper was recorded. Figures 3-3 and 3-4 present the force-displacement loops
from the testing of one linear and one nonlinear damper, respectively.

The dampers exhibited nearly pure viscous behavior. Figure 3-5 presents graphs of the
peak damping force (at zero displacement) versus the peak velocity (amplitude times
circular frequency). The force in the linear dampers can be described by

Fy = COUD (3-1)

where U p is the velocity of the piston in the damper and the damping constant C; =
0.0664 kN-s/mm, which was determined in previous testing. The force in the nonlinear
dampers is given by

. d .
Fy =Cy[U,| esgn(@,) (3-2)

where the damping constant Cy = 2.226 kN (s/mm)0'397, the velocity exponent 6= 0.397,

also determined by previous testing, and sgn(V)p), the signum function, is the sign of the
force is dependent on the direction of motion in the bearing (sign of relative velocity U ).

3.4 Bearing Testing

The isolation systems were designed to result in an effective period of about 1 second
in the 233 kN weight of the model structure for a displacement of 50 mm. FP bearings
were supplied with a radius of 762 mm and coefficient of friction of 0.077, resulting in an
effective period of 1.19 seconds at the displacement of 50 mm. The low damping
elastomeric bearings had an effective period of 0.87 seconds. The lead-core bearings
were designed identical to the low damping elastomeric but with the addition of a 25 mm
lead plug. The lead plug caused a marked increase in strength (approximately 0.17 of the
model weight on each bearing). The resulting increase in the effective stiffness of these
bearings resulted in an effective period of 0.68 seconds for the displacement of 50 mm

11
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3.4.1 Friction Pendulum (FP) Bearings

The principles of operation of the FP bearing have been established by Zayas et al.
(1987), Mokha et al. (1990), Constantinou et al. (1993) and Tsopelas at al. (1993). An
exploded cross-section view of the FP bearings used in this research project is shown in
Figure 3-6. The bearing consists of a spherical sliding surface and an articulated slider,
which is faced with a PTFE-based composite identical to that described in Constantinou
et al. (1999). The force-displacement relation of a FP bearing in any direction is given by

F = %U +u,Nsgn(U) (3-3)

where R is the radius of curvature of the sliding surface, N is the normal load, U is the

displacement, U is the velocity and y; is the coefficient of sliding friction as given by
Mokha and Constantinou (1990) as

M= S = o = Srin) €xD(=0JU)) (3-4)

where f,,.x and f,,;, are the maximum and minimum friction coefficients, respectively, o is
a parameter which controls the variation of friction with velocity, and other terms have
been defined previously.

To identify the variables needed to properly model the FP bearings, several tests were
conducted on a single FP bearing. All tests were conducted under constant normal load
and three cycles of sinusoidal lateral displacement. Sample results are presented in Figure
3-7.

475
450
| 9
60
i R =762 87.5
Bearing Material Polished Stainless
L Steel Surface L]

Articulated Slider*?@
R=194

11—

50—

——

‘ 550 ‘
(all units in mm)
FIGURE 3-6  FP Bearing Section
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FIGURE 3-7  Recorded Normalized Force-Displacement Loops of a FP Bearing

The loops in Figure 3-7 reveal the dependency of the coefficient of friction on the
velocity of sliding, which is depicted in Figure 3-8 together with predictions of the
calibrated equation (3-4). Also, the loops of Figure 3-7 show waviness in the high
velocity tests. This waviness is the result of fluctuating normal load due to inability of the
test machine to accommodate the changes in the height of the bearing during high speed
testing. For example, in the test at a peak velocity of 430 mm/sec, the normal load varied
between 36 and 77 kN. The problem is more pronounced in the combined large
amplitude-large velocity (144 mm/sec) test where the normal load varied between 22 and
85 kN.

3.4.2 Low Damping Elastomeric Bearings

Figure 3-9 presents a schematic of the low damping rubber bearings used in this
research project. The bearings were made of natural rubber of grade 5 and hardness 50.
The shear modulus for this material is typically in the range of 0.6 to 0.7 MPa. Assuming
a shear modulus, G, of 0.7 MPa, the effective stiffness of the bearings can be predicted by

16
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K, =—F7" 3-5

I

where A4, is the bonded rubber area, and 7, is the total rubber thickness. For 4, = 24280
mm” and 7, = 57 mm, Keris 0.30 kKN/mm. Thus for four bearings supporting a weight of
233 kN, these bearing would provide a period of about 1.0 sec in the scale of the
experiment and 2.0 sec in the prototype scale.

After receiving the bearings, they were tested in the bearing test machine to determine
their actual properties before being utilized for earthquake simulator testing. Figures 3-10
and 3-11 present recorded lateral force-displacement loops of the four elastomeric
bearings tested under a variety of conditions, including

a) Axial loads of about 25% (13.3 kN) to about 235% (124.5 kN) of the gravity load

on the bearings during the earthquake simulator testing,

b) Rubber shear strain in the range of 50 to 150%, and

¢) Temperature in the range of 20 to 55 °C.
The bearings exhibited stable properties, which for all practical purposes may be
described by an effective stiffness of 0.32 kN/mm and an effective damping of 0.045.
Thus, the effective shear modulus of the rubber is 0.75 MPa. However, it may be noted in
the loops of Figures 3-10 and 3-11 that the bearings exhibit a reduced stiffness for
displacements exceeding about 25 mm (which corresponds to a shear strain in the rubber
of about 50%). The origin of this phenomenon is not known but appeared important for
the analytical prediction of the response of the isolated model structure.
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3.4.3 Lead-Core Bearings

The lead-core bearing consists of an elastomeric bearing (in this case, identical to the
low damping elastomeric bearings described in Section 3.4.2) with a lead plug fitted in a
central hole. The addition of the lead core substantially increases the capability for energy
absorption due to yielding of the lead core and provides a large horizontal stiffness at
very low displacements, which may be advantageous for resisting service loads. Figure 3-
12 is a schematic of the lead-core (or lead-rubber) bearings used in this research project.

The lateral force-displacement relation of the lead-core bearing is shown, in idealized
form, in Figure 3-13. In this figure, K, is the elastic stiffness, K, is the post-elastic
stiffness, D, is the yield displacement, F), is the yield force and Q is the characteristic
strength (or zero-displacement intercept).

After receiving the four lead-core bearings, they were all tested in the single bearing
test machine to determine the actual properties before being utilized in earthquake
simulator testing. Figure 3-14 presents lateral force-displacement loops for the four lead
core bearings, recorded in tests under load of 62.3 kN, frequency of 1Hz and rubber shear
strain of 100%. The loops in Figure 3-14 demonstrate minimal variability of properties
among the four bearings and a small reduction of strength with increasing number of
cycles. This is very good performance given the large energy dissipation capacity of the
bearings, the high speed of testing (peak velocity of 358 mm/s) and the generated heat
(see Constantinou et al., 1999 for discussion). The following average properties for the
four bearings and over the three cycles of testing parameters were calculated from the
loops of Figure 3-13:

a) Characteristic strength O =9.75 kN,

b) Post-elastic stiffness K, = 0.37 kN/mm,
c) Elastic stiffness K, = 5.25 kN/mm, and
d) Yield displacement D, = 2.0 mm.

Two characteristics of the lead core bearings were important to assess the performance
of the isolation system in the earthquake simulator tests. The first is characteristic
strength. At 9.75 kN, this value is 17% of the gravity load on the bearings (=58 kN) in the
earthquake simulator testing, and uncharacteristically high for lead core bearings in actual
applications. Given the very large strength of the bearings, the effective stiffness is high
leading to low effective period of the isolated model. The lead-core bearings could not be
designed for larger flexibility for reasons of isolator stability at the quarter length scale
used for earthquake simulator testing.
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3.4.4 Flat Sliding Bearings

In this research project, flat sliding bearings were used in combination with low
damping elastomeric bearings to create an isolation system with low effective stiffness
and moderate characteristic strength. Figure 3-15 presents a schematic of the sliding
bearings utilized in the experiments described herein. The force-displacement
relationship for flat sliding bearings is
F = u,N esgn(U) (3-6)
where F is the force, f is the coefficient of sliding friction and given by equation (3-4),
N is the normal force on the bearing, and sgn(U ) is the signum function.

318 mm

50 mm

38 mm

50 mm

/ Articulated /
| 25 mm Slider 1.5 mm thic

stainless ste

Bearing Material 3.8 mm thick,
recessed 1.9 mm

280 mm

FIGURE 3-15 Schematic of Tested Flat Sliding Bearing

Testing was performed on one flat sliding bearing. Sample results are shown in Figure
3-16 in which four representative normalized force-displacement loops are presented. On
the basis of these test results, the coefficient of friction was determined and plotted versus
the velocity of sliding in Figure 3-17. Also plotted in the figure is the prediction of
equation (3-4) following calibration and using the parameters shown in the figure. Of
interest is to note in Figure 3-16 is the substantial breakaway friction in the test at
velocity of 2.4 mm/sec. This was the first test to be conducted on the bearing. This
behavior has been described in Constantinou et al. (1999), where physical explanations
for this behavior are presented. The breakaway friction, approximately 0.06, is ignored in
the analytical modeling because it is much less than the maximum friction of 0.11 that
occurs at high velocities.

24



0.15

Lateral Force / Normal Force
S
S

-0.15

0.15

Lateral Force / Normal Force
S
()

-0.15

Bearing No.1
Load =53 kN

0.

15

Peak Velocity Peak Velocity
=2.4 mm/s =25 mm/s
-0.15
-30 0 30 -30 0 30
0.15
Peak Velocity Peak Velocity
=102 mm/s =254 mm/s
0.00
-0.15
-30 0 30 -30 0 30

Displacement (mm)

Displacement (mm)

FIGURE 3-16 Recorded Normalized Force-Displacement Loops of a Flat Sliding

Bearing

25



0.12

=

2

B 0.10 -

=

‘%0 0.08 -

=

“ 0.06 -

Gy

o

8 0.04 A

Q

S 00 — Equation 2.2 with f,_=0.11, f,_=0.02 and 0:=20 s/m

o} : .

@) B  Experimental Data

0.00 T T T T
0 100 200 300 400 500
Velocity (mm/sec)
FIGURE 3-17 Coefficient of Sliding Friction Versus Velocity in a Flat Sliding
Bearing

3.5 Six-Story Model

The six-story model used in the earthquake simulator testing is identical to that used in
previous testing of energy dissipation and seismic isolation systems at the University at
Buffalo (Reinhorn et al., 1989; Mokha et al., 1990; Constantinou et al., 1990). It
represents a section in the weak direction of a steel moment-resisting frame.

The structure is shown in Figures 3-18 and 3-19. All column and beam sections are
S3x5.7, and all out-of-plane braces are L 1'ax1%2x% (37x37x6.25). The structure is
attached to a rigid base comprised of two AISC W14x90 sections, 5.2 m long with six
transversely connected beams. The model has six stories of 0.914 m height each, giving
a total height of 5.486 m above the base. The model is three bays by one bay in plan,
each bay being 1.22 m wide, for total plan dimensions of 1.22 m by 3.66 m. Concrete
blocks were used to add mass to satisfy similitude requirements, bringing the total
weight, including the base, to 233 kN. The structure was constructed to have a length
scale of 4. Other scale factors used in the testing are presented in Table 3-2.
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FIGURE 3-19 Photograph of Tested Slx-Story Isolated Model Structure on the
University at Buffalo Earthquake Simulator
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TABLE 3-2 Scale Factors Used in Model Structure

QUANTITY DIMENSION' SCALE FACTOR
Linear Dimension L 4
Displacement L 4
Time T 2
Velocity LT 2
Acceleration LT 1
Frequency T! )
Stress / Pressure ML'T? 1
Force MLT™ 16
Strain - 1

1. L =length, T = time, M = mass

3.6 Tested Configurations

A total of 27 configurations of the six-story model were tested as listed below. Figure

3-20 presents a schematic description of these configurations.

1. Non-isolated Six-story Moment Frame (FBMF): The six-story steel moment frame
structure was tested with the bearings locked and additional L 6x6x%2 (152x152x12)
angle braces between the rigid base and the simulator platform to ensure fixed base
conditions; fundamental period was 2.34 Hz.

2. Non-isolated Six-story Asymmetrically Braced Frame (FBAB): The six-story FBMF
steel moment frame structure was altered by adding L 1'x1%xY (37x37x6.25)
braces on one side of the middle bay on each floor to induce torsion; fundamental
period was 3.32 Hz.

3. Non-isolated Six-story Symmetrically Braced Frame (FBSB): The six-story FBMF
steel moment frame structure was altered by adding L 1%x1%xY (37x37x6.25)
braces to both sides of the middle bay on each floor to create a fully braced structure;
fundamental period was 4.0 Hz.

4. FP-isolated Six-story Moment Frame (FPMF): The six-story moment frame of
configuration 1 isolated from the earthquake simulator with four FP bearings.

5. FP-isolated Six-story Asymmetrically Braced Frame (FPAB): The six-story
asymmetrically braced frame of configuration 2 isolated from the earthquake
simulator with four FP bearings.

6. FP-isolated Six-story Symmetrically Braced Frame (FPSB): The six-story
symmetrically braced frame of configuration 3 isolated from the earthquake simulator
with four FP bearings.
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Non Isolated

FBMF FBAB FBSB
FP Isolated no Dampers
FPMF FPAB FPSB
FP Isolated Linear Dampers
FPML FPAL FPSL
FP Isolated Non-Lin Damper
FPMN FPAN FPSN
Elastomeric no Dampers
LDMF LDAB LDSB
Elastomeric Linear Dampers
LDML LDAL LDSL
Elastomeric Non-Lin Dampers
LDMN LDAN LDSN
Lead Core no Dampers
LCMF LCAB LCSB
Elastomeric + Flat Sliding
EFMF EFAB EFSB

FIGURE 3-20 Illustration of Tested Configurations
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FIGURE 3-21 Installation Geometry for Fluid Viscous Dampers

10.

11.

12.

FP-isolated Six-story Moment Frame with Linear Dampers (FPML): Linear viscous
dampers were added between the rigid base and the simulation platform to the six-
story FP-isolated moment frame of configuration 4. The dampers were connected
from the earthquake simulator to the center of the underside of the W14x90 beams as
shown in Figure 3-21. The total length of the installed damper assemblage was 96.75
cm, and the angle between the damper axis and the longitudinal base direction was
40.4 degrees. However, since the dampers could move = 5 cm along the axis of the
damper (£ 6.5 cm along the longitudinal axis of the base) the angle between the
damper axis, and the direction of motion axis varied from 38 to 43 degrees.
FP-isolated Six-story Asymmetrically Braced Frame with Linear Dampers (FPAL):
Linear viscous dampers were added between the rigid base and the simulator platform
to the six-story FP-isolated asymmetrically braced frame of configuration 5.
FP-isolated Six-story Symmetrically Braced Frame with Linear Dampers (FPSL):
Linear viscous dampers were added between the rigid base and the simulator platform
to the six-story FP-isolated symmetrically braced frame of configuration 6.
FP-isolated Six-story Moment Frame with Nonlinear Dampers (FPMN): Nonlinear
viscous dampers were added between the rigid base and the simulator platform to the
six-story FP-isolated moment frame of configuration 4. The nonlinear dampers were
connected per configuration 7.

FP-isolated Six-story Asymmetrically Braced Frame with Nonlinear Dampers
(FPAN): Nonlinear viscous dampers were added between the rigid base and the
simulator platform to the six-story FP-isolated asymmetrically braced frame of
configuration 5.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

FP-isolated Six-story Symmetrically Braced Frame with Nonlinear Dampers (FPSN):
Nonlinear viscous dampers were added between the rigid base and the simulator
platform to the six-story FP-isolated symmetrically braced frame of configuration 6.
Low Damping Elastomeric Bearing isolated Six-story Moment Frame (LDMF): The
six-story moment frame of configuration 1 isolated from the earthquake simulator
with four low damping elastomeric bearings.

Low Damping Elastomeric Bearing isolated Six-story Asymmetrically Braced Frame
(LDAB): The six-story asymmetrically braced frame of configuration 2 isolated from
the earthquake simulator with four low damping elastomeric bearings.

Low Damping Elastomeric Bearing isolated Six-story Symmetrically Braced Frame

(LDSB): The six-story symmetrically braced frame of configuration 3 isolated from
the earthquake simulator with four low damping elastomeric bearings.

Low Damping Elastomeric Bearing isolated Six-story Moment Frame with Linear
Dampers (LDML): Linear viscous dampers were added between the rigid base and
the simulator platform to the six-story low damping elastomeric bearing isolated
moment frame of configuration 13. The dampers were connected per configuration 7.

Low Damping Elastomeric Bearing isolated Six-story Asymmetrically Braced Frame
with Linear Dampers (LDAL): Linear viscous dampers were added between the rigid
base and the simulator platform to the six-story low damping elastomeric bearing
isolated asymmetrically braced frame of configuration 14.

Low Damping Elastomeric Bearing isolated Six-story Symmetrically Braced Frame
with Linear Dampers (LDSL): Linear viscous dampers were added between the rigid
base and the simulator platform to the six-story low damping elastomeric bearing
isolated symmetrically braced frame of configuration 15.

Low Damping Elastomeric Bearing isolated Six-story Moment Frame with Nonlinear
Dampers (LDMN): Nonlinear viscous dampers were added between the rigid base
and the simulator platform to the six-story low damping elastomeric bearing isolated
moment frame of configuration 13. The dampers were connected per configuration 7.

Low Damping Elastomeric Bearing isolated Six-story Asymmetrically Braced Frame
with Nonlinear Dampers (LDAN): Nonlinear viscous dampers were added between
the rigid base and the simulator platform to the six-story low damping elastomeric
bearing isolated asymmetrically braced frame of configuration 14.

Low Damping Elastomeric Bearing isolated Six-story Symmetrically Braced Frame
with Nonlinear Dampers (LDSN): Nonlinear viscous dampers were added between
the rigid base and the simulator platform to the six-story low damping elastomeric
bearing isolated symmetrically braced frame of configuration 15.

Lead-core Bearing isolated Six-story Moment Frame (LCMF): The six-story moment
frame of configuration 1 isolated from the simulator platform with four lead-core
bearings.

Lead-core Bearing isolated Six-story Asymmetrically Braced Frame (LCAB): The
six-story asymmetrically braced frame of configuration 2 isolated from the simulator
platform with four lead-core bearings.

Lead-core Bearing isolated Six-story Symmetrically Braced Frame (LCSB): The six-
story symmetrically braced frame of configuration 3 isolated from the simulator
platform with four lead-core bearings.
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26. Low Damping Elastomeric Bearing with Flat Slider isolated Six-story Moment Frame
(EFMF): The six-story moment frame of configuration 1 isolated from the simulator
platform with two low damping elastomeric and two flat sliding bearings.

27. Low Damping Elastomeric Bearing with Flat Slider isolated Six-story
Asymmetrically Braced Frame (EFAB): The six-story asymmetrically braced frame
of configuration 2 isolated from the simulator platform with two low damping
elastomeric and two flat sliding bearings.

28. Low Damping Elastomeric Bearing with Flat Slider isolated Six-story Symmetrically
Braced Frame (EFSB): The six-story symmetrically braced frame of configuration 3
isolated from the simulator platform with two low damping elastomeric and two flat
sliding bearings.

3.7 Identification of Properties of Tested Configurations

Prior to testing the isolated six-story model structure, fixed base testing was performed
to determine the characteristic modes and mode shapes of the six-story superstructure.
The tests for each structure, moment frame, braced frame and asymmetrically braced
frame, were conducted with a banded white noise (0 to 40 Hz) excitation with
acceleration amplitude of 0.05 g.

Transfer functions were obtained as the ratio of the Fourier transform of the horizontal
acceleration of each floor (average of accelerations recorded on east and west sides of
model) of the structure to the Fourier transform of the base horizontal acceleration
(average of east and west sides, measured at the W14x90 sections) while the isolation
system was fixed. These transfer functions were used to identify the frequencies,
damping ratios and mode shapes of the model. The procedure followed in the
identification of the model properties is described in Reinhorn et al. (1989). Table 3-3
shows the results of this analysis for the first six significant modes of the moment frame.

Identification of the asymmetrically braced frame presented difficulties in determining
the correct damping ratio for the torsional mode. By following the same procedures as for
the other two frames, information is lost by averaging the two, east and west, acceleration
time histories. The damping ratio of the torsional mode was approximately determined by
examination of free vibration records of the difference of the accelerations recorded on
east and west sides of model. A damping ratio on the order of 0.02 was determined. This
value was utilized in the analysis (described in Section 5.4), which resulted in predictions
of dynamic response that were in good agreement with the experimental results.

Tables 3-4 a and b present the results of this analysis for the first three modes of the
asymmetrically braced and symmetrically braced frame configurations, respectively. The
first and third modes of the asymmetrically braced frame structure are the first two modes
that are predominantly in the direction of testing, correspondingly, the first two modes of
the symmetrically braced structure. The second mode of the asymmetrically braced frame
structure is a torsional mode.

Figures 3-22 thru 3-24 present the plots of transfer function amplitude versus
frequency for the three different configurations. In some cases the true peak was likely
missing, and had to be extrapolated from the slopes on either side of the peak to perform
the identification. In all three figures, the frequency content is presented in the range of 0
to 35 Hz. This range contains the first six modes for the moment frame, and the first three
modes for the other two configurations.
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TABLE 3-3 Characteristics of Fixed Base Moment Frame Structure

Experimental

Frequency | Damping Mode Shape
(Hz) Ratio | Floor 1 Floor2 Floor3 Floor4 Floor5 Floor6
2.34 0.048 0.22 0.43 0.60 0.77 0.94 1.00
7.90 0.019 -0.52 -1.05 -0.98 -0.41 0.40 1.00
13.65 0.011 0.98 1.02 -0.27 -1.27 -0.59 1.00
19.79 0.003 -2.21 0.48 1.99 -0.28 -1.67 1.00
25.45 0.014 2.51 -1.66 0.14 2.40 -2.86 1.00
29.54 0.018 -2.16 4.94 -4.96 422 -2.50 1.00

Mode

AN DN AW

TABLE 3-4 Characteristics of Asymmetrically and Symmetrically Braced Fixed
Base Structure

a. Asymmetrically Braced Experimental

Mode Frequency | Damping Mode Shape
(Hz) Ratio | Floor 1 Floor2 Floor3 Floor4 Floor5 Floor6
1 3.32 0.042 0.20 0.39 0.55 0.73 0.91 1.00
2 5.32 0.020' [ 0.26 0.38 0.50 0.63 0.86 1.00
3 12.80 0.016 | -0.62 | -1.11 -0.97 | -0.41 0.38 1.00

1. See comments in text.

b. Symmetrically Braced Experimental

Mode Frequency Damping Mode Shape
(Hz) Ratio | Floor 1 Floor2 Floor3 Floor4 Floor5 Floor6
1 4.00 0.040 0.17 0.34 0.49 0.67 0.87 1.00
2 17.09 0.017 -0.67 -1.16 -0.96 -0.43 0.38 1.00
3 30.70 0.009 1.00 1.06 -0.71 -1.38 -0.63 1.00
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3.8 Instrumentation

The instrumentation of the six-story model structure consisted of load cells,
accelerometers, and displacement transducers. Accelerations and absolute displacements
were recorded on the east and west side at each floor level, the base, and the simulator
platform in the horizontal direction (see Figure 3-25). In addition, the wvertical
acceleration above and below the southeast bearing and the vertical acceleration of two
beams on the sixth floor were recorded. Four load cells at the base of the structure
measured vertical and shear forces in the four bearings. Table 3-5 contains a list of
channels for all the instruments.

Important response quantities were measured by both direct and indirect means to
provide redundancy for checking the accuracy of important measurements. To check
accelerations, the absolute displacement at that location was double differentiated to
obtain the history of acceleration. To check shear forces in the load cells, the base shear
was calculated by summing up the inertial forces at each floor level. Each floor’s inertial
force was calculated by multiplying the recorded average acceleration (from the two
instruments on the east and west sides of the floor) by the mass of that floor.

3.9 Testing Program

The six-story model structure was tested with several different earthquake motions.
Table 3-6 lists the motions utilized in testing and their peak ground motion characteristics
in prototype scale. Of the earthquakes listed, El Centro, Miyagiken and Taft, are
generally considered “standard”, “high frequency-content”, benchmark motions, while
most of the other motions were chosen for their near fault characteristics, such as the
motions recorded in the 1994 Northridge earthquake, the 1999 Chi-Chi, the 1995 Kobe,
and the 1971 Pacoima earthquakes. The 1985 Mexico City and 1968 Hachinohe
earthquakes were chosen for their content in long period components. The 1999 Kocaeli
earthquake was added because of its catastrophic nature and because data became
available during testing. Each record was compressed in time by a factor of two to
conform to similitude requirements.

Table 3-7 lists the tests that were conducted on the six-story model. Each earthquake
excitation was applied with an intensity identified in Table 3-7 with a percentage figure.
For example, a figure of 200% denotes an excitation twice as strong as the actual record,
but with the time scale compressed by a factor of 2 as noted above. Vertical excitation
was attempted for one configuration (denoted in Table 3-7 as H+V), however, the
earthquake simulator was unable to correctly simulate the vertical component of El
Centro and the table hydraulics actually failed during the El Centro 200% H+V test.
Furthermore, testing was cut short during the FP isolated symmetrically braced testing
with linear dampers because one of the dampers failed during the Pacoima S16E test. A
total of 304 tests were performed.

Figures 3-26 to 3-39 present the recorded histories of the table motion in fourteen tests
with these earthquake inputs. The acceleration and displacements records were directly
measured, whereas the velocity record was calculated by differentiating the displacement
record. The figures also show the 5-percent damped response spectra of the platform
motion, which are plotted against the spectra of the target records. It can be seen that the
earthquake simulator produced motions that are in acceptable agreement with the spectra
of the target motions in the period range of the isolated model structure.
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