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PREFACE

Seismic isolation is a simple structural design approach to mitigate or reduce
earthquake damage potential. Seismic isolated structures are currently difficult
to analyze, design, and implement, however, due to complex code requirements.
This book serves as a guide to help the reader navigate and understand the con-
cepts and procedures involved in analysis, design, and development of specifi-
cations for seismic isolated structures. The book is intended as a reference for
practicing engineers and architects as well as a text for graduate-level courses
on seismic isolation.

It provides a complete and up-to-date coverage of the subject and numerical
examples and systematic development of the concepts in theory and practical
application. The book is partially developed from lecture notes generated over
the period of two decades of teaching graduate classes at the University of Cali-
fornia at Berkeley. The material is complemented by practical insights obtained
from many years of involvement in analysis, design, and review of major seis-
mic isolated projects in the United States.

In response to the damage generated by recent earthquakes in densely pop-
ulated areas, seismic design codes for the design of buildings, bridges, and
industrial facilities changed with the intention of leading to better seismic per-
formance. This process has been repeated in response to all recent damaging
earthquakes, such as the 1989 Loma Prieta, 1994 Northridge, and 1995 Kobe
events. In addition, damaging earthquakes in Mexico, Australia, Armenia, Iran,
and India have all caused changes in the seismic design codes and procedures.
Consequently, all structural engineers designing earthquake-resistant structurcs
have had to contend with increasingly complex code requirements.

Seismic isolation is an approach to earthquake-resistant design that is based

xiii



xiv PREFACE

on the concept of reducing the seismic demand rather than increasing the earth-
quake resistance capacity of the structure. Proper application of this technology
leads to better performing structures that will remain essentially elastic during
large earthquakes. Surprisingly, the basics of this approach are rather simple.

Unfortunately, however, the seismic design code provisions for design of
seismic isolated structures are complicated and difficult for the engineer to
apply. This textbook is intended to clarify for the practicing engineer, as well
as engineering student, the basic concepts of seismic isolation and the funda-
mental principles of seismic isolation design. It provides a framework for the
design professional to satisfy the code requirements while retaining the favor-
able, cost-effective, damage control aspects of this new technology. It is the
authors’ contention that, once the intimidating barriers of code application are
bypassed, the use of seismic isolation will become a routine procedure for many
types of structures.

The theoretical underpinning of seismic isolation has been firmly established
and the technology has been verified by extensive experimental work over the
past quarter century. The relevant material is covered in many technical reports,
archived publications, and journal articles. But no general collection of this
research in a form accessible to the practicing engineer has been available until
this time. This textbook will bring much of this information to the engineering
profession and will compliment it with knowledge gained by the authors from
years of experience as designers, consultants, and reviewers of many seismic
isolated projects.

The authors would like to express their gratitude to the following individu-
als and institutions: Ashraf Habibullah and Computers and Structures, Inc., for
kindly permitting the educational version of the SAP2000 computer program to
be used as a companion to this book; Syed Hasanain and Igbal Suharwardy for
their valuable assistance in this regard; Claire Johnson for her expert typing of
the manuscript; Roy Lobo for coding the optimization algorithm for the com-
panion ISOSEL computer program; Ian Aiken and Fredrick Tajirian of Seismic
Isolation Engineering, Inc., for providing the sample specification included in
Chapter 10 of the book; and last but not least, Mark Day, Andrew Besirof, Evita
Oseguera, and Nicki Hyde for their valuable assistance with the artwork and
logistics during the course of preparation of the manuscript.

FARZAD NAEIM JAMES M. KELLY
Los Angeles, California Berkeley, California



CHAPTER 1

DEVELOPMENT OF SEISMIC
ISOLATION WORLDWIDE

1.1 INTRODUCTION

In August 1909 J. A. Calantarients, a medical doctor from the northern English
city of Scarborough, wrote a letter to the Director of the Seismological Service
of Chile in Santiago calling his attention to a method of building construction
that he had developed whereby “substantial buildings can be put up in carth-
quake countries on this principle with perfect safety since the degree of severity
of an earthquake loses its significance through the existence of the lubricated
free joint.” Calantarients had submitted a patent application to the British patent
office for his construction method, which proposed that the building be built
on his “free joint” and a layer of fine sand, mica, or talc that would allow the
building to slide in an earthquake, thereby reducing the force transmitted to the
building itself.

What the doctor was prescribing was an early example of an earthquake-
resistant design strategy known as base isolation or seismic isolation. Many
mechanisms have been invented over the last century to try to achicve the
goal of uncoupling the building from the damaging action of an earthquake,
for example, rollers, balls, cables, rocking columns, as well as sand. Buildings
have been built on balls, including a building in Sevastopol, Ukraine, and a
five-story school in Mexico City. At least one building, a four-story dormitory
for the State Seismological Observatory in Beijing, has been built on a sand
layer between the building and the foundation specifically designed to slip in
the event of an earthquake.

Dr. Calantarients mentions in his letter that, “I made the experiment with
balls many years before it was done in Japan, or at any event before any amount
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2 DEVELOPMENT OF SEISMIC ISOLATION WORLDWIDE

of it appeared in the papers about 25 years ago.” The reference is almost cer-
tainly to the Englishman John Milne, who was a Professor of Mining Engincer-
ing in Tokyo in the years 1876 through 1895. During this period Milne became
very interested in earthquake phenomena, and he devised and improved a num-
ber of seismoscopes and seismographs. Milne carried out pioneering research
on seismology, so much so that he is often referred to as the “Father of Modern
Seismology.” He also gave much thought to the design of buildings in seismi-
cally active areas and published rules for earthquake-resistant construction that
are still valid today.

While at the University of Tokyo, he built an example of an isolated building.
The structure was built on balls in “cast-iron plates with saucer-like edges on the
heads of piles. Above the balls and attached to the buildings are cast-iron plates
slightly concave but otherwise similar to those below.” The building was instru-
mented and apparently experienced earthquake movement. In 1885 he described
this experiment in a report to the British Association for the Advancement of
Science. Apparently he was not completely satisfied with the performance of
his building under wind load, so he changed the isolation system, and in 1886
he described the new version in a follow-up report to the association. The first
balls had been 10 inches in diameter; 8-inch balls were tried, then 1-inch balls.
Finally the house was rested at cach of its piers on a handful of cast-iron shot,
each 1/4 inch in diameter. By this means the building became stable against
wind loads. The final design was evidently successful under actual earthquake
action.

The concept of seismic isolation has become a practical reality within the
last 20 years with the development of multilayer elastomeric bearings, which
are made by vulcanization bonding of sheets of rubber to thin steel reinforcing
plates. These bearings are very stiff in the vertical direction and can carry the
vertical load of the building but are very flexible horizontally, thereby enabling
the building to move laterally under strong ground motion. Their development
was an extension of the use of elastomeric bridge bearings and bearings for
the vibration isolation of buildings. In recent years other systems have been
developed that are modifications of the sliding approach. The concept of base
isolation is now widely accepted in earthquake-prone regions of the world for
protecting important structures from strong ground motion, and there are now
many examples in the United States and Japan. A smaller number of base-iso-
lated buildings have been built in New Zealand and in Italy, mainly for large
and important buildings. Demonstration projects that apply low-cost base iso-
lation systems for public housing in developing countries have been completed
in Chile, the People’s Republic of China, Indonesia, and Armenia.

It is not surprising that most applications are for important buildings that
house sensitive internal equipment. The basic dilemma facing a structural engi-
neer charged with providing superior seismic resistance of a building is how to
minimize interstory drift and floor accelerations. Large interstory drifts cause
damage to nonstructural components and to equipment that interconnects sto-
ries. Interstory drifts can be minimized by stiffening the structure, but this
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leads to amplification of the ground motion, which Ieads to high floor acceler-
ations, which can damage sensitive internal equipment. Floor accelerations can
be reduced by making the system more flexible, but this leads to large inter-
story drifts. The only practical way of reducing simultaneously interstory drift
and floor accelerations is to use base isolation; the isolation system provides
the necessary flexibility, with the displacements concentrated at the isolation
level.

The concept of base isolation is quite simple. The system decouples the
building or structure from the horizontal components of the ground motion by
interposing structural elements with low horizontal stiffness between the struc-
ture and the foundation. This gives the structure a fundamental frequency that
is much lower than both its fixed-base frequency and the predominant frequen-
cies of the ground motion. The first dynamic mode of the isolated structure
involves deformation only in the isolation system, the structure above being to
all intents and purposes rigid. The higher modes that produce deformation in
the structure are orthogonal to the first mode and, consequently, to the ground
motion. These higher modes do not participate in the motion, so that the high
energy in the ground motion at these higher frequencies cannot be transmitted
into the structure. The isolation system does not absorb the earthquake energy,
but rather deflects it through the dynamics of the system; this effect does not
depend on damping, but a certain level of damping is beneficial to suppress
possible resonance at the isolation frequency.

The first use of a rubber isolation system to protect a structure from earth-
quakes was in 1969 for an clementary school in Skopje, Yugoslavia. The
Pestalozzi School, a three-story concrete structure designed and built by Swiss
engineers (Fig. 1.1), is isolated by a system known as the Swiss Full Base
Isolation-3D (FBI-3D) System [116]. Unlike more recently developed rubber
bearings, the rubber blocks used here (Fig. 1.2) are completely unreinforced so
that the weight of the building causes them to bulge sideways. Glass blocks
(Fig. 1.3) acting as seismic fuzes are intended to break when the seismic load-
ing exceeds a certain threshold. Because the vertical and horizontal stiffness of
the system is about the same, the building will bounce and rock backward and
forward in an earthquake. These bearings were designed when the technology
for reinforcing rubber blocks with steel plates—as in bridge bearings—was not
highly developed or widely known, and it is unlikely that this approach will be
used again.

Most recent examples of isolated buildings use multilayered laminated rub-
ber bearings with steel reinforcing layers as the load-carrying component of the
system. Because of the reinforcing steel plates, these bearings are very stiff in
the vertical direction but are very soft in the horizontal direction, thereby pro-
ducing the isolation effect. Easy to manufacture, these bearings have no moving
parts, are unaffected by time, and are very resistant to environmental degrada-
tion.

Many isolation systems, particularly those used in New Zealand and Japan,
combine low-damping natural rubber bearings with some form of mechanical
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Fig. 1.2 Bearings used in the Pestalozzi School.
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Fig. 1.3 Seismic fuzes used in the Pestalozzi School.

damper. These include hydraulic dampers, steel bars, steel coils, or lead plugs
within the bearing itself. There are several drawbacks to using dampers for iso-
lating structures: Every type of damper—except the internal lead plug—requires
mechanical connectors and routine maintenance, the yielding of metallic
dampers introduces a nonlinearity into the response that complicates the analy-
sis of the dynamic response of the isolated building, and they reduce the degree
of isolation by causing response in higher modes.

In the United States the most commonly used isolation system is the lead-
plug rubber bearing. These bearings are multilayered, laminated elastomeric
bearings that have one or more circular holes. Lead plugs are inserted into
these holes to add damping to the isolation system. Although some projects
are isolated solely with lead-plug rubber bearings, they are generally used in
combination with multilayered elastomeric bearings without lead plugs.

It is also possible to incorporate damping into an isolation system by includ-
ing damping in the elastomer itself. Buildings in the United States, Italy, Japan,
the Peoples’s Republic of China, and Indonesia have been isolated using these
high-damping natural rubber bearings, and the simplicity of this approach is
such that its use can be expected to spread rapidly. The first base-isolated build-
ing to be built in the United States used this type of isolator: the Foothill Com-
munities Law and Justice Center (FCLJC).

Both before and after the beginning of implementation of base isolation in
structures in the United States, there was an extensive program of research
on the subject at a number of universities. Much of this research work was
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sponsored by the U.S. National Science Foundation (NSF), with other funding
from agencies such as the U.S. Department of Energy and the Electric Power
Research Institute. -

This research included several shake table experiments at the large earth-
quake simulator at the Earthquake Engineering Research Center (EERC) at the
University of California at Berkeley. The test programs used a series of increas-
ingly larger building models, ranging from a 20-ton, three-story model to a
60-ton, nine-story model, with increasingly realistic models of isolation bear-
ings of several types. In parallel with shake table tests, which generally used
small models of isolators with scale factors between 3 and 8, static tests were
carried out on a wide range of isolators at sizes closer to full size. These tests
have permitted users of isolators to study failure mechanisms and the influence
of various parameters on the mechanical characteristics of the isolators. The
results of these test programs have been reported in a series of EERC reports.

The concept of base isolation has also provided a rich source of theoreti-
cal work, both in the dynamics of the isolated structural system and in the
mechanics of the isolators themselves. This theoretical work, widely published
in structural engineering and earthquake engineering journals, has led to design
guidelines for isolated structures and design rules for isolators. Several coun-
tries are now formulating design codes for isolated structures.

In the United States design codes have been in use since 1986. The code-
writing process has undergone a steady evolution through a code series that began
with a simple regulation titled “Tentative Seismic Isolation Design Require-
ments” based mainly on equivalent static design methods [121], which was con-
siderably modified and became the 1991 version of the Uniform Building Code
(UBC), “Earthquake Regulations for Seismic-Isolated Structures” [53]. The 1994
and finally the 1997 version of the UBC are even more elaborate. The 1997 UBC
[55] is an extremely complex code based mainly on dynamic methods of design.
The 1986 Structural Engineers Association of Northern California (SEAONC)
code was deliberately straightforward and simple, with the intent of encouraging
the use of this new technology. As the code has evolved, it has become increas-
ingly difficult to use, and it now constitutes a considerable impediment to the
implementing base isolation technology in the United States.

1.2 BASE ISOLATION IN THE UNITED STATES

The first base-isolated building to be built in the United States was the Foothill
Communities Law and Justice Center (FCLJC) (Fig. 1.4), a legal services center
for the County of San Bernardino, located in the city of Rancho Cucamonga,
about 97 km (60 miles) east of downtown Los Angeles. Not only was it the first
base-isolated building in the United States, it was also the first building in the
world to use isolation bearings made from high-damping natural rubber. The
FCLJC was designed with rubber isolators at the request of the County of San
Bernardino. The building is only 21 km (13 miles) from the San Andreas Fault,
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Fig.1.4 Foothill Communities Law and Justice Center, Rancho Cucamonga, California.

which is capable of generating very large earthquakes on its southern branch. As
a result, the county has had for many years one of the most thorough earthquake
preparedness programs in the United States.

The building, approximately 15,794 m? (170,000 ft*) and four stories high
with a full basement, was designed to withstand an 8.3 magnitude earthquake.
Located in a special subbasement, a total of 98 bearings were used to isolate
the building. The construction of the building began in early 1984 and was
completed in mid-1985 at a cost of $38 million.

Four high-damping natural rubber compounds were developed by the Ma-
laysian Rubber Producers’ Research Association (MRPRA) of the United King-
dom for this building [123]. The isolators are made from a highly filled natural
rubber with mechanical properties that make it ideal for a base isolation sys-
tem. The shear stiffness of this rubber is high at small strains but decreases by
a factor of about 4 or 5 as the strain increases, reaching a minimum value at
50% shear strain. For strains greater than 100%, the stiffness begins to increase
again. Thus, for small loading caused by wind or low-intensity earthquakes, the
system has high horizontal stiffness and a short period; as the load intensity in-
creases, the stiffness drops and the period is lengthened. For very high loads,
for example, above maximum capable earthquake (MCE) loads, the stiffness
increases again, providing a fail-safe action. The damping follows a similar but
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less dramatic pattern, decreasing from an initial value of about 20% to a mini-
mum of around 10% and then increasing again. The system is designed so that
the minimum values of stiffness and damping are assumed, and the response is
taken to be linear. The high initial stiffness is used only for wind load resistance
and the large strain response only for fail-safe action.

The same high-damping rubber system was adopted for a building commis-
sioned by Los Angeles County, the Fire Command and Control Facility (FCCF)
[11] (Fig. 1.5). The FCCF houses the computer and communications systems for
the fire emergency services program of the county and is required to remain func-
tional during and after an extreme earthquake. This building was isolated based
on a comparison of conventional and isolation schemes designed to provide the
same degree of protection. On this basis the isolated design was estimated to cost
6% less than the conventional design. For most projects an isolated design gen-
erally costs around 5% more when compared with a conventional code design;
however, the design code provides a minimum level of protection against strong
ground shaking, guaranteeing only that the building will not collapse. It does not
protect the building from structural damage. When equivalent levels of design
performance are compared, an isolated building is always more cost-effective.
Additionally, these are the primary costs when contemplating a structural system
and do not address the life-cycle costs, which are also more favorable when an
isolation system is used as compared to conventional construction.

A second base-isolated building has recently been completed for the County
of Los Angeles at the same location as the FCCF. The Emergency Operations
Center (EOC) (Fig. 1.6) is a two-story steel braced frame structure isolated

Fig. 1.5 Fire Command and Control Facility, Los Angeles, California.
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Fig. 1.6 Emergency Operations Center, Los Angeles, California.

using 28 high-damping natural rubber bearings provided by the Bridgestone
Engineered Products Company.

A recent example of an isolated emergency center is the construction of the
two-story Traffic Management Center for Caltrans in Kearny Mesa, California,
near San Diego [131]. The superstructure has a steel frame with concentrically
braced panels at the perimeter. The isolation system consists of forty 600-mm-
(24-in.-) diameter high-damping natural rubber isolators provided by Bridge-
stone Engineered Products Rubber Company. The nominal isolation period is
around 2.5 sec, and the MCE isolator displacement is around 254 mm (10 in.).
The design base shear for the superstructure is around 15% of the structural
weight. This design is quite conservative and the structure is very stiff. The
expected interstory drift at the MCE is not expected to exceed 0.1%, implying
that there will be very little nonstructural damage, even at the MCE.

Other new base-isolated building projects in California include a number of
hospitals. The M. L. King/C. R. Drew Diagnostics Trauma Center (Fig. 1.7)
in Willowbrook is a five-story, 13,000-m’ (140,000-ft*) structure supported on
70 high-damping natural rubber bearings and 12 sliding bearings with lead-
bronze plates that slide on stainless steel surface. Built for the County of Los
Angeles and completed in 1995, the building is located within 5 km (3 miles)
of the Newport-Inglewood Fault, which is capable of generating 7.5 magnitude
earthquakes. The isolators are 1.0 m (40 in.) in diameter, and at the time of
their manufacture were the largest isolation bearings fabricated in the United
States.
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Fig. 1.7 M. L. King/C. R. Drew Diagnostics Trauma Center, Willowbrook, California.

There are several base isolation projects for new construction in the United
States outside of California. One very early example was a flight simulator man-
ufacturing facility in Salt Lake City completed in 1988 [7, 108] (Fig. 1.8). The
purpose of the isolation system was to protect the inventory of computer sys-
tems in the facility (potentially over $100 million worth of inventory at any one
time). The building is located very close to the Wastach Fault, which has been
assessed as being capable of generating 7.0-7.5 magnitude earthquakes with a
long return period. This four-story, 10,800-m? (116,000-ft*) building is a steel
moment-resisting frame structure. There are a total of 98 isolators in the struc-
ture: 50 of the bearings are 460 mm (18 in.) square with a 90-mm- (3.5-in.-) di-
ameter lead plug and are located under the moment-resisting frame columns.
The other isolators are 380 mm (15 in.) square, plain elastomeric bearings,
which are located under gravity columns. The estimated displacement require-
ment for the system was 230 mm (9 in.) at a nominal period of 2.0 sec.

A large office building was recently completed in Memphis, Tennessee,
for the automobile parts retailing company AutoZone [79]. This eight-story,
23,226-m” (250,000-ft*) building houses the company’s computer equipment.
The isolation system is composed of 24 lead-plug rubber isolators and 19 high-
damping natural rubber isolators. Including the isolation system, the total cost
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Fig. 1.8 Flight Simulator Manufacturing Facility, Salt Lake City, Utah.

of construction of the building was $27 million. Other recently completed base-
isolated projects include two buildings in Oregon: a new laboratory for the Port-
land Water Bureau and the retrofit of Campbell Hall, a building on the campus
of the Western Oregon State College in Monmouth, Oregon.

In addition to the new buildings described above, there are a number of
very large buildings in California that were retrofitted using base isolation. The
retrofit of the Oakland City Hall was completed in 1995 and the retrofit of the
San Francisco City Hall began in 1995. Both buildings were damaged in the
1989 Loma Prieta earthquake.

Built in 1914, Oakland City Hall (Fig. 1.9) was the tallest building on the
west coast at the time of its construction. Its height was surpassed by the Los
Angeles City Hall, which was built in 1928. The seismic rehabilitation of Oak-
land City Hall using base isolation was recently completed, and it is now the
tallest seismically isolated building in the world. When the seismic rehabilita-
tion of the Los Angeles City Hall is completed, it will be the tallest seismically
isolated building in the world.

The Oakland City Hall isolation system uses 110 lead-plug rubber bearings
ranging from 737 mm (29 in.) to 940 mm (37 in.) in diameter [131]. A moat was
constructed around the building to provide a seismic gap of 508 mm (20 in.).
Installation of the isolators proved to be very complicated and required shoring
up the columns, cutting the columns, and transferring the column loads to tem-
porary supports. In order to protect the interior, the columns were raised not
more than 2.5 mm (0.1 in.) during the jacking process. The cost of the retrofit
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Fig. 1.9 Oakland City Hall, Oakland, California. (Photo courtesy of SIE, Inc.)

was very substantial—about $84 million—with the isolators around 2.5% of
that figure.

The San Francisco City Hall (Fig. 1.10) was designed in 1912 to replace the
previous structure that was destroyed in the 1906 San Francisco earthquake. An
outstanding example of classical architecture, it occupies two city blocks and is
listed in the National Register of Historic Places. Substantial damage sustained
from 1989 Loma Prieta earthquake necessitated extensive repair and seismic
strengthening. The retrofit strategy adopted for the building was a base isolation
scheme with superstructure strengthening using concrete shear walls. This five-
story building has a 91-m (300-ft) dome and an exterior facade clad with Sierra
granite. The structural system is a steel frame with unreinforced brick masonry
integral with the granite cladding. There are hollow clay tile infill walls, and
many of the interior spaces are lined with limestone and marble panels.
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Fig. 1.10  San Francisco City Hall, San Francisco, California.

An interesting aspect of the original structural system is that the main floor
level is a flexible soft story and appears to have been intended by the structural
engineer to concentrate the seismic displacement at this level. The flexible first-
story approach to seismic design was first proposed in the 1930s and again as
the soft first story in the 1960s—to a certain extent it is a precursor of the base
isolation approach.

The primary goal of the retrofit strategy was to preserve the historic fab-
ric of the building [90]. Many options were considered and base isolation was
selected. The plane of isolation is just above the existing foundation. The build-
ing was isolated with 530 lead-plug rubber bearings (Fig. 1.11) and, as in the
Oakland City Hall retrofit project, the installation of the isolation system proved
to be a complicated process of cutting, shoring, and installation. Many of the
columns are supported on four isolators under a cruciform steel structure. Con-
struction began in 1994 and is scheduled to be completed in 1998.

The Los Angeles City Hall is a 28-story steel frame building completed in
1928, with a total floor area close to 83,000 m> (890,000 ft*) (Fig. 1.12). The
lateral resistance is provided by several different elements, including steel cross-
bracing, reinforced concrete walls, and interior clay hollow-core tile walls; most
of the superstructure stiffness is provided by masonry infill perimeter walls.
The building was damaged in the 1994 Northridge earthquake, with the most
severe damage occurring on the twenty-fifth and twenty-sixth floors, which are
characteristically soft stories. The base isolation retrofit scheme [138] will use
about 475 high-damping rubber isolators in combination with about 60 slid-
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Fig. 1.11 Isolators under supports at San Francisco City Hall.

ers and is to be supplemented by about 52 mechanical viscous dampers at the
isolation level. In addition, 12 viscous dampers will be installed between the
twenty-fourth and twenty-sixth floors to control interstory drifts at the soft-story
levels. The total cost of this retrofit is estimated to be around $150 million, with
the isolators comprising $3.5 million of that figure.

The second most common type of isolation system uses sliding elements.
This approach assumes that a low level of friction will limit the transfer of
shear across the isolation interface—the lower the coefficient friction, the less
the shear transmitted. The earliest and most simple of all the proposed sys-
tems, it is not without its drawbacks. To provide adequate resistance to wind
load and avoid unnecessary movement under small earthquakes or other distur-
bances, a fairly high value of frictional coefficient is needed. Many frictional
surfaces have sliding characteristics that are sensitive to pressure and to the
relative velocity of slip, and because the slip process is intrinsically nonlin-
ear, a proper dynamic analysis must also be nonlinear. Furthermore, any sud-
den change in the stiffness of the overall structure when slipping or sticking
occurs has the effect of generating high-frequency vibrations in the structure,
vibrations at frequencies that might not be present in the ground motion. The
system responds by transforming low-frequency energy in the ground motion
into high-frequency energy in the structure.

Another problem with using sliders—and only sliders—in an isolation sys-
tem is that there is no effective restoring force; thus, the code requirements
for the displacement become extremely large. Since this displacement can be
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Fig. 1.12 Los Angeles City Hall.

in any horizontal direction, the diameter of the bearing plates and the support
system must be very large. In addition, the superstructure components bear-
ing on the isolators must be designed for large moments caused by these large
displacements.

It is possible to introduce a restoring force capability in several ways;
for example, sliding bearings can be combined with elastomeric bearings.
Kelly [61] proposed combining sliders and elastomeric bearings, thereby
taking advantage of the best features of both types of isolator. Using sliders
produces a system with a long period: the rubber bearings control the dis-
placement by providing a centering action; they control torsion, and, if the
displacements exceed the design level, they produce a stiffening action. This
slider/elastomer combination was used in the 1992 seismic rehabilitation of the
Mackay School of Mines at the University of Nevada at Reno (Fig. 1.13) [133]
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Fig. 1.13 Mackay School of Mines, Reno, Nevada.

and for the MLK/Drew Hospital, which uses high-damping rubber isolators and
lead-bronze sliders.

Another strategy to produce a restoring force capability in a sliding isolator
is to curve the sliding surface. The friction pendulum system (FPS) is a sliding
isolation system whereby the weight of the structure is carried on spherical
sliding surfaces that slide relative to each other when the ground motion exceeds
a threshold level. The recentering action is generated by raising the building
when sliding occurs on the spherical surface. This system was developed in
1986 and was first used to retrofit a four-story apartment building (Fig. 1.14)
in San Francisco that was badly damaged in the 1989 Loma Prieta earthquake.
The retrofit involved installing a steel moment-resisting frame at ground level
that supports the upper three floors of a wood-framed structure. Isolators were
placed under the columns of the steel frame.

A more recent application of the FPS isolators is the seismic retrofit of the
U.S. Court of Appeals building (Fig. 1.15) in San Francisco [8]. This five-
story, 32,516-m* (350,000-&"') building was built in 1905 and survived the 1906
San Francisco earthquake. The original structure is a steel gravity frame with
unreinforced granite and brick masonry walls. The FPS isolators were installed
under the existing steel columns with new concrete for each column and a new
rigid diaphragm system above the isolation level. Two buildings currently under
construction that are to be isolated using the FPS are the International Terminal
at San Francisco Airport and the new Hayward City Hall.
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Fig. 1.14 Marina Apartments, San Francisco, California.

Fig. 1.15 U.S. Court of Appeals, San Francisco, California.
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1.3 BASE ISOLATION IN JAPAN

Earthquake-resistant design has always been a high priority in Japan, and many
mechanisms for the seismic protection of structures, including forms of seis-
mic isolation, have been developed there. Japanese structural engineers gener-
ally design buildings with more seismic resistance than do U.S. or European
engineers and are willing to consider more costly designs.

The use of isolation for earthquake-resistant design is also very actively pur-
sued in Japan, with the completion of the first large modern base-isolated build-
ing in 1986 and increased to a level of around 10 isolated buildings per year
in 1990 and 1991. The rate of construction of isolated buildings had dropped
to around 4 or 5 per year due to the economic turndown, and at the time of the
January 1995 Kobe earthquake the number stood at around 80.

All base isolation projects in Japan are approved by a standing committee of
the Ministry of Construction. As many of the completed buildings have experi-
enced earthquakes, in some cases it has been possible to compare their response
with adjacent conventionally designed structures. In every case where such a
comparison has been made, the response of the isolated building has been highly
favorable, particularly for ground motions with high levels of acceleration. The
system most commonly used in the past has been natural rubber bearings with
mechanical dampers or lead-plug rubber bearings, and recently there has been
an increasing use of high-damping natural rubber isolators.

Currently the largest base-isolated building in the world is the West Japan
Postal Computer Center (Fig. 1.16), which is located in Sanda, Kobe Prefec-
ture. This six-story, 47,000-m? (506,000-ft>) structure is supported on 120 elas-
tomeric isolators, with a number of additional steel and lead dampers. This
building, which has an isolated period of 3.9 sec and is located approximately
30 km (17 miles) from the epicenter of the 1995 Hyogo-Ken Nanbu (Kobe)
earthquake, experienced severe ground motion in that earthquake. The square
root of the sum of squares (SRSS) peak ground acceleration under the isolators
was 400 cm/s? (0.41 g) and was reduced by the isolation system to 127 cm/s?
(0.31 g) (SRSS) at the sixth floor. The estimate of the displacement of the isola-
tors is around 12 cm (4.7 in.). There was no damage to the isolated building, but
a fixed-based building adjacent to the computer center reportedly experienced
some damage [81]. A smaller base-isolated office building on high-damping
rubber bearings (the Matsumura-Gumi Technical Research Institute (Fig. 1.17)
was also affected by the Kobe earthquake and exhibited similar satisfactory
performance.

As a result of the superior performance of the West Japan Postal Computer
Center, there has been a rapid increase in the number of applications for permits
for base-isolated buildings, especially for apartment buildings and condomini-
ums. The total number of isolated buildings reviewed by the special Ministry
of Construction committee as of March 1997 stands at 393, and the projected
rate for the next few years is estimated to be around 200 per year. Of the 393
projects, 228 are for residential buildings and 84 are for office buildings. Other
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Fig. 1.16 West Japan Postal Center, Sanda, Japan.

Fig. 1.17 Matsumura-Gumi Technical Research Institute.
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projects include hospitals (31) and local government buildings (22). At this time
there are few retrofit projects.

1.4 BASE ISOLATION IN EUROPE

In Europe, base isolation is being studied most actively in Italy under the
auspices of the National Working Group on Seismic Isolation [Gruppo de
Lavoro Isolamento Sismico (GLIS)]. GLIS has a wide membership compris-
ing researchers and practitioners; it has organized several workshops and is
preparing design guidelines for isolation systems.

Several buildings have been built in Italy using base isolation. One of these
is the new Administration Center of the National Telephone Company (SIP),
a complex of five seven-story buildings in Ancona (Fig. 1.18). As part of a
demonstration project, a four-story apartment house was recently completed in
Squillace, Calabria [130], with an identical, conventionally designed building
next to it. A second base-isolated building is under construction in Ancona for
the Ministry of Defense. A design for base-isolated standardized prefabricated
switch houses, also for SIP, has been developed by Giuliani [46]; a number of
these are to be located in highly seismic areas. A pilot project on the retrofit
of a historic building has recently been completed in the village of Frigento
in southern Italy. In addition to other structural strengthening, the simple

Fig. 1.18 The SIP Complex, Ancona, Italy.
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masonry church of St. Peter was restored using high-damping rubber bearings
[114].

1.5 BASE ISOLATION IN NEW ZEALAND

The first base-isolated building in New Zealand was the William Clayton build-
ing in Wellington [31]. Completed in 1981, it was the first building in the
world to be isolated on lead-rubber bearings. Since its completion, three other
base-isolated buildings have been built in New Zealand; two of these structures
(Union House, Auckland, and Wellington Central Police Station) are isolated
using the sleeved-pile approach. The Union House (Fig. 1.19) is a 12-story
reinforced concrete braced frame. Displacement control is provided by an addi-

Fig. 1.19 Union House, Auckland, New Zealand.
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tional damping system based on the elastic—plastic deformation of mild steel-
tapered plates. The Wellington Central Police Station is a 10-story reinforced
concrete braced frame structure, and displacement control is effected by lead-
extrusion dampers [24]. The National Museum of New Zealand in Wellington
has recently been completed; it is isolated with 142 lead-rubber bearings and
36 Teflon pads under the shear walls.

Another notable isolated building is the New Zealand Parliament House.
Recently retrofitted using isolation, the Parliament House is a masonry bear-
ing wall structure originally completed in 1922; this building and one other
building were isolated using more than 514 lead-rubber bearings [107].

An unusual isolation project is a printing press building located in Petone
near Wellington. This building was built on lead-rubber isolators [40], where
the purpose of the isolation system is to protect the printing presses, which are
very large and brittle pieces of equipment. The presses are made of cast iron
and are equivalent in height to a four-story building. The building structure
surrounds and is connected to the press, and the entire system is isolated at the
base.

1.6 STATE OF ISOLATION TECHNOLOGY TODAY

Despite recent advances in base isolation research, the widespread application
of this technology is still impeded by overconservative attitudes. For example,
in the United States, the number of bureaucratic mandates (i.e., feasibility stud-
ies, peer reviews, and plant and site inspections) that an engineer must satisfy in
order to isolate a structure make it remarkable that anyone does a base-isolated
project. Unless bearings become a catalog commodity with certified characteris-
tics and allied to reasonably simple design and analysis procedures that promote
the benefits of base isolation, this technology will remain difficult to implement
and restricted to a few projects a year. More importantly, while base isolation
provisions are now in the UBC, the requirements are so conservative that the
potential advantages of using base isolation (reduced-design requirements in
the superstructure) are lost.

Many of the completed base-isolated buildings have experienced earthquakes
and their performance has been as predicted. With the exception of the USC
University Hospital in the 1994 Northridge earthquake [18], these earthquakes
have been either nearby and small or have been moderate and distant, so that the
accelerations experienced by isolated structures have not been large. As more
isolated buildings are built in earthquake-prone regions of the world, engineers
can anticipate learning more about the behavior of such structures and it will
be possible to reduce the degree of conservatism that is currently present in the
design of these structures. Once there is sufficient data detailing the response of
base-isolated buildings to major earthquakes, the next step is an alignment of
the codes for fixed-base and isolated structures with a common code based on
a specified level of seismic hazard and structural performance, paving the way
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for cost-effective application of this new technology for those building types
for which it is appropriate.

For all systems, the most important area for future research is that of the
long-term stability of the mechanical characteristics of the isolator and its con-
stituent materials. The long-term performance of isolators can best be developed
from inspection and retesting of examples that have been in service for many
years. Elastomeric systems in the form of nonseismic bridge bearings have been
used for upward of 30 years and a record of satisfactory performance has been
established [118, 124].



CHAPTER 2

THEORETICAL BASIS OF SEISMIC
ISOLATION

2.1 LINEAR THEORY

The linear theory of seismic isolation has been given in detail by Kelly [65].
A concise outline of the analysis will be given in this section. The theory is
based on a two-mass structural model, as shown in Fig. 2.1. The mass m is
intended to represent the superstructure of the building and m, the mass of the
base floor above the isolation system. The structure stiffness and damping are
represented by kg, ¢, and the stiffness and damping of the isolation by k&, ¢p.
Absolute displacements of the two masses are denoted by u, and up, but it is
convenient to use relative displacements and accordingly define

Up = Up — Uy Ug = Ug — Up

where u, is the ground displacement. This choice of relative displacements is
particularly convenient for this analysis because the two important results will
be the isolation system displacement, represented here by vj, and the interstory
drift, represented by v.

In terms of these quantitics, the basic equations of motion of the two-degree-
ol-freedom model arc

(m+ m/y)i}/, + mv, + C;,i)/, +kpup = —(m + m;,)'blg (21)
mvy, + moy + ¢, U + kyUp = —miig (2.2)

which can be written in matrix notation as

Design of Seismic Isolated Structures: From Theory to Practice. F. Naeim and J. M. Kelly 25
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m

my

Up

kp, cp Ug
VI IITIIITIIITITIII I T T I I T I I I I I I I I I PP PP rod

Fig. 2.1 Parameters of two-degree-of-freedom isolated system [63].

M m Uy, K 0 Up 4 kp 0 v | (M m 1] .
m m U 0 ¢ U, 0k o [ |lm m 0"

(2.3)
where M = m + my, that is, in matrix notation
MV + Cv + Kv = —Mrii,
We define a mass ratio vy as
O - (2.4)
m+ my, M
and nominal frequencies w;, and w, given by
k k
wi=—2— @2z (2.5)
m+ my, m
and assume that w}/w? = € and € = O(1072).
The damping factors 3, and S, are given by
Cp G
2wyBp = — 20,8, = — (2.6)

m+my m

In terms of these quantities, the basic equations of motion [Egs. (2.1) and (2.2)]
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become

YUs + Up + 208505 + w;,zvb = —il, (2.7a)

Uy + Up + 20,8505 + @ [0 = — il (2.7b)

The classical modes of the combined system will be denoted by ¢! and ¢?,
where

T . . .

¢ =(¢,.9) =12
with frequencies w; and w;. The characteristic equation for the frequencies is
(1 -y — (W +w))e?+wfw?=0 (2.8)

the solutions of which are

1
wi = ——— {oj +] — [(0] - o)) +4ywjw]?)
2(1-7)
1

2(1 =)

I

w22 = {c.u,,2 + w‘\.z + [(w,g — cof)2 + 4'ywb2wf‘ 1/2} 2.9)

and to first order in € are given by

2
wY
w,zzwg(l—'ye) w22: ]_'7 (1 +e) (2.10)

and the mode shapes with (¢}, = 1), i = 1, 2, are

T T 1
d' =(le) & ={1,—?[1—(1~7)é]} (2.11)
To express the original displacements in modal coordinates, we write

Vb= iy + G2, Us = 1o} + qodb?

where ¢, g, are time-dependent modal coefficients.
We note that modal quantities M;, L; are given by

M; = d)iTMd)i M;L; = (biTMI'
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To first order in ¢, those are

M (I = =201 —vy)e]
0%

M, =M1 +2ye) M= (2.12)

and
Ly=1-e Ly = ye 2.13)

When (v, v) in Egs. (2.1) and (2.2) are expressed in terms of (bl and ¢2, we
have two equations in the modal coefficients (g1, ¢2) of the form

G +20181g1 + MiGa + wigr = Ly (2.14)
éz +)\2(‘11 + 2(,0262 + w22q2 = —Lzl./.tg (215)

The terms 2w ;B and 2w,(B; are computed from

a il O 4
Ml2wl¥81 - d) [ O Cg] d)
from which we obtain

2001 = 2wpBp(1 — 2ve)

1
2wof3 = T QuwBs +2vwspBs)

leading to

Bi=By(1 — 376 (2.16)

8, - Bs +7vBae'? (1— ve>

07 = 2.17)

The coupling coefficients N, and A, are computed from
iT|c 0
MM =d [ (;7 ] ¢’

Tlc, O
MM = d? C(;) C»]¢l=)\1M1
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Thus
B ¢, 0 1y . B
)\1M1-(1,6)[0 C‘Y]<a>*ch€acs 0‘7[1*(1*7)6]
Using (M}, M>) from Eq. (2.12), we have

~ 20pBpM — e{(1/y)[1 ~ (1 - v)e]} 2w Bym
- M(1 + 2vye)

= 2wpBp(1 — 2y€) — €20,B,(1 — 2ye)

= 2w,[Bp(1 — 2ye) — €2, (2.18)

A

and

_ 20pBM — {1/l - (0~ Y)el} 2w Bom

A
g [M(1 = v)/y11L - 2(1 — y)e]

Y

= QuwpBpy — €20B8,)[1 +2(1 - y)el T

= 20 {Bl1 +2(1 = el — €6, ﬁ (2.19)

In most structural applications it is assumed that the damping is small enough
that the effect of the off-diagonal components (here A; and A,) are negligible
and that the required solution can be obtained from the uncoupled modal equa-
tions of motions, namely,

1 + 2018141 + wiqr = —Lyiig

g2 +2w2Bagr + wiqr = ~Laily

If the time history of the ground motion, i, (), is known, then modal compo-
nents g(t), g>(t) can be computed from

L t
g1 = == | iyt — e P17 sin w7 dr (2.20a)
wr Jo
L, ' - ~w2B27 o
qo=—— | iiglt—1e 2627 gin ot dr (2.20b)
2 Jo

and estimates of the maximum values of ¢; and ¢, can be given by
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|g1 | max = L1Sp(w1, B1) (2.21a)

12| max = LaSp(w2, B2) (2.21b)

where Sp(w, B) is the displacement response spectrum for the ground motion,
iiy(2), at frequency w and damping factor (.

In order to estimate the various response quantities from the peak spectral

values, it is necessary to use the SRSS method. The values of the maximum
isolation system displacement and structural deformation are given by

Vs max = (D31 [max)* + (D3] 42 max)*1> (2.222)
|Ub|max = [(¢: |QI |max)2 + (¢112|q2|max)2]1/2 (2.22b)

Inserting the results obtained from Eqgs. (2.12), (2.13), (2.22a), and (2.22b), we
get

0| max = {[L1Sp(w1, B)I* + [LaSp(ws, B2)1 1/
= {(1 — v’ [Sp(wi, BN +v2€[Sp(wa, B} (2.23)

and

1
0 max = 1€2(1 = y€)*[Sp(wy, BT +77€? el [1— (1 - y)elP[Sn(ws, B} 2

= e{(1 = 2ye)*1Sp(wi, B + [1 - 2(1 — y)el*[Sp(wa, B)1F}* (2.24)

Generally, the term e2Sp(wyi,B2) can be neglected with earthquake spectra
where the displacement at high frequencies (i.e., w,) is much smaller than at
lower frequencies (i.e., w;). This gives

Vb max = (1 = y€)Sp(w1B1) (2.25)

If we neglect any terms that are higher than €2, then the estimate for the struc-
tural deformation or interstory drift, v, is given as

|0y max = €1Sp(@181)* + Sp(wa, B2)*]"/? (2.26)

Similarly, the base shear coefficient Cs given by

= "-’:2|Ux'|mux

max
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becomes

Cs = w/e[Sp(wr, B1)* + Sp(wa, B2)*1"/?
= [wSp(w1, B1)” + € *wiSp(wa, B2)°1°

= [Sa(@1, B1)* + € 2Sa(wa, B2)*1? (2.27)

Thus if we retain only the first terms, we get

eS

|Us|max = eSp(wp, Br) (2.28a)
wp
Sy

Vbl max = — = Sp(ws, By) (2.28b)
W)

and the design base shear coefficient Cy defined by

kv
C5 = — = w\VZUS
m !

becomes

L2112 e N\ 12
ngbSv[l+ez—22] SA(wbuBb)<l+ I )
Wi -

= Sa(wp, By) (2.29)

indicating that for small € and a typical design spectrum, the isolation system
can be designed, at least in the initial phase, for a relative base displacement
of Sp(wp, Bp) and the building for a base shear coefficient of Sa(wp, B5). The
reduction in base shear as compared with a fixed-base structure, where Cs =
Salwy, By), is given by Sa(wp, By)/Sa(ws, Bs), which for a constant-velocity spec-
trum is w,/w;, or roughly of order ¢ /2. this underestimates the reduction in base
shear because, in general, 8, will be larger than S;.

2.2 EXTENSION OF THEORY TO BUILDINGS

2.2.1 M-Degree-of-Freedom Equations of Motion

The two-degree-of-freedom (2-DOF)-analysis of the simple linear model devel-
oped earlier can be applied to the case of a multistoried building. Let us repre-
sent the structural system of this building by mass matrix M, damping matrix
C, and stiffness matrix K. For a conventionally based structure, the relative
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displacement u of each degree of freedom with respect to the ground is given
by

Mii + Ca + Ku = —Mrii, (2.30)
where r is a vector that couples each degree of freedom to the ground motion.
When this structural model is superimposed on a base isolation system with
base mass my, stiffness k,, and damping, ¢, Eq. (2.30) becomes

Mv + Cv + Kv = —Mr(ii, + 0p) (2.31)
where v is the displacement relative to the base slab and v, is the relative dis-

placement of the base slab to the ground. The overall equation of motion for
the combined building and base slab is

r MV + 1Dy, + Fitg) + my(Dp + i) + CpUp + kpp = 0 (2.32)
which can be written in the form
v MV + (m + my)0p + Cpp + kpUp = —(m + my)iig (2.33)

Equation (2.33) identifies r"Mr as the total mass m of the building; therefore,
m + my, is the total mass carried on the isolation system. The matrix form of
these equations is

M+ CV + K = M riy, (2.34)
where
* | m+my I’TM * | Cp 0
v S
and
® f(;, 0 * 1
<5k )
with
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2.2.2 Modal Analysis of M-DOF System

The natural modes of the fixed-base structure are assumed known and denoted
by &', where i = 1, ..., N. In terms of these mode shapes, the displacement
of each degree of freedom of the structure can be represented as

N

V= Z gid' (2.35)

i-1

2

The natural frequencies w; are given by

Md'o] - Ko’

and we assume that 'Cd/ = 0 if i # j.
The matrix equations of motion reduce to the N + 1 equations

N
Z ETMA G; + (m + my)y + chip + kpvp = —(m + my iy (2.36a)
i1
and
§i +20iBigi + wlqi = ~Lip +ity)  i=1,... N (2.36b)

where L; are the participation factors of the fixed-base modes, that is,

&' Mr
L; = R
¢" Mo

The fixed-base modal masses are given by
M= &' M’

We can write these equations in the form

N
LiM; : .
2 Gy + Uy + 20805 + @)U = —ii (2.37a)
- m+ nmy
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and
Lity + §; + 2wiBigi + wlq; = —Lii,  i=1, ... ,N (2.37b)

The complete modal analysis of these N + 1 equations is given in Kelly
[65], where the procedure for the frequencies and mode shapes of the composite
system is described. In most cases the modes higher than the first mode play
no role in the design of the structure or the isolation system; therefore only the
first mode needs to be included.

Comparing the equations of motion [Eqgs. (2.37a) and (2.37b)] with the previ-
ous set for the isolated 1-DOF structure [Eqgs. (2.7a) and (2.7b)], the equations
can be made to correspond if we replace v, in the elementary analysis with
Lyvy, ity with Lyiig, and

oomom
T m+m, M
with
LM,
e m+ my
giving

LiM,

m+ my

g1+ (L10p) + 2,Bp(L10p) + wj (Lyy,) = Ly il
(L1Vp) + G + 2w 6811 = —Lyiig

In the solution of these equations, the result for ¢; follows that for v, in the
simple 1-DOF system.
The basic results for the 1-DOF structure, namely, that

1
[Ub|max = —5 Sa(wp, Br) (2.38)
Wy

and

Cs = [Sa(wy, B) +€2(1 = )23 (ws B2 (2.39)
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are replaced as follows. The maximum relative base displacement is given by

1
|L1Ub|max = F LiSa(wp, Bs) (2.40)
b

and because L; appears on both sides, the result is the same as before.
To obtain the base shear, we have

% } % 1/2
o = e’ LiSi(wn.Br) | 21353 (w5, BY)
41 |max = o w4

Wp Ws

(2.41)

with w}, 8} calculated as before and e replaced by €; = w;/w{. The relative
displacement vector v is given by

v=q1¢' (2.42)

and if we neglect the damping contributions, the inertial force on each element
is

F=Kv: ¢ Kb'=gMdbw? (2.43)
The total horizontal force on the superstructure is
TR _ 2
r'F=qowiliM (2.44)

and this is expressed in terms of the base shear coefficient Cy through

Csm=1"F (2.45)
Thus
Cs= Ll,f] [L3S2(wp, Bp) + (1 = y1) € 2LiSF(wy, B2
- L%nﬂf = [S3@n, By + (1 = y1)’€ S35, 8012 (2.46)

with € = w}/w{ as established previously.
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2.3 ANALYSIS OF COUPLED DYNAMIC EQUATIONS

In most structural applications it is assumed that the damping is small enough
that the effect of the off-diagonal components is negligible and the required
solution can be obtained from the uncoupled modal equations of motions. The
previous analysis neglects the off-diagonal components, leading to very simple
results for base displacement, base shear, and interstory drift.

In many isolated structures designed according to the most recent California
design codes, the code requirements are so conservative that the designers are
using additional viscous dampers in an attempt to control the large design dis-
placements, and damping factors for the isolation system of the order of 0.50 are
obtained. Clearly, at this level of damping the equations cannot remain uncou-
pled and a complex modal analysis should be used. In complex modal analysis,
however, we lose the physical insight that led to the simple results of the uncou-
pled solution [65]. For this reason a similar approximation to that employed
there will be used in this section to demonstrate the effect of high levels of
damping in the isolation system on the response of the structure.

It is interesting to note that to zero order in e, the four damping terms are

1
2w161 = 2wpPp 2w70, = T—r 20,8

Y

A = 2w50 N2 = 2w,
et

so that the off-diagonal components are of the same order as the diagonal terms.
Recalling that L; = O(1) and L, = O(e), we assume that the influence of g, on
the result for g is negligible but the influence of A;¢; on g, could be significant.
Thus, we assume that Egs. (2.14) and (2.15) are modified, so that ¢,(¢) is given
by the solution of

G1 +2w181g1 + wiqr = —Lyiig

and g,(1) by

§o(t) + 2026242 + w3q2 = —Laitg ~ M@

To aid in simplifying the solution, it is useful to take the Laplace transform of
these equations using

oo

LT[f (0] = J e f(0) di=f(s)

0
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In terms of the Laplace transform, we have

7(s) = Lya(s)

9= s2+2w161s+w12

B Lya(s) NoLysa(s)
g,(s) =~

52+2w2[32s+w22 (s2+2w262s+w§)(s2+2w161s+w12)

= =LA (s)a(s) + MaL1Ax(s)a(s)
where a(s) = LT[ig]. The term A,(s) can be reduced by partial fractions to

a+bs c+ds

Ay(s) = +
s2 42w 1 Bis+wi 52+ 2ws08 + w3

where after considerable manipulation we find

w7 Qwifr — 2wiB) @) -]
a= b=———
D D
. w%(2w26272w161) d:_w22~w12 (2.47)
D D
and
D= (0} - w0}’ +QwiBs — 20181)(wi2w:8 — w7 2w1B1) (2.48)

The inversion of the two terms of A;(s) follows from

-1 S« _ at
LT [m] =€ cos vt
and
1 1
LT"] - = ol o t
[(s—a)2+72] y O
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so that the inversion of (a + bs)/(s% + 2w 815 + w 12) is
e 1 Bitgin w1

wi

be 11 cos @it + (a — bw,B1)
and that of (¢ +ds)/s? + 2wB5 + w7 is

e~ 9282 gin Wt

w2

déinﬁzt cos wot + (¢ — dwy 52)
where

Gr=wi(1-HY2 Gy = w1 - Y72

The final result of ¢;(¢) and g,(z) is obtained by convolution and substitution
of a, b, ¢, and d from Eq. (2.47) as

L !
gi(t) = ——- J it (t — 7)e 1017 sin @7 dr (2.49)
@ Jo
] !
ga(t)=~Ly — | e “2"Dsin Gy(r — 7)ity(r) dr
w2 0

2 2 et
Wy — W — o
+ Mol {_ZD—I j e BT ohog wi(t — 7)ity(7) dr
0

e P D gin @y (1 - itg(7) dr
D [OF]

+w%(2w262>—(w$+w§)wlﬁl I I
(

)

w 2 ) 2 1
St il J. e @B D) g wy(t = T)itg(7) dr
(

D )

2,2 2 ‘
+ - w32 1
- (wj wz)wzgz w32w (B | J ¢ in (e — 1ikg(r) dT}
0

w3

(2.50)
These convolution integrals can be computed for any choice of ii,(), but for

the purpose of this demonstration, it is necessary only to have a sense of the
order of magnitude of the results.
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Terms in w;, wy can be expressed in terms of the nominal frequencies wy,

w, by use of Eq. (2.9), from which we have

(w0~ wp)? —dywjel]?

2 2
Wy ~ Wy = 1 -

2
2 ) wltw)
w2+w1:~—71
-y
2,.2
2 2 @WyWy,
Wy = 1~

The denominator D of each term in Eq. (2.50) can be written as

D= (w? - wd)? - 4wiw}(B+53) +4wiwiw] +w3)BiB

which reduces to

D= T (w2~ wi)? +4ywlaw} — 4(1 - v)elwiBiBs
-
+4(1 = ) 2wswp(w? +w)BiBa] (2.51)

A further reduction of each term is possible if we assume the following

orders of magnitude:

2
y=0) ZL-oexl
w\'
To the first order in e, we have
4
w?
= —(—1—_—’)’—)2 [1-2(1 - 2v)e]

and the multipliers of each integral become



40 THEORETICAL BASIS OF SEISMIC ISOLATION

2 2 2
wy — W w; 1
= (1 2y)] —
D Ty U2 g

X s 2pe)

I

Wi (W) — (Wi~ wHwiBy 1y

Dw,  w? By
(w12+w22)w262—w222w161 1—’y
A

Dw» w

giving for the four terms in parentheses in Eq. (2.50)

1;27 {[1 (1= 29)e] ” eI o8 @y (1 — 1iig(r) dr

s 0

4
J’ e 925201 cog G (1 - T)ity(1) dT]
0

1
- Bi J e 10T Sin @y (1 - 7)iig(r) dr
0

t
+ 3> J e~ @2P20-7) gip Wo(t — T)itg(T) dT}
(

)

The results for ¢g; and g, to first order in e are thus

L 1
)=~ | e Dsin Gi(1 - Dity(r) dr (2.52)
Wi 0

L ! .
qo(t) = -2 J‘ e 2207 gin Gy (1 - 7)itg (1) d1
w2 Jo '

+ )\2L1

s

{[1 + (1 - 276)][j e @B oog wi(t — T)ity(r) dr
0

!
—J e 2020 cog Tyt - 7)itg(7) dr]
0

!
- B J e Bt gip (1t — T)itg(7) dr
0

t
+B2 '[ e 925207 gin Gy (t — 7)iig(r) d'r} (2.53)
0
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It is convenient to denote the convolution integrals in Egs. (2.52) and (2.53)
by 1, I3, I3, and 14, where

ol

I = | e P Dgin @\ (t - 1)iiy(r) dr
J O
mt

Iy=| e P20 Dgin Gyt - 1)iiy(7) dr
V0
!

Iy=| e Dcos wi(t - 1itg(r) dr
J0
13

Iy=| e @220 D cos Gyt — 1iiy(7) dr

v

In this analysis the quantities of interest are the interstory drift and the floor
accelerations, which are represented in this simple model by v, and i;. In this
simple model they are related by

kg | Us , max

m

'ﬁxlmax:

so that the evaluation of v, will also provide the floor acceleration. The inter-
story drift vy is given by

U = iy + Gr;

leading to

1 1 -
oy [1 - =velhL w] {1+ =2ye)lUs3 — 14) = Bily + a2}

s

(2.54)
It is useful here to separate the three contributions to the drift as follows:

(i) that produced by the base shear generated by the isolation system

ol = —e — I (2.55)

(i) that from the uncoupled modal equations
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1 L
v = — [1-(1 -yl = I (2.56)
Y w3
and
(iii) that from the coupling terms, which is generally neglected in most anal-
yses,

1_
S+ (1= 2901 — 1)~ il + Bala)

s

1
o = 7 [1 = (1=7y)ML;

(2.57
The convolution integrals /;, I, I3, and /4 can be estimated for the purpose

of this demonstrative analysis by response spectrum methods. We recognize
that

1 1
e |11|max:SD(w1vBl) — |12|max:SD(w2,B2)
[OF] w2

where Sp is the displacement response spectrum.
The expression

t
J. e P cos w(t— )ity (1) dt
(

) max

is the relative velocity response spectrum Sgy(w, 3) for a single-degree-of-free-
dom oscillator of frequency w and damping factor 8. This we approximate by
the pseudo-velocity response spectrum Sy(w, 8) given by wSp(w, ). The peak
values of the four convolution integrals in parentheses in Eq. (2.53) will occur
at different times and should be added by the SRSS method, leading estimates
of the maxima of the three contributions to v;.

We have

|U£l)|max = ELISD(OJ],BI)

1
|08 | max = = 1= (= elLaSp(w2. B2)
1 1-
0 | max = — [1= (1= y)eMaLy —"
Y W

{1+ = 2yo)P[wiSH(w@, B1) + @3 Sh(wa, 82)]

1/2

+Biw ! Sh(w1, B1) + BrwiSH(w2. B2) } (2.58)
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All design codes for seismically isolated structures are based on constant-veloc-
ity spectra, so that the various terms in the above can be related through

Sy(e,B) = SvyH(B)

where Sy is constant and H(() is a suitable damping modification function that
decreases with increasing § and is unity at 8 = 0.05. Many such functions have
been used, either as tables in code documents or as continuous functions. A
particularly simple form is the Kawashima-Aizawa function [60]

1.5

H®) =17 208

+0.5 (2.59)

where H(0) = 2, H(0.05) = 1, and H — 0.5 as 8 — c. Using a constant-veloc-
ity spectrum of this form and the results for the modal quantities Ly, L,, w;,
ws, ... from the earlier section (after considerable manipulation), we obtain the
following results:

Sy
|U§v1)|max =€ H(Bl)
Wp

S
102 = €731 = )12 w—: H(B2)

0 | max = 268 {1 +2(1 - 2y)e + BT1H*(B))

1/2 Sv
Wp

+[1+2(1 - 2y)e + B3IH*(B2) } (2.60)

Clearly, for small values of 85, say 8 = 0.10, the first term, |vAP] 4, is the
dominant term. For all values of 3, the second term, |0!? ., is always much
less than the first term and is neglected. The significance of the third term,
|v§3)|max, depends on the value of (3,. For the usual values of §;, the value of

B3 is small compared to unity, so the ratio between them becomes

v 28,11+ BHH?(By) + H(B)} '/
FUI Gy 2.61)
Now S, = 83, and
B2 = By +ve'By)

(L-y)'72
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Suppose we adopt the Kawashima-Aizawa formula for H(3) and take ¢ =
215, v = =, and 8, = 0.02; then the ratio of the two terms is 0.33 when B8y, =0.10
and mcreases to 1.80 when (3, = 0.50. To put this into numbers appropriate
for an example project, suppose that the code-mandated displacement at the
MCE is 76 cm (30 in.) for 5% damping and a period of 2.5 sec. To reduce this
to a more acceptable level, suppose that linear viscous dampers are added to
bring the damping to around 50%, at which point the reduction factor is 0.57.
The displacement is now acceptable, and in code notation the elastic base shear
becomes F, = KD, which before was

K W
Fy=— D — =0.50W
M g

and is now reduced to 0.285W, which, again, seems quite reasonable; however,
the viscous force

Fy=2wBMD

which is out of phase with Fy, is, for 8 = 0.50 and D= wD, exactly the same
as F,, and the maximum basc shear is

V2F, = 0.40W
The corresponding maximum floor accelerations given by
it | max = w.vzlv.vlmax
are

) S
it | = € j HB)w? = wpSyH(B1)

and

|“\|max - wsz : 266:’){[1 +2([ - 27)6 +6%|H2(61)

S
H1+2(1 - 2y)e + BAH2 B 2L

= 2w, (1 +2(1 — 2y)e + BIIH?(B)

+11+2(1 = 2y)e + B3IH2(B)}Y/ Sy
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Fig. 2.2 Influence of damping on floor accelerations.

For the same example the these two components and their sum as a function
of B, are shown in Fig. 2.2. We see that |its|max becomes equal to |iis| max When
By is around 0.26, but their sum has a minimum value at about 0.12.

This result implies that the addition of dampers (leading to large values of
B5), while controlling the isolator displacement by reducing v, has the coun-
tereffect of increasing the interstory drift and the floor accelerations. For a
constant-velocity design spectrum the accelerations generated by the coupling
terms become the dominant term. It is not widely appreciated that in base-iso-
lated structures the higher modes, which carry both the floor accelerations and
the interstory drift, are almost orthogonal to the base shear, so that a low base
shear is not a guarantee of an effective isolation system. In this respect the
effort to improve the performance of the system by adding excessive damping
is a misplaced effort and inevitably self-defeating.



CHAPTER 3

ISOLATION SYSTEM COMPONENTS

3.1 INTRODUCTION

Base isolation is now a mature technology and is used in many countries, and
there are a number of acceptable isolation systems, the construction of which
is well understood. Nevertheless, the concept appears to have an irresistible
attraction to inventors, and many new and different systems of isolators are
proposed and patented each year. Many of these new systems will prove to
be impractical and some might actually be lethal, but the number continues to
increase year by year.

Most systems used today incorporate either elastomeric bearings, with the
elastomer being either natural rubber or neoprene, or sliding bearings, with the
sliding surface being Teflon and stainless steel (although other sliding surfaces
have been used). Systems that combine elastomeric bearings and sliding bear-
ings have also been proposed and implemented.

This chapter will discuss as many of the available systems as possible within
the constraints of space and time. With the increasing number of new systems
and modifications of existing systems, it is possible that some may be over-
looked. We apologize in advance to inventors or vendors of isolation systems
that have been inadvertently excluded.

3.2 ELASTOMERIC-BASED SYSTEMS

Natural rubber bearings were first used for the earthquake protection of build-
ings in 1969 for the Pestalozzi School in Skopje, Macedonia (see Chapter 1).

Design of Seismic Isolated Structures: From Theory to Practice. F. Naeim and J. M. Kelly 47
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The bearings are large rubber blocks without the steel reinforcing plates used
today and compress by about 25% under the weight of the building. The bear-
ings have a vertical stiffness that is only a few times the horizontal stiffness and
the rubber is relatively undamped. This system was tested on the shake table
at the EERC in 1982 [117]. Characteristic of isolation systems of this kind,
the horizontal motion is strongly coupled to a rocking motion, so that purely
horizontal ground motion induces vertical accelerations in the rocking mode.
The system also has foam—glass blocks on either side of a rubber bearing that
are intended to act as fuses to prevent movement in the building under wind,
internal foot traffic, or low seismic input. The system is still in place and is
monitored from time to time.

Since this building was completed, many other buildings have been built on
natural rubber bearings but with internal steel reinforcing plates that reduce the
lateral bulging of the bearings and increase the vertical stiffness. The internal
steel plates, referred to as shims, provide a vertical stiffness that is several hun-
dred times the horizontal stiffness. These multilayered elastomer bearings pro-
vide vibration isolation for apartment blocks, hospitals, and concert halls built
over subway lines or mainline railroads. In 1975 Derham et al. [38] suggested
that this approach could be used to protect buildings from earthquake ground
motion, and an intensive experimental and theoretical research program was
begun at the EERC to develop this concept. Laminated elastomeric bearings
can be differentiated into low-damping or high-damping types.

3.2.1 Low-Damping Natural and Synthetic Rubber Bearings

Low-damping natural rubber bearings and synthetic rubber bearings have been
widely used in Japan in conjunction with supplementary damping devices, such
as viscous dampers, steel bars, lead bars, frictional devices, and so on. The
elastomer used in Japan comprises natural rubber, while in France neoprene
has been used in several projects. The isolators have two thick steel endplates
and many thin steel shims, as shown in Fig. 3.1. The rubber is vulcanized and
bonded to the steel in a single operation under heat and pressure in a mold. The
steel shims prevent bulging of the rubber and provide a high vertical stiffness
but have no effect on the horizontal stiffness, which is controlled by the low
shear modulus of the elastomer. The material behavior in shear is quite linear
up to shear strains above 100%, with the damping in the range of 2-3% of
critical. The material is not subject to creep, and the long-term stability of the
modulus is good.

It is possible to manufacture an isolator with no damping and exactly lin-
ear shear behavior. Such bearings were made for an isolation system proposed
for nuclear power plant application by the Central Electricity Generating Board
in the United Kingdom. These bearings were intended to be used in conjunc-
tion with a viscous damper developed by the GERB Corp. in Germany [68].
The combined system was tested at the EERC, and the tests confirmed that the
bearings were completely linear to 150% shear strain and completely without
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Fig. 3.1 Low-damping natural rubber bearing.

damping. The intent of the design was to provide an isolation system that could
exactly correspond to the linear viscous dynamic model. While the rubber fitted
the model, the tests showed that the response of the damper was not exactly
that of a linear viscous element.

The advantages of the low-damping elastomeric laminated bearings are
many: They are simple to manufacture (the compounding and bonding pro-
cess to steel is well understood), easy to model, and their mechanical response
is unaffected by rate, temperature, history, or aging. The single disadvantage is
that a supplementary damping system is generally needed. These supplemen-
tary systems require elaborate connections and, in the case of metallic dampers,
are prone to low-cycle fatigue.

Many applications of this type of system have been used in Japan. The energy
dissipation elements consist of a variety of steel-yielding devices, including
tapered rods, coiled yielding springs, lead bars, and frictional elements. A vari-
ant of this approach is the lead-plug bearing. Developed in New Zealand in the
1970s, the lead-plug bearing is now the most frequently used isolation system.

3.2.2 Lead-Plug Bearings

The lead-plug bearing was invented in New Zealand in 1975 [110, 111] and has
been used extensively in New Zealand, Japan, and the United States. Lead-plug
bearings are laminated rubber bearings similar to low-damping rubber bearings
but contain one or more lead plugs that are inserted into holes, as shown in
Fig. 3.2. The steel plates in the bearing force the lead plug to deform in shear.
The lead in the bearing deforms physically at a flow stress of around 10 MPa
(1500 psi), providing the bearing with a bilinear response [129]. The lead must
fit tightly in the elastomeric bearing, and this is achieved by making the lead
plug slightly larger than the hole and forcing it in. Because the effective stiff-
ness and effective damping of the lead-plug bearing is dependent on the dis-
placement, it is important to state the displacement at which a specific damp-
ing value is required. Lead-plug bearings have been extensively tested in New
Zealand [27], and there are very complete guidelines on their design and model-
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Fig. 3.2 Lead-plug isolator.

ing {23, 80]. Buildings isolated with these bearings performed well during the
1994 Northridge and 1995 Kobe earthquakes.

3.2.3 High-Damping Natural Rubber Systems (HDNR)

The development of a natural rubber compound with enough inherent damp-
ing to eliminate the need for supplementary damping elements was achieved in
1982 by the Malaysian Rubber Producers’ Research Association (MRPRA) of
the United Kingdom [39]. The damping is increased by adding extrafine carbon
block, oils or resins, and other proprietary fillers. The damping is increased to
levels between 10 and 20% at 100% shear strains, with the lower levels cor-
responding to low hardness (50-55 durometer) and a shear modulus around
0.34 MPa (50 psi) and the high levels to high hardness (70-75 durometer) and a
high shear modulus [1.40 MPa (200 psi)]. The methods of vulcanization, bond-
ing, and construction of the isolators are unchanged.

The material is nonlinear at shear strains less than 20% (Fig. 3.3) and is char-
acterized by higher stiffness and damping, which tends to minimize response
under wind load and low-level seismic load. Over the range of 20-120% shear
strain, the modulus is low and constant. At large strains the modulus increases
due to a strain crystallization process in the rubber that is accompanied by an
increase in the energy dissipation. This increase in stiffness and damping at
large strains can be exploited to produce a system that is stiff for small input,
is fairly linear and flexible at design level input, and can limit displacements
under unanticipated input levels that exceed design levels.

The damping in the isolators is neither viscous nor hysteretic, but somewhat
in between. In a purely linear viscous element the energy dissipation is quadratic
in the displacement; in a hysteretic system it tends to be linear in displacement.
Tests on a large number of different rubber isolators at the EERC (Fig. 3.4)
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Fig. 3.3 Stress—strain characteristics of high-damping natural rubber isolators.

demonstrate that the energy dissipated per cycle is proportional to the displace-
ment around the value of power 1.5. This characteristic can be exploited so that
it is possible to model the bearing response, which combines linear viscous and
elastic—plastic elements.

Another serendipitous advantage of the high-damping rubber system is that it
provides a degree of ambient vibration reduction. The isolators will act to filter
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Fig. 3.4 Hysteretic behavior of high-damping natural rubber isolators.

out high-frequency vertical vibrations caused by traffic or adjacent underground
railways. This effect was demonstrated in a shake table test program carried out
at EERC in 1985 [39a].

3.3 ISOLATION SYSTEMS BASED ON SLIDING

A purely sliding system is the earliest and simplest isolation system to be pro-
posed. A system using pure sliding was proposed in 1909 by Johannes Avetican
Calantaricnts, a medical doctor in England. He suggested separating the struc-
ture from the foundation by a layer of talc (shaded portion in Fig. 3.5). As is
evident in his diagrams, Calantarients clearly understood that the isolation sys-
tem reduced accelerations in the isolated building at the expense of large rela-
tive displacements between the building and the foundation, for he designed a
set of ingenious connections for utilities—in those days restricted to gas lines
and sewage pipes—to accommodate these displacements (see Fig. 3.6). In fact,
Calantarients’s system incorporated all the elements now considered necessary
in a base isolation system: a method of decoupling the building and the founda-
tion, a method whereby utility lines can withstand large relative displacements,
and a wind restraint system.
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Fig. 3.5 Calantarients’s base isolation system using a layer of talc as the isolating
medium.

Isolation was first considered as a seismic-resistant design strategy by the
Italian government after the great Messimo-Reggio earthquake of 1908, which
killed 160,000 people in unreinforced masonry buildings—the typical build-
ing type for the area. Almost all buildings of this type collapsed [19]. After the
earthquake a commission was appointed to make recommendations for rebuild-
ing the area with earthquake-resistant structures that were both economical
and safe. The commission considered two approaches to earthquake-resistant
design: The first approach isolated the building from the ground by either inter-
posing a sand layer in its foundation or using rollers under columns to allow
the building to move horizontally; the second approach involved a fixed-base
design with height limitations and a lateral force design requirement. The latter
approach was recommended and sliding isolation systems were not used [2].

The idea is an appealing one, however, and has been proposed time and
again. In the severe Indian earthquakes of Dhubai (1930) and Bihar (1934) it
was observed that small masonry buildings that slid on their foundations sur-
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Fig. 3.6 Utility connection proposed for the Calantarients scheme.

vived the earthquake, while similar buildings fixed at the base were destroyed.
Based on these observations and because small masonry buildings cannot be
isolated cost-effectively using elastomeric isolators, a sliding system was pro-
posed by Arya [15]. Considerable analysis was done on this approach, and an
experimental program using a shock-type shake table (the shock produced by
rolling a loaded wagon down an incline) [16, 17] was carried out and demon-
strated the effectiveness of the approach.

Chinese earthquake engineers observed the same phenomena following the
devastating 1976 Tangshan earthquake. It was observed that buildings that sur-
vived the earthquake had a horizontal crack at the bottom of the walls that
allowed a slip of around 6 cm (2.4 in.). This was interpreted as having protected
the masonry superstructure from damage. After much theoretical analysis,
a é-scale shake table test and a blast test on a full-size building were carried out
[72]. A number of small buildings were built using this approach. The largest
is a four-story dormitory building for the Earthquake Strong Motion Observa-
tory in Beijing in which the sliding surface is a layer of specially selected sand
between terrazzo plates that are located above the foundation and under the
walls at the ground floor level.

A considerable amount of theoretical analysis has been done on the dynamics
of structures on sliding systems subjected to harmonic input or to earthquake
input. For example, as a representation of a base-isolated building, Westermo
and Udwadia [136] studied the periodic response of a linear oscillator on a
coulomb friction sliding interface. Contrary to the general perception that fric-
tion will always reduce the response, they found that the response may be larger
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than that for the same fixed-base model and that the single degree of free-
dom model had subharmonic resonance frequencies generated by the sliding
interface. The response of a similar model to earthquake input was studied by
Mostaghel et al. {85, 87].

The assumption of coulomb friction is generally used in these theoretical anal-
yses but is unlikely to be an accurate representation of real behavior. The most
commonly used materials for sliding bearings are unfilled or filled polytetrafluo-
roethylene (PTFE, or Teflon) on stainless steel, and the frictional characteristics
of this system are dependent on temperature, velocity of interface motion, degree
of wear, and cleanliness of the surface. Much testing work has been done on these
aspects of the mechanical behavior of such sliding components [126, 127], and an
extensive review was done by Campbell and Kong [28].

3.3.1 Electricité-de-France System

This system was developed in the early 1970s for application to nuclear power
plant facilities. The utility developed a standard nuclear power plant with the
safety grade equipment qualified for 0.2¢ acceleration. When the standard plant
was to be located at sites of higher seismicity, it was isolated to keep the equipment
acceleration levels below the qualification value. The system combines laminated
neoprene bearings (essentially standard bridge bearings manufactured to higher
quality control standards) with lead—bronze alloy in contact with stainless steel,
the sliding surface being mounted on top of the elastomeric bearing. The coeffi-
cient of friction of the sliding surface is supposed to be 0.2 over the service life
of the isolator. The neoprene pad has a very low displacement capacity, probably
not more than 5.0 cm (2 in.). When the displacements exceed this, the sliding
element provides the needed movement. The system does not include any restor-
ing device and permanent displacements could occur. The system has been imple-
mented only once in a large nuclear power plant at Koeberg, South Africa [57].

3.3.2 EERC Combined System

A combination elastomeric and sliding system was developed and tested on
the shake table at the EERC. In this system the interior columns of the struc-
ture were carried on Teflon on stainless steel sliding elements and the exterior
columns on the low-damping natural rubber bearings. The elastomeric bearings
provided recentering capability and controlled the torsion of the structure while
the sliding elements provided damping [29].

A variant of this system was used to retrofit both the Mackay School of
Mines at the University of Nevada, Reno, Nevada, and a new hospital for the
County of Los Angeles, the M. L. King, Jr.—C. R. Drew Diagnostics Trauma
Center in Willowbrook, California. Both of these structures used HDNR elas-
tomeric bearings; teflon—stainless steel sliding elements were used in the uni-
versity building while lead-bronze alloy plates on stainless steel were used for
the hospital.
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3.3.3 The TASS System

The TASS system was developed by the TAISEI Corp. in Japan [62]. In this sys-
tem the entire vertical load is carried on Teflon—stainless steel elements. In addi-
tion, laminated neoprene bearings that carry no load are used to provide recen-
tering forces. The Teflon sliding surface has a pressure of around 10 MPa (1450
psi), and the coefficient friction ranges from 0.05 at slow sliding speeds to around
0.15 at higher speeds. The disadvantages of this system are that because the elas-
tomeric bearings carry no vertical load, they experience tension, and the velocity
sensitivity of the sliding surface makes modeling of the system quite difficult.

3.3.4 Resilient-Friction Base Isolation System

The resilient-fraction base isolation (R-FBI) bearing attempts to overcome the
problem of the high friction coefficient of Teflon on stainless steel at high veloc-
ities by using many sliding interfaces in a single bearing. Thus the velocity
between the top and bottom of the bearing is divided by the number of layers
so that the velocity at each face is small, maintaining a low friction coefficient
(Fig. 3.7). In addition to the sliding elements, there is a central core of rubber that
carries no vertical load but provides a restoring force. Tests of this system found

Gap
/ Rubber plug
/ Top connecting plate

Central steel rod

Teflon layers Rubber plug

Sliding plates Rubber core

Fig. 3.7 Resilient-friction base isolation system.
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that the rubber core did not prevent the displacement from being concentrated at
asingle interface: therefore, a central steel rod was inserted in the rubber core that
improved the distribution of displacement among the sliding layers [84, 86, 88].
A shake table experimental test program using R-FBI bearings and a five-story,
40-ton steel frame model was carried out at the EERC in 1988 [89].

3.3.5 Friction Pendulum System

The friction pendulum system (FPS) is a frictional isolation system that com-
bines a sliding action and a restoring force by geometry. The FPS isolator,
shown schematically in Fig. 3.8, has an articulated slider that moves on a stain-
less steel spherical surface [5]. The side of the articulated slider in contact with
the spherical surface is coated with a low-friction composite material. The other
side of the slider is also spherical, coated with stainless steel, and sits in a
spherical cavity, also coated with the low-friction composite material. As the
slider moves over the spherical surface, it causes the supported mass to rise

Self-Lubricating
Composite Liner

7’17 ’/// W i ﬂ//

BEARING SECTION

Fig. 3.8 Schematic of friction pendulum system.
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and provides the restoring force for the system. Friction between the articulated
slider and the spherical surface generates damping in the isolators. The effective
stiffness of the isolator and the isolation period of the structure is controlled by
the radius of curvature of the concave surface.

3.4 SPRING-TYPE SYSTEMS

Elastomeric and sliding isolation systems are usually configured to provide only
horizontal isolation. When full three-dimensional isolation is required, it is pos-
sible, but not common, to use elastomeric bearings. Generally, spring-type sys-
tems have been used in these cases.

GERB System The GERB system for seismic isolation was developed orig-
inally for the vibration isolation of power plant turbine generating equipment.
It uses large helical steel springs that are flexible both horizontally and verti-
cally. The vertical frequency is around 3-5 times the horizontal frequency. The
steel springs are completely without damping and the system is always used in
conjunction with the GERB viscodamper. As in all three-dimensional systems,
there is very strong coupling between horizontal motion and rocking motion
because the center of gravity of the isolated structure is above the center of
stiffness of the isolation system. This type of system becomes practical in sit-
uations where the center of gravity and the center of stiffness are at the same
level—in a reactor vessel in a nuclear power plant, for example.

The system has been tested on the shake table at Skopje, Macedonia, and
has been implemented in two steel frame houses in Santa Monica, California
(see Fig. 3.9). These houses were strongly affected by the 1994 Northridge
carthquake. Their response was monitored by strong motion instruments and
demonstrates that the isolation system was not effective in reducing the accel-
erations in these buildings due to the rocking motion [76].

3.5 SLEEVED-PILE ISOLATION SYSTEM

In situations where it is necessary to use deep piles—for example, for buildings
on very soft soil—it can be advantageous to use these piles to provide the hor-
izontal flexibility needed for an isolation system. The piles are made flexible
by enclosing them in tubes with a suitable gap for clearance. It is an interesting
consequence of the mechanics of columns that the horizontal stiffness is pro-
portional to E1/I?, while the buckling load is proportional to EI/[*, where El
is the bending stiffness of the pile and [ its length. If the load carried on the
pile is W and the specified period of the system is 7, then

e \ T

«El W [ 27’
B g
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Fig. 3.9 GERB system: Lowe residences.

where « is a factor depending on the fixity at each end of the pile. The buckling
load of the pile is

BE1

P = ——
crt t‘?

where 8 depends on the fixity. The safety factor against buckling is given as

SF - Pesit o L’
w B gT?

thus, for a fixed vertical load and specified horizontal frequency or period, the
safety factor against buckling increases as the piles get longer.

This system was implemented in one of the earliest base isolation projects, the
Union House in Auckland, New Zealand, which was completed in 1983 [24]. The
building, located in an area of poor soil, required extending piles to the bedrock
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about 10 m (33 ft) below the surface. These piles are enclosed by steel sleeves with
aclearance of 150 mm (6 in.). The building is 12 stories tall of reinforced-concrete
construction with exterior bracing. The superstructure is very stiff, and the period
of the building on the sleeved-pile system is around 4 sec. Damping is provided
by the elastic—plastic deformation of a set of tapered steel plates arranged around
the perimeter of the building at ground level. The dampers are located to the top
of the sleeved piles and react against an independently supported basement struc-
ture. The steel dampers provide elastic stiffness in addition to damping, reduce
the period to around 2 sec, and provide an effective damping of about 12%.

A similar approach was used to isolate the Wellington Central Police Sta-
tion [31]. Completed in 1991, this 10-story reinforced-concrete braced frame
structure is supported on 15 m (49.2 ft) long sleeve piles with a clearance of
375 mm (15 in.). The building structural system uses external diagonal brac-
ing. The site is very close to an active fault and the seismic requirements are
quite severe. Damping is provided by 24 lead extrusion dampers [109], with a
yield level of 250 kN (56.2 kips) and a stroke of £400 mm (15.7 in.) with lead
extrusion dampers as the supplementary system.

A variant of this system is being used for the Randolf Langenbach house in
Oakland, California. Referred to as the damped-sway foundation system, it uses
sleeved piles and hydraulic viscous dampers (Fig. 3.10). A rubber bumper sys-
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STEEL CHANNEL FIRST FLOOR
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ENERGY DISSIPATING DAMPER
DEVICE

CONCRETE DEADMAN TO FORM
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LATERAL SUPPORT

4' HEAVY DUTY STEEL HELICAL
ANCHOR PILES WELDED TO
FIRST FLOCOR PLATFORM AND
DRILLED TO FIRM SOIL LAYERS

Langenbach.)
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tem is also provided. The developer of the system [71], who is also the owner
of the house, estimates that the system has increased the construction cost of the
house by $10,000, which represents around 3% of the total cost of the house.

3.6 ROCKING SYSTEMS

Tall slender structures of top-heavy construction will inevitably develop over-
turning moments that will produce tension at the foundation level. It is ex-
tremely expensive to provide tension capacity in building foundations using
anchors in deep caissons. As an alternative, it is possible to allow the col-
umns—or piers in the case of bridges—to step off the foundation. This form of
partial isolation reduces the seismic loads throughout the structure, particularly
the tension forces generated in columns or piers. The dynamics of the stepping
structure are quite different from conventional structures but have been exten-
sively studied both theoretically [137] and experimentally in shake table tests
at the EERC [33, 67].

This concept has been implemented in a railway bridge in New Zealand [36].
The South Rangitikei River Bridge (Fig. 3.11) has 69-m (226-ft-) long piers that
are designed to lift off of the foundation under seismic loading. Inside each pier

o .\' Fh .
Fig. 3.11 South Rangitikei River Bridge.
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are two large energy-dissipating devices that are based on the elastic—plastic tor-
sion of mild-steel bars. These provide controlling forces to the piers, both when
the pier is moving up and when it is moving down. These devices were designed
and tested at the Department of Scientific and Industrial Research Physics and
Engineering Laboratory in New Zealand in 1971-1972 [66] and are the first
use of energy-dissipating devices in seismic-restraint design. The method has
not been used again for bridges but could be a very promising retrofit strategy
for large bridges such as the Golden Gate Bridge, the Oakland Bay Bridge, and
the Williamsburg Bridge. This approach was used later to isolate a tall chimney
structure in Christchurch, New Zealand; in this case tapered-plate steel dampers
were included [113].



CHAPTER 4

CODE PROVISIONS FOR SEISMIC
ISOLATION

4.1 INTRODUCTION

The design of new seismically isolated buildings in United States is currently gov-
erned by either of two codes: the 1997 edition of the Uniform Building Code
(UBC-97) published by the International Conference of Building Officials [55], or
Title 24, Part 2 of the California Code of Regulations, Division I1I [ 115] (referred
to as OSHPD-96). Title 24 is very similar to the 1994 UBC but includes more rig-
orous design requirements for base-isolated hospitals and other state buildings in
California. By the time this book reaches the market, it is anticipated that OSHPD-
96 will be revised to be compatible with the UBC-97 requirements.

Intended to regulate the design of new buildings, the UBC and OSHPD-96 do
not cover the retrofit of existing buildings using isolation, although most retrofit
projects do follow the UBC regulations closely. In addition, the UBC does not
address the issuc of vertical isolation, nor does it cover the isolation of equip-
ment or artifacts such as art objects in museums. The regulations are written
in such a way as to be nonspecific with respect to isolation systems. No par-
ticular isolation systems are identified as being acceptable, but the regulations
require that any isolation system should be stable for the required displacement,
provide increasing resistance with increasing displacement, and have properties
that do not degrade under repeated cyclic loading.

The underlying philosophy of these codes is that an isolated building de-
signed using these regulations will be expected to outperform fixed-base con-
struction in moderate and large earthquakes. The intent of the code is not to
reduce the cost of the structure but to control damage to the structure and its
contents by taking advantage of the fact that seismic isolation permits an elastic
response in the structure and low floor accelerations for large earthquake input.

Design of Seismic Isolated Structures: From Theory to Practice. F. Naeim and J. M. Kelly 63
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Increasingly, the seismic upgrade design of existing structures is influenced
by the National Earthquake Hazards Reduction Program (NEHRP) Guidelines
for the Seismic Rehabilitation of Buildings (FEMA-273) and its commentary
(FEMA-274), which are published by the Federal Emergency Management
Agency [41, 42]. The FEMA-273 provisions are very similar to those of the
UBC-97 with one exception: FEMA-273 permits a new analysis approach called
static nonlinear analysis or the “pushover” method.

These codes and guidelines have evolved from design provisions that were
developed in the 1980s by a subcommittee of the Structural Engineers Associ-
ation of Northern California (SEAONC). In 1986 SEAONC published a docu-
ment [121]—known as the Yellow Book—entitled “Tentative Seismic Isolation
Design Requirements.” These provisions have served as the basis for various
procedures recommended by the Structural Engineers Association of Califor-
nia (SEAOC) and implemented in the various editions of the UBC, the most
widely used code for the design of earthquake-resistant buildings in the United
States. In the Yellow Book, emphasis was placed on equivalent lateral-force
procedures and the level of seismic demand was that required for the design
of fixed-base structures—a level of ground motion that has a 10% chance of
being exceeded in a 50-year period. Dynamic methods of analysis were per-
mitted (and for some types of structures required), but the simple, statically
equivalent formulas provided a minimum level for the design.

In this chapter we introduce and critically evaluate the required procedures
of the 1997 UBC. Where appropriate, we will compare and contrast UBC-97
requirements with those of OSHPD-96, FEMA-273, and other important doc-
uments.

4.2 SEISMIC HAZARD LEVEL

The seismic criteria adopted by current model codes involve a two-level
approach to seismic hazard, which are as follows:

» Design Basis Earthquake (DBE). That level of ground shaking that has
a 10% probability of being exceeded in 50 years (475-year return period
carthquake).

e Maximum Capable Earthquake (MCE). The maximum level of ground
shaking that may ever be expected at the building site. This may be taken
as that level of ground motion that has a 10% probability of being exceeded
in 100 years (1000-year return period earthquake)

The NEHRP-97 [100] and FEMA-273 documents refer to the DBE as BSE-1
(Basic Safety Earthquake 1) and the MCE as BSE-2 (Basic Safety Earthquake
2). The SEAOC Vision-2000 document [120] describes a DBE as rare and a
MCE as very rare events, respectively.
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4.3 DESIGN METHODS

Earlier versions of the UBC code emphasized a simple, statically equivalent
method of design that took advantage of the fact that for an isolated struc-
ture the displacements are concentrated at the isolation level and, therefore, the
superstructure moves almost as a rigid body. The design was based on a single
mode of vibration, and the design forces for the superstructure were computed
from the forces in the isolators at the design displacement. This resulted in a
very simple design process. As the code has evolved, however, the situations
where dynamic analysis must be used have increased, and incentives have been
inserted in the code to encourage the use of dynamic analysis in cases where
it may not be required.

For all seismic isolation designs it is necessary to perform a static analy-
sis. This establishes a minimum level for design displacements and forces. The
static analysis is also useful both for preliminary design of the isolation sys-
tem and the structure when dynamic analysis is required and for design review;
under certain circumstances it may be the only design method used.

Dynamic analysis is required in many cases (in all cases by OSHPD-96) and
may be carried out in the form of a response spectrum analysis or a time history
analysis. Site-specific ground motions are required in the following cases:

 The isolated structure is located on a soft soil, soil type §3 or S4.

« The isolated structure is within 10 km (6.2 miles) of a known active fault
[15 km (9.3 miles) in OSHPD-96].

« The isolated structural period (MCE) is greater than 3 sec.
A response spectrum analysis is required in the following cases:

« Site-specific spectra are required.
« The superstructure is irregular, either horizontally or vertically.
« The building is more than four stories or 19.8 m (65 ft) in height.

e The isolation period of the structure (DBE) is less than three times the
elastic fixed-base period (i.e., € > (1)).

Time history analysis may be used in lieu of response spectrum analysis, but
if either the isolation system or the superstructure is highly nonlinear, a time
history analysis is required.

4.4 STATIC ANALYSIS
The static analysis formulas provide displacements and forces and are based

on constant-velocity spectra over the period range 1.0-3.0 sec. In UBC-94 [54]
and OSHPD-96, the value of the constant-velocity spectrum is derived from
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the Applied Technology Council provision ATC-3-06 [13] and for Z = (.40,
a soil factor § = 1, and 5% damping is 0.60 m/s (23.6 in./sec), leading to a
displacement spectrum Sp given by

S T Z

Sp="Y = —— “(0.60) = 0.25ZT m (10ZT in.)

w 2 4
The spectrum is then modified by a soil factor and a damping factor and adjusted
for other seismic zones, leading to the required design displacement D. The
three levels of displacement to be calculated are as follows:

» D, the design displacement, being the displacement at the center of rigidity
of the isolation system at the DBE;

» Dy, the total design displacement, being the displacement of a bearing at
a corner of the building and including the component of the torsional dis-
placement in the direction of D); and

e Dy, the total maximum displacement, being the total design displacement
evaluated at the MCE.

The design displacement D in UBC-94 and OSHPD-96 is the starting point
for the entire design process and must always be calculated whether or not
dynamic analysis is used. It is based on the assumption that the superstructure
deformations are negligible and is given by

0.25ZNS;T 10ZNS; T
D= T”_ m <—B—”— m.) (4.1)

where Z = seismic zone coefficient (e.g., 0.4 in zone 4)
N = near-field coefficient
S, = soil coefficient
T = effective period in seconds
B = damping coefficient

While the concept is still the same, the UBC-97 formulation is more com-
plex. A large number of new terms have been added to the code. For example,
there are now six different displacements that have to be computed. The num-
ber of soil profile types has been increased to six, of which three are hard rock,
rock, and soft rock. There are four seismic coefficients to be calculated, but
in zone 4, where most isolated buildings in the United States are located, it
is necessary to calculate the following factors: N, and N,, which depend on
seismic source type and seismic source distance; My, which depends on ZN,,;
and Cuy and Cyyp, which depend on My, N,, and N,. The result is that the
simple static analysis computation of the earlier versions of the code has been
replaced by a sequence of table definitions and formulas.
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Although all isolated projects are currently designed using dynamic analysis
(based on time histories, as there are many computer programs now available
for this purpose), static analysis is still required to ensure that the design quanti-
ties do not fall below certain minimal levels determined from the static analysis.

According to UBC-97, the two basic displacements to be calculated are Dp
and Dy, or DBE and MCE displacement at the center of rigidity of the isolation
system. They are calculated using the formulas

pp= Ao o orin, 42)
Bp
CymT
Dy = Wﬂ mm or in. (4.3)
M

where g is the gravitational acceleration, Cyp and Cyyy are seismic coefficients,
Tp and Ty are isolated periods, and Bp and By, are damping coefficients cor-
responding to the DBE and MCE level responses, respectively. The terms Cyp
and Cyy; are functions of the seismic zone factor Z, the site soil profile type, and
one of the two near-source factors, Ny. Definitions of these and other factors
needed for calculating Dp and Dy, are presented in the following sections.

4.4.1 Seismic Zone Factor Z

Seismic zone factors vary from 0.075 for zone 1 to 0.40 for zone 4 as shown in
Fig. 4.1 (UBC-97, Table 16-I). Seismic zone factors are the same as in previous
editions of the UBC.

1 2A 2B 3 4
Fig. 4.1 UBC-97 seismic zone factors.
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4.4.2 Site Soil Profile Type

Site soil profiles of S4 to Sg are based on the average shear wave velocity
in the top 30.5 m (100 ft) of soil (see Fig. 4.2 or UBC-97, Table 16-]). This
velocity varies from under 180 m/s (590 ft/sec) for the soft soils (Sg) to over
1500 m/s (4921 ft/sec) for the hard rock profile (Sx). It should be noted that S,
rock in continental United States is found only in eastern United States. Hard
rock found in California is classified as Sg, for example. Another class of soil
profile type (S¢) requires site-specific evaluation and is not classified based on
average shear wave velocity and constitutes very poor site soil conditions prone
to liquefaction problems.

4.4.3 Seismic Source Types: A, B, and C

Seismic faults are grouped into three categories based on the seriousness of the
hazard they represent. Faults capable of producing large-magnitude earthquakes
(M =27.0) and have a high rate of seismic activity [annual average seismic slip
rate, SR, of 5 mm (0.2 in.) or more] are classified as type A sources. Faults
capable of producing moderate-magnitude earthquakes (M < 6.5) with a rela-
tively low rate of seismic activity [SR <2 mm (0.08 in.)] are classified as type
C sources. All faults other than types A and C are classified as type B sources.

4.4.4 Near-Source Factors: N, and N,

Two factors are used to model the ground motion amplification due to near-
source effects. The first, N,, is intended for the short-period range correspond-
ing to a constant-acceleration segment of response spectra. The second factor,
N,. which corresponds to the midperiod range or constant-velocity segment of
the response spectra, is the primary near-source factor used in seismic isola-
tion applications. Near-source factors are functions of closest distance to the
seismic source and the seismic source type (see Figs. 4.3 and 4.4). UBC-97
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Fig. 4.2 UBC-97 soil-type categories (shear wave velocity range is shown to the right
of site profile type).
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Fig. 4.3 Near-source factor N, as a function of source type and distance.

defines the site—source distance as the closest distance between the site and the
vertical projection of the fault on the surface (see rj, in Fig. 7.7). The surface
projection need not include portions of the source at depths 10 km (6.2 miles)
or greater; therefore, a site sitting directly on the top of a fault deeper than 10
km (6.2 miles) is not considered a near-source site.
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Fig. 4.4 Near-source factor N, as a function of source type and distance.
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4.4.5 MCE Response Coefficient M,

The MCE response coefficient My, is intended to estimate the MCE response
based on the DBE shaking characteristics. As such, M), is defined as a function
of ZN, and varies from 2.67 for ZN, = 0.075 to 1.20 for ZN, = 0.50 (see Fig.
4.5). The logic for assigning larger My, values to smaller DBE events stems
from the fact that in regions with low seismicity the gap between the DBE and
MCE events is generally much larger than that in the zones of high seismicity.
Values of My, are listed in UBC-97, Table A-16-D.

4.4.6 Spectral Seismic Coefficients: Cyp, Cyyand Cpp, Cppy

These coefficients are intended to define the minimum spectral ordinates to be
used in design. The terms Cyp and Csp correspond to constant-velocity and
constant-acceleration regions of the DBE spectrum, respectively; Cyys and Cqpy
perform the same function for the MCE spectrum. For seismic isolated struc-
tures, Cyp and Cyp are the same as Cy and C, defined for conventional struc-
tures by UBC-97, Tables 16-Q and 16-R. The values of Cy s and Ca . however,
are given in the Seismic Isolation Appendix of UBC-97 (Tables A-16-G and
A-16-F).

As shown in Figs. 4.6 and 4.7, Cyp and Cup are functions of seismic zone
factor and site soil profile type. Also notice that for zone 4 the values shown
in these figures must be multiplied by the appropriate near-source factor N, or

N,.
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68
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DBE Shaking Intensity, ZN,
Fig. 4.5 MCE response coefficient M.
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Similar information for Cyy and C,yy is shown in Figs. 4.8 and 4.9. Here, the
MCE response coefficient comes into play. The values shown in these figures
for My ZN, or MyZN, values larger than 0.40 should be multiplied by the
factor indicated in the figure.

4.4.7 Damping Coefficients: B and By,

The effective damping in the system, $, at the DBE and MCE response levels
(referred to as Bp and By) are computed from

1 total area of hysteresis loo
Bp= = ( = P ) 4.4)
2 KD. maxDD
| total area of hysteresis loo
Bu= o= ( L p) 4.5)
277 KM.m:lxDF.cf
0.45 —aame
J 0.40
£0.35 B Zone 1
B Zone 2A
OZone 2B
r OZone 3

B Zone 4 (Multiply values by N, )

Sa Ss Sc Sp Sk
Soil Profile Type

Fig. 4.7 Seismic coefficient Cap.
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Fig. 4.8 Seismic coefficient Cyyy.

where Kp max and Ky, max are effective stiffness terms defined in Section 4.4.8.
The damping reduction factor B (Bp for the DBE and By, for the MCE) is given
in terms of (3 in tabular form (UBC-97, Table A-16-C), with linear interpolation
to be used for intermediate values. A very close approximation to the table
values is given by

% =0.25(1 = 1n B) (4.6)

where 3 is given as the fraction of critical damping (not as a percentage). Values
of B from the code and the formula are shown in Fig. 4.10.
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Fig. 4.9 Seismic coefficient Cayy.
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4.4.8 Effective System Vibration Periods: Tpand T,
The periods T and Ty that correspond to the DBE and MCE response are

computed from
[ W
T,f) =27 — (47)
x Kp, ming
[ W
TD = 211' ﬁ‘ (48)
M, min

where W = weight of building
g = gravity

Kp,err = (Fj, = Fp)/(D}, — Dp)

Kett = (Fyy = Fp/(Dyy = Dy)

K p. min = minimum value of Kp . at Dp as determined by testing
K p. max = maximum value of Kp .y at Dp as determined by testing
K pr min = minimum value of Ky ofr at Dy as determined by testing
K. max = maximum value of Ky ¢ at Dy as determined by testing

The values of Kp min. Kb max> Kar.min» @nd Ky max are not known to the
designer during the preliminary design phase. The design procedure will begin
with an assumed value of K., which is obtained from previous tests on simi-
lar components or by using the material characteristics and a schematic of the
proposed isolator. After the preliminary design is satisfactorily completed, pro-
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totype isolators will be ordered and tested, and the values of Kp min. Kp, max»
Ky, mins and Ky max Will be obtained from the results of the prescribed program
of tests on the prototypes. The terms F}, F,. Fy;, Fy, and Dy, Djy, Dy, Dy, are
the maximum and minimum forces and displacements on the prototype bear-
ings, corresponding to DBE and MCE response levels, used to determine the
mechanical characteristics of the system. The results of the prototype tests are
then used to refine the preliminary design, and when dynamic analysis is used,
they establish bounds on the various design quantities. Because the effective
stiffness and the effective damping are usually dependent on the displacement,
the process of computing the effective system periods and damping is an iter-
ative one.

4.4.9 Total Design Displacements: D;, and Dy,

The total design displacements Dyp and Dy (which include torsion) are given
as

o = Dp y b2 +d? 4.9
Dryy=Dy |1+ ! 4 10)

where e is the actual eccentricity plus 5% accidental eccentricity and y is the dis-
tance to a corner perpendicular to the direction of seismic loading. This formula
assumes that the seismic load KD is applied through the center of mass, which
is located at a distance e from the center of stiffness (as shown in Fig. 4.11).
Assuming a rectangular plan, with dimensions b X d and a uniform distribution
of isolators, the torsional stiffness of the isolation system is Kg(h*> + d?)/12,
and the rotation 6 is thus

0 KetDe ~ 12De
© Keg[(W2+d?)/12]  b*+d?

The additional displacement due to rotation is

12De
b +d?’

leading to Eqgs. (4.9) and (4.10) above. If the actual torsional stiffness of the
system is computed and the additional displacement due to KD through e
turns out to be less than the value given by Egs. (4.9) or (4.10), then this value
can be used, but it must be at least 1.1 times Dy, and 1.1 times Dy, respectively.
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The total maximum displacement Dy, is required for verification of the stability
of the isolation system.

4.410 Design Forces

The strength design forces that the superstructure and the elements below the
isolation interface are to be designed for are based on the design displacement
D. Elements below the isolation system (working stress design) are calculated
using the formula

Vi = Kp maxDp (4.11)

The strength level for design of elements above the isolation system in terms
of the minimum lateral seismic shear force is given by the formula

_ KI), maxDD

V.
s R,

(4.12)

where R; is a design force reduction factor (ductility factor) ranging from 1.4
to 2.0. Table 4.1 shows a few examples of fixed-base structural systems with
corresponding reduction factor R.

In all cases the value of V, should not be less than

« the seismic force required by the UBC provisions for a fixed-base structure,
« the base shear corresponding to design wind load, and
« one and a half times the lateral force required to fully activate the isolation
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TABLE 4.1 Reduction Factors for Fixed-Base and Isolated

Construction

Construction R; R
Special moment-resisting frame 2.0 8.5
Shear wall 2.0 5.5
Ordinary braced frame 1.6 5.6
Eccentric braced frame 2.0 7.0

system, that is, the yield load of a lead-plug rubber bearing or slip threshold
of a sliding bearing system.

The reduction factors for fixed-base design are very much higher than those
for isolated design for a number of reasons; one major element is period shift.
As the structure yields, the period lengthens and the force demand is reduced.
Simultaneously, the damping in the structure is increased because of hysteretic
action due to yielding in the structural system. In addition, overstrength and
redundancy tend to spread the yielding to other elements. In the case of an
isolated structure, only overstrength and redundancy are applicable.

For example, if a moment-resisting steel frame is used for the superstructure,
the reduction factor allowed by the code is 2.0 to allow for overstrength and
redundancy, implying that (a) the structural system will yield at a force level
that 1s twice the nominal yield level and (b) the system will be just on the
verge of actual yield at the forces specified by the code formula. Period shift
in the structure counters the effectiveness of the isolation system because it
decreases the separation between the fixed-base period and the isolation period
and could bring larger forces to the structure and more participation from the
higher modes. In addition, the damping in the isolated structure will not be as
great as in the fixed-base structure. For all these reasons, the R; factors are
substantially smaller than the R factors for the same structural system. Note,
larger ductility demands can mean damage to the structural and nonstructural
components; thus, the requirement for lower R; values is equivalent to damage
control for isolated structures.

4.4.11 Vertical Distribution of Force

In earlier versions of the code, the vertical distribution of the inertial forces on
the structural system was based on the assumption that the participation of the
higher modes was negligible and that the accelerations were roughly the same
at all levels of the structure. There was some concern, however, that this might
not be sufficiently conservative, and the vertical distribution was changed in
subsequent editions of the UBC code to one where the lateral force at level x,
denoted by F, is computed from the base shear V by
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h)CWX
N

E wih;
Q=1

where w, and w; are the weights at level i or x and 4, and #; are the respective
heights of structure above isolation level.

This formula leads to a triangular distribution of force. While the basic theory
would indicate that the distribution should be close to a uniform one, a triangu-
lar distribution is specified to account for higher mode contributions generated
by nonlinearities in the isolation system, for example, because of lead plugs in
elastomeric bearings or the effects of friction in sliding bearings.

What are the implications of this code requirement in terms of a seismic base
shear coefficient Cs. If Eq. (4.7) is substituted into Eq. (4.1) and divided by the
structure weight W to give Cs, we find

Fo=V; (4.13)

Vi NZS 1 1
W B T R

For example, if N = 1, Z = 0.40, and S = 1.40 (UBC-94 S, soil type, which
is roughly equivalent to UBC-97 S, soil profile type) and the system has 10%
equivalent viscous damping, then

1 1
Cs = (0.47)<T R/)

so that for a frame structure with R, = 2 and a period of 2.0 sec the code
prescribed Cs is 0.1175. The comparable Cy for a fixed-base structure in the
same zone and soil type is given by

0.60 1
Cs=77 &

and because R = 8.5 when R; = 2, the design shear coefficient is equal to 0.0706
for a 1.0-sec period fixed-base building. Clearly, the reductions in the seismic
force that are expected from isolation (around e'/?) are not available to the
designer.

4.412 Drift Limits

The maximum interstory drift limits for isolated buildings are also more severe
than the limits for fixed-based buildings and should not exceed 0.01/R; (i.c., the
elastic deformation due to K max Dp applied in a triangular pattern to the structure
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should not exceed 1%). This limit is less than half of 2.5% permitted for fixed-
based buildings with fundamental periods of less than 0.70 sec and half of the
2% limit permitted for fixed-based buildings with longer fundamental periods.

4.5 DYNAMIC ANALYSIS
Design spectra: Site-specific spectra are required if

e Ty 2 3.0 sec or
« the soil type is Sg, S or
« the structure is located within 10 km (6.2 miles) of an active fault.

Dynamic analysis is also required if the effective period of the isolated structure,
Tp, is greater than three times the elastic fixed-base period of the structure
above the isolation system. If a site-specific spectrum is used, it may be higher,
but if smaller, it cannot be less than 80% of the codified response spectrum.

4.5.1 Time History Analysis

Pairs of horizontal components from at least three recorded events are neces-
sary for a time history analysis. The events must be representative of the site,
soil, and source characteristics and have durations consistent with the DBE and
MCE. Time histories developed for a site within 15 km (9.3 miles) of a major
active fault are required to incorporate near-fault phenomena, although near-
fault phenomena are not defined. More detailed information on time history
analysis requirements are given in Chapter 7.

4.5.2 Scaling

For each ground motion pair, the SRSSs of the 5% damped spectra are com-
puted. The motions are then scaled (multiplied by a factor) so that the average
of the SRSS spectra does not fall below 1.3 times the target spectrum for the
DBE or MCE by more than 10% over 0.5T ) seconds to 1.257 seconds. When
dynamic analysis is used, the design values are calculated in the following way:

o If three time histories are used, the design must be based on maximum
response quantities.

« If seven times histories are used, the design can be based on average
response quantities.

When dynamic analysis is done, it is possible to have design displacements
and design forces that are less than those given by the equivalent static formulas.
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Code-specified limits, which limit to what extent the design values can fall
below the static values, are summarized in Table 4.2.

The total design displacement Dy, for the isolation system can be reduced
to not less than 90% of that given by the static formula, and the total maximum
displacement D7y, can be reduced to not less than 80% of the static formula
result. The Dy and Dy are computed from Dp and Dy, by the use of multi-
pliers, and the code permits a further reduction by replacing Dp and Dy, in the
static formulas by D}, and D}, where

D
Dp= ——2 4.14)
v 1+ (T/T[))2
D
D= ——l (4.15)

V1 +(T/Ty)?

with T being the elastic fixed-base period of the superstructure computed by
the empirical formula of the code.

This further reduction is to allow for the flexibility of the superstructure. The
static formulas [Eqs. (4.2) and (4.3)] assume that the superstructure is rigid and
that if some deformation takes place in the superstructure, the displacement
in the isolation system is reduced. But by using the two-degree-of-freedom
(2-DOF) model developed earlier and ignoring the approximations for small
€, it is possible to show that this formula is not quite correct. This straightfor-
ward analysis and the result, which depends on mass ratio y and frequency ratio
wp/w, and is shown in Fig. 4.12, demonstrate that the formula corresponds to
the result for vy = 1, corresponding to m;, = 0 (i.e., a single-degree-of-freedom
system). For all values of y < 1 and for w;/w, < 1, the analysis shows that the
correction [Eqgs. (4.14) and (4.15)] overestimate the reduction in Dp and Dy
due to flexibility in the superstructure.

TABLE 4.2 Code Minimum Values When Dynamic Analysis Is Used

Parameter Static Response Spectra Time History
Drp Drp =2 1.10Dp 0.90D7p 0.90D7p
D1y D7y 2 110Dy 0.80D7 0.80D7y
Vi Vb = kp, maxDp >0.90V, >0.90V,,

V¢ regular Vs = kp maxDp/Ri 20.80V, 20.60V

Vg irregular Vs = kp maxDn/Ri >1.0V >0.8Vyg

Drift 0.010/R; 0.015/R; 0.020/R;
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Fig. 4.12 Reduction of design displacement due to flexibility in the superstructure.

4.6 OTHER REQUIREMENTS FOR NONSTRUCTURAL
COMPONENTS

For strength design of nonstructural components, either fixed-base requirements
may be used or the peak response seismic force computed. Components that
cross the interface should be designed for Dy, while fixed-base design proce-
dures are used below the isolation system. In addition, there are other detailed
system requirements that must be considered; these include environmental con-
ditions, wind forces, fire resistance, and lateral restoring force.

4.7 PEER REVIEW

The code mandates that there be a peer review of the design of the isolation
system. The review team should include persons licensed in the appropriate dis-
ciplines and experienced in the theory and application of isolation. The review
should evaluate the seismic criteria, the preliminary design, and the final design.
In addition the panel should review the prototype test program and the pro-
posed quality control test program. The peer review panel normally includes
three people: a structural engineer, an expert in ground motions, and an expert
in seismic isolation.



4.8 DESIGN AND TESTING REQUIREMENTS FOR ISOLATORS 81
4.8 DESIGN AND TESTING REQUIREMENTS FOR ISOLATORS

There are a number of design requirements for the isolator units that are derived
from loads produced on the isolators due to overturning of the building as a
result of horizontal accelerations. The building has to be checked for global
overturning at the MCE with the full dead load being used in the calculation.
Uplift of individual isolators is permitted when this check is made. When some
isolators uplift, others will experience increased downward load, and the isola-
tors are required by the code to be designed and tested for this increased down-
ward load as well as net upward load, if any. The precise design requirement
states that an isolator should be stable when displaced to the total maximum
displacement Dyy under 1.2DL + 1.0LL + Eyx and 0.8DL — Ey;, at the MCE,
where E. is the maximum downward and E;, is the minimum downward
(or maximum upward) vertical load on an isolator caused by overturning of the
superstructure. The increased or decreased dead load is intended to provide an
allowance for vertical accelerations in the ground motion.

This requirement appears again in the testing requirements for the isolators.
In many isolation projects the information needed for the preliminary design of
the isolation system and the superstructure is obtained by qualification or pre-
prototype tests that are not covered by the regulations. After the preliminary
design is completed, isolators are manufactured, and a very extensive program
of prototype tests are performed. The code requires that at least two full-sized
specimens of each type of isolator be tested. The tests required are a specified
sequence of horizontal cycles under DL + 0.5LL for small horizontal displace-
ments up to the total maximum displacement, with these primarily establishing
the mechanical characteristics of the bearings for use in verifying the design.
A sequence of extreme load tests are required where horizontal displacement
cycles are combined with maximum and minimum downward loads. The maxi-
mum vertical load for these tests is defined as 1.5DL + 0.5LL + E .« and the
minimum is 0.8DL — E,;,. In some cases it is possible that the minimum load
may actually be a tension load.

Although rubber bearings can take a certain amount of tension, it is very dif-
ficult to carry out such a test because most test machines are unable to generate
tension forces and apply shear displacements simultaneously. Upward forces on
isolators tend to occur in designs where the horizontal forces in the superstruc-
ture are carried by a few lines of lateral resistance. This leads to high over-
turning forces on a few isolators because the dead load on these isolators is
not enough to overcome the uplift forces. If numerous columns participate effi-
ciently in resisting the horizontal load in the superstructure, the dead load in
each column will eliminate the possibility of uplift on all bearings, avoiding the
problem of designing the isolators for tension forces, thereby simplifying the
testing requirements. Note, if tension is produced in the bearings, not only will
be bearings need to be tested in tension, but the connections of the bearings to
the foundation and to the building will also need to be tested.
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There are other prototype test requirements in the code that are not generally
strictly adhered to because of the lack of suitable testing facilities. The code
requires that isolators with a behavior that is dependent on loading rate be tested
at real loading rates. Rate dependence is defined as follows: The hysteresis loop
at the design displacement at the frequency of the isolated structure does not
differ by plus or minus 10% if the test is carried out at any frequency in the
range from one-tenth to twice the design frequency. Although natural rubber
is relatively insensitive to rate of loading and is well within this range, other
polymeric materials and elastomers may not. The power requirements for a
test of this kind are quite surprising. If two isolators carry, say, 500 tons (1111
kips) [for a system with a 2.0-sec period and 30 cm (11.8 in.) displacement]
one on top of the other, as is the usual test method, and are loaded to their
design displacement at 2.0-sec period in a sinusoidal manner, the peak power
requirement is about 1800 hp or 1.4 MW.

Similar unattainable test requirements are specified for units dependent on
bilateral loads where it is stated that these units must be tested in two directions
simultaneously. The criterion for bilateral dependency is similar to that for rate
dependency, and the requirement is never carried out because of the lack of
suitable test equipment.

Although there are no specific requirements for quality control tests for pro-
duction isolators, the code demands that such a program be established and
reviewed by the peer review panel. The design engineer usually specifies a
quality control program that includes a series of standard tests on the material,
compression tests, and combined compression and shear tests on all production
isolators. In addition, a small percentage of isolators may be selected at random
and tested to the MCE displacement. Extra isolators are often kept under load at
the site for periodic checks of the long-term stability of the material properties.
Although this is not required by the code, the code does specify that access for
inspection and removal of all isolators be part of the design.

4.9 OSHPD-96 REQUIREMENTS

The design of hospitals in California is governed by the State Code Title 24, Part
2, which is administered by OSHPD [15]. The current regulations published in
May 1996 for base-isolated hospitals are very similar to the 1994 UBC require-
ments, except that both site-specific ground motions and dynamic analysis are
always required. The site-specific ground motions are evaluated for OSHPD by
the California Department of Mines and Geology (DMG), and their approval
of the design spectra for the DBE and MCE is nccessary.

The civil code and the UBC differ in the following respect: Static analysis
cannot be used for the design, only for minimum requirements; therefore, even
though dynamic analysis is mandatory, a static analysis still must be carried
out. The dynamic analysis must include a time history analysis, except under
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very restrictive circumstances when a response spectrum analysis is acceptable.
Site-specific design spectra have to be prepared for DBE and MCE events.
From these site-specific design spectra, time history pairs of recorded events
are determined by using the same scaling procedure outlined in the UBC.
The duration of the selected and scale time histories has to be consistent with
the magnitude and source characteristics of the site-specific DBE and MCE
events, and if the site is near field, then near-field effects should be incorpor-
ated.

The requirement for design review has become considerably more restrictive.
The enforcement agency (e.g., OSHPD) retains the right to require the owner
of the facility to retain a review panel and have the review panel serve in an
advisory capacity to the agency. The testing requirements for the prototypes are
unchanged.

The civil code has additional requirements for hospital buildings that are not
mandatory in the UBC code. The isolation system must be monitored for the life
of the building and access for monitoring and replacement of the system must be
provided. The building is to be instrumented with accelerometers that must be
approved by the enforcement agency prior to installation. After every significant
carthquake, the structure, the isolators, and the strong motion recorders must
be inspected by a structural engineer retained by the owner, and an inspection
report must be provided to the enforcement agency. In addition, a proportion of
the isolators must be removed every 10 years to be tested and compared with
the tests done prior to installation.

Another problem facing the designer is the difficulty of obtaining the
approval from the DMG for the design ground motions. In the recent past the
DMG has taken a very aggressive role in the selection of design spectra and
carthquakes for time history analysis, often resulting in considerable delays in
the approval process. As a result, the designer may adopt a very conservative
ground motion in the hope that a rapid approval results, thereby significantly
impacting the cost and performance of the isolation system.

As the codes for seismic isolation design have evolved in the United States,
the trend has been from the simple, straightforward, and rational version of the
Yellow Book to the more complicated and less rational versions in the more
recent codes. The Yellow Book was put together by a small group of activists
who took the position that base isolation was a simplifying approach to seismic
design and formulated a design process that was informed by the elementary
theory. The requirements were consistent with the theoretical basis of isolation
and included incentives for designers to use designs that were consistent with
the simple theory. As the codes have evolved, however, they have been influ-
enced by professional engineers who are not comfortable with the technology
and see it as too complicated—even dangerous. Their influence on the codes
has made the codes correspondingly inconsistent with the theory and has fur-
ther complicated the process by insisting on excessive testing requirements at
every level of the procurement process.
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410 OTHER CONSIDERATIONS

One feature that has persisted through all versions of the UBC isolation regula-
tions is the scaling of the time histories. In essence, the code requires an increase
of 30% in the target spectra to account for bilateral ground motion. Isolation
systems are always isotropic, however, and the maximum isolator displacement
can be in any direction. Since the basic static formula for maximum displace-
ment is intended to be applied in any direction, it is not clear why the dynamic
analysis should include bilateral displacements. Furthermore, this requirement
is in direct conflict with the detailed systems design requirements for conven-
tional structures, which states that the “requirements of orthogonal effects may
be satisfied by designing such elements for 100% of the prescribed design seis-
mic forces in one direction plus 30% of the prescribed design seismic forces in
the perpendicular direction” (UBC-97, Sec. 1633.1) [55]. Obviously, the result-
ing vector summations are very different (see Fig. 4.13).

The extensive testing requirements for prototype isolators remain from the
earlier code versions. New requirements for inspection and replacement have
been added, including requirements for periodic monitoring, requirements on
repair or retrofit of the isolation system, and a requirement for a horizontal
displacement monitoring device.

In total, the 1997 version of the UBC regulations for seismic-isolated struc-
tures has completed the process of turning the simple straightforward and ratio-
nal code developed in the 1986 Yellow Book into a complicated and conser-
vative set of requirements that will seriously undermine the use of isolation
technology by the general engineering community. The whole impetus for de-
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Fig. 4.13 Inconsistency between code requirements on orthogonal effects.
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veloping isolation systems by creating cost-effective, simple, strategies to create
earthquake-resistant structures has been lost.

4.11 STEP-BY-STEP PROCEDURE FOR UBC-97 COMPLIANT
DESIGN

4.11.1 Preliminary Design Steps

Step I: Establish Seismic Zone Factor Z. Determine the seismic zone factor by
establishing the seismic zone of the project’s site from UBC-97, Fig. 16-2,
and the corresponding seismic zone factor Z from Fig. 4.1 (UBC-97, Table
16-I).

Step 2: Establish Site Soil Profile Category. Determine the site soil profile type
from Fig. 4.2 (UBC-97, Table 16-J).

Step 3. Establish Seismic Source Types. For each controlling seismic hazard
source (i.e., seismic faults), determine the corresponding seismic source type
from Section 4.4.3 or UBC-97, Table 16-U.

Step 4: Establish Near-Source Factors N, and N,. For each seismic source
type established above, determine corresponding near-source factors N, and
N, from Figs. 4.3 and 4.4. (UBC-97, Tables 16-S and 16-T).

Step 5: Calculate Maximum Capable Earthquake Response Coefficient M.
Multiply Z and N, as calculated above to obtain ZN,,. Use Fig. 4.5 (UBC-97,
Table A-16-D) to read the corresponding value of M.

Step 6: Determine Seismic Coefficients Cyyy and Cup. With seismic zone factor
and site soil profile as established in the above steps, obtain appropriate seis-
mic coefficients Cy and C4 from Figs. 4.6 and 4.7 (UBC-97, Tables 16-R
and 16-Q). Call them Cyp and Cyp, respectively.

Step 7. Determine Seismic Coefficients Cyy and Capy. Using soil profile type
determined in step 2, multiply My, Z, and N, to obtain My ZN,. Use Fig.
4.8 (UBC-97, Table A-16-G) to obtain Cyy. Similarly, calculate MyZN,
and use Fig. 4.9 (UBC-97, Table A-16-F) to obtain the value of coefficient
Cam.

Step 8: Determine Structural System Reduction Factor R;. Obtain the reduction
factor R; corresponding to the structural system used above the isolation
interface from Table 4.1 or UBC-97, Table A-16-E. The value of R, for
virtually all cases is either 2.0 or 1.6.

Step 9: Select the Type of Isolation Bearings and the Damping Coefficients Bp
and By. Select the bearing type (or combinations) to be used. Using the
information presented in Chapter 5, select an appropriate conservative esti-
mate of the damping level provided. For example, for high-damping rubber
systems, use a damping level of 10-12%. With this information use Fig. 4.10
(UBC-97, Table A-16-C) and read the corresponding value of the damping
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coefficient. Assign the same value to Bp and By, at this time. Use linear
interpolation if necessary.

Step 10: Select a Desired Isolated Period of Vibration Tp. Decide on an initial
estimate for the isolated system fundamental period of vibration at the design
basis displacement level. Generally speaking, an isolated period between 2.0
and 3.0 sec is desirable.

Step 11: Estimate the Effective Stiffness of the Isolation System. Use a simple
equation [such as Eq. (4.7)] to estimate the stiffness of the isolation system
for the isolated period established in step 9. Assign this value to both Kp pmin
and Kp max for the moment.

Step 12: Estimate the Minimum Design Lateral Displacement Dp. Use Eq. (4.2)
with the values calculated in the previous steps and calculate the initial esti-
mate of the minimum design displacement Dp. If this value is larger than
what is acceptable for your project, you need a stiffer system. Go back to
step 10 and start with a smaller estimate of the vibration period. Otherwise,
proceed to the next step.

Step 13: Establish the Minimum Design Lateral Forces V), and V. Use Eqgs.
(4.11) and (4.12) to estimate the minimum design lateral forces for the iso-
lation systems and structural system at or below the isolation interface (V)
and structural elements above the isolation interface (V;), respectively. Also
notice the limitations on V, as described in Section 4.5 of this chapter (see
UBC-97, Sec. 1658.4.3). If the values of either V), or Vg are larger than
what is acceptable for your project, you need a softer system. Go back to
step 10 and start with a larger estimate of the vibration period. Otherwise,
proceed to the next step.

Step 14: Perform a Preliminary Design of the Superstructure Elements. With
V, estimated in step 13, calculate static lateral forces at each level of the
building using Eq. (4.13). Use these lateral forces for preliminary stress siz-
ing of superstructure elements. For drift design use the maximum interstory
drift ratio above the isolation system of 0.010/R; for the static force proce-
dure (UBC-97, Sec. 1658.6). For response spectrum analysis and time history
analysis the maximum interstory drift indices are 0.015/R; and 0.020/R;,
respectively (UBC-97, Sec. 1659.8). If the period of the fixed-base super-
structure as designed is significantly different from that assumed in calcu-
lating the limitations on V in step 13, go to step 13 and verify the adequacy
of Vi as assumed. Otherwise, proceed to the next step.

Step 15: Perform a Preliminary Design of Isolator Units and their Distribution.
Using the preliminary displacement, stiffness, force, and damping properties
established in the previous steps and design procedures presented in Chap-
ter 3, design the isolator units to resist the gravity load, lateral load, and
displacement requirements. Also establish a preliminary force-displacement
hysteretic diagram for each type of isolator unit used. These diagrams may
be based on the test results obtained from tests conducted on bearings of
similar type and size or on properties provided by isolator manufacturers.
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The hysteretic properties assumed at this stage are subject to verification
and possible revision during the final design stage when the results of the
prototype and production tests become available.

4.11.2 Final Design Steps

Step 16: Construct Mathematical Model(s) of the Isolated Structure. Con-
struct mathematical (i.e., computer) model(s) of the fixed-base and isolated
structure subject to requirements of UBC-97, Sec. 1659.5. Incorporate the
force—displacement characteristics of the isolation bearings obtained from
step 15 in your models. There are basically two methods for construction of
such models:

a. A model of base isolation system with stick model representation of super-
structure. This approach is useful when multiple execution of models sub-
jected to various time histories or minimum eccentricities are required.
Typically this may be achieved by constructing a 3D-BASIS model of
the base isolation system incorporating the mass properties, eigenvalues,
and eigenvectors of the fixed-base superstructure. The limitation of this
method is the inherent assumption of rigid diaphragm floors that must be
validated and lack of net-uplift modeling capabilities.

b. An integrated model of the isolation system and superstructure con-
structed with ETABS, SAP-2000, or similar computer codes capable of
modeling nonlinear characteristics of the isolators, if necessary. The dis-
advantage of this approach is the sheer volume of data to be processed
for numerous computer runs that are associated with any realistic seismic
isolation project.

The recommended approach is to use the first method during the design iter-
ations and the second approach during the final stages to confirm the accuracy
of the results obtained and to design for elements inadequately represented by
the approximations inherent in the first method.

Step 17: Select an Appropriate Lateral Response Procedure. Use the informa-
tion presented in Sections 4.4 and 4.5 or UBC-97 criteria selection provisions
(UBC-97, Sec. 1657) to select an appropriate design procedure (i.e., static
lateral response procedure, response spectrum analysis, or time history anal-
ysis). Regardless of the procedure required by the Code, we recommend that
the static lateral and response spectrum procedures be performed before any
time history analysis is attempted. Identify seismic demand definitions to be
utilized (i.e., lateral forces, design spectra, time history pairs).

Step 18: Finalize the Target Values of Design Displacements and Isolated Peri-
ods. Use the computer model(s) constructed in step 16 and seismic demands
established in step 17 in a series of analysis and design iterations to arrive at
a design of the isolation system and a superstructure that satisfies the basic
project displacement and force response objectives. Finalize the values of
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design displacement Dp and maximum displacement Dy, for the project.
Notice that these values are not the same as the minimum value calculated
in step 12 of preliminary design. As selected here, Dys should be larger than
Dp, and the Dp assigned here should be larger than the value calculated in
step 12 of the preliminary design. Establish the isolated period at design dis-
placement and maximum displacement levels (Tp and Ty). If possible, take
advantage of reduced displacements and base shears permitted by the code
for dynamic lateral response procedures introduced in Eqs. (4.14) and (4.15)
(UBC-97, Sec. 1659.2).

Step 19: Finalize the Target Values of Effective Stiffness. Except for the very

unlikely case of an isolation system with markedly different positive and neg-
ative response characteristics, use the computer model and results obtained
in steps 16—-18 to establish the target values of effective stiffness terms as
follows:

DBE base shear
Dp

~ MCE base shear
Dy

KD,max = K!), min —

KM,max = KM,min -

Step 20: Verify the Effective Period Suggested by the Mathematical Model. Ver-

ify the effective periods T and T as determined by the mathematical model
against those calculated by minimum values represented by Eqgs. (4.2) and
(4.3).

Step 21: Verify the Damping Level Suggested by the Mathematical Model. Use

Eqgs. (4.4) and (4.5) to verify the damping level assumed in or reported by the
mathematical model and, if necessary, recalculate the damping coefficients
Bp and By (Fig. 4.10 or UBC-97, Table A-16-C).

Step 22: Verify Design Displacements and Forces against Code Minimum Val-

ues. Compare the design displacements reported by the mathematical model
against the corresponding UBC-97 code minimum values as represented by
Eqgs. (4.2), (4.3), (4.9), and (4.10). If possible, take advantage of reductions
permitted by Eqs. (4.14) and (4.15). If calculated design displacement values
are less than code minimums, then adjust all response parameters (including
member forces and deformations) proportionally to code suggested values.
Also verify reported base shears against code minimum values represented
by Egs. (4.11) and (4.12).

Step 23: Verification of Performance as Suggested by the Prototype Bearing

Test Results. Upon the availability of prototype bearing test results, revise
the mathematical model constructed in step 16 to reflect the lower bound and
upper bound bearing properties suggested by the prototype test results. Recal-
culate effective stiffness values Kp max, Kn, mins Kar.max and Ky min using
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Egs. (4.16)~(4.19) (UBC-97, Sec. 1665.5.1). Repeat steps 20-22 using the
revised mathematical model(s).

Step 24: Verification of Performance as Suggested by the Production Bearing
Test Results. Upon the availability of production bearing test results, revise
the mathematical model constructed in step 16 to reflect the lower bound
and upper bound bearing properties suggested by the production test results
and actual distribution of individual isolators. Recalculate effective stiffness
values Kp max> Kp,mins Kar, max. and Ky min using Eqgs. (4.16)—(4.19) (UBC-
97, Sec. 1665.5.1). Repeat steps 20-22 using the revised mathematical mo-
del(s):

ZF;),max - F[),max
KD, max — + D (4]6)
D D
K ZF;),min B F[),min (4 17)
D, min — - .
min D;r) _ D[)
ZF/T/I,max N F}I/I,mux
KM,max = DX/; — DX4 (4]8)
F;l—/l,min - FM,min
KM,min = (419)

Dy, — Dy

Step 25: Verification of Performance as Suggested by the Production Bearing
Test Results. Upon the availability of production bearing test results, revise
the mathematical model constructed in step 16 to reflect the lower bound
and upper bound bearing properties suggested by the production test results
and actual distribution of individual isolators. Recalculate effective stiffness
values Kp maxs Kp.min» Knr,max> and Ky min using Egs. (4.16)—(4.19) (UBC-
97, Sec. 1665.5.1). Repeat steps 20-22 using the revised mathematical mo-
del(s).

4.11.3 Design Example

Consider a small building with a plan dimension of 40 x 20 m (131 X 65.5
ft). The total weight of the structure is estimated at 1600 tons (3550 kips). The
lateral-load resisting system consists of reinforced-concrete shear walls, and
the building is regular in both the plan and the elevation. The actual distance
between the center of mass and the center of rigidity of each floor is 1.0 m
(39.4 in.).
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The project site is located as seismic zone 4 with an Sg soil profile and it
is located about 1.5 km (0.93 miles) away from an active fault capable of pro-
ducing 7.9 magnitude events with an average seismic slip rate, SR, larger than
5 mm (0.2 in.). The fixed-base period of the building is 0.70 sec. The isola-
tion system should provide effective isolated periods of Tp = 2.4 and Ty =
2.7 sec, respectively, and a damping of 15% critical. A margin of *10% vari-
ation in stiffness from the mean stiffness values of the isolators is considered
acceptable.

Use the step-by-step procedure detailed in Section (4.11.1) to determine the
minimum design displacements, minimum lateral forces, and maximum permit-
ted interstory drift ratios according to the UBC-97 requirements.

SOLUTION

Step 1. From Fig. 4.1 (UBC-97, Table 16-I), Z = 0.40.
Step 2. Site soil profile category is given as Sg.

Step 3. From Section 4.4.3 (UBC-97, Table 16-U) for M > 7.0 and SR > 5
mm (0.2 in.), the seismic source type is A.

Step 4. Step 4: From Fig. 4.3 (UBC-97, Tables 16-S) for seismic source type
A and closest distance of less than 2 km (1.25 miles), N, = 1.5. Similarly,
from Fig. 4.4 (UBC-97, Table 16-T), N, = 2.0.

Step 5. ZN, = (0.4)(2.0) = 0.80. From Fig. 4.5 (UBC-97, Table A-16-D) for
ZN, 20.50, My, = 1.20.

Step 6. For Z = 0.4 and soil type Sg from Fig. 4.6 (UBC-97, Table 16-R), Cy
= Cyp = 0.96N, = 0.96(2.0) = 1.92. Similarly, from Fig. 4.7 (UBC-97, Table
16-Q), and 16-Q), C4 = Csp = 0.36N, = 0.36(1.5) = 0.54.

Step 7. MyZN, = (1.20)(0.40)(2.0) = 0.96 > 0.40 and My, ZN, = (1.20)(0.40)(1.5)
= 0.72 > 0.40. From Fig. 4.8 (UBC-97, Table A-16-G), Cyy = 2.4MyZN,
= 2.4(0.96) = 2.30. Similarly, from Fig. 4.9 (UBC-97, Table A-16-F), Cay
= 09MyZN, = 0.9(0.72) = 0.65.

Step 8. For reinforced-concrete shear wall system from Table 4.1 (UBC-97,
Table A-16-E), R, = 2.0.

Step 9. For preliminary design purposes, 15% damping is assumed. Therefore,
from Fig. 4.10 (UBC-97, Table A-16-C), Bp = By = 1.35.

Step 10. T and Ty arc given as 2.4 and 2.7 sec, respectively.

Step 11. From Egs. (4.7) and (4.8)
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W

D,min&

TD =27

1600(1000)

240=2
" A Kp,min(9.81)

= Kp,min = 1117 tons/m (63 kips/in.)

1600(1000)

2.70=2
" A Kur.min(9.81)

= K, min = 882 tons/m (50 kips/in.)

e

Since we assumed a +10% variation about the mean stiffness values,

1117
Kp, max = (1.10) (117) = 1365 tons/m (77 kips/in.)
’ 0.90
882
K, max = (1.10) %)f)l = 1078 tons/m (61 kips/in.)

Step 12. From Egs. (4.2) and (4.3)

 (g/47)CypTp  (9.81/477)(1.92)(2.4)

D
b Bp 1.35

=0.85m (33.5 in.)

(g/4m)Cyn Ty (9.81/41%)(2.30)(2.7)
B By - 1.35

Dy =1.14 m (450 in.)

Now, let us calculate total displacements including torsion. The additional acci-
dental eccentricity required by the code is 5% of the plan dimension perpen-
dicular to loading. Therefore,

e = (0.05)(40.0)+1.0=3.0 m (118 in.)
In Egs. (4.9) and (4.10), the value of the multiplier in both formulas is

12(3.0)

12¢

1

Hence

Drp =1.018(0.85) = 0.87 m (34 in.) D7y =1.018(1.14) = 1.16 m (46 in.)

Now let us examine the minimum design displacements permitted for
dynamic analysis [Eqs. (4.14) and (4.15)]:
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A 085 - 0.82m (321 in.)
NT+(T/Tp? V1 +(0.70/2.40)
, I)M 1.14

=1.10 m (43.5 in.)

D, - _
Y+ T/Te? /1+(0.70/2.70)

Step 13. The minimum base shear strength at or below the isolation interface
from Eq. (4.11) is

Vi = Kp,max Vi = 1365(0.85) = 1160 tons (2580 kips) = 73% of total weight

and for design of the system and elements above the isolation interface from
Eq. (4.12),

 KpmwDp  1365(0.85)
- R, 20

Vs = 580 tons (1290 kips) = 36% of total weight

COMMENTS

The large minimum displacements imposed by the UBC-97 requirements make
the designing and implementation of a seismic isolation for this building
extremely difficult. Fortunately, UBC-97 near-field factors, which are the pri-
mary reasons for these conservative estimates of displacements, are expected to
be phased out in the upcoming edition of the code. The year 2000 code, which
is to be called the International Building Code (IBC-2000), is based primarily
on the NEHRP-97 guidelines. These guidelines use hazard maps developed by
U.S. Geological Survey (USGS) for the continental United States. These maps
do not impose a near-fault factor on the top of the hazard estimate for the site
as the near-field effect is already considered in establishment of seismic hazard.
IBC-2000 is expected to lead to much more reasonable, lower bound values for
design displacements.

This design example highlights the UBC-97 inherent bias in the performance
requirements for fixed-based versus isolated structures. While fixed-base build-
ings are routinely designed to a life safety objective, isolated buildings are
expected to perform with uninterrupted operation during and immediate occu-
pancy after the design earthquake. The code does not allow seismically isolated
structures the same limited life safety objectives accorded to fixed-base build-
ings. Given the fact that seismic-isolated structures, even when they fail, pro-
vide a much more enhanced protection of life and limb for their occupants com-
pared to their fixed-base counterparts, restriction of isolated designs to imme-
diate occupancy objectives is not reasonable and must be changed.



CHAPTER 5

MECHANICAL CHARACTERISTICS
AND MODELING OF ISOLATORS

5.1 INTRODUCTION

The design process for an isolation system will generally begin with a pre-
liminary design using parameters from a previous project or from data from
a manufacturer to estimate the possible maximum displacement of the system
and maximum values of various controlling quantities (such as shear strain) and
also for estimating the structural base shear, stability of the isolators, and pos-
sibility of uplift. After this preliminary design process is completed, examples
of the final design of the isolators will be ordered and subjected to the code-
mandated prototype test program. Depending on the results of the prototype
tests, the preliminary design may or may not need to be modified. In order to
minimize the number of iterations in the design, it is essential to have accurate
data and good design procedures in the preliminary design phase. This chapter
will provide the isolation designer with the information needed for making the
preliminary design.

5.2 MECHANICAL CHARACTERISTICS OF ELASTOMERIC
BEARINGS

The mechanical characteristics of multilayered elastomeric bearings have been
studied for many decades, and while exact analyses using nonlinear techniques
are still quite difficult, simple predictions based on elastic theory have been
developed by many researchers and verified by laboratory testing and more
recently by finite element analysis. The most important mechanical property of
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the isolation bearing is, of course, its horizontal stiffness; this is given by

GA
t

K=

where G is the shear modulus of the elastomer, A is the full cross-sectional area
(which may differ from the area of the reinforcing shims), and ¢, is the total
thickness of the rubber. The maximum horizontal displacement D is related to
the maximum shear strain y by

'Y:Z

The vertical stiffness Ky and the bending stiffness—expressed as EI by analogy
with beam theory—are also given by a simple linear elastic theory and are
needed for designing a bearing.

The vertical frequency of an isolated structure, often an important design
criterion, is controlled by the vertical stiffness of the bearings that comprise
the system. In order to predict this vertical frequency, the designer need only
compute the vertical stiffness of the bearings under a specified dead load, and
for this a linear analysis is adequate. The initial response of a bearing under
vertical load is very nonlinear and depends on several factors. Normally, bear-
ings have a substantial run-in before the full vertical stiffness is developed. This
run-in, which is strongly influenced by the alignment of the reinforcing shims
and other aspects of the workmanship in the molding process, cannot be pre-
dicted by analysis but is generally of little importance in predicting the vertical
response of a bearing.

Another important bearing property that must be analyzed for design is the
buckling behavior of the isolator. In order to conduct this analysis, the response
of the compressed bearing to bending moment is necessary. Referred to as the
“bending stiffness,” this can be ascertained by an extension of the same analysis
that is done to determine the vertical stiffness.

The vertical stiffness of a rubber bearing is given by the formula

E.A
Ky= =

where A is the cross-sectional area of the bearing (in this case it usually is taken
as the area of the shim plates), ¢, is the total thickness of rubber in the bearing,
and E. is the instantaneous compression modulus of the rubber—steel composite
under the specified level of vertical load. The value of E. for a single rubber
layer is controlled by the shape factor S, defined as

loaded area

~ force-free area
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which is a dimensionless measure of the aspect ratio of the single layer of the
elastomer. For example, in an infinite strip of width 26 and with a single-layer
thickness ¢,

S=- 5.1

for a circular pad of diameter ® or radius R and thickness ¢,

S= 47[ or S= E (52)

and for a square pad of side dimension a and thickness ¢,

a
§S=— 5.3
4t (5-3)

For a single pad in the form of a complete circle, the compression modulus E,.
is given by

E.=6GS’
and for a square pad, the result is
E. = 6.73GS?

In some cases bearings are designed with unfilled central holes. The result for
a bearing with an inside radius a and outside radius b is

E. = 6AGS?
where

b* +a’ — [(b* — a®)/(In b/a)]

A= (b — ay?

If a/b— 0, then N —1; hence, E, = 6GS?, which is the result for the full
circular pad If a/b— 1, by writing a/b = 1 — € and letting e — 0, we find
that N — £ and E.— 4GS?, which is the result for the mhmte strip. It is inter-
esting to evaluate how rapld]y the result for N\ approaches 2 5. To illustrate this
point, the solution for \ is plotted versus the ratio a/b and from 0 < a/b <1 in
Fig. 5.1. Clearly for the case when a/b > 0.10, the value of N is almost two-
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Fig. 5.1 Reduction of compression modulus £, for an annular pad.

thirds, indicating that the presence of even a small hole has a large effect on E,;
therefore, in most cases for bearings with central holes, the value of E, should
be taken as 4GS? rather than 6GS?.

Under direct compression the constraint provided by the bonded steel shims
produces a shear strain in the rubber, which is denoted by 7.. If the nominal
compression strain e, is given by

€. =

A
r

where A is the vertical displacement, then
Ye = 6Se,

This is the maximum shear strain developed at the edges of the pad and often
used in design.

The maximum shear strain due to compression is not the only shear strain
quantity of interest to the designer. It is also useful to estimate the average
strain in the following manner: Because rubber is somewhat strain sensitive,
G is often modified according to the strain level, particularly in highly filled
rubbers. In compression the shear strain varies widely over the volume of the
pad; therefore, the appropriate value of the modulus used to estimate the average
strain is based on a calculation of the elastic stored energy in the pad.

From this calculation the average shear strain -y, is given by
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Yave = V6Se,

Although a certain degree of trial and error is needed, computations of this kind
allow the designer to estimate the appropriate value of G, which can then be
used to estimate the vertical stiffness. First we must assume a value of G in
order to calculate e, and from that calculate v ,,.; we then modify G and iterate
as necessary. Because the modulus is not very sensitive to strain above about
20%, few iterations are needed.

The bending stiffness of a pad is computed using a similar approach with
the same type of displacement assumptions. The pad is assumed loaded by a
pure moment M, and the deformation is assumed to be a rotation of the top and
bottom bonded plates, as shown in Fig. 5.2. The relative angle between the top
and bottom plates is denoted by «, and the radius of curvature p generated by
the deformation is related to « by

we write

Fig. 5.2 Rubber pad between rigid constraint layers in pure bending [30].
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o
M = (El)est n

For a circular pad of radius R, the result is
_ 3aG 7R®
28 12

and for a beam of circular section

TR*
= ——
4

But in this case, taking the £ in EJ as E. = 6GS?, we have the result 7rR4/12
for I, which is one-third the beam moment of inertia. The difference is caused
by the fact that the pressure distribution varies as a cubic parabola across the
pad, whereas in a beam, the bending stress distribution is linear. In the case of
a square pad, the effective EI is very close to one-third the beam EI, being

(ED)est = E.(0.3291)
For the circular pad with a central hole, we have

(b+a)
(EDes = 2GS?I T
The shear stresses induced by the bending are given by

Yo = 6Sep

where €, = R(a/t) is the edge compression strain produced by bending. The
average shear strain (in the sense of overall shear strain energy) is given by

,ygve — \/552(1

R
-Vas S 2
4 ¢
V2

ZTSG[;

When the shape factor of the pad becomes large, the effect of compressibility
of the rubber begins to be important. Compressibility can be approximately
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incorporated in the previous formulas through the ad hoc modification [73]

1 11
+ _
E. E. K

where 1/E’. is the compression modulus assuming incompressibility behavior
and K is the bulk modulus of the material. More exact formulas have been
developed for this effect, but the bulk modulus is such a difficult quantity to
measure that use of the simple ad hoc formula is good enough for design pur-
poses. The value of K varies quite widely in reference material, ranging from
a low of 1000 MPa (145,000 psi) [74] to 2500 MPa (363,000 psi) [78]. The
value most commonly used, and which appears to fit laboratory test results on
bearings, is 2000 MPa (290,000 psi).
When rewritten for E., the ad hoc equation becomes

E'K

C

E. =
E.+K

and for the circular pad, we have E. = 6GS?; thus

B 6GS?’K
‘" 6GS2+K
_ 2
- 068 [ 1 +6G52/K]
When S is small, we have
6GS?
E.- 6682< 1- )

so that for, say, better than 10% accuracy, S is such that

K

6S%< ———
< 60G

with K = 2000 MPa (290,000 psi) and G = 0.7 MPa (101.5 psi), S < 7.
When § is large and 6GS?/K is much greater than unity,

K
Ev*"[“m}
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showing that K is an upper bound to E, and will approximate E. to less than
10% accuracy if

or

Shape factors of this magnitude are unlikely, but the formulas show that an
allowance for compressibility is needed for shape factors above about 10.

5.3 MECHANICAL CHARACTERISTICS OF LEAD-PLUG BEARINGS

Lead-plug bearings are always modeled as bilinear elements, with their char-
acteristics based on three parameters: K, K>, and Q (as shown later in Fig.
5.4). The elastic stiffness K is difficult to measure and is usually taken to be
an empirical multiple of K, the post-yield stiffness, which can be accurately
estimated from the shear modulus of the rubber and the bearing design. The
characteristic strength Q is the intercept of the hysteresis loop and the force
axis and is accurately estimated from the yield stress of the lead [10.3 MPa
(1500 psi)] and the lead-plug area.

The effective stiffness of a lead-plug bearing, defined on the basis of peak-to-
peak loads, steadily reduces with displacement. In terms of the basic parameters
K, K5, and Q, it is given by

Keﬁ‘ZK2+% D2Dy (54)

where Dy is the yield displacement. The natural frequency w is given by

K eff§
w

/ 8
= w§+y5

where . = Q/W, wé = \/K,g/W, and the effective period T is given by

w =
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2T
T=—
%)

2

8
\/w(%ﬂi D

The effective damping Besr for D = D, is defined to be

area of hysteresis loop
27K effD2

Betr = (5.5)

The area of the hysteresis loop is given by 4Q(D — D,); to put S in terms of
these basic parameters, we note that

Fy
D,=—*>  F,=Q0+K)D,
K,
so that
Q
Dy= ——r 5.6
KK, (5.6)

Using the definition of Bes and the result [Eq. (5.4)] for Kesr, we have

4Q0(D - Dy)

Beir = 21(K,D + Q)D

As a general rule of thumb, elastic stiffness K is taken as 10K, so that Dy
= 0/(9K3), giving

40(D - Q/9K3)

Bt = 27(K2D + Q)D

5.4 MECHANICAL CHARACTERISTICS OF FRICTION PENDULUM
SYSTEM

If the load on an FPS isolator is W, the horizontal displacement is D, and the
friction coefficient is p, then the resisting force F' is given by

w .
F= X D + puW(sgn D)
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where R is the radius of curvature of the dish. The first term is the restoring
force due to rise of the mass, providing a horizontal stiffness

which produces an isolated structure period 7' given by

T=2nvR/g

which is independent of the carried mass. The second term is the friction force
between the slider and the concave surface. The coefficient of friction y depends
on pressure p and sliding velocity D. The coefficient decreases with increas-
ing pressure and becomes independent of velocity for speeds above 51 mm/s
(2 in./sec) at pressures greater than about 14 MPa (20 ksi). A typical hysteresis
loop for a FPS system for a shake table experimental program is shown in Fig.
5.3 [5]. The very linear nature of the restoring force, the high stiffness before
sliding occurs, and the energy dissipation due to the sliding friction are clear
from this figure. The equivalent (peak-to-peak) stiffness is given by

W ouW
Keff= — +
TR T D

The damping produced by friction at the sliding surfaces can be estimated

0.3

0.0

Base Shear / Weight

~0.3 —— e
~2.5 0.0 2.5

Isolation System Displacement (IN.)

Fig. 5.3 Hysteresis loop from shake table tests for FPS.
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by the code formula

area of hysteresis loop
41I'chsz

Beff =

The area of the hysteresis loop is 4uWD; thus

- 4uwd -2 U
- 27[(W/R)D +uWld 7 D/R+p
which ranges from 2/« for small D to 2u/(wR/D) as D increases. For example,
if D =254 mm (10 in.) and R = 1 m (39.4 in.) with g = 0.06, we have 8 =
12%.
To understand the geometry of the FPS, it is useful to invert the equation
above relating 7 to R. For fixed period 7, we have

- 2
R- 8T o2
(2m)?

so that we need a radius of around 1 m (39.4 in.) for a 2-sec period. If the
horizontal displacement D of the system is 254 mm (10 in.), then the upward
displacement 6y given by

. D
6V_R[1 cos(arcsm i)]

will be around 32 mm (1.26 in.). Thus, a horizontal motion of 254 mm (*10
in.) at around 2-sec period also generates a vertical motion with a range of
32 mm (1.26 in.) at a period of 1 sec. The approximate form for the vertical
displacement

1 D?
% 7R
indicates that the vertical displacement is roughly quadratic in the horizontal
displacement.

Another aspect of the FPS is that if the displacement is less than a certain
factor of the radius, the restoring force can be less than the frictional force and
the system will not be recentering. This factor is obtained by equating the two
terms in the force equation. Thus, the system will not recenter if D/R < u. This
can be a problem in long-period systems; for example, if 7 = 5 sec, R = 6.35
m (20.8 ft), with u = 0.06, the system will not recenter if D < 381 mm (15 in.).
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The extremely simple modeling of the FPS makes it very attractive; however,
its very simplicity is the main disadvantage of the system. It is essentially a
one-parameter system, and that parameter is controlled by the radius of the
concave surface. In order for the various articulated surfaces to slide together,
all surfaces have to be spherical. Thus, the response is linear over the entire
range of displacement.

5.5 MODELING OF ISOLATION BEARINGS BY BILINEAR MODELING

In practice all isolation bearings are modeled by a bilinear model based on
the three parameters K, K5, and Q, as shown in Fig. 5.4. The elastic stiffness
K is either estimated from available hysteresis loops from elastomeric bearing
tests or as a multiple of K, for lead-plug bearings and friction pendulum bear-
ings. The characteristic strength Q is estimated from the hysteresis loops for
the elastomeric bearings. For lead-plug bearings Q is given by the yield stress
in the lead and the area of the lead, while in the friction pendulum bearings it
is given by the friction coefficient of the sliding surface and the load carried
by the bearing. The postyield stiffness can be accurately estimated or predicted
for all three types of bearings.

The effective stiffness, defined as the secant slope of the peak-to-peak values
in a hysteresis loop, is given by

y

0
Keff:Kz‘*"E D>2D

Force

o / Displacement

Fig. 5.4 Parameters of basic hysteresis loop for example problem.
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where D, is the yield displacement. In terms of the primary parameters,

D=
1 — A2

and the area of the hysteresis loop (the energy dissipated per cycle), Wp, is
given as

Wp =40 - D,)
The effective damping B.g is defined by

40D - D)

Betr = 27KanD?

This can be expressed in nondimensional quantities by defining a nondimen-
sional displacement

y:D—y

and a nondimensional characteristic strength

0
a=
KsD,

whereby the effective damping becomes

2a y-1

Bei‘f = s _(y n a)y

y>1 (5.7)

For fixed a, 8 =0 at y = 1 and tends to zero as y — eo. The maximum value of
B given by df3/dy = 0 occurs at

y=1+(1 +a)'/?
with

2a 1

B = S TP+ 2% d) (58)

Now a = Q/K,D,; thus from Eq. (5.6), we have
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KK
=

a (5.9)

This leads to the curious result that the maximum value of the effective
damping depends only on the ratio of K to K,. The second slope, K>, is easy
to determine for any type of isolation system, but the first slope, K, is usually
done by eye and can vary over a wide range. Since the characteristic strength
Q can also be accurately determined, the value of K, has no influence on the
effective stiffness but obviously has a strong influence on the damping and,
in particular, on the maximum value, which can be an important promotional
value for a proprietary system.

To illustrate the effect of the selection of K| on the damping, consider a
system with the same Q and K, values (thus the same effective period at all
values of D and the same hysteresis loop) but modeled by different values of
K, (Fig. 5.4).

We take O = 44.5 kN (10 kips) and K, = 350 kN/m (2 kips/in.):

K } = 51K, Corresponding to a friction pendulum system

K 12 = 21K, Corresponding to a lead-plug bearing

K? = 6K, Corresponding to a high-damping rubber bearing
K1 = 3K, Another example of high-damping rubber bearing

The values of Dy, a for these are

. 445

D)= <55 = 25mm (0.10in) a' =500
44.5

D; = 505 ~ 635 mm(©0.25in)  a®=20.0
44.5

3 _ . ; 3 _

Dy = 5.5 =25.4 mm (1.00 in.) a’ =5.0
44.5

Dj= 5> =635 mm (250 in) a*=2.0

The peak values of § and the displacement at which it occurs are as follows:

r = 0480 atD=20.8 mm (0.82 in.)
B2, =0.410 at D =356 mm (1.40 in.)
3ax=0.268 atD=87.6 mm (3.45 in.)

max

4 =0.170 at D= 173.5 mm (6.83 in.)

max
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p K/=5SIK,
04

0.34 K/: IKg

0.2 K;=6K; ~
R R =
kME%%
0

0 0.1 02 03 04 05 06 07 08 09 1 D/Dypa |

/4

K1=3K2

Fig. 5.5 Effective damping as a function for displacement for different choices of K.

The variation of 8 with D for the three cases is shown in Fig. 5.5, illustrating
how the damping at small displacements can be very high if K| is selected to
be large. It also shows that as D becomes large, all B-versus-D curves tend to
become the same. The point is that the same hysteresis curve when modeled by
a bilinear model can have a very different pattern of damping values, depending
only on how the initial stiffness is selected.

To put the values used in Fig. 5.5 in perspective, suppose that the second
slope, K, = 350 kN/m (2 kips/in.), corresponds to an isolator in a system with
a period of 3 sec. The carried weight on an isolator is then

K> 2x9

=7 g- ot x 386 = 786 kN (176 kips)

The characteristic strength Q = 44.5 kN (10 kips) then means

Q

H=W:5.6%

which represents the friction factor for a friction pendulum system or the
strength ratio for a lead-plug bearing.

5.6 IMPLICATIONS OF BILINEAR MODELING

The problem facing the isolation designer is that having obtained the value of
Cyy for the site and assumed possible values for period and damping, there
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is still the constraint of maximum acceptable value for the MCE displacement

Dy Suppose then that 7, 3, and D are specified and it is necessary to calculate

the parameters of the model, namely, K, and Q, to provide these values.
With the period specified, the effective stiffness Kefr is given by

K~-~W 21\ *
eff — g T

then
Wp = 27K D8

can be calculated, leading to

2
40(D - Dy) = 27r< 1) ( 2—”) DB
g 1

At this point we neglect D, and estimate Q from

Wl) ™
=—2 o KD
Q 4D D) cff B

leading to an initial value of Q/W. It is then possible to estimate K» = Kor—Q/D
and D,, assuming, for example, for a lead-plug bearing that K) = 10K, or for a
friction pendulum system that K; = 100K,. With the approximate value of D,
the estimate of Q and K, can be improved, and with these values the design of
the system can proceed.

For example, suppose the code formula for Dy, leads to a displacement of
76 c¢m (30 in.) for a period of 2.5 sec and 5% damping. To reduce this to a
feasible level of displacement, say, 50 cm (20 in.), requires that B = 1.5 and 3
= 0.30. The value of K. for T = 2.5 sec is

Kepr = 0.644W kKN/m (Kepr = 0.01636W kips/in.)
and the value of W, is given as

Wp = (0.3)2m(0.644)(0.25)W = 0.308 W kN/m
[(Wp = (0.3)27(0.01636)(400)W = 12.3W kips/in.]

from which we get (neglecting D, from the first estimate)



0 Wp 0303

W 4D 4(0.5)

The first estimate for K, is

154
K, = (0.644 Q) w

0.5
= 0.366W
and
0.154
yv=————=051m
7 9(0.336)

= =0.154 <%
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o 123 =0.154
W o40)
0.154
K, =0.01636W — ——W
? 20
= 0.00865W
b 0.154 L8 i
= ————————— = 1. 1n.
¥ 9(0.00865)
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A recalculation of @, including this estimate of Dy, is Q/W = 0.171, with a

second estimate of K, as

K = 0.306W kN/m

(K7 = 0.00768W kips/in.)

Thus we need a lead core that produces a characteristic force of 17% of W
to get this level of damping. Suppose now we postulate a service level earth-
quake (SLE), for example, that earthquake that might have a 50% chance of
being exceeded in 50 years, and assume that for this level of input the seis-
mic coefficient Cy is half that at the DBE, that is, Cyg = %CVD, then Cyg =
(1/2.4)Cyy. Therefore, we can anticipate a displacement Dg that is not more
than (1/2.4)Dy;. Assuming that in this case D is approximately 125 mm (5 in.),
at this level of displacement we have

0.171
0.125

- 1674 kN/m

Keir = 0.306W + w

and
Wp = 4Q(D - D)
= 4(0.171)(0.125 - 0.51)
= 0.0506 kN/m

giving

0.171

Kesr = 0.00781W + w

= 0.0420W Kkips/in.

Wp = 4Q(D — Dy)
< =40.171)(5 - 1.98)W
= 2.066W kips/in.
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8=0.31

and
B=15+020x 5;=1.52

The period T = 1.56 sec. Assuming that Cys = (1/2.4)Cyy and that Cyyy leads
to 76 cm (30 in.) at T = 2.5 sec and 3 = 5%, we have

0 156 1

Dg=— —— 152 - 130 mm (5.13 in.)

3 S
24 25

The unreduced base shear at this displacement is

KegtDs = 1.674W x 13 KegeDs = 0.0420W x 5.13
=0.22W kN = 0.22W kips

which is only just above the characteristic strength Q = 0.171W; therefore, with
this design, very little isolation effect is possible.

For a friction pendulum device the results are similar. Since D, for the fric-
tion pendulum system is generally negligible, the required Q is only 0.154W,
corresponding to a friction factor of 15.4%. The required K, in this case is

0.154 0.154
K,=0644  —— K, - 0.01636 - —
2 0.508 : 20
= 0.34W kN/m = 0.00965W kips/in.

If we assume that for a SLE we have a displacement Dg of around 125 mm
(5 in.), we find

0.154W 0.154
K, =0341W+ ——— Ker=0.0 —
»=03 + 0125 eff 0865W + 5 w
=1.573W kN/m = 0.0395W kips/in.

and

Wp = 4(0.154W)0.125 Wp = 4(0.154W)5
=0.077W kN/m = 3.08 W kips/in.

giving
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B = 0.496 T -=1.61 sec B=20
leading to

1 161 30
Dg=- — —— —— = in.
ST 54 350 2 100 mm (4 in.)

and the unreduced base shear is 4 X K. = 0.189W, which exceeds the slip
force, 0.154W; therefore, for this level of input, the system will not move.

These results mean that the code formulas and the modeling procedure lead
to isolation systems that will not work at what might be considered occasional
rather than rare levels of earthquake input. In case the impression is that a
displacement of 76 cm (30 in.) at 2.5-sec period and 5% damping represents the
extreme case of the code formula, it should be noted that buildings in downtown
Berkeley and all of the University of California at Berkeley are within 2 km
(1.24 miles) of an active fault that could produce a moment magnitude greater
than or equal to 7.0 and has a slip rate exceeding 5 mm (0.2 in.) per year,
thus qualifying for seismic source type A. With these site parameters and Sp
soil type, the MCE displacement at 2.5 sec and 5% damping can exceed 1 m
(40 in.).

5.6.1 Energy Dissipation in High-Damping Natural Rubber Bearings

The mechanical characteristics determined from cyclic testing of seismic iso-
lation devices at a constant frequency are typically expressed as a function
of displacement D using two parameters: the effective stiffness Kepr and the
equivalent viscous damping .. (Note that in the following discussion, global
bearing properties such as displacement, force, and viscous damping coefficient
are used. Alternatively, the model can be formulated in terms of rubber mate-
rial properties such as strain, stress, and material damping coefficient, thereby
allowing analyses to be performed based on only material properties and not
requiring test results from actual bearings.)

High-damping natural rubber isolators are characterized by stiff behavior
(high K.s) at shear strains up to about 25%, a substantial decrease in K¢ up to
a strain of 150-200%, and then an increase in K. above this strain due to strain
crystallization in the material. (The strains at which these stiffness changes are
observed depend on the elastomer compound.) Examples of the variation of K
and S¢q as a function of displacement are shown in Fig. 5.6 for the bearings
evaluated in this study.

For high-damping natural rubber bearings, B, typically decreases with
increasing strain but Wp does not. Several recent tests of elastomeric isola-
tors [64, 68] have shown that over a wide range of strains Wy, is proportional
to the shear strain +y raised to an exponent of approximately 1.5. (In practice,
the actual value varies from about 1.45 to 1.75, depending on the compound
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Fig. 5.6 Stiffness and damping of high-damping natural rubber isolators.

under consideration.) Similar results, expressed in terms of displacement, can
be seen for the bearings in this study in a log-log plot of displacement versus
Wp (Fig. 5.7). In this case the exponent is about 1.61. Considered on a molec-
ular level, the nature of the high-damping natural rubber material suggests that
the internal energy dissipation mechanisms may be a combination of frictional
and viscous components; however, no fundamental physical process that leads
to a constant near 1.5 has been identified.

Definition of Energy-Based Model The empirical observations outlined
above can be used to model an elastomeric isolation system as a combination
of a linear elastic spring element, a pure hysteretic element (Wp proportional
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— Measured Data

™ - Least-Squares Fit /
O o
&)
w
g ““Slope= 1.608

— Intercept=-0.0522

oo .

T T

0.0 0.5 1.0 1.5 2.0
log (Displacement)

Fig. 5.7 Energy dissipation characteristics of high-damping rubber isolators.

to D'), and a pure viscous element (W}, proportional to D*"). The goal is to
determine the properties of each of these elements such that the W, of the com-
bined system is proportional to approximately D' over a given strain range.
The four parameters necessary for the basic form of the model are K (the
elastic stiffness of the linear spring element), K, [the elastic stiffness of the
hysteretic (elastic—plastic) element], F (the yield force of the hysteretic ele-
ment, alternately Dy, the yield displacement of the hysteretic eclement), and C
(the viscous coefficient of the linear damping element). Once these parameters
are determined, the model can be implemented directly in any nonlinear struc-
tural analysis program that includes this basic set of elements (for example,
3D-BASIS [96], DRAIN-2DX [6], or LPM [59]).

To derive the equations for the nonlinear element properties, the energy dis-
sipated by the model in one cycle is first expressed as

Wp,, = 4F (D - D,) + mCw D’ (5.10)

which, neglecting the terms in D, for large bearing displacements under a design
level earthquake, becomes

Wp,, = 4F,D +71CwD?* = aD + bD? (5.11)

where a and b are unknown constants.

Based on the observations in the previous section, the energy dissipated in
a bearing during a cyclic test at a constant frequency can be approximated by
the relationship
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Wp, = cD” (5.12)

where o = 1.5 for filled elastomers and ¢ is an experimentally determined
constant. The coefficients a and b, which define the energy-based model, are
then determined by minimizing the difference between the energy dissipated
in the model [Eq. (5.11)] and the energy dissipated in the bearing [Eq. (5.12)]
over some displacement limits D; and D, as follows:

Dy
e _J (Wp,, = Wp,)* dD (5.13)

D
de
—=0 5.14
aD (5.14)
The best choices of a and b can be shown to be
Dy -Di™™\ ( D3-Di\ ([ Dy"*-Di"™\ [ Dy-Dj
c 2+« 5 3+« 4

D}-Di\(D3-Di\ (Di-Di\*
3 5 4
(5.15)

D%+(x _ D%+D[ D% _ D? B %+a lei,-Hx Dzzl _Dzll
. 34+« 3 24« 4

Di-DY\( Di-D}\ ( Di-DH
3 5 4

If the model parameters F, and C are given by

(5.16)

Fy=a/4 and C=b/(1w) (5.17)

over which displacement range should the energy difference be minimized? If D,
and D, are selected as zero and the maximum anticipated displacement, respec-
tively, it is unlikely that good agreement will be obtained over the entire displace-
ment range. Therefore, D; and D, should be chosen to bracket the expected maxi-
mum displacement by perhaps £20-30%, ensuring that the energy dissipated dur-
ing the peak displacement cycles will be accurately represented by the model.
Repeated analyses with some iteration may be required to converge on the appro-
priate displacement range, depending on the intensity of the input.
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The selection of the final model parameters, K; and K3, is best made using
the shape of the measured hysteresis loop at the target displacement. This is
shown schematically in Fig. 5.8. The logical choice for K is the tangent stiff-
ness at zero displacement; in the figure, K, was determined by performing a
Jeast-squares fit on the data to £70% of the maximum displacement (solid lines).
The choice of K is best done by eye to match approximately the initial unload-
ing stiffness after the peak excursion of the loop. Note that while K may remain
approximately constant over a wide displacement range, the best choice for Ky
(the unloading slope) will likely vary.

5.6.2 Adjustments to the Model to Account for High-Strain Stiffening

An additional refinement to the basic model is required if the bearing is expected
to displace into the stiffening portion of its force-displacement curve, and this
is best achieved by incorporating a gap element that is activated above a cer-
tain displacement. The most straightforward approach is to use a linear elastic
gap element that does not dissipate energy; this type of element is available in
several widely used analysis programs, including DRAIN-2DX and SAP2000.
From actual bearing tests, however, it is apparent that the stiffness does not
change suddenly but increases rather smoothly as a function of strain until near
failure. The stiffening model incorporated in the program 3D-BASIS-ME [125]
captures this behavior relatively well by combining a hysteretic element with
an elastic element having a stiffness that can be defined to increase linearly
over a defined displacement range. This approach exhibits hysteretic behavior
that is closer to that recorded in real bearings, but it still does not guarantee that
the energy dissipation characteristics will be captured accurately. In particular,

10

71 Strain Level: 100 percent

Force (kN)
0

Slope =K,

-15

-40 -20 0 20 40
Displacement (mm)

Fig. 5.8 Selection of model parameters—K and K>.
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because the stiffening element is elastic, it may not reproduce the substantial
dissipation that high-damping natural rubber bearings exhibit upon unloading
from the stiffening portion of the force—displacement curve.

The gap/stiffening element proposed here alleviates this shortcoming by
defining separate loading and unloading curves that enhance the energy dis-
sipation in the stiffening portion of the loop. The element force in both curves
is a power function of the displacement in the element, and the exponent in the
unloading branch is greater than that in the loading branch to provide dissipa-
tion. The general expressions for the element force in terms of the displacement
are

) Ku sgn(D)(|D] — Dgyp)" for loading (5.18)
7\ K, sgn(D)(|D| - Dgap)™ for unloading (5.19)

where Fg is the force in the element, Dy, is the displacement where stiffening
initiates, n and m are the hardening exponents, and K; and K are the stiff-
ness coefficients (loading and unloading). Because K; and Ky must be defined
such that the loading and unloading branches intersect at the top of the loop,
Ky is, therefore, dependent on the previously calculated maximum force and
displacement. The exponents n and m are best determined by eye to achieve a
close approximation to the measured loading and unloading curves.

Finally, to ensure that the composite model (the combination of linear, vis-
cous, hysteretic, and stiffening elements) dissipates the desired quantity of
energy at the target displacement, we need to define the parameters for the
viscous and hysteretic elements at the displacement at which the gap element
is activated, then determine the required W, at the target displacement using
the logarithmic relationship, and finally calculate the energy dissipated by the
composite element at the target displacement.

The energy dissipated by the gap element in a fully reversed hysteresis cycle
can be shown to be

(Dmax - Dgap)’ﬁl +K (Dmax - Dgap)m+]

Wpew = 2| K
Pew t n+1 v m+ 1

(5.20)

Note that this calculation assumes that the frequency of loading at the target
displacement is the same as at the displacement where the gap element is acti-
vated. If this is true, the energy dissipated by the viscous element will have
been increased inadvertently. To correct this shortcoming, the coefficient of the
viscous element is reduced so that the energy dissipated by the model equals
that dissipated in the bearing (based on the observed logarithmic relationship).
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5.6.3 Comparisons with Experimental Data

The validity of the model and its sensitivity to frequency variations are evalu-
ated by comparing its performance to recorded bearing hysteresis loops. While
the goal of the formulation is to dissipate equal energies in the model and the
bearing, the fit with the observed force—displacement (neglecting stiffening)
depends in large part on the selection of parameters K and K. As mentioned
above, the selection of K is straightforward; in the examples shown here it is
taken as the least-squares fit on the data to £70% of the maximum displacement
(before stiffening). The choice of K is not as easy, however, because it defines
the stiffness under two separate modes of behavior—the initial stiffness when
the bearing is first loaded and the unloading stiffness after a displacement peak
has been reached. To achieve the close fit in the fully reversed loop shown in
Fig. 5.9, K has been chosen to be much lower than the initial tangent stiffness
to the unloading curve. If K is too soft, however, the assumption that Dy is
negligible compared to Dy, that was made in the derivation of the model may
not be correct, and the energy dissipation of the hysteretic element will be less
than required. In most cases the majority of the energy is dissipated by the vis-
cous element, so this should not be a significant problem. But if reproducing
the behavior of the bearing at small displacements is essential, a large initial
stiffness will be required for the hysteretic element, with the trade-off that the
unloading behavior near the peak displacements will not be matched closely.
An additional consideration in the basic model relates to the frequency of
loading, since the coefficient of the viscous element is defined to be inversely
related to the loading frequency [Eq. (5.17)]. In the examples provided here,
the bearings were tested at a rate of 1.0 Hz; however, a typical design fre-

w
—— Recorded Data
o - Analytical Model

Force (kN)
0

Strain Level: 100 percent

T T T T
-40 -20 0 20 40
Displacement (mm)

Fig. 5.9 Comparison of analytical model with recorded data.
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quency might be 0.5 Hz. If the model derived from 1.0 Hz testing is subjected
to cyclic loading at 0.5 Hz, the viscous element will dissipate substantially less
energy than anticipated. Most high-damping natural rubber compounds do not
exhibit significant rate dependence within the range of frequencies anticipated
in seismic applications, so there will be relatively little change in the energy dis-
sipated by the real bearing, as illustrated in Fig. 5.10. It is important to note that
the oversensitivity to frequency in the model will lead to conservative results in
terms of displacement because the energy dissipated reduces as the loading fre-
quency reduced. For the low-frequency ground motions that are most critical to
the behavior of isolated structures, the energy dissipated will be underpredicted,
leading to conservative displacement estimates. This problem can be solved by
modifying the frequency used to define the coefficient of the viscous element
over a series of analyses until the computed response frequency in the cycle or
cycles at the maximum displacement equals that assumed in the analysis. This
assures the proper energy balance between the model and the bearing.

When the model is extended to larger displacements, three parameters
must be defined: the displacement at which the gap/stiffening element is
activated, the exponent on loading, and the exponent on unloading. (Both
exponents may vary somewhat with displacement, depending on the shape
of the loop and the accuracy with which the force—displacement relation-
ship must be matched.) Figure 5.11 compares observed hysteresis data to
350% shear strain, with the response of the model defined using the pro-
cedure outlined above. In this case stiffening begins at a displacement of
4 in. (225% shear strain), and the parameters of the viscous and hys-
teretic elements are also defined at this displacement. The stiffening ele-
ment has an exponent upon loading of 1.5 and an exponent upon unload-
ing of 1.7. The parameters K, and K, are defined based on the maxi-
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Fig. 5.10 Sensitivity of model to loading frequency.
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Fig. 5.11 Large displacement behavior of the model.

mum recorded force in the bearing and their respective exponents. To ensure
appropriate energy dissipation in the analytical loop (including the contribution
from the stiffening element), the coefficient of the viscous element is reduced
by 34%, and the final analytical loop area is only 1.4% different than the mea-
sured area. The analytical relationship does not precisely track the measured
force-displacement (particularly near-zero displacement where the measured
loop is slightly pinched) but should be satisfactory for dynamic analyses.



CHAPTER 6

BUCKLING AND STABILITY OF
ELASTOMERIC ISOLATORS

6.1 INTRODUCTION

A multilayered elastomeric bearing can be susceptible to a buckling type of insta-
bility similar to that of an ordinary column but dominated by the low-shear stiff-
ness of a bearing. The previous analysis of the overall deformation of a single pad
can be used in a buckling analysis that treats the bearing as a continuous compos-
ite system. This analysis considers the bearing to be a beam, and the deformation
is assumed to be such that plane sections normal to the undeformed central axis
remain plane but not necessarily normal to the deformed axis.

The theory for the buckling of isolation bearings is an outgrowth of work by
Haringx in 1947 on the mechanical characteristics of helical steel springs and
rubber rods used for vibration mountings. This work was published in a series
of reports, the third of which [49] covers the stability of solid rubber rods. The
Haringx theory was later applied by Gent [44] to the problem of the stability of
multilayered rubber compression springs, and it is this application that forms
the basis for the theory given here.

The method parallels the linear elastic analysis of the Euler buckling of a
column. To model the rubber isolator as a continuous beam, it is necessary to
introduce certain modifications to the quantities defined in the previous section.
Consider the bearing to be a column of length 4 with a cross-sectional area A
and define the shear stiffness per unit length as Ps = GAg, where Ag is an
effective shear area given by

Ac A h
s = I
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where 4 is the total height of the bearing (rubber plus steel) and ¢, is, as defined
earlier, the total height of rubber. The increase in A is needed to account for the
fact that steel does not deform in the composite system. The bending stiffness
is similarly modified, so that (E1)e for a single pad of thickness ¢ becomes
EIg, where

N, B
Els = Ec(3) .

r

In terms of these quantities, the overall horizontal stiffness Ky (which was
GA/t,) becomes

GAs
Ky = h5

and the Euler buckling load for a column with no shear deformation is

Elg
QDIL:Tr hz

The usual situation for a bearing in an isolation system is shown in Fig. 6.1.
The bearing is constrained against rotation at both ends and is free to move

sideways at the top. The result for the critical buckling load P is the solution
of the equation

P’ + PPs — PsPp =0 (6.1)
from which the critical load P, is given by

~Ps + 1/ P3 + 4PsPp
Py = (62)

2

If we now assume that Pg =~ GA and

212 2¢2
1 6GS‘Iw GA<27FS[>

then, for most types of bearings where S > 5, P > Pg, the critical load can
be approximated by

Perit = (PsPg)'? (6.3)
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M,

i

Fig. 6.1 Boundary conditions for an isolation bearing under a vertical load P (the
bearing buckles with no lateral-force constraint but is prevented from rotating at each
end).

Using this expression and recalling that
h h
Ps=GA = Pe=— = E. — (6.4)

we have

A\ (w2 1 , o, k"7
Pcrit:
\/27GASr

t

where the radius of gyration is denoted by r = V/I/A = a/27/3 for a square
bearing with side dimension a and ® /4 for a circular bearing with diameter ®.
The critical pressure peht = Perit/A can be expressed in terms of § and the
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quantity S,, referred to as the aspect ratio or the second shape factor, defined
by

$ a
So=— or or —
tr t
Thus
T . .
SS, for a circular bearing
Perit 2\/5
= (6.5)
G L §S, for a square bearing
— S5, <
V6

In actual design the load carried by a bearing (say, W) will be less than
the critical load, and neglecting the effect of the vertical load on the horizontal
stiffness Ky of the bearing, that is given by Ky = GA/t,, which in turn is related
to the horizontal frequency wy through
2 _ Ku
w

Wy 8

Thus, the safety factor SF against buckling, which is defined by SF = P.;,/W,
becomes

B \/inw,z,r
8

SF (6.6)

All other things being equal, the safety factor increases with shape factor S,
frequency wy, or bearing size (either a or ®).

The bearing size will, of course, depend on the carried load. If the pressure
p = W/A is specified, then

w2
2T (—p—) for a circular bearing 6.7)
T 1 w2
— | — for a square bearing (6.8)
273 ( P )

If the pressure is fixed, the safety factor will diminish as W'/2, leading to the
unexpected result that buckling can become a problem for bearings that are
lightly loaded.
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To get a feeling for the magnitude of the quantities involved, suppose that
the safety factor must be at least 3, the shape factor § is 10, and the frequency
is 7 radians per second (2.0-sec period), all of which are typical values. In this
case, r must be at least

3 x 9810

™ X

r

If the bearing is circular, then ® = 268 mm (10.6 in.). This minimum dimension
is independent of the carried load or the pressure, but if the pressure is specified,
say, for example, at 6.90 MPa (1000 psi), it translates to a minimum load of
390 kN (88 kips). For most buildings the bearings will be much larger than
this minimum size and the carried loads will be in the hundreds of tons, so that
buckling is not likely to be a problem for the design.

There have been cases, however, when it has been necessary to design iso-
lators for lighter loads, for example, circuit breakers in electric power plant
switch yards. These components weigh as little as a few tons and the bearing
design should be stable under loads that range from 10 to perhaps 50 kN (2-10
kips). Bearings developed for such applications are referred to as “enhanced
stability bearings.” In these bearings the tilting stiffness is increased either by
making the bearing an assembly of small bearings connected by steel plates
[69] or by individual rubber discs connected by steel plates [128]. The first
application of a bearing of this kind was carried out for circuit breakers at the
Edmunson Power Plant near Bakersfield, California [69]. The stability analysis
given here for the single bearing is applicable to these enhanced stability bear-
ings.

Influence of Vertical Load on Horizontal Stiffness When the load carried
by the bearing is comparable to the buckling load, the horizontal stiffness Ky
is reduced. The reduction is obtained by using the same linear elastic analysis
and is given by

 GAs
Tk

Ky

2
1-(}5)] 6.9)

If the load is less than 0.32 times the buckling load, the accuracy of the usual
formula for Ky is better than 10%, and in most designs that requirement will
ensure that this is the case.

The downward displacement &y of the top of a bearing carrying a vertical
load P and displaced through a sideways movement at the top of D is also given
by the buckling analysis in the form



126 BUCKLING AND STABILITY OF ELASTOMERIC ISOLATORS

Ps+P D?
Sy = SP - (6.10)
E
In most cases, P >> Pg; thus
P P D?
Sy =
Pcrit PE h
([ P Ps D? 6.11)
- Pcril PE h '
Now
Ps  GAsh® AR 6.12)
Py w2EIl;  2w2S? '
In terms of r = (I/A)'/?, we have
) P h D?
== (6.13)

h Peit /27rS "

This downward displacement is in addition to that produced by pure compres-
sion of the isolator and is caused by the rotation of the reinforcing steel shims
in the center of the bearing. This rotation produces a shear stress caused by the
component of the vertical load along the rotated layers, and the resulting shear
strain causes the downward movement of the top of the bearing.

6.2 STABILITY UNDER LARGE LATERAL DISPLACEMENT

The buckling analysis for an elastomeric isolator is based on the linear theory
that is analogous to the buckling analysis of a column and, as is the case in
the usual theory, provides the buckling load or buckling stress in the undis-
placed position but no information on the stability of a bearing in the displaced
position, the instability will manifest itself by the loss of positive incremental
horizontal stiffness. This type of instability is of crucial importance in bearing
design since the peak downward load on an isolator will occur at the same time
as the peak horizontal displacement and in combination will be one of the limit
states for which the isolator will need to be proportioned.

In principle, a complex nonlinear analysis will be needed to predict the bear-
ing behavior under the combination of peak vertical load and maximum hor-
izontal displacement. There are two simple hypotheses for an approximation
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to the limit state when an isolator is loaded in shear and with vertical load.
The first is that the critical displacement, defined as the displacement under
which that bearing exhibits zero incremental horizontal stiffness, is the lateral
displacement at which the reduced area compression stress calculated from the
axial load divided by A, (the area of overlap between top and bottom) reaches
the critical stress pei; given by Eq. (6.5).

The second hypothesis is that the area A in the expression for the critical load
in the undeformed configuration [Eq. (6.4)] is replaced by the reduced area A,.
This is perhaps the most plausible for the two possibilities as the concentration
of the vertical stress due to displacement will not affect the bending resistance
but could reduce the resistance due to shear.

For a square bearing of side dimension B, the reduced area A, is given by

A, = B(B - D) (6.14)

so that if the first hypothesis is correct, the critical displacement D under a
specified load P is given by

P:pcritAr
T GSSyB(B — Degy) (6.15)
- = 2 — Leri .
V6 '
that is,
Desie = B~ ——=———
‘ (1//6)GSS,B
Dcril _ 1 - P
B (r/~/6)GSS,
P
-1- (6.16)
Pcrit

On the other hand, if the second hypothesis is correct, the critical displacement
is given by

Ar 1/2
:( ) Perit (6.17)
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Tela)
A Pcrit

B(B - Dcrit) _ ( P )2
BZ Pcri(

B P\ Der P\’
1- :( ) or wﬂ~1*< > (6.18)
Dcrit Pcrit B Pcrit

Both results are the same for P close to Py but differ for the range of practical
application where P < P

The best empirical evidence for the use of the second hypothesis is a series of
tests on small rubber bearings conducted at the EERC by I. G. Buckle in 1995. The
experimental results were reported by Nagarajiah [98]. The bearings used in this
test series were 127 X 127 mm (5 X 5in.) and had 5.1 mm (2 in.) of elastomer. The
elastomer was a low-damping natural rubber with a shear modulus of 0.74 MPa
(108 psi) over the range of shear strain from 50 to 200%. The low damping and
constant modulus meant that the effects of the hysteresis of the material on the
stability were minimized. The bearings were loaded under constant vertical load
and displaced under displacement control in the test machine. The critical dis-
placement at which the horizontal force generated by the test machine no longer
increases with increasing displacement was recorded. The results demonstrated
that the first hypothesis is much too conservative, and the second, while conser-
vative, is fairly accurate for the range of loads and displacements that would arise
in practical designs. The results for very high axial loads and small lateral critical
displacements are not well predicted by the formula, but the fact is that in these
tests the bearings are loaded to axial load levels that exceed the predicted buck-
ling load of the undisplaced bearing. This can happen since the bearing in the test
machine is under displacement control and the end conditions are not those of the
theory described in Section 6.1.

The overlap area for a square bearing is easy to calculate but is harder for a
circular bearing of radius R. With the notation shown in Fig. 6.2, where 0 is the
half-angle subtended at the center of the intersection of the top and bottom circles
and ¢ = %w — 6, the displacement D and the reduced area A, are given by

D =2Rcos f = 2Rsin 6 (6.19)

and

A, = 2R*(f — sin 6 cos 6)

-~ 2R (% — ¢ —sin ¢ cos ¢) (6.20)
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Fig. 6.2 Notation for reduced area.

It is convenient to nondimensionalize these by defining

A,
dzﬁ and a= o

leading to
d=cos 6 =sin ¢

azz(ﬁ—sin 0 cos )
™
-_—1—-2—(;5—35in ¢ cos ¢ (6.21)
™ ™

The single curve that results from the simultaneous solution of these two equa-
tions is given in Table 6.1 and shown in Fig. 6.3. For rapid calculation of the
results in the absence of a table or a figure, it is useful to expand the two equa-
tions for small values of ¢ corresponding to small 4 and small displacements



130 BUCKLING AND STABILITY OF ELASTOMERIC ISOLATORS

TABLE 6.1 Normalized Reduced Area

2q

d 6 rads a ala a; p
0.10 1.471 0.873 0.873 0.934
0.20 1.369 0.747 0.747 0.864
0.30 1.266 0.624 0.624 0.790
0.40 1.159 0.505 0.505 0.710
0.50 1.047 0.391 0.391 0.625
0.60 0.927 0.285 0.284 0.534
0.70 0.795 0.188 0.0187 0.434
0.80 0.644 0.1044 0.1005 0.1074 0.323
0.85 0.555 0.0683 0.0697 0.261
0.90 0.451 0.0374 0.0380 0.193
0.95 0.318 0.0136 0.0134 0.117

aNote: al = 1 - (4d/m) + (2/3m) d° + (d°/10x) and a2 = (8v/2/3m) (1 - d)*/2.

or for small values of 6 corresponding to small values of a and very large
displacements.
When ¢ is small, the first equation can be written as

p=sin! d
4 3d°
—d+ =y T
T T a0

and

1
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Fig. 6.3 Normalized reduced area a = A,/7R? as a function of D/2R.
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. 1
sin ¢ cos ¢ = 5 sin 2¢
1 8¢  32¢°
—_ — 2 — — ..
2 (d’ 6 120

Thus

¢ +sin ¢ cos ¢ = 2¢ — 3¢* + ¢’
1 g’ 3 2 1 2
=2(d+ 1d®+ 2d%) - 3P+ 3 d® + Ed&°
i
=2d - 3d° — 3d°

leading to the approximation a! for a in the form

4d 2 3
- = Py — 6.22
a T * 37 M 107 ( )

This expansion is accurate to 4% up to d = 0.80 and better for values of less
than this, as shown in Table 6.1. Beyond this it is possible to use an expansion
for small values of §, with

2
dzlfi 0=+v21-4d) (6.23)

We find a second approximate a2 given by

o o)

2
- =26
3

[ 80

R

_ 32
. [2(1 - a)]

—8;f (1-d)”? (6.24)

This is accurate to 3% at d = 0.80 and better for values of d larger than that.
For a circular bearing the critical displacement, D¢y is given by 2Rdi,
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where d.;, is that value of d that leads to

2
a= ( PP_ ) (6.25)
crit

For small values of the vertical load relative to the undisplaced critical load,
the approximation of a by a2 is valid and leads to

2
—‘Sf (- - <7fi~> (6.26)

cri

giving

2/3
P L < P )2/3
5\/5 Perit
— 3 2/3< j2 )4/3
- V2 Pcrit
1 (3xc\P/ P\
=1-=1|— 6.27
2 4 ) <Pcrit ) ( )

This should be reasonably accurate for those values of d for which a? was
accurate (i.e., 0.8 <d < 1.0 and 0.1 2 a > 0). Since a = (P/P)?, this means
that it covers the range

P
OS( ) <03
Pcrit

At the other extreme, the approximation

a=1- ad (6.28)
T

was very good for d < 0.5 and fairly good (10% accurate) for d < 0.8. This
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Fig. 6.4 Normalized critical displacement versus normalized vertical load.

leads to

d:%(lfa)

2
—;{1_(:‘)] (6.29)

Since d = 0.5 means a = 0.4, this should be accurate for 0.6 <p < 1.

The exact answer for the value of P/P.; that makes a specific value of d
critical is obtained in Table 6.1, and the curve produced by this inverse solution
can be compared to the two approximations. When plotted together in Fig. 6.4,
it is clear that the approximation for small P/P.; lies above the exact curve
and is accurate up to P/P.; = 0.5 and that for P/Pc; closer to 1 lies below
and is accurate for P/P; 2 0.6.

6.3 ROLLOUT STABILITY

An isolation bearing, even if inherently stable under its design load, can expe-
rience another form of instability if it is connected to the foundation below and
the superstructure above through shear keys that cannot sustain tensile loads.
Initially designers felt that rubber should not be subjected to tension; therefore,
early designs of rubber bearings used dowelled shear connections rather than
bolted connections. Dowelled bearings, however, can experience an unstable
mode of behavior—called “rollout”—that is associated with lateral displace-
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ment and puts a limit on the maximum displacement that the bearing can sus-
tain. The bearing is unstable in the sense that beyond this displacement the
force—displacement curve has a decreasing slope. Because the bearing cannot
sustain tension, the movement at the top and bottom of the bearing is produced
by a change in the line of action of the resultant of the vertical load, as shown
in Fig. 6.5a. The limit of this migration of the resultant is reached when the
resultant is at the edge of the bearing, and equilibrium of the moment generated
by the lateral force Fy with that generated by the vertical load P gives

P(b" 6max): hFH

where b is the bearing width (either a if square of & if circular). The relationship
between the lateral force Fy and the displacement 6 is shown in Fig. 6.5b.
Taking Fy = Ky gives

61‘1‘18)( P
b P+ Kgyh
3 5 P b0
< '.
r > :
| Fu \
h! |
\ !
. _ '/ Fy
To
—t s
(@)
Shear force
Fy
P(b-d)/h
Pb/ht
IR ¥ Roliout
|
Ky :
! o
S b Lateral
(b) displacement

Fig. 6.5 Mechanics of rollout for dowelled bearings.
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If we take Ky as GA/t, and the pressure p = P/A, this becomes

6 max 1

b 1+(G/p)h/1,)

In typical bearings where G = 0.828 MPa (120 psi), p = 6.90 MPa (1000 psi),
and h = 1.2¢,, for example,

6max
=0.88
b

Thus, if the lateral displacement is less than about 88% of the least plan
dimension of a dowelled bearing, it can be expected to be stable against rollout.
Conversely, if a bearing is bolted into place, no significant tension will develop
in the bearing until the displacement exceeds this value. Recent tests done at
the EERC and in Japan demonstrate that rubber is capable of sustaining quite
high tensile stresses, and it has now become more common to use bolted rather
than dowelled connections for isolation bearings. Additional research, however,
needs to be done as the failure process in tension is not yet well understood; in
bearings it can involve cavitation in the rubber [45] or loss of bond. Although
some tests [64] have shown that there have been cases where the displacement
has exceeded the bearing diameter, it is certainly good design practice to limit
the displacement to the rollout value, even when bolted connections are used.



CHAPTER 7

DESIGN EARTHQUAKE GROUND
MOTIONS

7.1 INTRODUCTION

Every structural system is designed to have a seismic capacity that exceeds
the anticipated seismic demand. Capacity is a complex function of strength,
stiffness, and deformability conjectured by the system configuration and mate-
rial properties of the seismic isolation system and the superstructure. Seismic
demand, on the other hand, for a given structure is controlled by what is com-
monly termed the design ground motion criteria. This criteria may be defined
in one or more of the following three distinct forms:

o static base shear and lateral-force distribution formulas,
» a set of design spectra, and
« a suite of earthquake time histories.

The design ground motion may be defined in its most simple form by applica-
tion of codified design base shear equations and static lateral-force distribution
formulas such as those represented by Eq. (4.13) of Chapter 4. These formulas
are in essence simplified interpretations of a design spectrum of certain shape
and amplitude at the vibration period corresponding to a conservative estimate
of the isolated fundamental period of the structure.

For more complex analyses the design ground motion criteria may be defined
by a series of either code-specified or site-specific design spectra and rules on
how to apply these spectra and how to interpret the results. If seismic design of a
project requires application of dynamic time history analysis, then an appropri-
ate set of earthquake records have to be selected and rules have to be established

Design of Seismic Isolated Structures: From Theory to Practice. F. Naeim and J. M. Kelly 137
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on how these records are to be applied in analysis and design. The earthquake
records, in this case, are needed in addition to a site-specific design spectra, and
rules have to be set on how application of these records produce a demand that
is consistent with the site-specific seismic hazard, which is usually summarized
in the form of design spectra.

While a properly established design ground motion criterion is expected to
provide a consistent expression of demand regardless of its form, overzeal-
ous emphasis on one form over the others, without proper understanding of
the strength and limitations of each form, can result in very unrealistic and
sometimes ridiculous design ground motion requirements. Such unreasonable
requirements may prove self-defeating when applied blindly to the design of
seismic-isolated structures.

The objective of this chapter is to familiarize the reader with the basic
assumptions and procedures involved in development of design ground motions
for seismic-isolated projects and common pitfalls associated with such efforts.
To this end, since all forms of design ground motions are based on observed
earthquake ground motions, a brief review of the characteristics and limitations
of existing data on observed earthquake ground motions is presented. Contem-
porary design of seismic-isolated structures seems to be inseparable from the
application of response spectrum analysis in one form or another. Since a good
understanding of the concepts of earthquake response spectra and design spectra
is essential for a meaningful design of an isolated structure, the basic principles
are introduced and contrasted.

Evaluation of the seismic hazard at a given site requires an estimate of likely
earthquake ground motions at the site. This is because (a) sites for which a
recorded earthquake ground motion is readily available are extremely rare and
(b) even for the sites where such recordings are available, there is no guar-
antee that future ground motions will have the same characteristics of previ-
ously observed motions. Possible ground motions for a site are estimated by
use of various regression analysis techniques on a selected subset of avail-
able earthquake recordings deemed proper for such estimation. The resulting
mathematical formulas that provide estimates of maximum response parame-
ters such as peak ground acceleration or response spectral ordinates for a site
are called predictive relations or attenuation relations. The term attenuation is
used because these empirical relations in fact represent formulas for attenuation
of seismic waves originating from a given source at a given distance through a
given medium (i.e., site soil conditions). Dozens of attenuation relations have
been developed. We will introduce a small number of the most widely used of
these relations.

Response spectrum analysis, while relatively simple and straightforward, has
certain limitations when applied to seismic-isolated structures. We will examine
these limitations by exploring the energy content of earthquake ground motions,
particularly in the near-source regions, and by evaluating the influence of high-
damping values on the accuracy of common assumptions that routinely accom-
pany response spectrum analyses.
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Once the seismic hazard sources in the vicinity of the site (e.g., active and
semiactive faults within a radius of 100 km of the site) and soil site conditions
are established, the postulated seismic hazard at the site may be established by
deterministic and/or probabilistic seismic hazard analysis techniques. Princi-
ples of these seismic hazard analysis techniques and the nature of uncertainties
involved are described with the design consequences of ground motion uncer-
tainties.

At least in California, the design of seismic-isolated structures requires the
performance of a nonlinear time history analysis. Such analysis requires care-
ful selection of a suite of appropriate time histories and selection of procedures
for scaling time histories in either the time domain or frequency domain to
approximate the site-specific seismic hazard commonly represented in the form
of design spectra. The issue of scaling time histories has been, and continues to
be, the most troubling aspect of development and application of design ground
motion criteria for seismic-isolated structures. In some instances, the govern-
ing code requirements have mandated irrational designs by strictly adhering
to irrational scaling procedures. We will present a series of time histories that
we consider suitable for design of base-isolated structures. In addition, we will
examine the procedures currently used for scaling time histories to match a
given design spectra and will highlight the inconsistencies and poor designs
that can result from blindly following some of these procedures. We will also
evaluate some of the current code requirements for design by time history anal-
ysis techniques and highlight the most troubling aspects of these requirements
while suggesting more rational alternatives.

7.2 CHARACTERISTICS OF EARTHQUAKE GROUND MOTIONS

The number of earthquake records available has grown rapidly during the past
decade. While obtaining earthquake accelerograms was not simple up to about
the mid-1980s, hundreds of earthquake records may now be screened, viewed,
and downloaded from the Internet or obtained at a nominal cost from various
public agencies. Figure 7.1 shows the interval and cumulative distributions of
available earthquake records of significance for design applications [M > 5.5;
[peak ground acceleration (PGA) > 0.05¢] for North and Central America dur-
ing the period 1933-1994. The number of records, less than 100 before the
1971 San Fernando event, now surpasses 2000.

Staff at the National Center for Earthquake Engineering Research (NCEER)
at the State University of New York at Buffalo, the Earthquake Engineering
Research Center (EERC) at the University of California, Berkeley, and the
U.S. Geological Survey (USGS) routinely track and document sources of earth-
quake records. The Earthquake Engineering Research Institute World Wide
Web (WWW) site also provides links to many of these resources. An up-to-
date listing of and links to pages containing such information may be obtained
from these agencies. With the information revolution currently underway, it is
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Fig. 7.1 Earthquake records of North and Central America (M > 5.5: PGA > 0.05g)
during the period 1933-1994 [93].

expected that the ease of access to global databases of earthquake records will
improve exponentially during the next few years.

The parameters that can be used to characterize the severity and damage
potential of earthquake ground motions can be grouped into three main cat-
egories: (a) time-domain values obtained either directly or with some simple
calculations from the digitized and corrected version of the instrument record,
(b) spectral values obtained from the parametric integration of the equation of
motion of elastic and inelastic single-degree-of-freedom (SDOF) systems, and
(c) spectral values obtained by considering the energy balance equation for elas-
tic and inelastic systems.

Time-domain parameters include peak ground acceleration (PA), peak
ground velocity (PV), and peak ground displacement (PD). Of these, the one
most often associated with the severity of a recorded ground motion is the peak
ground acceleration. However, it has generally come to be recognized that this
is a poor parameter for evaluating damage potential. This is particularly true
for seismic-isolated structures. Peak ground acceleration is often associated with
high vibration frequencies (low periods), which are far from the effective vibra-
tion periods of typical isolated structures. Studies by Naeim and Anderson [91,
92] have shown that peak ground velocity is a much better overall indicator of
damage potential than peak acceleration.

Anderson and Bertero [9] have suggested the use of maximum incremental
velocity (IV) and maximum incremental displacement (ID) to characterize the
damage potential of earthquake motions in the near-fault region. Incremental
velocity represents the area under an acceleration pulse. Hence, the larger the
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change in velocity, the larger is the acceleration pulse. In a similar manner, the
area under a velocity pulse is equal to the incremental displacement.

Another important time-domain parameter is the duration of strong ground
motion. There are several methods for assigning a strong motion duration to
an accelerogram [82]. McCann and Shah [77] use the average energy arrival
rate. Bolt [25] and Page et al. [105] use a bracketed duration that is defined
as the time interval between the first and last acceleration peaks greater than
a specified value, usually chosen as a value (such as 0.05g) below which no
damage is expected to occur. This definition implies a coupling between ground
motion level (specifically, acceleration level) and duration. As a consequence,
scaling a record will change its bracketed duration.

Husid et al. [50} define the duration of strong motion as the time interval
in which a significant contribution of the square of the time series, referred to
as time series intensity, takes place (see Fig. 7.2). If the starting time history
is a broadband velocity time history, the quantity being measured by the squared
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Fig. 7.2 Calculation of the Husid et al. duration for an earthquake record [93].
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velocity is actual energy. The Husid et al. definition of duration is indepen-
dent of the level of the ground motion and can be used in conjunction with
measures of ground motion level such as peak acceleration, peak velocity, and
response spectral ordinates at specified frequencies to provide a more complete
characterization of the ground motion. Scaling a time history does not change
the duration measured by this method.

Both the Bolt and Husid et al. definitions give increasing duration with
increasing magnitude as a result of the increasing rupture dimensions of the
earthquake. However, in other respects the two definitions of duration behave in
ways that are quite different and in some ways opposite to each other. For exam-
ple, the bracketed duration decreases away from the earthquake source because
of its dependence on ground motion level, while the Husid et al. duration
increases away from the source because the energy tends to become increas-
ingly scattered as the distance increases.

Ground motion parameters based on response spectra include effective
peak acceleration (EPA) and effective peak velocity (EPV). These parameters,
which were initially defined in the Applied Technology Council publication
ATC-3-06 [13], are based on average response spectral ordinates in selected
period bands (0.1-0.5 sec for EPA and about 1.0 sec for EPV) and are widely
used in contemporary seismic design codes.

Fourier spectrum and elastic and inelastic response spectra calculated at a set
of distinct periods are the most common representations of earthquake records
in the frequency domain. Response spectrum analysis is the most common tech-
nique used for dynamic analysis of structures. Even if more elaborate analy-
sis is needed, it should always be preceded by a detailed analysis of spectral
response. Due to the importance of the response spectrum and its design coun-
terpart, the design spectrum, these topics are discussed in more detail in Sec-
tion 7.3.

Inelastic spectrum is an attempt to extend response spectrum analysis into the
nonlinear range of structural response. One of the more significant shortcomings
of current design spectra, both elastic and inelastic, is the fact that they do not
adequately account for the duration of input ground motion. This is a significant
characteristic that can be addressed by the use of energy spectra that reflect the
possibility of high-energy dissipation demand with long duration.

Impulse-type ground motions result in a sudden burst of energy into the
structure that must be dissipated immediately. This is usually characterized by
one large yield excursion with few reversals. On the other hand, a sinusoidal
ground motion of longer duration requires a more steady dissipation of energy
over a longer period of time with numerous yield reversals. Time-domain char-
acteristics of this kind are not adequately represented by current earthquake
response spectrum methods.

Energy attributes of strong ground motion such as rate of input and hysteretic
energies as well as input and hysteretic energy spectra provide a more reliable
indication of damage potential. However, the technology for direct application
of energy concepts in design of complex structures has not yet fully developed.
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7.3 FROM RESPONSE SPECTRA TO DESIGN SPECTRA

The response of a SDOF system to general excitation may be obtained through
the application of Duhamel’s integral. For a typical SDOF system subjected to
base excitation (see Fig. 7.3), we can designate v(f) to be the time-dependent
displacement of the mass (m) relative to the ground, u(¢), to be the absolute
displacement of the mass (m) with respect to a Newtonian “fixed” coordinate
system and u,(#) to be the absolute displacement of the ground with respect to
the same fixed reference. The equation of motion for the mass is

b+ 2P0+ wlv = —iiy (7.1)

where w = ~/k/m is the undamped natural frequency of the system and 3 =
¢/2mew is the fraction of critical damping. From Duhamel’s integral, if the sys-
tem starts from rest [0(0) = v(0) = 0] and recalling that the damped natural
frequency is w = w1 — 82, the displacement is

1 —
u(l) = —— j iig(r)e PeU " sin G(t - 7) dr (7.2)
w Jo
Similar expressions for velocity and acceleration may be obtained as

r
(1) = — J. iiy(T)e P "7 cos w(t — 1) dr
0

-
v [ D s ngin w1 (7.3)
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Fig. 7.3 Idealization of a structure as an SDOF system.,
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t
it) = 28@ j fig(m)e P~ cos w(t - 7) dr
0

+ J.t M e " Dgin w(t —7)dr (7.4)

0 V1-62

Notice that we are interested in absolute acceleration and relative displace-
ment and relative velocity. The reason is rather obvious. According to New-
ton’s second law, the inertial forces are proportional to absolute acceleration.
From Hooke’s law, however, member forces are proportional to relative dis-
placements, and the viscous damping is directly proportional to the relative
velocity.

Spectral values are defined as the absolute values of the maximum response,
or

SD = |v(#)|max = relative displacement spectral value
SV = [0(1)| max = relative velocity spectral value
SD = |it(r)|max = absolute acceleration value (7.5)

A closer look at Egs. (7.2)—(7.4) reveals very interesting and important rela-
tionships among the above spectral entities. If 8 is small (8 << 1), then B2 is
very small; in that case 1 — 8> = 1 - 28> = 1 and @ = w. The second term
in Eq. (7.3) and the first term in Eq. (7.4) that are directly proportional to 3
are small and may be ignored. Hence, with small damping as the simplifying
assumption, Eqs. (7.4) and (7.5) may be rewritten as

o) = - j iig(r)e U7 cos w(t — 1) dr (7.6)
0

!
i(t) = '[ fig(T)we PO sin w(t - 7) dr (7.7)
0

The value |w 2v(t)|, which is a good approximation of the absolute acceler-
ation only when damping is small is called pseudoacceleration (PSA).

If in Eq. (7.6) there was a sin w(r — 7) term instead of cos w(z — 7), a simi-
lar deduction could be made about spectral velocity. While this is not the case,
for the sake of convenience, the relative pseudovelocity is defined to be equal to
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|wu(r)|. Hence
PSV=wSD=2 ~;~ SD = spectral pseudovelocity (7.8)
2
PSA=w SV = (2 %) SD = spectral pseudoacceleration (7.9)

where T is the period of the SDOF system.

In conventional structures, damping rarely exceeds 5-10% critical and can
always be assumed to be small; hence, PSA provides a good approximation of
SA. Many seismic isolation systems and devices, however, rely on increased
damping to reduce the amount of energy input to the superstructure. In such
cases, PSA approximation of SA should be evaluated carefully since it might
lack accuracy. Also obvious from the above discussion is that PSA approxi-
mation of SA is always much better than PSV approximation of SV. It can
be shown, however, that PSV provides a reasonable estimate of SV for small
damping values and relatively short natural periods. Hence, substitution of PSV
for SV, which is an inherent part of the tripartite logarithmic representation of
response spectra, should be examined with extreme caution for seismic-isolated
structures, where neither natural period nor damping may be small enough to
Justify these simplifying assumptions. In Fig. 7.4, SV and PSV values obtained

SV vs PSV as a Function of Damping
James Road Station (1979 Imperial Valley)

250.00 TR, —— 8V(5%)
_ <eeeeeee- PSV(5%)
§ 200.00 SV(10%)
E - - -~ PSV(10%)
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Rl e ) R R PSV(20%)
° ——— SV(30%)
E 10000 i e | PSV/(30%)
g A7 A ——— SV(40%)
& 50.00 1 “eeeeee-- PSV(40%)
_ ——— SV(60%)
0.00 — ] e PSV(60%)
0 5 10 15

Period

Fig. 74 PSV and SV are significantly different at long periods (T > 6 sec). The
difference is amplified for high-damping values (shown in parentheses) and extended
to midperiods (3 < 7T < 6 sec).
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for a typical earthquake record are compared. Notice the PSV’s large margin
of error at the low-frequency (long-period) range of the plot and large damping
ratios.

Now let us examine the limiting values of spectral entities at the extreme
case where T — oo (w — 0). In this case, we have a very flexible system that
does not seem to move at all relative to the ground. Therefore, SD (the maxi-
mum relative displacement) equals the maximum absolute good displacement,
|14y ()| max. Similarly, SV (the maximum relative velocity) reaches the maximum
absolute ground velocity, |i(1),|max. Notice, however, that PSV, being propor-
tional to w, reaches zero but SV does not. On the other hand, SA, which is the
absolute acceleration of an almost stationary system, reaches zero and so does
PSA because of its proportionality to w?. From a purely theoretical standpoint,
this system represents a perfectly isolated structure because no vibrations are
transmitted to the mass that represents the structure.

So far we have defined a set of maximum response values for a SDOF system
as functions of only three parameters: (1) the natural frequency of the system,
w; (2) the amount of damping, 8; and (3) a ground motion acceleration time
history, it,(t). By varying the natural frequency of the system, one can obtain
charts depicting maximum response values for all SDOF systems within the
frequency or period range of interest. Each one of these charts is called an
elastic response spectrum, and a collection of them (i.e., for various damping
levels) are termed elastic response spectra.

For each earthquake record, response spectra can be constructed. Earth-
quakes share many common characteristics but have their own unique attributes
as well. Response spectra of earthquake records usually contain many peaks and
valleys as a function of period (see Fig. 7.5 for an example). There is no reason
to believe that the spectra for future earthquakes will exhibit exactly the same
peaks and valleys as previous recordings. Furthermore, the natural periods and
mode shapes of building structures cannot be exactly predicted. Many uncer-
tainties are present that include but are not limited to (a) unavoidable variations
in the mass and stiffness properties of the building from those used in design,
(b) difficulties involved in establishing exact properties of site soil conditions,
and (c) inelastic response that tends to lengthen the natural period of the struc-
ture. For these reasons, it is more rational to use average curves obtained from a
number of earthquake records for design purposes. These average curves, which
do not reflect the sharp peaks and valleys of individual records, are also known
as smoothed response spectra, or more commonly as design spectra. While a
response spectrum is an attribute of a particular ground motion, a design spec-
trum is not. A design spectrum is merely a definition of a criterion for structural
analysis and design.

A relatively new trend in the generation of design spectra is the extension
of ground motion attenuation relationships to predict spectral ordinates. One
advantage of this approach is the fact that the substantial influences of earth-
quake magnitude and distance may be modeled. Because of the ever-increasing
volume of information obtained from the worldwide network of strong motion
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Fig.7.5 Typical earthquake response spectra exhibiting anumber of sharp peaks and valleys.

accelerometers, this approach has the potential for accounting for many impor-
tant factors absent from most other formulations. Faulting type (reverse vs.
strike slip), source directivity (rupture toward the site or not), and more detailed
explanations of site conditions (free field, basements of low-rise buildings, base-
ments of high-rise buildings) are a few examples of such factors.
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The inelastic response spectrum method is an attempt to extend the applica-
tion of response spectrum analysis beyond the linear elastic range. Generally,
the elastic—perfectly plastic (EPP) idealization is used (Fig. 7.6). Construction
of inelastic response spectra is more complicated than that of elastic spectra.
Inelastic deformation is usually defined in terms of the displacement ductility
of a SDOF oscillator, which has an EPP resistance. For this system, the dis-
placement ductility is expressed as

Brmx 5,
= =1+ - 7.1
ha = =5 + 5, (7.10)

where 6, == maximum displacement
6, - yield displacement, and
6, = plastic displacement

It should be noted that EPP models are not appropriate for seismic-isolated
structures. Linear models are closer to actual behavior of most isolated systems
than EPP models.

Inelastic spectra are usually developed by a numerical integration of the
equation of motion for an inelastic SDOF oscillator having an EPP resistance
(R). This equation, which is similar to Eq. (7.1), has the form

U+2wB0+R=—ii, (7.11)

where R < R, = C,W and C, is the yield resistance seismic coefficient ot the
structure.

Failure

i
*

Force

Displacement

Fig. 7.6 The EPP material model.
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If constant viscous damping is assumed, there remain three variables for each
ground acceleration: period, displacement ductility, and yield resistance seismic
coefficient. The solutions of the equation of motion for the inelastic response
can be presented in two ways: (a) in terms of a constant yield resistance seismic
coefficient (constant strength spectra) in which the ductility is a variable or
(b) in terms of a constant displacement ductility (constant ductility response
spectra) in which the yield resistance seismic coefficient is a variable.

Several procedures have been suggested for construction of inelastic design
spectra [12, 14, 41, 82]. The theoretical basis for most such modifications is
Newmark’s observation [101] that three equivalencies can be made between
elastic and inelastic response: (1) at low frequencies displacements are equal,
(2) at intermediate frequencies, absorbed energies are the same; and (3) at high
frequencies, forces are equal.

The authors believe that, in general, care should be taken in application of
inelastic spectra in structural design of complex structures. Many studies [9,
10, 91] have consistently shown that there are many parameters not considered
in construction of such spectra that can dominate nonlinear response of multi-
degree-of-freedom (MDOF) systems. It should be noted that a general consen-
sus on proper methods for application of inelastic design spectra in analysis of
MDOF systems has not yet been achieved.

One of the more significant shortcomings of current design spectra, both elas-
tic and inelastic, is the fact that they do not account for the duration of input
ground motion. Impulse-type ground motions result in a sudden burst of energy
into the structure that must be dissipated immediately. This is usually charac-
terized by one large yield excursion with few reversals. On the other hand, a
sinusoidal-type ground motion of longer duration requires a more steady dis-
sipation of energy over a longer period of time with numerous yield reversals.
This type of information, which more often than not controls the design of near-
fault structures, cannot be easily obtained from earthquake response spectra and
hence cannot be properly represented by current design spectra.

7.4 EARTHQUAKE ENERGY CONTENT AND ENERGY SPECTRA

The Concept During the past 10 years there has been a renewed interest
in the application of energy concepts to earthquake-resistant design. Energy
formulations are particularly beneficial for seismic-isolated structures, since
most isolation systems behave in a nonlinear fashion. In addition, the nonlinear
response to ground motions at the isolation plane of the structure will depend
on the intensity, frequency content, and duration of the ground motion and on
the dynamic characteristics of the isolation system and the superstructure. Con-
sideration of these factors had led many investigators to conclude that one of
the most reliable parameters for defining the damage potential of an earthquake
ground motion is the input energy.
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The hysteretic energy that is dissipated by inelastic deformation is also
thought to be a reliable parameter for evaluating the damage potential of earth-
quake ground motions. This component is calculated as the area enclosed by
the hysteresis loops developed by the dynamic response of the system. How-
ever, consideration of hysteretic energy introduces the additional variables of
the yield resistance seismic design coefficient and postelastic stiffness into the
evaluation process.

Noting that u(r) = v(¢) + ug(t), Eq. (7.1) may be written as

mit = —cv — kv (7.12)
Multiplication of each term by & gives
midit = —cOL — kvv — (—cU — kv)it, (7.13)

which can be written as

d (1 . d [ 1 . . :
m ( 5 mu2> + i ( 5 kvz) = —cv? ~ (=ch - kv)it, (7.14)
or
d L
o [KE+PE]=-D+W (7.15)

This means that the rate of change of the sum of the potential (PE) and
kinetic (KE) energies is equal to the rate of work done by the ground motion
minus the rate of loss of energy by dissipation. When we use the nonlinear
equation of motion [Eq. (7.11)], the work of the nonlinear restoring force R(v)0
is partitioned between the potential energy and hysteretic energy dissipation.

Numerical procedures for calculating the various energy components are
described by Mahin and Lin, [75].

7.5 VARIOUS GROUND MOTION PREDICTIVE FORMULATIONS

7.5.1 Source Characterizations

Several empirical relationships have been developed to relate earthquake mag-
nitude, fault rupture length, rupture width, rupture area, and surface displace-
ment. Wells and Coppersmith [134] compiled and studied a worldwide database
of 421 historical earthquakes to study the relationship between the moment mag-
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nitude (M) and various other source parameters. The moment magnitude scale
(48] is the most widely used magnitude scale in academic and professional
circles. Regression relations between various earthquake source parameters as
suggested by Wells and Coppersmith may be summarized in the form

M=a+blog X (7.16)

where X can be any source parameter such as rupture length or fault displace-
ment and a and b are regression coefficients that are functions of the type of
faulting and the source parameter of interest. Typical values of a and b and the
degree of prediction uncertainties in terms of standard errors and deviations are
presented in Tables 7.1 and 7.2.

Empirical relations have been also developed that relate the fault slip rates,
which can now be monitored by Global Positioning System (GPS) satellites.
One such example is the relation [51]

M=7.223+1.2631og S (7.17)

where S is the fault slip rate in millimeters per year.

The main function of equations such as (7.16) and (7.17) is to estimate the
likely size (M) of future events based on available geological and tectonic infor-
mation, although they could be used to estimate the likely range of source
parameters associated with an earthquake of a given size. The following exam-
ple helps illustrate such exercises.

Example 7.1. Estimate the likely earthquake magnitude associated with each
of the following source parameters:

(a) a surface rupture length (SRL) of 100 km on a reverse fault
(b) a maximum displacement of 5 m on a strike-slip fault

(¢) a slip rate of 2 mm/year on a strike-slip fault

Evaluate uncertainty of predicted values by assuming a dispersion of one
standard deviation to be reasonable.

SOLUTION. (a) From Table 7.1

M =5.00+1.2210g(100) £0.28 = 7.44 £0.28
= 7.4(expected value), 7.2(lower bound), 7.7(upper bound)
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(b) from Table 7.2

M =6.81+0.7810g(5)+0.29 = 7.48 £0.29
= 7.5(expected value), 7.2(lower bound), 7.8(upper bound)

(c) from Eq. (7.17)
M =7.223+1.2631log 2.0=7.6

Example 7.2. Estimate the SRL, subsurface rupture length (RLD), downdip
rupture width (RW), and maximum displacement (MD) for a magnitude 7.4
event with a strike-slip (SS) faulting. Also evaluate uncertainty of predicted
values by assuming a dispersion of one standard deviation.

SOLUTION. From Table 7.1

log(SRL) = —=3.55 +0.74(7.4) £ 0.23 = 1.926 £0.23
SRL = 84 km (expected value), 50 km (lower bound), 143 km
(upper bound)
log(RLD) = —2.57 + 0.62(7.4) £ 0.15 = 2.018 £0.15
RLD = 128 km (expected value), 74 km (lower bound), 147 km
(upper bound)
log(RW) = -0.76 + 0.27(7.4) £ 0.14 = 1.238 £0.14
RW = 17.3 km (expected value), 12.5 km (lower bound), 23.9 km
(upper bound)

From Table 7.2

logMD) = -7.03 + 1.03(7.4) £ 0.34 = 0.592 £ 0.34
MD = 3.9 m (expected value), 1.8 m (lower bound), 8.6 m (upper bound)

From the above examples it is clear that the range of possible values relating
the size of an event to the relevant source parameters is rather large. As we will
see later in this chapter, sizable uncertainties are associated with practically
every aspect of seismic hazard evaluation.

7.5.2 Attenuation Relations

Analogues to empirical relations that relate estimates of source parameters to
the size of an event, empirical relations are developed to relate the extent of
shaking at a site given the magnitude of the event characteristics of the source.
The design ground motion at a site is arrived at by (a) establishing seismic
sources and their characteristics, (b) determination of the travel path influences
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on the seismic waves generated by various sources, and (c) evaluation of site
soil role in amplification or deamplification of the arriving seismic waves.

There exist legitimate and unsettled differences of opinion regarding map-
ping of the fault sources. Different geotechnical engineers, for example, map the
extent of the Elysian Park structure in the Southern California very differently.
The differences of opinion on perceived rate of seismicity, maximum magni-
tude size, and other source characteristics, although significantly decreased dur-
ing the past several years, are still large enough to make a critical difference
in design.

The travel path influence is modeled by various attenuation or predictive
relations. Until the mid-1980s most predictive relations provide an estimate for
the peak horizontal ground acceleration (PHGA). The geotechnical engineers
then used PHGA in association with established spectral shapes such as those
developed by Newmark and Hall [102] to construct earthquake design spec-
tra. Since late 1980s many predictive relations have been developed to pro-
vide direct estimates for response spectral ordinates at predetermined vibration
periods.

Many factors influence the design ground motion estimates that are obtained
from various predictive relations. These include but are not limited to the fol-
lowing:

« The choice of earthquake records that form the database for the regression
analysis.

« The selected mathematical form for the regression equations.

» The degree by which site soil classification of the recording sites is docu-
mented as a part of the earthquake record database and used in regression
analyses. For example, while some predictive relations make a binary dis-
tinction between soil and rock sites, others use shear wave velocity as a
part of regression analyses.

» The model used for incorporation of ground motion dispersion.

« The choice of horizontal components used. For example, some predictive
relations only use the larger horizontal component while others use both
components in the database.

» The definition of distance from the source to the site as modeled in the
relation.

» The regional bias built into the earthquake record database.

Added to the above factors is the scarcity of the records obtained from large
events (M > 7.0) in relatively close distances (<10 km), causing most attenua-
tion relations to simply extrapolate the existing data to these cases. Therefore, it
is not surprising to see large differences in estimates provided for large nearby
events, since we are in fact comparing various curve-fitting techniques rather
than actual earthquake characteristics.

Abrahamson and Shedlock [1] reviewed several of the most commonly used
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predictive relations and their range of applicability. Since different predictive
relations use different measures for gauging site-to-source distance, an under-
standing of various distance measures utilized is essential for proper applica-
tion of these relations. The most common source-to-site distance measures are
(see Fig. 7.7) r;p, the closest distance to the vertical projection of the rupture;
Trp the closest distance to the rupture surface; rjs, the closest distance to the
seismological rupture surface; and rypo, the hypocentral distance. Predictive
relations yield best results if they are used for hazard assessment in regions
with tectonic settings similar to the selection of earthquake records represented
in the database used in their development.

One of the most commonly used attenuation relations proposed by Boore,

Vertical faults

Tip

Seismogenic
depth

Hypocenter (

Dipping faults )
E Tip
 a
Seismogenic. .. N\ceeoee e .
depth Ihypo

Hypocenter

Fig. 7.7 Common source-to-site distance measures. (From N. A. Abrahamson and
K. M. Shedlock, Seismological Research Letters, Vol. 68, No. 1, 1997. Reproduced
with permission of the Seismological Society of America.)
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Joyner, and Fumal in 1997 [26] estimates the ground motion estimation at the
site in the form

Vs
InY=hb +by(M=6)+b3(M—-6)?+bsln r+byln v (7.18)
A

where

_ 2 2
rfg/rj,}+h

In this equation Y is a ground motion parameter, namely peak horizontal
acceleration or pseudoacceleration response in g. The predictor variables are
moment magnitude (M ), distance (rj;, in km), and average shear wave velocity
in the upper 30 m of soil (V,, in m/s). Coefficients to be determined are b, (a
function of the faulting type), b,, b3, bs, h (a fictitious depth determined by
regression), by, and Vy, provided in a tabular form for various situations.

Commonly used predictive relations use very different assumptions on the
functional form of attenuation. For example, the Boore et al. relation [see Eq.
(7.18)} assumes that distance dependence is independent of magnitude, while
some others assume otherwise. While this difference in shape does not yield sig-
nificant difference where data are abundant, it can make a huge difference where
data are sparse (large-magnitude, close-by events). A comparison of median
predicted 5% damped spectral accelerations for a rock site in western United
States on a vertical strike-slip fault for a magnitude 7.0 event at rupture dis-
tance of 10 km is shown in Fig. 7.8. Notice the large difference in predicted
values provided by various formulas.

7.6 DETERMINISTIC AND PROBABILISTIC APPROACHES

Until a decade ago, most seismic hazard evaluations were performed using
deterministic principles. Increasingly, however, more modern probabilistic tech-
niques have defined the standards of practice. Even building codes currently
relate their definition of seismic demand in probabilistic terms (i.e., 50% prob-
ability of exceedance in 50 years). Code requirements on design ground motions
in many respects, however, continue to be eclectic collections of deterministic
and probabilistic ideas presented through a probabilistic vocabulary. We will
review some of the difficulties inherent in such a mixed approach, particularly
as embodied in the 1997 edition of the Uniform Building Code.

7.6.1 Deterministic Seismic Hazard Evaluation

In deterministic procedures a causative active fault and appropriate earthquake
magnitude are selected. The closest distance from the fault to the site is mea-
sured, and a ground motion attenuation relationship is used to determine the
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Crustal Sources: Westem United States, Vertical Strike-slip fault, Rock
Magnitude = 7.0, Rupture Distance = 10 km, median
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Fig. 7.8 Comparison of the median estimates of SA for a strike-slip earthquake of
magnitude 7.0 at a distance of 10 km. (From N. A. Abrahamson and K. M. Shedlock,
Seismological Research Letters, Vol. 68, No. 1, 1997. Reproduced with permission of
the Seismological Society of America.)

likely ground motion at the site given the selected magnitude, distance, and
site soil condition. Since more than one fault source may contribute to the criti-
cal hazard at a site, the procedure is repeated for all likely fault candidates. In
southern California, for example, two design spectra are usually developed: one
for a local fault with smaller magnitude and closer distance, and one for the
San Andreas or another large fault representing the motion produced by a large
event at a further distance. Traditionally, median values provided by the atten-
uation relation are used in deterministic procedures.

There are several problems associated with deterministic seismic hazard pro-
cedures. First, there is no reason to believe that a fault will break at its closest
distance to the site (a very conservative assumption). Second, the method gives
no assessment of the relative seismic risk posed by various sources.

7.6.2 Probabilistic Seismic Hazard Evaluation

A probabilistic seismic hazard analysis usually begins by developing mathe-
matical models that are used to estimate the recurrence intervals of future earth-
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quakes of a certain size. These models are then used with an attenuation rela-
tionship and a complex procedure to estimate the ground motions for which the
probability of being exceeded is less than a specified threshold (such as 10%
in 50 years).

The most common recurrence model is the Guenberg-Richter relationship,
also known as the Richter law of magnitudes [26]. This relationship states that
there exists an approximate linear relationship between the logarithm of the
average number of earthquakes per unit time and earthquake magnitude in the
form

logN=a-bM (7.19)

where N is the average number of earthquakes per year of magnitude M and
larger and a and b are coefficients derived from analysis of data associated
with a region, a fault, or a fault system. It is generally accepted that the regional
catalogs of seismicity are well described by the Gutenberg—Richter model [135].

According to Wesnousky [135], this model, when applied to seismic haz-
ard analysis, generally implies a stationary process whereby seismic events of
all sizes occur continually on a fault during the interval between the occur-
rences of the maximum (M, ) expected events. At the other extreme, one could
argue that the time between M, events along a fault or a fault segment is
rather quiet, marked primarily by foreshocks and aftershocks. The latter model
is commonly referred to as the characteristic earthquake model [112]. The dif-
ferences between the two models are graphically shown in Fig. 7.9. The figure

a Gutenberg-Richter Model
n N
1 Discrete 1 Cumulative
Form Form
: —- -
Mmax Mmax

D Characteristic Earthquake Model
n N

1 {Discrete 1 { Cumulative
Form I o Form

Ma pmax Ma Mmi;;(
Fig. 7.9 Gutenberg—Richter and characteristic models of earthquake recurrence. (From

S. G. Wesnousky, Bulletin of Seismological Society of America, Vol. 84, No. 6, 1994.
Reproduced with permission of the Seismological Society of America.)
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gives the distribution of the number of events versus the magnitude implied
by the assumption of either (a) the Gutenberg—Richter or (b) the characteristic
earthquake model of fault behavior during the repeat time of one maximum-
magnitude (Mp,x) event along a fault. Both the discrete and cumulative forms
of the expected-magnitude distribution, where n equals the number of events
equal to a given magnitude and N equals the number of events greater than or
equal to a given magnitude, are provided in (a) and (b). For the characteristic
earthquake model, the largest earthquake during the repeat time of a maximum-
size event is defined to equal the size of the largest aftershock (M%), and the size
distribution of aftershocks is assumed to satisfy the Gutenberg—Richter relation-
ship. It appears, at this time, that the Gutenberg-Richter model is best suited for
assessing regional seismicity and the characteristic model represents a better fit
with observed seismicity of faults and fault segments.

Principles of probabilistic seismic hazard analyses were established by Cor-
nell in 1968 [37]. This procedure (as summarized by Blake [22]) is as follows:

« Seismic sources (point, line, or areal) that may be capable of generating
future earthquakes are delineated (Fig. 7.10a).

» A recurrence model is selected, f(m), and its parameters are established
for each source (Fig. 7.10b).

» A rupture length or area versus magnitude relation is selected to assess the
extent of faulting associated with an event of certain size. A logarithmic
standard deviation on rupture size, 01094 ), i used to model the uncertainty
in rupture size (Fig. 7.10c).

« For a given magnitude and rupture size, a zone of possible energy center
locations of the rupture along the source is defined. In that zone a grid of
energy centers is developed to model the uncertainty in earthquake loca-
tions (Fig. 7.10d).

» For each energy center location and rupture size, a rupture propagation is

modeled and its boundaries along the source are defined. Then the distance

measures of interest to the site are evaluated.

By evaluating distances for all energy center locations, a probability dis-

tribution of distance for a given magnitude is established.

An attenuation relationship predicting mean (or median) site response val-

ues and the corresponding standard deviation is selected (Fig. 7.10e).

The probabilistic response parameters are computed by application of the

total probability theorem. If the probability that a ground motion amplitude

x is exceeded is noted by A[X 2> x] and the respective activity rates by v;,

the theorem states that

AX > x] = Z v;

sources(i) magnitudes( j) distances(R)

P[X 2 x|m, r]P[M = m]P[R = r] (7.20)
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Fig. 7.10 General procedure for performing probabilistic seismic hazard analyses.
(From T. F. Blake FRISKSP User’s Manual, Newbury Park, CA, [22]. Reproduced with

permission.)

« Finally, the mean return period 7, in years is obtained from

(7.21)

where A\, is the average annual probability that the selected response
parameter exceeds a certain limit a. Assuming a Poisson distribution, the



7.6 DETERMINISTIC AND PROBABILISTIC APPROACHES 163

probability of a selected parameter exceeding a during the life of structure
TLite can be estimated by

P=1- ¢l (7.22)

Example 7.3. This example illustrates a typical application of deterministic
and probabilistic procedures for a preliminary seismic hazard analysis of a site
located at Thousand Oaks, California. The local soil condition is assumed to
be shallow alluvium underlain by rock. In part A the implications of histori-
cal data obtained from earthquake catalogs are examined. Part B presents a
deterministic hazard analysis for establishing the expected peak ground accel-
erations at the site for two distinct classes of earthquakes. Finally, in part C,
probabilistic procedures are used to postulate site-specific design spectra cor-
responding to various exceedance probabilities. Analysis of historical data is
performed using the EQSEARCH computer program [20]. Deterministic anal-
ysis is performed using the EQFAULT program [21], and probabilistic analysis
is performed using the FRISKSP computer code [22].

A. Historical Data: Estimation of Peak Horizontal Acceleration from
California Earthquake Catalogs

Site coordinates: Latitude: 34.1817 N, Longitude: 118.7879 W

Type of search: Radius, Search radius: 62.4 miles

Search magnitudes: 4.0-9.0

Search dates: 1800-1996

Attenuation relation: 6) Joyner & Boore, Horiz.—Random

Uncertainty (M = mean, S = mean + 1-sigma): M

Soil condition assumed: Rock, shallow alluvium

Fault type assumed (DS = reverse, SS = strike-slip): DS

Time period of exposure for statistical comparison: 25 years

Source of depth values (A = attenuation file, E = earthquake catalog): A
Search Results Summary (see related data in tables on pages 164—165.)
614 Historical records found

Maximum mean site acceleration during time period 1800-1996: 0.14g
Maximum mean site intensity (MM) during time period 1800-1996: VIII
Maximum magnitude encountered in search: 7.70

Nearest historical earthquake was about 6 miles away from site.
Number of years represented by search: 197 years

Verification for Mean Acceleration Probabilities

Probability of exceedance for 0.05g in 10 years:

Number of times exceeded = 18
Average occurrence per year = 18/(1996 — 1800 + 1) = 0.0914 Ok
P=1-¢NalL =1 _ o 001ID _ 5991 Ok
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Verification for Exceedance Probability for Magnitude
Probability of exceedance for magnitude 6.0 in 10 years:

Number of times exceeded = 13
Average occurrence per year = 13/(1996 — 1800 + 1) = 0.0660 Ok
Average recurrence interval = 1/0.0660 = 15.154 years Ok
P=1-eMNt =1 0000 -04831 Ok

B. Deterministic Seismic Hazard Analysis: Estimation of Peak Horizontal
Acceleration from Digitized California Faults

Site Coordinates: Latitude: 34.1817 N, Longitude: 118.7879 W

Faults considered in the radius of: 62.4 miles (100 km)

Attenuation relation: 6) Joyner & Boore, Horiz.—Random

Uncertainty (M = mean, S = mean + 1-sigma): M

Soil condition assumed: Rock, shallow alluvium

Source of depth values (A = attenuation file, E = earthquake catalog): A

Analysis Results Summary: (see related data in tables on pages 167-169.)
39 Faults found within the specified search radius.

The Simi-Santa Rosa Fault is closest to the site. It is about 6.4 miles away.
Largest mean maximum credible site acceleration: 0.324g

Largest mean maximum probable site acceleration: 0.172g

C. Probabilistic Seismic Hazard Analysis: Estimation of Site Design
Spectra from Probabilistic Combination of Fault Hazards

Site coordinates: Latitude: 34.1817 N, Longitude: 118.7879 W

Faults considered in the radius of: 62.4 miles (100 km)

Attenuation relation: Idriss (1993)

Uncertainty (M = mean, S = mean + 1-sigma): S

Soil condition assumed: rock, shallow alluvium

Source of depth values (A = attenuation file, E = earthquake catalog): A
Plots of the probabilistic estimates of the response spectra are shown in Fig.

7.11.

7.6.3 Limitations of Deterministic and Probabilistic Seismic Hazard
Analysis

Probabilistic procedures provide for consideration of earthquake ground motion
uncertainties in design. Considering the fact that uncertainties are large, proba-
bilistic procedures seem to present the most prudent approach to seismic hazard
analysis for most structures at the present time. Deterministic procedures are
still useful in evaluating scenario earthquakes, dealing with worst-case scenario
events, and for design of structures of critical importance such as nuclear power
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Summary of Probabilistic Analysis

Spectral Acceleration (g) for 5% Damped Systems by
Average Return Period

Period
(sec) 72 years 100 years 200 years 475 years 1000 years
0.01 0.31 0.34 0.42 0.51 0.60
0.03 0.31 0.34 0.41 0.51 0.60
0.05 0.39 0.43 0.53 0.69 0.83
0.08 0.48 0.54 0.69 0.86 1.00
0.10 0.60 0.68 0.85 1.03 1.22
0.11 0.66 0.74 0.88 1.09 1.29
0.13 0.71 0.79 0.95 0.18 1.38
0.15 0.74 0.82 1.00 1.23 1.45
0.20 0.78 0.87 1.05 1.30 1.54
0.25 0.77 0.85 1.05 1.31 1.55
0.30 0.73 0.81 1.00 1.24 1.47
0.35 0.68 0.75 0.93 1.16 1.38
0.40 0.62 0.69 0.85 1.06 1.26
0.50 0.51 0.57 0.71 0.89 1.07
0.60 0.42 0.47 0.59 0.74 0.89
0.70 0.35 0.40 0.50 0.64 0.76
0.80 0.29 0.33 0.42 0.53 0.64
0.90 0.25 0.28 0.36 0.45 0.55
1.00 0.22 0.25 0.32 0.41 0.49
1.50 0.12 0.14 0.18 0.23 0.28
2.00 0.08 0.10 0.13 0.17 0.20
3.00 0.05 0.06 0.07 0.10 0.12
4.00 0.03 0.04 0.05 0.07 0.08

plants. Extreme care should be taken not to extend either of the methods beyond
the available tectonic, geologic, and historical data that form the logical basis
of these procedures.

For example, the historical data on California earthquakes goes back less
than 200 years. Available geologic data provides us with useful information on
large earthquakes on known major faults such as the San Andreas Fault dating
back to a few hundred years. Smaller earthquakes (i.e., M < 5.0) are practically
absent from available data prior to late 1800s. Add to this the existence of buried
thrust faults in southern California, not known before their rupture, which have
been responsible for the past three major events in this region (1971, San Fer-
nando; 1987, Whittier; 1994, Northridge). This abundance of unknowns and
limitations of our knowledge makes it extremely imprudent for us to forecast
long-term probabilities for earthquakes, spanning thousands of years. However,
this is exactly what is being done in some applications. For example, according
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Fig. 7.11 Probabilistic estimates of site response spectra for Example 5.3.

to Krinitzsky [70], the Department of Energy requires mean annual probabilities
of exceedance of 1 x 107* and 1 x 1073 for its performance categories 3 and 4.
These requirements translate into mean return periods on the order of 10,000
and 100,000 years, respectively. It is obvious that we do not have sufficient
data to probabilistically forecast earthquakes into such distant futures. A more
prudent approach for such low-risk tolerances would be to use deterministic
worst-case scenario events, which are most likely to produce smaller motions
than the probabilistic methods extrapolated beyond their rational range of appli-
cability. As Krinitzsky [70] stated: “Earthquake motions derived by probabilis-
tic seismic hazard analysis and assigned for tens of thousands of years represent
innumeracy, the numbers equivalent of illiteracy.” [emphasis added]

7.6.4 Seismic Hazard Maps

It has been long a tradition of the Uniform Building Code to carry a seis-
mic zone map of the United States. Recent advances in computing, geographic
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information systems (GISs), networking, and seismic hazard analysis techniques
have made it possible for the USGS and California Division of Mines and Geol-
ogy (CDMG) to develop detailed seismic hazard maps of California and the rest
of continental United States. The CDMG maps, as a matter of fact, are made an
integral part of the 1997 UBC for California practice as the official source of
evaluating the near-fault factors necessary for design. At the time of preparing
this manuscript, these maps are undergoing the final stages of their develop-
ment. However, these maps for many regions and soil conditions are available
from the USGS and CDMG WWW sites on the Internet. Figures 7.12 and 7.13
show examples of maps available via the Internet. This national mapping effort
has great promise for providing a de facto standard for seismic hazard analysis,
thereby reducing the large variations observed in seismic hazard assessments
for a given site provided by different geotechnical engineers.

Peak acceleration (%g) with 10% Probability of Exceedance in 50 years
Site: NEHRP B-C boundary

-120°  -118°  -116°

e

OO VDO Do

-116° -114°

1247 422° 4200 q8°
For California portion: U.S. Geological Survey - California Division of Mines and Geology
For Nevada and Surrounding states: USGS

Fig. 7.12 Representative sample of seismic hazard maps available on the Internet from
the USGS WWW site.
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Probabilistic Seismic Hazard Map for California
(10% probability of exceedance in 50 years)
Peak horizontal Ground Acceleration
Uniform firm-rock site condilion
M.D. Petersen, WA Bryant, C H. Cramer, T. Cao, and M.S. Reichle
Cabfornia Department of Conservation - Division of Mines and Geology
A.D. Frankel, J.J. Lienkaermper, P A, McCrory, and D. P. Schwartz
Unitted States Geological Survey
Decernber 1338

This map is described in

California Department of Conservation
Division of Mines and Geology Open-
File Report 96-08 and U.S, Geological
Survey Open-File Report 86-T08

[ = m
e —
=T

scale: 1:2 million
projection: Lambert Conformal Conic

Fig. 7.13 Representative sample of seismic hazard maps available on the Internet.

7.7 CODE INTERPRETATIONS OF DESIGN GROUND MOTIONS

All contemporary seismic design codes have adopted a probabilistic framework
for defining design ground motions. While there is no shortage of confusing
terminology, the basic specification of seismic hazard is very similar in most
codes and guidelines.

The basic design level hazard is 10% probability of exceedance in 50 years
(a mean return period of 475) years. Prior to the 1994 edition, the UBC referred
to this as the maximum probable earthquake (MPE). Now the UBC refers to it
as the design basis earthquake (DBE). The FEMA-273 guidelines for seismic
rehabilitation of buildings refers to this as Basic Safety Earthquake 1 (BSE-1).
The Structural Engineers Association of California in their Vision-2000 docu-
ment refer to this as a rare event.

The upper bound hazard generally used for ensuring structural stability dur-
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ing ground motions that exceed the basic design level event is 10% probability
of exceedance in 100 years. UBC-91 referred to this as the maximum cred-
ible earthquake (MCE), UBC-94 changed the name to the maximum capable
earthquake, and UBC-97 changed it again to the maximum considered earth-
quake. FEMA-273 guidelines call it Basic Safety Earthquake 2 (BSE-2). In the
Vision-2000 document it is considered a very rare event. One reason for succes-
sive name changes is that initially MCE represented the deterministic concept
of the most severe ground shaking possible at the site given the geologic and
regional tectonic framework, realizing that designing building structures that
have a useful life of 50-100 years for such large motions is unreasonable, an
equivalent probabilistic definition was adopted. This definition, which in some
documents such as the 1991 edition of the California Building Code was 10%
in 250 years, has been generally reduced to the current level of 10% in 100
years. Obviously, the original deterministic definition (maximum credible) has
been replaced by the maximum shaking that is now being considered in design
(maximum considered).

Neither of the codes or guidelines mention the specifics of hazard calcula-
tions. For example, how the inherent uncertainties in the data are to be dealt
with, is one standard deviation enough or is it too much, can mean values be
used and dispersion of data about mean values ignored, and what choices of
source and attenuation parameters are acceptable for use in a given region and
which ones are not. Legitimate variations in procedures deemed appropriate for
a region can result in spectral ordinates that can differ by as much as 100%.
Proper procedures and guidelines are needed to help reduce the differences in
hazard analysis results projected for a given site.

Large variations in estimated design ground motions may very well impact
the choice of the structural system, the isolation system, and the whole deci-
sion of going ahead with a project or not. At least one new seismic-isolated
design project in southern California was shelved, and design of several others
were adversely affected due to strict adherence to very conservative design
ground motion estimates. For existing structures, the situation can be ironic:
The design requirements may become so excessive that an upgrade is deemed
unfeasible and the occupants will stay in a building in its existing condition,
which may be far less safe than if upgraded under a more modest design
criterion.

Contrary to conventional buildings, design of seismic-isolated structures for
superconservative ground motions may have self-defeating results. By basing
the performance of the isolation system to a very rare event, one can risk making
the system so stiff that it will not behave properly during more frequent events
that can occur several times during the life of the structure.

Extreme care must be taken in design of isolated structures to balance the
legitimate desire for reasonably conservative design ground motions and the
need for isolated buildings to minimize floor accelerations, secondary-mode
effects, and nonstructural damage during smaller events.
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7.8 APPLICATION OF EARTHQUAKE TIME HISTORIES

Recorded earthquake time histories or records constitute the most fundamental
information needed for earthquake-resistant design. Our understanding of earth-
quake ground motion and its important characteristics improves significantly
after each earthquake. All seismic design provisions, in one way or another,
are ultimately justified or rejected on the basis of the general characteristics
observed in or interpreted from earthquake records.

Contemporary seismic design procedures rely heavily on response spec-
trum presentation of design ground motions. When design procedures are based
entirely on the response spectrum, the response spectrum constitutes all of the
ground motion information required for the design. However, if the design pro-
cedure involves time history analysis in conjunction with a design response spec-
trum, then some method is required to select time histories that are representative
of the response spectrum. The process by which earthquake records are manip-
ulated to produce some level of design spectrum compatibility is called scaling.
Scaling may be performed in the time domain or the frequency domain. The pris-
tine records before application of the scaling procedure are commonly referred
to as the seeds. The desired scaled result may also be obtained by development
of synthetic earthquake records. The extent of the required scaling is generally
defined by the governing seismic design code provisions. These provisions have
been changing quite frequently during the recent years.

One common pitfall in scaling earthquake time histories is scaling a single
component or pair of components in the frequency domain to match the target
design spectrum very closely over a wide range of vibration periods. As we will
see in this section, such practices may totally distort the energy characteristics
of the seeds and produce very unrealistic seismic demands.

7.8.1 UBC-94 Provisions

According to UBC-94 provisions for design of seismic-isolated structures, time
history analysis may be used for design of all seismic-isolated structures and
shall be used for design of all seismic-isolated structures not meeting the criteria
for either static analysis or response spectrum analysis. Hence, quite properly,
the code considers time history analysis as the most accurate of the three meth-
ods of seismic analysis (namely static, response spectrum, and time history).

UBC-94 requires the following for the selection and application of time his-
tories in the analysis and design of seismic-isolated structures:

« At least three pairs of recorded horizontal ground motion time history com-
ponents should be selected and used.

« These time histories should exhibit strong motion durations consistent with
the magnitude and source characteristics of the design ground motions
(DBE and/or MCE).
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The time histories developed for sites within 15 km of major active faults
should incorporate near-fault phenomena.

For each pair of horizontal ground motion components, the SRSS of the 5%
damped spectrum of the scaled horizontal components is to be constructed.

The time histories are to be scaled such that the average value of the SRSS
spectra does not fall below 1.3 times the 5% damped design spectrum
(DBE or MCE) by more than 10% over a range of T;—1 to T;+2, where T,
is the period of seismic-isolated structure in the direction under considera-
tion. The explicit reference to the “average value” for the SRSS spectra is
new and was adopted recently in the 1993 supplement to the 1991 edition
of the code. Prior to that, the common interpretation was that each ground
motion pair, a pair at a time, was to be scaled to match the SRSS spectra.

Each pair of time histories is to be applied simultaneously to the model
considering the most disadvantageous location of mass eccentricity. The
maximum displacement of the isolation system is to be calculated from
the vectorial sum of the two orthogonal components at each time step.

The parameters of interest are calculated for each time history analysis.
If three time history analyses are performed, then the maximum response
of the parameter of interest is to be used for design. If seven or more
time histories are used, then the average value of the response parameter
of interest may be used. The reference to seven pairs of time histories
and authorization to use the average value of the response parameters in
this case is new and was adopted as a part of the 1993 supplement to the
1991 code provisions. Prior to that, use of maximum response parameters
obtained from a three-pair time history analysis was viewed as a mandatory
requirement.

This formulation contains implicit recognition of the crucially important fact

that design spectra are definitions of a criterion for structural analysis and design
and are not meant to represent characteristics of a single event.

7.8.2 UBC-97 Provisions

UBC-97 provisions for application of time histories is essentially the same as
UBC-94 with the following exceptions:

UBC-97 distinguishes between recorded time histories and simulated ones.
It requires a minimum of three recorded time histories. However, it per-
mits substitution of recorded time histories by simulated ones if appropriate
recorded time histories are not available.

The period range of scaling has been changed from 7, — 1 to T; + 2 to
0.5T) to 1.25T s, where Tp and T, are effective isolated periods at design
displacement and maximum displacement, respectively.
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7.8.3 OSHPD-91 Provisions

The provisions of this document were among the most controversial time his-
tory analysis requirements. Fortunately, due to many criticisms [94, 95], they
are no longer in effect. According to these provisions: “If time history analysis
is used, the input time histories should be selected from different recorded events
and based on similarity to source magnitude and distance, foundation material
and tectonic conditions. They should be scaled in the frequency domain such
that their 5%-damped response spectrum essentially envelopes the site-specific
spectrum and does not fall below the site-specific spectrum by more than 10%
at any period. Time histories developed for sites within 15 km of an active fault
must incorporate near-fault phenomena. Duration of time histories should be
consistent with the magnitude and source characteristics of an event” (under-
lining by the authors).

As demonstrated by Naeim and Lew [94, 95], the above interpretation of
design requirements, which mandates a scaling of a single time history to match
a design spectrum (particularly in frequency domain), is inconsistent with the
definition, purpose, and application concept of design spectra and may lead to
unrealistic and physically incorrect (or impossible) ground motion time histories
with serious practical implications.

7.8.4 OSHPD-96 Provisions

The new OSHPD provisions for time history analysis are essentially the same
as UBC-94 with the following exceptions:

o Pairs of horizontal ground motion time history components shall be
selected from not less than three recorded events.

« The period range for matching is specified as T; — 1.0 sec to 7; + 1.0 sec.

« The duration of the time histories shall be consistent with the magnitude
and source characteristics of the design basis earthquakes (or maximum
capable earthquake).

« Time histories developed for sites with a near-field factor N greater than
1.0 shall incorporate near-field phenomena.

« The SRSS of the scaled time history components is to be equal to or greater
than the 5% damped spectra at the period 77.

7.8.5 Time-Domain Scaling of Time Histories

The aforementioned code provisions, with the exception of OSHPD-91, are not
clear on the method by which scaling has to be applied. The most straightfor-
ward interpretation is that they (again with the clear exception of OSHPD-91)
imply a time-domain scaling procedure, that is, applying a series of scalar multi-
pliers to peak ground acceleration of each time history. Lack of clarity, however,
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makes is possible to interpret these provisions as permitting frequency-domain
procedures as needed to obtain the desired spectrum-matching objectives.

Example 7.4. The 5% damped design spectrum for a site located at close prox-
imity to an active fault is given in Fig. 7.14. To illustrate scaling differences
implied by various code provisions, three pairs of earthquake time histories
from the 1994 Northridge earthquake are selected: (a) the record obtained from
the Newhall fire station; (b) the free-field record obtained from the Sylmar
County Hospital parking lot; and (c) the record obtained from Santa Mon-
ica City Hall grounds. These time histories are included in the companion
CD-ROM disc. The 5% damped response spectra for the design spectrum as
well as these records in the period range of interest for scaling are presented
in Table 7.3. Assuming a building with T; = Tp = Ty = 3.0 sec, determine
the scaling factors for each time history pair according to the provisions of (a)
UBC-94, (b) OSHPD-96, and (c) UBC-97.

SOLUTION

(a) for a Ty of 3.0 sec the vibration period band to match is 2.0-5.0 sec.
Calculation of time-domain scaling factors for UBC-94 results in scale factors
of 1.82, 1.47, and 4.63 for the Newhall, Sylmar, and Santa Monica records,
respectively. As a result of this scaling, at the isolated period of 3.0 sec, the
scaled time histories exceed the design spectrum by a factor of 1.89. Given the
fact that the Newhall and Sylmar ground motions are among the most potent
earthquake ground motions ever recorded in California, the superconservatism
of this scaling procedure becomes more apparent. Furthermore, notice that scal-
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Fig. 7.14 Target 5% damped design spectrum for Example 5.4.
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ing the Santa Monica pair by a factor of 4.63 creates a record with maximum
spectral acceleration of 12.59¢ (Fig. 7.15). Needless to say, such a large accel-
eration has never been observed in practice.

(b) Scaling for OSHPD-96 is similar and results in scaling factors of 1.37,
1.10, and 3.46 for the Newhall, Sylmar, and Santa Monica records, respectively.
These scaling factors may be used, however, only if the SRSS of spectral accel-
eration for each pair at the period of 3.0 sec is above the target spectra. Here,
indeed, this is the case:

1.37 (SRSS of Newhall at 3.0 sec) = 0.329 > 0.24g,
1.10 (SRSS of Sylmar at 3.0 sec) = 0.484 > 0.24¢, and
3.46 (SRSS of Santa Monica at 3.0 sec) = 0.519 > 0.24g.

(¢) for UBC-97, the vibration period matching band is from 1.50 to 3.75
sec and the scaling factors corresponding to the Newhall, Sylmar, and Santa
Monica pairs are 1.21, 0.97, and 3.07, respectively. These values are less than
those obtained for UBC-94 and OSHPD-96 but still are very conservative.

The problem of trying to match a design spectrum by simple scaling pro-
cedures may be better understood by looking at Figs. 7.15 and 7.16. A glance
at Fig. 7.16 shows that between the periods of 0.5 and 3.25 sec the Sylmar
record is above the design spectrum. Hence, rationally speaking, there is no
need for scaling the Sylmar components. The Newhall record is above the
target spectrum between 0.50 and 2.20 sec where it goes slightly below the
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Fig. 7.15 The 1994 Northridge at Santa Monica Record as scaled by various code
procedures.
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design spectrum. In our opinion, there is no need for scaling this pair either. The
Santa Monica record, although very rich in low-period content, does not have a
high long-period content. Trying to overcome this “problem” by applying large-
scale factors, as the above procedures do, creates components with no physical
meaning (Fig. 7.15), which will highly exaggerate higher mode participation
in response. A more prudent approach would be to use this record unscaled
to gauge the performance of the system to far-field effects and replace it with
another record for scaling purposes.

7.8.6 Frequency-Domain Scaling of Time Histories

To a designer of a nonlinear structure, there is nothing more attractive than a
real or simulated ground motion time history whose response spectrum matches
the target design spectrum. At first glance the frequency-domain scaled and/or
simulated design spectrum-compatible time histories (hereafter referred to as
DSCTH) furnish the designer with a consistency and compatibility bridge
between two very different worlds: the familiar realm of linear elastic behav-
ior in which the principle of superposition holds and the less familiar world of
nonlinear response in which 2 + 2 may equal 3 or even 8! It is only recently
that the problems associated with application of DSCTH have been realized and
reported by Naeim and Lew [94, 95]. Notice that our discussion of limitations
of DSCTH relates only to cases where a single component or a single pair is
manipulated to maich a given design spectrum. We do not see anything wrong
with realistic collections of DSCTH developed to match a design spectrum, on
average, as a group.

As mentioned before, OSHPD-91 provisions mandate a frequency-domain
scaling of ground motion time histories. Since simultaneous manipulation of a
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Fig.7.16 Design spectrum versus the unscaled SRSS of the selected time history pairs.
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pair of time histories for their SRSS to match the target spectrum is very diffi-
cult, usually each component is scaled in the frequency domain to individually
match the design spectrum. OSHPD commonly insists on simultaneous applica-
tion of both pairs of spectrum-compatible time histories, without allowing for
any reduction factor on the component in the transverse direction. This is in
contrast with the common practice of applying 100% in one direction and 30%
in the orthogonal direction, which is widely used in the design of conventional
structures.

The response spectra are generally determined using a probabilistic seismic
hazard analysis (PSHA). The PSHA considers all possible earthquake sources
in the region surrounding the subject site. If the result of the PSHA is a site-
specific response spectrum, the response spectrum represents the cumulative
contribution of risk from the seismic sources in the region for that given risk
level. Thus the PSHA response spectrum represents an envelope of the ground
motion levels based upon the cumulative risk for all seismic sources deemed to
be significant. As it is customary to include the dispersion in the ground motion
attenuation relationship in the PSHA, it is likely that the predicted ground
motion response spectrum values have an inherent built-in conservatism.

Thus a PSHA-generated response spectrum does not and was never intended
to represent the response of a SDOF structure to any specific single ground
motion event. To the contrary, it is intended to envelope multiple events with a
built-in conservatism for a specified risk level. To generate an acceleration—time
history to be spectrum compatible for a PSHA-generated spectrum is neither
reasonable nor realistic. This would be especially true if the seismic risk at
a given site was due to several earthquake sources. Therefore, the resulting
response spectrum-compatible acceleration—time history will contain energy
over the whole range of structural periods that is not present in actual
recorded time histories. The requirement to make both orthogonal compo-
nents spectrum compatible is also conservative, as response spectra from actual
acceleration—time histories rarely contain the same energy content in two
orthogonal horizontal directions.

To illustrate this problem. Naeim and Lew [94, 95] developed frequency-
domain scaled DSCTHs for six pairs of horizontal ground motion time histo-
ries using two entirely independent techniques. In both methods, the original
horizontal ground motion records were used as “seeds” to generate DSCTH
records. The two methods use different iterative procedures that involve scal-
ing the Fourier amplitudes of the processed signal to match the corresponding
amplitudes in the target response spectrum. In both cases, convergence was
assumed when the ratio of the response spectra areas (signal/target) was less
than 2% and the average error on all frequencies was smaller than 5%. This
study concluded the following:

1. The acceleration response spectra of all 24 DSCTH components devel-
oped (six pairs, two methods) match the target design acceleration spectra
remarkably well.
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2. Displacement records obtained via direct double integration from all of

the 24 DSCTH components represented very unrealistic and physically
impossible results.

The input energy spectra of the DSCTH records exhibit high levels of
input energy spread over a very wide band of natural periods. Such behav-
ior is not supported by observed data from real earthquake records. As
Figs. 7.17 and 7.18 indicate, the energy content represented by DSCTH
records is consistently higher than the real records used as the basis for
their development. The input energy spectrum for the 230° component of
the 1979 Array No. 6 record, which exhibits the largest long-period input
energies of any observed California record and is superimposed on the
plots of Fig. 7.17, clearly demonstrates the exaggerated nature of energy
spectra suggested by DSCTH records. The average input energy spectra
for all real and DSCTH records are compared in Fig. 7.18, where it can be
noticed that, when considered across the board, DSCTHs represent unre-
alistic energy contents that exceed the content of their real counterparts
by an order of magnitude.

In most cases the overall distribution of energy across the various period
bands show no resemblance to the real records used as seeds (see Figs.
7.17 and 7.18).

5. The energy contents of DSCTH records obtained by the two different

14000 T
2000 Observed 1979 at
Bonds Corner (230)
__ 10000 ~—+—— DSCTH (Method 1)
E
E =+ DSCTH (Method 2)
X 8000
E —*—— 1979 Imperial Valley at
£ Array #8 (230)
=
~ 6000 + —O— 1994 Northridge at
a Sylmar County Hospital
£ Parking Lot (360)
4000 +

Fig. 7.17 Input energy of real records versus those of DSCTH.
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Input energy spectra

@ Average of observed
[ Average of DSCTH

Energy/mass

Period (sec)

Fig. 7.18 Comparison of energy contents of real records and their DSCTH counter-
parts.

methods may represent sharply distinct input energy contents in certain
frequency bands.

6. As aresult of the frequency filtering process, the DSCTH records obtained
are very different in all characteristics from the real records, which were
used as seeds for their generation. Hence, this process has effectively
eliminated the geologic, tectonic, and source characteristics that these
records were initially selected to represent.

It is in light of the above considerations that the authors strongly believe
that the application of single-component or single-pair frequency-domain scaled
design spectrum-compatible time histories in design of seismic-isolated struc-
tures should not be encouraged and certainly not be mandated.

7.8.7 Analytic Dilemma of Designing by Time History Analysis

Earthquake time histories are useful and often essential elements for designing
sound seismic-isolated structures. The most useful application of time histo-
ries is in verification of seismic performance of buildings designed using more
simple procedures such as response spectrum analysis techniques. Increasingly,
however, suites of time histories are used as the primary vehicles for analysis
and design. The number of different analyses required for this approach and
the volume of information generated by such analyses is so excessive that it
can easily obscure the proper application of engineering judgment.

For example, consider a project that is to be designed by application of time
history analysis using the average of seven pairs. As shown in Table 7.4, the
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TABLE 7.4 Number of Computer Runs Required for Design by
Time Histories

Number of
Considerations Computer Runs
Pairs of time histories for averaging 7
Isolator lower and upper bound properties 2
MCE and DBE events 2
Possible directions for application of each pair 2
Center-of-mass locations to model minimum
eccentricity 5
Total 280

required number of computer runs will be 280. (See Fig. 7.19 for center-of-mass
locations to model minimum eccentricity.) If scragged and unscragged bearing
properties are also to be considered in the analysis, the number of required runs
will be 540. Obviously, gathering average design information from so many
computer runs is a monumental task and should be avoided whenever possible.

The degree of uncertainty in the ground motions, the properties of the isola-
tion system, and the structural system propertics make designing by hundreds
of time histories meaningless. Time histories, therefore, should be used for ver-
ification of designs already achieved by simpler means (i.e., response spectrum
method) and not as a direct design strategy.

3. .2

o1

4@

Fig. 7.19 Possible locations of center of mass to model code minimum eccentricity
requirements.



CHAPTER 8

DESIGN EXAMPLES

8.1 DESIGN EXAMPLE FOR A HIGH-DAMPING RUBBER BEARING

As a design example consider a small building similar to the EOC building
of Los Angeles County and the Caltrans San Diego Center. We take the site
to be zone 4 with S¢ soil type and assume that the site is not less than 15
km (9.32 miles) from a known active fault. Using the 1997 UBC Appendix
Chapter 16 requirements [55], the parameters associated with the location are
Z=04,8=Sc, Np =1, and M,, = 1.25. The structural system can be taken
as a reinforced-concrete shear wall building, which allows a Ry; of 2.0. The
building has a regular plan with three rows of columns 10 m (33 ft) apart and
spaced at 10 m (33 ft) each, as shown in Fig. 8.1.
The bearing loads are as follows:

Four at 50 tons = 200 tons (441 kips)
Eight at 100 tons = 800 tons (1765 kips)
Three at 200 tons = 600 tons (1324 Kips)

1600 tons (3530 kips)

The selection strategy for the bearings is to use one bearing size (to save the
cost of an extra mold) and use two different high-damping compounds, which
will be denoted A (soft) and B (hard):

Gy =0.4MPa (58 psi) and (4 - 0.08
Gy =1.0MPa (145 psi) and Bz =0.15

Design of Seismic Isolated Structures: From Theory to Practice. F. Naeim and J. M. Kelly 185
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Fig. 8.1 Plan for design example.

We will begin with the assumption of a target period of 2.5 sec and a target
maximum shear strain of 1.5. We will try to use 12 type A and 3 type B bear-
ings. It should be noted that it would be possible to use only a single bearing
design for this project since the building is small, but the design using two types
is given to illustrate the procedure.

8.1.1 Bearing Stiffnesses
Type A. Twelve at 100 tons (221 kips):

D) 2
K% = 100 x 1000 kg x < —%)

= 632,000 N/m
= 0.632 MN/m (3.61 kips/in.)

Type B. Three at 200 tons (442 kips):

2 2
K% = 200 x 1000 kg x ( %)

= 1.265 MN/m (7.22 kips/in.)
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8.1.2 First Estimate of Design Displacement Dy,

CyvpTp

g
Dp= -
b= 4 By

Assume composite damping of 10%; thus

Bp =1.2 (from Table A-16C)
Cyp =0.56 (from Table 16-R)

b, 98D(0.56)2.5)
P 4r)(12)

=0.289 m (11.4in.)

With y = 1.5, take ¢, = 200 mm (7.9 in.). Thus

GAA
K4 = 222 - 0.632 MN/m
gives
0.632 MN/m
=== 1 %02
04 MN/m2_ =™
=0.316 m?
Therefore
® = 0.634 m (25 in.)
Take
® = 600 mm (24 in.) A =0.283 m?
Then

p* =100 x 10* = 3.54 MPa (513 psi)
p? =7.08 MPa (1027 psi)

187
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8.1.3 Actual Bearing Stiffness

0.4% 0.2

A %{)83 - 0.566 MN/m (3.23 kips/in.)
1.0x 0.283

KB - (;W ~ 1.415 MN/m (8.08 kips/in.)

8.1.4 Composite Stiffness

Ky =12x0.566+3x 1.415=11.04 MN/m (63.1 kips/in.)

Therefore

1

(Actual frequency)2 = (11.04 x 10° N/m) m
= 6.90 sec 2

wpy = 2.62 rad/sec

T =2.39 sec

8.1.5 Composite Damping
Recall that

Therefore

Wp  2aKAD?Ba +2aK5 DBy
- 27KpD? 27K pD?
K%Ba + K585

Kp

12x 0.566 x 0.08 +3x 1.1415x 0.15
11.04

B =

= 0.107

0.7
=12+ —x03=1.22
B[) 1.2+ 10
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Using this period and damping factor, the design displacement Dy becomes

9.81 (0.56)2.39
472 1.22

=0.272 m (10.7 in.)

D —

8.1.6 Allowance for Torsion

The code formula is

and e is 0.05 times the long direction, as shown in Fig. 8.2, so that

20(12)?

Dy =0272| 14+ 22
d [ 200+ 1600

] =0.272(1 + 0.24)
=0.338 m (13.3 in.)

This seems too large, and it is worthwhile in this case to calculate the real
torsional stiffness of the isolation system and calculate the additional displace-
ment. The torsional stiffness is given by

y
-
KyD
d —=r e | <—

- -

b
Fig. 8.2 Dimensions for torsion formula.
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N
K= Kyl +yD)
i=1

=0.566[4 x (107 +20%) + 4 x (107 + 10%) + 2 x 20 + 2 X 10%]
+1.4152 % 10%)

= 0.566(2000 + 800 + 200 + 800) + 1.415 x 200

= 2433 MN m

The applied torque (Fig. 8.2) is given as
M = (KyD)e
Therefore

Additional displacement = §y
KHDe
Ky
_ 11.04(0.274)(2)(20)
- 2433

=0.05m (2.0 in.)
Dy =0.272+0.05=0.322 m (12.7 in.)

Thus ymax = 1.6-—larger than target but acceptable. (Code mandatory minimum
allowance for torsion is 1.1D = 0.300 m, so take Dy = 0.322 m.)

8.1.7 Elastic Base Shear from Code

Ve - KuyD
Rwi

11.04 x 0.272
2

1.50 MN

Vs

W

1.50 MN
1.6x 107 N

9.4%

"

Il
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8.1.8 Bearing Detail

Select vertical frequency fy = 10 Hz; then 652 = f ‘2,/f ;21 means

1 fy 110

§= Ve fn g 1/2.39 =10

To calculate the vertical frequency and the buckling load for the bearing, it is
necessary to have the small strain shear modulus for each rubber, for example,
at y = 20%. These compounds will have

Gi,=0.7MPa  G5,=1.4MPa
and an assumed K = 2000 MPa for both. Thus

_ 6GS’K
¢ 6GS?+K

becomes

4 O6GS’K
¢ 6GAS?2+K

~6(0.7)(100)2000
T 420+ 2000

= 347 MN/m?

5 8.4x100x 2000
¢ 2840

= 592 MN/m?

(12 % 347 + 3 x 592)(0.283)
0.200

- 8405 MN/m

Composite Ky =

wp = 8405 x 10° N/m

fy=115Hz
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Therefore, any S in the range 9-10 is adequate:

o ® 600

[p— :7__._.__:1
S=ar 145 g mm

nt =200 mm n=13.33 layers
Take n = 12; then t = 16.7 mm, and

600

= = - 2115 =104 H
4(16.7) fv=115) g

This allows us to complete the design of the bearing, as shown in Fig. 8.3. The
end plates are 25 mm thick, and the shims are 2 mm each. The total height is

h=50+200+11x 2 =272 mm

The shims will have a diameter ¢s,

¢s = 590 mm
giving 5 mm cover.
A 25 mm
16.7 mm

E 2 mm

o~

N

Y 25 mm

590 mm f
[ 600 mm >~
|-t L

Fig. 8.3 Detail design of isolator (metric).
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This design example has been worked out for metric sizes. When the dimen-
sions are converted to U.S. units and rounded off slightly, different details will
emerge. Figure 8.4 shows an equivalent isolator in these units. Most dimensions
are obvious transformations of the metric sizes; the shim thickness is from stan-
dard gage sizes for thin steel sheets. Here, 12 gage has been selected with a
thickness of 0.1046 in.

8.1.9 Buckling Loads: Safety Factor
The buckling load is given by

Perit = V PsPg

where
2El
Pg= GAs  Pg= %ﬁ
and
A 1in.

g 5/8 in.

=

=2 12 gage

23.5in. ?
>

24 in.

Fig. 8.4 Detail design of isolator (U.S. units).
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(E)ess = E«(DI
From the earlier sections, we have
E.=6GS?
where for this calculation we use the value of G at 20% shear strain, that is,
G5, = 0.70 MPa
from which we have

A _6G0,8’K
© 6GH,S2+K

with K = 2000 MPa and S = 9, giving
E% =290 MPa

By the same process, using G5, = 1.14 MPa, we get
E? = 507 MPa

For a shim diameter of 0.590 m,

T 0.590 \ * 4
I=— | ——] =0.00
) < R ) 595 m
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From these values, we determine the buckling loads for each type of bearing:

I
Py = -z <E? g) G*As  As-= % (0.590)°
0.00595 1/2
- ( —1) 200 % 106 x 2099 67 106 % 0.273
0.20 3
-521x 10°N
= 5210 kN (1170 kips)
T 0.00595 12
Pl = ( m) (507 x 100 x ——"= x 1.4 x 10° x 0.273)

= 9740 kN (2190 kips)

SFA=52 SF? = 4.87

Buckling loads will have negligible effects on horizontal stiffness:

( >
1
1 crit

where K9, is the horizontal stiffness with zero vertical load.

1 24
:Kz,<l—> ~ —— K3 = 0.96KY,

Ky =K
H=0H 25 25

8.1.10 Calculation of MCE Displacement Dy,

The code also requires recalculating the period and damping at the MCE level.
Both compounds show an increase in stiffness at around 200% shear strain. The
modulus of the softer compound is around 0.48 MPa, and the stiffer compound
is around 1.20 MPa. The damping in the softer compound is still around 8%,
but that for the harder compound has dropped to 12.5%. Using these values,
the MCE composite stiffness becomes

0.48 x 0.283
A - . .
- T . .88 k .
Ky 0.200 0.679 MN/m (3.88 kips/in.)
1.2 0.283
B T T . M . ips/in.
Ky 0200 1.678 MN/m (9.58 kips/in.)

Ky = 13.24 MN/m (75.6 kips/in.)
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and the composite damping is

8- 12x 0.679 x O.Of3+2ix 1.698 x 0.125 = 9.7%

giving a damping reduction factor B of 1.19. The period for this stiffness is Ty
= 2.18 sec. The resulting value of Dy is

b, 981 (0.70)
M= 42 119

(2.18)=0.318 m (12.5 in.)

and with the earlier allowance for torsion, the final result for Dy, is

0.322

= 0272 x 0318 =0.377 m (14.8 in.)

™

This result is the maximum displacement to which the prototype bearings will
need to be tested. It represents less than 200% shear strain and less than 80% of
the rollout displacement. There is no reason to expect that the bearings would
not pass this test.

The material properties of the soft compound discussed above are based on
the isolation system designed for the UNIDO demonstration project building in
China [122]. The bearings for this project were 600 mm (24 in.) in diameter,
with 120 mm (48 in.) of rubber. Both hard and soft compounds were used in
this project, and extra bearings of both types were made and sent to the EERC
for testing. In addition to the stiffness and damping characterization tests, the
bearings were subjected to rollout tests. These bearings are held in place by
a recessed endplate detail that is very simple and cost-effective but allows a
bearing to roll out if the vertical load is low. The softer bearing was tested
to over 350% shear strain without rollout, as shown in Fig. 8.5 (the test was
halted at a shear force of 600 kN (135 kips), which is the force capacity of
the test machine). The bearing made up of the hard compound could only be
tested to 220% shear strain, at which point the force capacity of the machine
was reached.

8.1.11 Rollout Displacement
Use a large strain shear modulus:
¢
Dy = e
T+ Kyh/W

) 0.600
" T+(0.566 % 106 x 0.272)/(100 x 105)

=0.519 m (20.4 in.)
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Strain (%)
0 80 100 150 200 250 300 350 400
600k ] T T T T T T

500F — Axial Pressure = 3.62 MPa
-~ Axial Pressure = 0.17 MPa

400r

3001

Shear force (kN)

200r

100r

Oor

1 H

0 50 100 150 200 250 300 350 400 450 500
Bearing displacement (mm)

Bearing: Soft Axial load: 98, 5 tons
Test velocity: 5 mm/s. Axial pressure: 3.62, 0.17 MPa
' , Files: 940125.22
HUME/SHANTOU bearing tests 940127.01

Fig. 8.5 Shear force versus displacement at rollout for soft bearings.

5 0.6

DY =
X1 +(1.41 x0.272)/2

=0.502 m (20 in.)

A final check is global overturning: We assume that the unreduced shear
force KyD is applied to the center of mass of the building in the short direc-
tion, as shown in Fig. 8.6. Assume the center of mass is 5 m (16 ft) above the
isolation system; then the overturning moment is 5Ky D. This is resisted by two
rows of five bearings 10 m (33 ft) from the center so that the addition loads E
(plus and minus) are

11.04 x 0.274
_ MLOAX 02T s MN
E=—oom <O MN/m

= 0.15 MN (33.7 kips)

This is well under the smallest downward load on the corner columns, indicating
that the bearings will not be subjected to upward (tensile) forces.
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|
I
I
! 10 m
| =
!
!
l 5m
E 10m ! 10 m E
5 bearings 5 bearings 5 bearings

Fig. 8.6 Overturning analysis.

8.2 DESIGN EXAMPLE FOR A LEAD-PLUG BEARING

The design of a lead-plug bearing system that provides the same period and
global damping at the design displacement obtained for the high-damping rub-
ber system is a straightforward procedure. When designing for sites with mod-
erate seismicity, it is easy to develop a damping factor of around 15% of critical
viscous damping, and if we use this level as a target value, the design displace-
ment at a period of 2.5 sec becomes

D, 981 (056)(2.5)
D™ yn2 1.35

=0.258 m (10 in.)

The required stiffness to provide a period of 2.5 sec is

27
Ky = 1 —_—
u = 1600 x 000)(( 25)

= 10.1 MN/m (57.7 kips/in.)

The global energy dissipated per cycle is

Wp = 27K et D? X Best
— 27(10.1)(0.285)%(0.15)
= 0.634 MN m (5613 kips in.)
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The relationship of these quantities to the two lead-plug bearing parameters Q
and K, is

Kesr = K, + %
and
Wp=40(D - D)
where

and as an approximate rule of thumb, we take K| = 10K,.
If we neglect D,, we have a first approximation for Q:

- 4D
~0.634 MN/m
©4(0.258)

Q

= 0.611 MN (137 kips)

It follows that

=7.72 MN/m (44.1 kips/in.)
Correcting the first estimate of Q for D, gives

0614
YT 9(7.72)

= 0.009 m (0.35 in.)

so a recalculation gives
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0.634

Q- 4(0.249)

=0.637 MN (143 kips)

The yield level of lead is around 10 MPa (1500 psi), so that the area of lead
plug needed is

App = 0.0637 m? (99 in.?)

The design philosophy for lead plugs is that they should not be too slender
or too squat. For bearings around 0.6 m (24 in.) in diameter, lead plugs with
diameters in the range of 100-150 mm (2.5-3.75 in.) are appropriate. The areas
of 100- and 125-mm-diameter plugs are 0.0079 and 0.0123 m?, respectively.
Three 125-mm-diameter plugs under the three most heavily loaded columns
provide 0.0368 m? and four 100-mm plugs under four other columns (to provide
symmetry) provide a total of 0.0684 m? (106 in.?).

The total rubber stiffness K, needed is given by

Y
K, =Ky- —
H Dp
0.634
- 101 - ——
0.258

= 7.64 MN/m (43.6 kips/in.)

and if all bearings are the same, this means a stiffness of 0.5 MN/m (2.9
kips/in.) for each bearing.

Lead-plug bearings are usually made from a low-damping, high-strength rub-
ber with a modulus at 100% shear strain that might vary from 0.4 to 0.7 MPa
(60-100 psi). Selecting the total rubber thickness as 0.258 m (10 in.) and using
the lowest modulus value, the required area per bearing is 0.318 m? (493 in?),
which is close to a 600-mm- (24-in.-) diameter bearing. The final design would
be a bearing with 20 layers of 12 mm (0.5 in.) each, a diameter of 600 mm
(24 in.) in a compound with 0.4-MPa (60-psi) modulus. The central three heav-
ily loaded bearings will have 125-mm- (4.9-in.-) diameter lead plugs, the four
others will have 100-mm (3.9-in.) plugs, and the remainder will have no lead
plugs.

The stiffness of the plain elastomeric bearings is given by

(0.4)(0.283)

Ky = 50 = 0472 MN/m

and the total @ for the system is 0.684 MN. Therefore, at a displacement of
0.258 m, the stiffness K¢ is given as
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0.684

Kup= 15 x 0.472
eff = 19X * 0258

=973 MN/m

and

Wp = 4(0.684)(0.258 — 0.009) = 0.681 MN/m

giving 8 = 16%. With the total stiffness and DBE displacement of 0.258 m
(10 in.), the reduced base shear becomes

 9.73x0.258

Vs = 5 =126 MN/m or 8% W

When we compute the MCE displacements, the code requires recalculating
the period and damping at the larger displacements. This is, of course, an iter-
ative process, and we begin by assuming that the MCE displacement is around
M, times the DBE displacement. The M), is given in UBC-97, Table A-16-D,
and for ZN, = 0.40 is 1.25. When computing the MCE displacement (at the
center of mass), Dy is given as

_ (g/47*)CymTvm

D
M By,

where Cyyy is given in UBC-97, Table A-16-9, for S¢ soil type as 1.4 My ZN,,
that is, in this case 0.7.

To compute the period Ty, we return to the formula for the effective stiffness
of the lead-plug system, namely,

Keir = Ky + %

where K, = 7.08 MN/m (40.4 kips/in.) and Q = 0.684 MN (154 kips). With
Dy assumed as 1.25 Dp = 0.323 m (12.7 in.), we have

Kegr = 9.2 MN/m (52.5 kips/in.)
The total energy dissipated per cycle, Wp, is 4Q(Dy — D,), and

D, ~ -9%:0.011

giving
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Wp = 0.854 MN m (7558 kips in.)

and

Wp

———=14%
27I'KeffDM

Bett =

This means that B = 1.32 and the new period T, is given by

27
= ———==12.62sec
M 8216
leading to
B (g/472)(0.7)(2.62)

Dy =0.345m (13.6 in.)

1.32
To correct the first guess, recalculate Ko at 0.345 m (13.6 in.); this is

0.684

Kot = 7.08
eff T 0345

=9.06 MN/m (51.7 kips/in.)

giving

T =2.64 sec Beti = 13.5%

These numbers are close enough to the first guess for the displacement to be
taken as 0.345 m. To estimate the additional displacement due to torsion in
the lead-plug case, it is probably enough to use the code default formula since
the displacements are relatively modest. Once done, we have from the earlier

calculation
Dr = D(1+0.24)
leading to

DTD =0.320m (126 m)
Drp=0.428 m (16.9 in.)

These will be used to establish the prototype test program.



CHAPTER 9

COMPUTER APPLICATIONS

9.1 INTRODUCTION

In this chapter we will first introduce techniques for preliminary selection of
design loads and optimizing the number of different isolator sizes for a project.
We will describe application of the computer program ISOSEL, included on
the companion CD-ROM disc, which efficiently utilizes these techniques. An
overview of available computer programs for analysis of seismic-isolated struc-
tures is presented next. Finally, we present examples of using the SAP2000
nonlinear program to model nonlinear isolation systems and demonstrate non-
linear dynamic time history analysis of such systems subjected to a variety of
earthquake ground motions. Furthermore, we will explain the use of the non-
linear gap and hook elements to model trilinear hysteretic behavior of isolation
systems and to model pounding of the isolated system against a rigid external
obstacle such as a retaining wall.

All computer programs and data files discussed in this chapter are included
on the companion CD-ROM disc. We will explain how to access and use these
programs and data files as a part of our presentation of computer application
examples in this chapter. Also available to the reader are several AVI animation
files, which demonstrate the response of example systems when subjected to
selected time histories.

9.2 PRELIMINARY SELECTION OF DESIGN LOADS AND ISOLATOR
SIZES

9.2.1 Overview

The preliminary design of a bearing in an isolation system begins with deter-
mining the sustained vertical gravity loads to be carried by that bearing. The

Design of Seismic Isolated Structures: From Theory to Practice. F. Naeim and J. M. Kelly 203
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sustained gravity load consists of the dead load and a realistic estimate of the
live load. Realistic estimates of live load are usually much smaller than the live
load prescribed by codes for design of structures. A safety factor of about 2.0
is considered in proportioning the isolators for sustained gravity load, which
means these isolators can sustain twice this load when they are experiencing
the maximum total displacement with a safety factor of 1.

In order to minimize the total cost of the isolation system, we usually need
to minimize the number of different isolators. The total cost of the isolation
system consists of a fixed cost for each mold and a variable cost for the volume
of rubber:

C:MXm+Z(VOL)><c ©.1)

where C = total cost of isolation system
M = number of different isolators
m = cost of an isolator mold
¢ = cost per unit volume of isolator

The typical cost of an isolator mold is about $100,000 and c is roughly
6¢/cm’ ($1.00/in.%). Therefore, unless the isolators are available off the shelf
in predetermined sizes with no mold cost, increasing the number of different
isolators, from four to six, for example, can significantly increase the total cost
of the isolation system.

Traditionally, the engineer plots the sequence of column gravity loads from
smallest to largest; then, by looking at the plot, he or she decides how many
bearing types may be necessary and tries to select the design loads by min-
imizing the variation of load on various isolator types. This process is very
subjective and can lead to inaccuracies and designs that are not optimized. The
computer program ISOSEL accompanying this book can be of great value in
taking the guesswork out of this very important decision process.

9.2.2 Selection of Design Loads by Linear Regression and
Least-Squares Analysis Techniques

The problem may be stated as follows. Given a sequence of N column loads
ordered from smallest to largest (1, ..., N), where the column loads CL; are
ordered such that

CL;_ ;) £CL; <CL;4;y i=1,...,N
select L bearing design loads and K spaces,

My M, ..., Mj,..., M, S1,5,...,5
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respectively, to minimize the difference between the histogram of N ordered
column loads and the reduced histogram of L design loads and K partitions
(see Fig. 9.1).

For each partition, the least-squares technique may be applied in order to
compute the best design load for that partition. If the least-squares approxi-
mation is represented by the line y = ax + b, then the sum of squares of the
deviations represented by Eq. (9.2) is a minimum:

S
I= J [f(x) = (ax + b))* dx (9.2)
SG- 1)
Therefore,
di 0
Ja 0= J {2[f(x) — (ax + D)]}(x) dx 9.3)
a SGE-1)
dl 5@
— =0=- J. (2[f(x) - (ax+ b)]} dx (9.4)
db Si-1)

In each partition, the design load M is a constant (M = b). Hence Eq. (9.4),
which is the only equation needed, reduces to

S(@)
[SG) - S~ Db = z fx) 9.5)

Si-1)

1;):;;) _/
o [//
400 - L r

200 —
100 [

0 f : t f {
0 20 40 60 80 100
Isolator Number

Fig. 9.1 Typical histogram of gravity loads on isolators sorted in ascending order of
loads.

Gravity Load
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and

0)
> @
= =G 1) (9.6)

S -SiE—-1)

This means that the best value of M is simply the average of the column loads,
f(x), for each partition.

Given the number of design loads or the isolator types, a computer pro-
gram can be written that investigates every possible location of partition lines
and selects those locations that result in the least possible cumulative value of
deviation I. As demonstrated later, however, such a procedure is very ineffi-
cient, resulting in an inordinate number of floating-point operations (FLOPs).
The number of FLOPs become so excessive that if the number of isolator types
exceeds three or four, the procedure becomes practically unusable.

In contrast, the ISOSEL computer program deploys an approximate strategy
that leads to practically the same result but with a fraction of computational
effort as compared with the direct scheme described above.

9.2.3 The ISOSEL Solution Strategy

To obtain the optimum design distribution of the isolators for a given number of
bearing sizes, ISOSEL employs a linear search technique. Two different meth-
ods are implemented in ISOSEL. For both approaches, the column axial load
distribution [ f(x)] on the isolators is sequentially arranged in ascending order
of axial load by the computer program. In the first approach, or method 1, the
maximum and minimum loads are divided into n equal segments giving n parti-
tions, where n is the number of different isolator types. The isolator number of
the start location for the first partition is always 1, which is the number of the
isolator with the lowest axial load. The isolator numbers identifying the start of
the subsequent partitions of the distribution are obtained by drawing a vertical
line at the point of intersection of the design axial load and the plot of axial
load f(x) versus isolator number x. The isolator number that just exceeds this
value of x is the program’s initial guess of the design distribution. For example,
if there are two partitions, the starting isolator number for the second partition
is the number at which the axial load on that isolator just exceeds the mean of
the maximum and minimum axial loads. In the second approach, or method 2,
the isolator numbers identifying the start of each partition are equally spaced
between 1 and the maximum number of isolators.

Starting with the initial guess, the isolator number between partitions i and
i+ 1 (or the start isolator number for partition i + 1) is decremented one num-
ber at a time until the variance of the axial load for partitions { and i + 1 is
a minimum. This is done while keeping the start numbers of the ith and i + 2
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TABLE 9.1 Individual Gravity Loads on FCLJC 98 Isolators

198 234 498 754 903
265 242 116 983 239
231 231 115 942 487
231 185 594 495 532
235 495 545 295 533
250 234 100 294 486
325 261 103 305 600
265 260 504 704 495
232 234 515 693 502
232 235 901 495 598
265 261 904 504 452
341 483 584 901 575
265 501 853 875 543
316 815 957 495 584
318 817 109 543 572
309 494 834 873 484
315 485 529 885 495
262 101 109 453 475
331 102 113 475

265 502 584 918

partitions constant. The search direction is reversed if the variance increases
with decreasing isolator number. This isolator number then serves as the new
starting isolator number for partition i+ 1. The iterations are carried out starting
with the first and second partitions and ending with the n— 1 and nth partition,
moving over one partition at a time. The total variance of the axial load is then
computed for all partitions in the revised configuration of isolator distribution.
This process is repeated until the total variance converges to a constant number.

9.2.4 Application of the ISOSEL Computer Program’

The utility of the ISOSEL program is demonstrated by applying it to the design
of the Foothill Communities Law and Justice Center (FCLJC), the first seismi-
cally isolated building in the United States. There are a total of 98 isolators
used in this project (Fig. 9.1). The distribution of sustained gravity loads on
individual isolators is presented in Table 9.1. A file containing this information
in a free-format form, which serves as the ISOSEL input file for this problem

IBefore you use the ISOSEL program for the first time, you need to install it from the companion
CD-ROM disc. Place the disc in your CD-ROM drive. If the SAP2000 demonstarion automatically
starts, exit from it by clicking the cross on the top right-hand corner of the SAP2000 window.
Use Windows Explorer from the Windows 95 or NT Start menu and double click on the Setup
icon contained in the \ISOBOOK\SETUP directory of the CD-ROM disc. The setup program will
guide you through the rest of the installation process.
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(BEARLOAD.DAT), may be found in the same directory on your hard disk
where you installed the ISOSEL program.

Start the ISOSEL program. The window shown in Fig. 9.2 will appear on
your screen.

Click on Open under the File menu and open the BEARLOAD.DAT file
(Fig. 9.3). Then click on the Calculate button for the ISOSEL to perform its
computations. The window shown in Fig. 9.4 will appear on your screen.

Here you see that method 1 is activated using only one isolator type. The
mean value of the isolator loads and the corresponding deviation are shown on
the grid to the left side of the window. A histogram of isolator loads is shown on
the plot to the left, and the deviation as a function of number of isolator types
is shown on the plot to the right of the window. You can change to method
2 by clicking on the corresponding radio button next to it and clicking on the
Calculate button. The program will recompute the values based on the selected
method.

Click on the zoom button displayed on the variation plot to see a clearer
picture of how the variation reduces with increasing number of isolator types
(Fig. 9.5). From this figure you can see that for this project we enter a zone of
diminishing returns for more than four isolator types. Exit from this window
and click on the right arrow of the scroll bar shown below the isolator load
plot to increase the number of isolator types. You will see that the locations
of selected partitions on the load plot changes and the values on the grid are

MISOSEL
AN

Fig. 9.2 ISOSEL program’s initial screen.
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Fig. 9.3 ISOSEL input file selection window.

immediately updated to reflect the design loads and the amount of variation for
the number of isolator types you select.

Click on the right arrow of the scroll bar two more times to select four iso-
lator types. Notice that the number of each isolator type needed and the cor-
responding design sustained load are displayed on the grid. Click the Zoom

| Variance |

54462 | 75004.33

Fig. 9.4 ISOSEL result screen showing the results obtained using one isolator type.
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Fig. 9.5 Variance as a function of number of isolatory types used.

button on the isolator load plot. The window shown in Fig. 9.6 will appear on
your screen showing a bar chart of the design loads for each isolator type.

Click on Isolator Distribution, Sustained Load, or Variance from the Options
menu to see the corresponding bar chart (see Fig. 9.7 for an example).

You may also select other chart types in addition to the bar chart from the
View Options menu (see Figs. 9.8 and 9.9).

The results of ISOSEL design using methods | and 2 are given in Tables
9.2 and 9.3 for a number of bearing types ranging from 2 to 9. The minimum
variance in the axial load and the number of FLOPs for convergence are also
shown.

Figure 9.10 shows isolator distribution obtained from the two methods for
number of bearing types equal to three. Clearly the results using partition-
ing based on method 1 are better, since they correspond to a lower variance.
ISOSEL results are also consistent with the solution obtained by a direct search
program where all possible combinations are investigated to minimize the total
variance. Figure 9.11 shows the plot of the variance of the axial load versus
number of bearing types, and Fig. 9.12 shows the required number of FLOPs
versus number of bearing types using methods 1 and 2. For three isolator types,
ISOSEL converged using 6822 FLOPs for method 1 and 3660 flops using
method 2. The direct search procedure would require 1,560,527 FLOPs to pro-
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™ 1SOLZOOM |
o :Ry{:_

Fig. 9.6 Design sustained loads selected by ISOSEL for four isolator types.

Fig. 9.7 Number of required isolators of each type.
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Fig. 9.9 Pie-chart view of information presented in Fig. 9.8.
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Fig. 9.10 Comparison of ISOSEL solutions by methods 1 and 2.
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Fig. 9.11

ISOSEL design variances after convergence for methods 1 and 2.
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Fig. 9.12 Number of FLOPs required by ISOSEL for convergence by methods 1
and 2.

vide the same answers. For four isolator types, ISOSEL converged with 4600
or 4523 FLOPs depending on the selected method. The direct search procedure
would require 35,780,370 FLOPs to reach the same conclusion. While the num-
ber of FLOPs using the direct search method increases exponentially with any
increase in the number of isolator types considered, the number of FLOPs for
the procedures implemented in the ISOSEL program is not a strong function
of the number of isolator types. For any case, no matter how many isolators
and isolator types are considered, ISOSEL may be used to provide exact or
near-exact solutions in a matter of seconds.

9.3 COMPUTER PROGRAMS FOR ANALYSIS OF SEISMICALLY
ISOLATED STRUCTURES

Although linear elastic models can be used for the preliminary design of high-
damping natural rubber seismic isolation systems, a more accurate representa-
tion of the nonlinear force—displacement relationship of the bearings is typically
required for final design verification analyses. This necessitates using special-
ized computer programs to analyze isolator models made of combinations of
discrete nonlinear elements with superstructure models that are fully elastic or
that permit some localized nonlinear behavior. Several programs running on
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platforms from personal computers to mainframes are available for this purpose,
and the selection of a particular program depends largely on the requirements
of the end user. Described below are some of the more widely used computer
programs for the analysis of seismically isolated structures.

9.3.1 N-PAD

The first computer code developed specifically for the analysis of seismically
isolated buildings is known as N-PAD [56, 132]. This program explicitly mod-
els the nonlinear isolation elements but adopts a simplified model of the super-
structure. The rationale behind this approach is that the period shift and energy
dissipation inherent in a nonlinear isolation system serve to reduce the force
transmitted to the superstructure to the point where it can be assumed to remain
elastic. A rigid diaphragm assumption is used in the superstructure representa-
tion so that only three degrees of freedom are present at each floor (two trans-
lational and one rotational). Equivalent viscous damping can be specified sep-
arately for each mode of the superstructure. This type of structural model is
commonly referred to as a “stick model.”

Two isolation elements are available in N-PAD that can model] elastic—plastic
or bilinear elastic behavior. Each uses a two-dimensional yield surface in strain
space to define the element shear force—displacement relationship. Of course,
linear elastic behavior can also be represented in such a model. A global viscous
damping coefficient may be defined for the isolation system, and the vertical
stiffness of the individual isolators is included.

The substructuring of the upper structure and the isolation elements in
N-PAD leads to a computationally efficient solution scheme. Its drawbacks,
however, include the inability to fully capture the behavior of a general three-
dimensional superstructure and the lack of a model to account for stiffening
of elastomeric isolators because of strain crystallization. This second limitation
applies to the current version of many of the programs outlined here. N-PAD
runs on IBM-compatible personal computers and is proprietary software of Base
Isolation Consultants of San Francisco, California.

9.3.2 3D-BASIS

The most widely used code for analyzing isolated structures today is the
3D-BASIS suite of programs, developed at the State University of New York
at Buffalo [96]. The basic version of the program was introduced in 1989 and
then updated in 1991 [97, 99]. It represents the superstructure with a linear
elastic stick model similar to N-PAD, but incorporates several different mod-
els for the isolation elements intended to capture bilinear, frictional, and linear
viscous behavior. The bilinear element produces a smooth force—displacement
relationship via a modified Wen model, but the response is uncoupled in the
two horizontal directions. The frictional element does account for bidirectional
loading and incorporates a friction coefficient that varies with sliding velocity.
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Discrete linear elastic and linear viscous elements may also be used to repre-
sent moderately damped elastic bearings. 3D-BASIS does not incorporate any
vertical analysis capabilities.

An efficient solution scheme is implemented in 3D-BASIS in which the
nonlinear element forces are moved to the right-hand side of the equations of
motion and solved iteratively. Like N-PAD, however, there is no capability to
model a general three-dimensional superstructure or a stiffening isolation sys-
tem. 3D-BASIS was originally developed on a workstation but is now avail-
able for a wide variety of platforms. Several modified versions have also been
developed to model the response of multiple structures supported on a single
isolated base mat (3D-BASIS-M), seismically isolated tanks (3D-BASIS-ME),
and to interface with the commonly used building analysis software ETABS
(3D-BASIS-TABS). 3D-BASIS is distributed through the National Center for
Earthquake Engineering Research (NCEER) at SUNY Buffalo and the National
Information Service for Earthquake Engineering (NISEE) at the University of
California at Berkeley.

9.3.3 ETABS

ETABS (from Computers and Structures of Berkeley, California) is the most
popular computer program for dynamic analysis of major building systems in
western United States. Recent releases of this program (Versions 6.0 and higher)
introduced several nonlinear elements appropriate for modeling seismic isola-
tion components. These include simple bilinear elements with constant hard-
ening and viscous elements with variable-velocity exponents. Combinations of
these elements may be used to reproduce the behavior of high-damping rubber,
lead—rubber, or sliding isolation bearings. A complete, three-dimensional linear
superstructure model is typically decomposed into mode shapes and then com-
bined with the nonlinear elements at the foundation level in a time history anal-
ysis. Concentrated nonlinear elements may also be used in the superstructure,
for example, to model passive energy dissipators. Using the gap and nonlinear
spring elements, the net tension and uplift of the isolators may be modeled. At
this time, however, the masses are not activated in the vertical direction, and
hence the impact force created by return of the uplifting isolators to the equi-
librium position is underestimated. One important and rather unique feature of
this program is the relative ease by which complex nonrigid floor diaphragms
may be modeled.

9.3.4 SAP-2000 Nonlinear

The development of the SAP series of computer programs was initiated by
Edward L. Wilson of the University of California, Berkeley, in the early 1970s.
Many generations of this program have been developed over the years. The
most famous public domain versions of the program released during the 1970s
were SAP-IV, NONSAP, and SOLID-SAP. With the advent of personal comput-
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ers, new generations of the SAP programs were developed for efficient execu-
tion on personal computers by Computers and Structures of Berkeley, Califor-
nia. SAP-2000 (a replacement for SAP-90) is the latest and most sophisticated
member of this new generation. This is the first version of SAP completely inte-
grated within Microsoft Windows. It features a powerful graphical user inter-
face unmatched in terms of ease of use and productivity. Creation and modifi-
cation of the model, execution of the analysis, and checking and optimization
of the design are all done through this single interface. Graphical displays of
the results, including real-time display of time history displacements, are easily
produced. SAP-2000 significantly simplifies model creation and modification
as well as the way analysis and design are managed.

Three different versions of SAP-2000 are available: SAP-2000, SAP-2000
PLUS, and SAP-2000 Nonlinear. All three versions use the same graphical user
interface.

All of these programs feature sophisticated capabilities, such as fast equation
solvers, force and displacement loading, nonprismatic frame elements, highly
accurate shell elements, Eigen and Ritz dynamic analysis, multiple coordinate
systems for skewed geometry, many different constraint options, the ability to
merge independently defined meshes, a fully coupled 6-x-6 spring stiffness, and
the option to combine or envelope multiple dynamic analyses in the same run. The
SAP-2000 PLUS version adds unlimited capacity, bridge-analysis capabilities,
a complete range of finite elements, and time history analysis options. Ground
motion effects with multiple base excitations can be included. The SAP-2000
Nonlinear version extends the PLUS capabilities by adding a dynamic nonlinear
link element for gaps, hooks, isolators, dampers, hinges, and more. This nonlin-
ear link element (Nllink) allows users to model the dynamic behavior of every-
thing from tension-only braces in buildings to postyield hinges in three-dimen-
sional frames to elastomeric bearings for bridges and base-isolated buildings.

SAP-2000 also features powerful and completely integrated design modules
for steel and concrete, available from within the same interface used to create
and analyze the model. The design of steel frame members features initial mem-
ber sizing and iterative optimization. The design of concrete frame members
includes the calculation of the amount of reinforcing steel required. Members
can be grouped for design purposes, and a single mouse click on an element
brings up the detailed design calculations.

SAP-2000 uses a solution scheme similar to that used in 3D-BASIS in which
the forces in the nonlinear elements are moved to the right side of the equations
of motion and then solved by iteration until convergence is reached. A rigid dia-
phragm option is available for simplified analyses of regular building models.
SAP-2000 is very suitable for analysis of complex structures with local nonlin-
earities (such as base isolators or local yielding of the superstructure elements).

The educational version of SAP-2000 Nonlinear and a complete set of user
manuals, verification manuals (which includes a three-dimensional dynamic
time history analysis of a seismic-isolated structure), and tutorials are con-
tained in the companion CD-ROM. The education version included in the com-
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panion CD-ROM has all the features of SAP-2000 Nonlinear, except the number
of nodes is limited to 30.

9.3.5 General Nonlinear Three-Dimensional Analysis Programs

Several other general-purpose programs have been developed in both the
research and commercial environments that are suitable for analysis of base-
isolated structures. The code LPM (Lumped Parameter Model) was originally
developed for modeling the nonlinear three-dimensional behavior of masonry
structures but has also been used for isolated structures [59]. This program
includes a number of one-dimensional nonlinear elements suitable for isola-
tion bearings and can also incorporate nonlinear elements in the superstructure
model. LPM can model stiffening of elastomeric bearings and can incorporate
vertical degrees of freedom. LPM is proprietary software and runs on IBM-
compatible personal computers.

The programs DRAIN-2D, DRAIN-3D, and ANSR were developed at the
University of California at Berkeley for the nonlinear analysis of two- and
three-dimensional structures [58, 83, 106]. Similarly, IDARC-2D and IDARC-
3D computer programs were developed at the State University of New York at
Buffalo. These programs have libraries of nonlinear elements that are appro-
priate for many types of seismic isolators, and the source codes are distributed
with the programs so that additional elements can be added by the end user.
This group of programs run on a variety of different platforms.

A similar program named INADEL, which runs under the MATLAB envi-
ronment, is also applicable to isolated structures as well as structures incorpo-
rating damping elements or active control devices [52]. INADEL uses a state-
space formulation with partitioned integration to enhance the computational
efficiency and offers the advantage of the postprocessing capabilities of MAT-
LAB. Adding elements to the existing nonlinear element library is straightfor-
ward. While the programs DRAIN, ANSR, and INADEL have the advantage of
extensibility by the end user, because they have been developed in the research
community, they are not always ideally suited for commercial users.

Five other general-purpose nonlinear three-dimensional analysis programs
should be included in this summary: ABAQUS, NASTRAN, ADINA, ANSYS,
and COSMOS. Each of these incorporates a variety of sophisticated nonlinear
models for dynamic analysis, and some provide the option of incorporating
user-defined elements. These may be appropriate for analyzing complex super-
structures on isolators but typically require a substantial initial investment in
terms of both money and time spent becoming familiar with the programs.

9.4 NONLINEAR DYNAMIC TIME HISTORY ANALYSIS

Recall the simple example presented in Section 8.1. Assume that two types of
isolators are selected as given in Table 9.4. For the exterior isolators we use
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the type A bearings, and for the interior isolators we use the type B bearings.
Bilinear force-displacement backbone curves for these isolators are shown in
Fig. 9.13. Additionally, we assume that the floor diaphragm immediately above
the plane of isolation is rigid in its own plane. In order to work within the
30-node limitation of the educational version of SAP-2000 accompanying this
book, the two floors above this diaphragm are not modeled, and the total mass
of the building is dumped on the diaphragm directly above the isolators. Obvi-
ously, if this was a real project, those floors and the structural system above
the isolation plane would have been explicitly modeled. To further simplify this
example, we will ignore the minimum-eccentricity requirements and place the
center of mass at its calculated position, which is the center of the diaphragm.

We will examine the response of this system when subjected to any of the
seven pairs of time histories given in Table 9.5 (which are selected from the
CDMG list of ground motions considered appropriate for modeling seismic-
isolated buildings subjected to near-fault effects). The damping in the systems
is assumed to come entirely from the hysteretic behavior of the isolators. To pre-
serve the numerical stability of the solution scheme and to reduce the required
number of subiterations, we have assigned a total of 1% viscous damping to
the structural system.

The bilinear properties of isolators are modeled via the SAP-2000 ISOLA-
TORI1 elements. The SAP-2000 input file for this example is named Exam-
plel.s2k and may be found in the SAPModels subdirectory of the directory
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Fig. 9.13 Bilinear isolator models.
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where you installed the ISOSEL program. Also included in the same subdi-
rectory are the data files corresponding to all of the seven pairs of time his-
tories listed in Table 9.5. To run this problem, execute SAP-2000 by clicking
on the SAP-2000 Educational entry from the Windows 95/NT Start/Programs
menu. Once SAP-2000 is loaded, select the SAP2000. S2k file type from the
Files/Import menu (see Fig. 9.14) and select Examplel.s2k in the subsequent
window (Fig. 9.15). The model as shown in Fig. 9.16 will appear on your
screen. To perform analysis, simply click on the — icon on the SAP-2000
menu bar. The analysis is performed for all seven pairs of time histories.

Once the analysis is completed, you may examine both the general response
characteristics and individual isolator response. For example, base shear time
histories in the longitudinal and transverse direction corresponding to the Syl-
mar pair of horizontal components are superimposed in Fig. 9.17 and the energy
imparted on the system by the same pair is shown in Fig. 9.18.

Figure 9.19 shows the time history of X-direction forces for the corner iso-
lator located at the origin of the global coordinate system when subjected to
the Sylmar pair of ground motions. The force deflection response for the same
isolator and the same pair of ground motions is shown in Fig. 9.20. For further
information on effective use of the SAP-2000 analytical capabilities and user
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Fig. 9.14 Selection of input file type from the SAP-2000 File menu.
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Fig. 9.15 Selection of input file to be used.
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Fig. 9.16 Three-dimensional view of the SAP-2000 nonlinear model.
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it TimE HISTORY FUNCTIONS

Fig. 9.17 Base shears in principal directions when subjected to the 1994 Northridge
at Sylmar time history pair.

Fig. 9.18 Input energy when subjected to the 1994 Northridge at Sylmar time history
pair.
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Fig. 9.19 Shear force on a corner isolator (1994 Northridge at Sylmar time history
pair).
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Fig. 9.20 Force—~displacement hysteresis loops for a corner isolator (1994 Northridge
at Sylmar time history pair).
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interface, consult the comprehensive on-line tutorials and documentation that
are included in the companion CD-ROM disc.

Summary of the displacement response obtained from this analysis is presented
in Table 9.6. Clearly the 1979 Array #6 pair and the 1994 Sylmar pair control the
maximum response of this system. Response to the other five pairs is much less
significant. Also notice that for all cases the maximum displacement demands in
the two orthogonal directions are significantly different. Of course rotating the
ground motion pair will rotate the results since the stiffness of the isolation system
is the same in both directions. This table clearly demonstrates why the procedure
called for by many codes for scaling both components simultaneously to exceed
the design spectrum is both irrational and overconservative.

High-damping rubber bearings generally exhibit a significant stiffening at
large displacements. To investigate the possible effects of this hardening, a sec-
ond SAP-2000 input file was generated (Example2.s2k). In this example the
force deflection backbone curve of the isolators were modeled to have a trilin-
ear shape with post—elastic stiffness doubling at the arbitrarily selected displace-
ment value of 25 cm (10 in.). Since the SAP-2000 element library accommo-
dates only bilinear behavior for elastomeric isolators, we augmented each ISO-
LATORT1 element with a pair of nonlinear compression-only (gap) and tension-
only (hook) elements (in each direction) with stiffness values corresponding to
the net hardening stiffness of the isolators. The force deflection characteristics
of these gap and hook elements are shown in Fig. 9.21. Although this technique
is approximate because it ignores the cross-coupling of motion in orthogonal
directions (SAP-2000 gap and hook elements are uniaxial), it is accurate enough
for most practical applications.

TABLE 9.6 Summary of Displacement Results Obtained by Nonlinear Time
History Analysis

Maximum Maximum Maximum
X-Direction  Y-Direction Resultant
Displacement Displacement Displacement Time of
Pair Time Maxima
No. History Pair cm  in. cm in. cm in. (sec.)
1 Array #6 61.8 243 335 13.2 704 27.7 5.05
2 Hollister, South
Pine 88 35 25.6 10.1 27.0 10.6 8.36
3 Lexington Dam 233 9.2 223 88 319 126 441
4 Lucerne Valley 45 1.8 27.0 10.6 27.1  10.7 11.25
5 Yermo Fire Station 47 19 15.8 6.2 16.1 6.3 16.82
6  Petrolia 356 14.0 13.1 5.2 374 147 3.34
7 Sylmar, County

Hospital Parking
lot 46.1 18.1 335 132 50.0 19.7 5.05
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Fig. 9.21 Nonlinear gap and hook elements used to model isolator hardening.

As expected, this modification bad from little to no effect on the response to
the five pairs of time histories, which produced displacement components less
than or slightly over 25 cm (10 in.) in each direction. The maximum resultant
displacement response to the Array #6 pair, however, was reduced by 26% from
70.4 to 55.8 cm (27.72 to 22.97 in.). Surprisingly, the effect on the response
to the Sylmar pair was not significant; although the isolator hardening reduced
the maximum displacement in one direction, it increased it in the orthogonal
direction, with the net resultant maximum displacement being almost exactly
identical [49.9 cm (19.65 in.) compared to 50.0 cm (19.68 in.)].

In order to investigate the possible effects of pounding of the isolation sys-
tem and a retaining wall or an adjacent building located at a distance smaller
than the maximum displacement of the isolators, a third input file was generated
(Example 3.s2k). This is a modification of the second input file, where addi-
tional gap and hook elements are added to the external nodes to model the very
large stiffness of such an external object. The reason for adding these elements
to the existing joints was to perform this exercise within the 30-node limit of
the companion educational program. If this limit was not a consideration, the
external walls or buildings would be explicitly modeled. The distance of the
retaining wall from the isolation system was arbitrarily chosen as 45 cm (17.7
in.). The force deflection characteristics used to define the elements representing
the external wall are shown in Fig. 9.22. As expected, this modification did not
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Fig.9.22 External retaining wall stiffness as modeled by nonlinear gap and hook elements.

change the response of the system to the five pairs exhibiting displacements
smaller than the assumed gap of 45 ¢cm (17.7 in.). Impact of the isolation system
against the wall, however, occurred only once in response to the Array #6 and
the Sylmar pairs of ground motions generating a high-frequency spike of force
as shown in Figs. 9.23 and 9.24.

I TIME HISTORY FUNCTIONS

| I (496,-1197458)
S R

Fig. 9.23 Pounding force on the wall as modeled by a nonlinear gap element (Sylmar
pair of time histories).
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Fig. 9.24 Single impact on the wall 45 cm away from the edge of slab (Array #6 time
history).

Several AVI files showing video clips of the response of the above three
examples to the Array #6 and the Sylmar ground motions are contained in the
SAPModels subdirectory. To watch these video clips (Fig. 9.25), simply double
click on their icons.

% ARRAYS 1.AVI

st

Fig. 9.25 Snapshot of video clip showing response of the system to the 1979 Imperial
Valley as recorded at the El Centro Array #6 recording station.



CHAPTER 10

SPECIFICATIONS FOR DESIGN,
MANUFACTURING, AND TESTING OF
ISOLATION DEVICES

10.1 INTRODUCTION

Successful implementation of any seismic-isolated project is not possible without
clear specifications for design, manufacturing, and testing of the isolation devices.
Furthermore, consistent provisions are needed in order to acquire and evaluate the
qualifications of manufacturers and their products. Once a preliminary design of
the seismic isolation system is completed, it is common practice to issue a doc-
ument called the Request for Qualifications (RFQ). The RFQ explains the spe-
cific characteristics of the isolation system and isolation devices as envisioned
by the design team and asks potential manufacturers to submit documents that
demonstrate their qualifications and prior experience of manufacturing bearings
with properties similar to those sought for the given project. Based on the evalu-
ation of the RFQs and recommendations of the structural engineer of the record,
a short list of manufacturers for the project is retained for further consideration.

Successful RFQ responders may offer alternative solutions to that originally
envisioned. These alternatives may or may not be appropriate or feasible for
the project under consideration. After careful evaluation of all possible options
offered by the qualified manufacturers, the design engineers may come up with
one or more alternative seismic isolation designs. For example, the designers
may have originally envisioned only a high-damping rubber solution. However,
the evaluation of submittals may convince them to consider other solutions such
as lead—rubber bearings, friction pendulum bearings, auxiliary damping devices,
or a combination of some of these systems for the project.

Once the characteristics of the acceptable isolation system are finalized, a doc-
ument is produced that contains details of acceptable materials, size limitations,
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performance characteristics, manufacturing processes, testing procedures, and
quality assurance measures. This document, which is commonly referred to as
the Specifications for Design and Manufacturing of Isolation Devices (SDMID),
becomes the backbone of the Request for Proposals (RFP), which is issued to
obtain competitive bids from qualified manufacturers. More importantly, this doc-
ument acts as a project-specific code that governs every aspect of design, manu-
facturing, and construction of the isolation system from this point forward.

The key consideration in development of seismic isolation specifications is
to avoid overspecification as well as underspecification. For example, in the
specifications developed for a hospital in the Los Angeles area during the late
1980s, the rubber compound to be used, the manufacturing process, and the
stiffness characteristics required were specified. When prototype testing of the
isolators indicated stiffness characteristics that were substantially different from
the required characteristics, the manufacturer claimed no fault because he used
the exact rubber compound and manufacturing procedures as specified by the
designers and thus could not be held responsible if the end results were dif-
ferent from what the specification writers had envisioned. Underspecification,
on the other hand, can create even more problems. For example, if the method
of calculating damping is not specified, the manufacturer may use the results
obtained from small-scale tests or from smaller displacement tests that usually
indicate higher damping values than those exhibited by full-scale isolators.

The following section gives a sample specification developed by Seismic
Isolation Engineering for use in its isolation projects and reproduced here by
permission. It contains a specification for elastomeric systems that is an attempt
to cover the basic requirements of the manufacturing and testing of elastomeric
isolators without encroaching on the proprietary procedures of the isolator man-
ufacturers. It can be used with minimal modification for projects for which
elastomeric isolators are intended. If alternative systems are acceptable to the
engineer of record, they should be supplemented by performance specifications,
testing requirements, and production quality control requirements.

It is always prudent to leave room in the specifications for alternative isola-
tion solutions that either have not been investigated thoroughly or at the time
of design did not seem feasible. With rapid changes in the technology, there
is always a chance that one of these alternative systems may provide a very
feasible solution for the problem at hand.

10.2 SAMPLE SPECIFICATIONS

Part 1: General

1.1 Summary
A. Section Includes
The work includes engineering design of elastomeric seismic isola-
tion bearings, submission of technical performance data for isolation
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bearings, preparation of bearing shop drawings, fabrication, testing,
handling, and shipping to the job site.

1.

Extent of fabricated seismic isolation bearings work of this section
is indicated on the drawings and by the requirements of this sec-
tion. Shipment and delivery of seismic isolation bearings shall be
in accordance with the project schedule.

Production Bearings

Provide high-damping rubber (HDR) or lead-rubber (LR) elas-
tomeric seismic isolation bearings, referred to herein as “production
bearings,” in accordance with the specifications and the drawings.
Prototype Bearings

Provide one HDR or LR bearing of each type, in accordance with
these specifications and the drawings. Such bearings are referred to
herein as “prototype bearings.” Prototype bearings shall not be used
for construction. If the bearing manufacturer’s testing equipment
requires that the bearings be tested in pairs, provide two prototype
bearings of each type such that two independent sets of data are
obtained.

Isolation Bearing Handling, Installation, and Long-Term Mainte-
nance Manual

Provide bound documentation that thoroughly describes require-
ments for all job site handling and installation requirements for
seismic isolation bearings. Include maintenance and inspection doc-
umentation appropriate for 50 years duration. This documentation
will be used for correct installation of isolation bearings and will
form the basis of the building owner’s long-term maintenance and
inspection program for the isolation bearings.

B. Related Work
Installation for isolation bearings is not covered in this specification
document.

C. Related Sections

L.

Drawings and general provisions of contract, including general con-
ditions and Division 1 specifications section, apply to this section.

1.2 References
A. Standards
Comply with the applicable provisions of the current editions of the
following codes and standards, unless otherwise specified herein:

1.

2.

Uniform Building Code (UBC), 1997 Edition, Appendix to Chap-
ter 16

American Institute of Steel Construction (AISC): Specification for
the Design, Fabrication, and Erection of Structural Steel for Build-
ings

. AISC: Code of Standard Practice for Steel Buildings and Bridges,

except as modified herein
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4.

14.
15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

American Society for Testing and Materials (ASTM): A36—
Standard Specification for Structural Steel

. ASTM AI108—Standard Specification for Steel Bars, Carbon,

Cold-Finished Standard Quality

ASTM A325—Standard Specification for High-Strength Bolts
ASTM A570—Standard Specification for Structural Sheet Metal
ASTM A572—Standard Specification for High Strength Low
Alloy Columbium-Vanadium Steels of Structural Quality

. ASTM B29—Standard Specification for Lead

ASTM D395—Standard Test Methods for Rubber Property—
Compression

. ASTM D412—Standard Test Methods for Rubber Properties in

Tension

. ASTM D429—Standard Test Methods for Rubber Property-—

Adhesion to Rigid Substrate

. ASTM D518—Standard Test Method for Rubber Deterioration—

Surface Cracking

ASTM D573—Test for Rubber Deterioration—in Air Oven
ASTM D624—Test Method for Rubber Property—Tear Resis-
tance

ASTM D1149—Standard Test Method for Rubber Deterioration—
Surface Ozone Cracking in a Chamber (Flat Specimens)

ASTM D1229—Test Method for Rubber Property—Compression
Set at Low Temperatures

. ASTM D1457—Specification for PTFE Molding and Extrusion

Materials

ASTM D2137—Test Method for Rubber Property—Brittleness
Point

ASTM D2240—Standard Test Method for Rubber Property—
Durometer Hardness

ASTM D3183—Standard Practice for Rubber—Preparation of
Pieces for Test Purposes from Products

ASTM D4014—Standard Specification for Plain and Steel Lam-
inated Elastomeric Bearings for Bridges

ASTM E4—Standard Practices for Load Verification of Testing
Machines

ASTM E37—Standard Chemical Methods for the Analysis of
Lead

Steel Structures Painting Council (SSPC) SP6-—Commercial Blast
Cleaning

American Welding Society (AWS) D1.1—Structural Welding
Code—Steel

International Standards Organization (ISO): ISO-9001—Model
for Quality Assurance

British Standards Institution—BSI (1979), “Commentary on Cor-
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rosion at Bimetallic Contacts and Its Alleviation,” Standard
PD6484: 1979 London, UK
The bearing manufacturer shall provide appropriate specifications and
standards for materials and tests that are not covered in this section,
for review and approval by the owner.

1.3 System Description
A. General
The seismic isolation system design shall consist of elastomeric bear-
ings. Elastomeric bearings may be either of the high-damping rubber
(HDR) or lead—rubber (LR) type. The engineer has developed a pre-
liminary seismic isolation system design that comprises one size of
elastomeric bearing. The design assumes an effective period Ty and
damping of __ seconds and _____ percent, respectively, at the DBE
level design displacement Dj,. The design displacement Dp and total
maximum displacement Dy, are governed by the UBC static require-
ments. The preliminary isolation system design satisfies the global per-
formance criteria defined for this project. The preliminary design is
presented in the specification and shown on the drawings. The final
isolation system design shall be determined by the bidding team and
shall meet the requirements of the specification. Design and testing
criteria for the seismic isolation system shall meet the requirements
of the 1997 UBC, as modified by the additional requirements of this
section.
B. Isolation System Design Data
1. Building Weight
The estimated total dead load of the building is ___ kips and the
estimated live load on the building is __ kips. The seismic live
load may be taken as 0.5 times the total live load.
2. Isolation System
The seismic isolation system shall consist of elastomeric isolation
bearings. Elastomeric bearings may be either of the HDR or LR
type. The total numbers of elastomeric isolation bearings are shown
on the drawings. Only bearing designs that satisfy the performance
criteria defined in Article 1.4 shall be deemed acceptable.
3. Gravity and Seismic Loads
Dead load, live load, and seismic loads for each bearing are shown
on the drawings.

1.4 Performance Criteria
A. Global Performance Requirements
1. Base Shear
The isolation system shall not transmit a base shear to the super-
structure greater than ____ times the total building seismic weight,
as determined from dynamic analyses using DBE site-specific
ground motion time histories. The system base shear at displace-



238 SPECIFICATIONS FOR DESIGN, MANUFACTURING, AND TESTING

TABLE 1 Isolation Bearing Axial Load Requirements

Elastomeric Bearings
Quantity of Bearings (HDR1 or LR1)

Range of (DL + 0.5LL)

P1 = average of (DL + 0.5LL)

P2 = maximum of (DL + LL)

P3 = maximum of (1.2DL + 1.0LL + |[EQMCE|)
P4 = minimum of (0.8DL — |EQMCE])

ments corresponding to large shear strains shall appropriately ac-
count for the effect of elastomer strain hardening.
2. Lateral Stiffness

a. The isolation system shall have an initial stiffness equal to the
stiffness K given in Table 2 times the number of elastomeric
bearings given in Table 1 at a displacement of 0.5 in.

b. The isolation system shall have an effective stiffness at the
design displacement Dp, equal to the stiffness K¢ given in Table
2 times the number of elastomeric bearings-given in Table 1.

3. Damping Properties of Isolation System

The isolation system shall have, as a minimum, an equivalent vis-

cous damping of % of critical at the design displacement Dp,.

The maximum equivalent viscous damping provided by the elas-

tomeric bearings shall not be more than %. The final isolation

system design shall provide damping within this range. The equiv-

alent viscous damping shall be calculated as the ratio of the amount

of energy dissipated per hysteretic cycle to the amount of elastic

energy stored at the design displacement by an equivalent spring

with a stiffness equal to the system effective stiffness. A damping

modification factor may be applied to account for frequency effects.

TABLE 2 Isolation Bearing Stiffness and Damping Requirements

Elastomeric Bearings
(HDR1 or LR1)

Displacement properties
Dy
Dp
Dry
Shear stiffness properties
Ko at Dy
Keff at Dp
Vertical stiffness properties
Zero shear position, K,
Hysteresis loop area, Ay
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If such a factor is used to adjust the equivalent damping obtained
from quasi-static test methods to dynamic conditions, it shall be
substantiated by appropriate static and dynamic bearing test data
representative of the proposed sizes and loading conditions. Mod-
ification factors may not be based solely on coupon test results.
4. Overall Isolation System Displacement Limit
The seismic gap, or moat, between the building and surrounding
retaining structure is _ inches. The isolation system shall limit
displacements such that no contact occurs between the isolated and
nonisolated portions of the building for the MCE event.
5. Dimensional Limits
The maximum overall height of the isolation bearings, includ-

ing mounting plate hardware, is inches. The maximum plan
dimension of elastomeric bearings, including mounting hardware,
is inches.

6. Gravity Load Resistance
In the undeformed configuration, the bearings shall be capable of
carrying the maximum gravity load P, with a factor of safety of at
least 3. The minimum vertical stiffness of the elastomeric bearings,
in the undeformed configuration, is given in Table 1.
7. Seismic Load Resistance
The bearings shall provide stable hysteretic lateral force—displace-
ment response under constant compression load P; when cycled
to the design displacement Dj. The bearings shall be capable of
withstanding, without becoming unstable, a fully reversed cyclic
test under a constant compression load of P3 to the total maximum
displacement Dry.
8. Bearing Connections
Flange plates for connection of bearings to the superstructure and
substructure may be either bonded directly to the bearing or bolted
to an integrally bonded bearing endplate. Dowelled connections
between bearings and the superstructure and substructure shall not
be permitted.
9. Net Tension and Uplift
Elastomeric bearings shall be capable of resisting a net tension of
___ psi while subjected to the total maximum displacement Dy
without damage and without separation of bearing components.
B. Performance Requirements for Individual Bearings
1. Elastomeric Bearings
a. Effective Lateral Stiffness
Bearings shall be sized to resist the vertical load combinations
described in Table 1 and shall meet all the requirements of para-
graph 1.4.A. The total effective lateral stiffness at a displace-
ment Dp for all bearings of one type under the compression load
P, shall be within £10% of the value specified for an individual
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bearing of that type times the number of bearings of that type.
The effective lateral stiffness for each individual bearing shatl be
within £15% of the design lateral stiffness of the bearing type.
In the case of bearings tested in pairs, the average effective lat-
eral stiffness for each pair of bearings shall be within £15% of
the design lateral stiffness of the bearing type.

. Rubber Properties

Required rubber properties are given in paragraph 2.2.A.1.b.

1.5 Technical Performance Data

A. General

The bearing manufacturer shall submit the following minimum docu-
mentation to demonstrate that the isolation system design satisfies the
specific technical requirements for the project. A complete description
of the technical characteristics of the isolation system must be submitted
for approval prior to the manufacture of any bearings. This shall include:
1. Design Data—Elastomeric Bearings

a. Load (performance) tables of allowable vertical load, effective

stiffness and damping, etc., for preengineered elastomeric bear-
ings

b. Engineering properties—elastomeric bearings (to be submitted

for each type of rubber compound used)

(1) The bearing manufacturer shall submit the maximum shear
strain corresponding to the total maximum displacement
D7y that should be used for the design of seismic iso-
lation bearings fabricated from each of the rubber com-
pounds used.

(2) Any information that pertains to manufacturing practices
and constraints that should be considered in the design of
a seismic isolation system utilizing the bearing manufac-
turer’s rubber materials.

(3) Shear modulus of rubber at strains from 0 to 300% for
cyclic loading rates of 0.5 Hz and approximately 1-2%
shear strain per second

(4) Loss angle of rubber at strains from 0 to 300% for cyclic
loading rates of 0.5 Hz and approximately 1-2% shear
strain per second

(5) Decrease in shear modulus and loss angle from first to third
cycle

(6) Change in shear modulus and loss angle over the design life

(7) Change in shear modulus and loss angle with duration of
earthquake load

(8) Design (allowable) compressive stress of bearing

(9) Ultimate compressive stress capacity of bearing

(10) Ultimate rubber shear strain
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(11) Bond strength between rubber and steel

(12) Initial deflection of bearing under dead plus live load

(13) Long-term creep displacement under dead plus live load

(14) Bearing shear stiffness under a lateral load of 0.01-0.03

times dead load

(15) Vertical stiffness

(16) Uplift restraint capacity of bearings

. Manufacturing procedures and specifications for bearings,

including identification of applicable codes and standards

. Mounting Requirements

Installation and mounting requirements, including any need for

special techniques, methods, or equipment. Design criteria and

methodology for the structural design of mounting plates and

bolts shall be submitted for review and approval by the owner.

. Product quality

(1) Product life

(2) Fire resistance rating

(3) Durability of bearings to resist the effects of aging, creep,
fatigue, moisture, ozone, chemicals, and other environmen-
tal effects

. Routine maintenance and inspection requirements

g. Inspection and replacement requirements

(1) Postearthquake inspection and replacement requirements
(2) Method to replace bearings and conceptual details to accom-
modate replacement

. Test Data
a. Material Properties

Provide test results indicating various mechanical properties of
the exact materials to be used in the fabrication of the bearings.

b. Structural Properties—Elastomeric Bearings

Provide detailed bearing property information for elastomeric
bearings as outlined in this section. Bearing property informa-
tion shall be based on test data.

(1) Submit test data for at least one elastomeric bearing fabri-
cated from each of the compounds being proposed for this
project. The smallest bearing for which data may be submit-
ted is 24 in. in diameter or 24 in. square. Data must be sub-
mitted for tests of bearings, fabricated from each of the com-
pounds being proposed, to the maximum shear strain cor-
responding to the total maximum displacement Dy that is
assumed in the bearing designs for this project. Data submit-
ted must be for axial pressures on the bearing correspond-
ing to the bearing manufacturer’s recommended maximum
“short-term” and maximum “long-term” design pressures.
Data obtained from tests of bearings with lead plugs are
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acceptable only if they are provided to support a design that
includes lead plugs of comparable diameter. Data obtained
from bearings without lead plugs may not be used to justify
design parameters of bearings with lead plugs.

(2) A drawing of each bearing for which data are being pre-
sented shall be submitted.

(3) Submitted data shall include (at a minimum): hysteresis
loops of force vs. displacement, clearly indicating the axial
load (pressure) on the bearing, the shear strain and displace-
ment of the test, the number of cycles in the test, and the
rate of loading. The date of the test shall also be indicated.

(4) Submit data for virgin (unscragged) and scragged full-size
bearing tests.

(5) Submit detailed stiffness and damping properties of the elas-
tomeric bearings for which data are being submitted, includ-
ing details of the calculation procedures used to establish
these properties.

(6) If correction factors are used to modify stiffness and/or
damping properties of the bearings or compounds, detailed
information supporting these factors shall be submitted for
each of the rubber compounds being proposed. This shall
include, but not necessarily be limited to, data from cyclic
shear coupon tests at different rates of loading, data from
dynamic and static tests of reduced-scale bearings, and any
available data from tests of full-size bearings. Correction
factors may not be based solely on coupon test results.

3. System Performance
Submit technical data demonstrating that the seismic isolation sys-
tem and individual system elements conform to all of the require-
ments of Article 1.4.
B. Quality Control Programs/Certifications
Provide a complete description of the bearing manufacturer’s quality
control/assurance programs and include all applicable certifications.
C. Product Warranty
The bearing manufacturer shall warrant the elastomeric and sliding
isolation bearings for a period of at least ___ years subsequent to
the date of installation of the bearings in the project. The details of
the manufacturer’s warranty shall be included as part of the technical
performance data submittal.

1.6 Engineering Design Calculations
A. Description
Design calculations for seismic isolation bearings shall be submit-
ted for each of the bearing designs. The design calculations shall be
stamped and signed by (i) a California licensed professional engineer



10.2 SAMPLE SPECIFICATIONS 243

experienced in the design and fabrication of seismic isolation bearings

and (ii) an officer of the supplier’s corporation.

B. The calculations shall include, but not necessarily be limited to:

1. A complete summary of isolation bearing design variables, formu-
las, and assumptions

2. Calculations for proportioning each type of bearing to meet the
required performance parameters listed in Table 1. The dimensional
constraints given in paragraph 1.4.A.5 and shown on the drawings
shall be followed.

3. Calculations for the verification of tensile integrity and stability
against buckling for each type of bearing under the following
load-displacement cases: in the undeformed position each bear-
ing shall be capable of carrying the maximum gravity load P, for
that bearing type with a safety factor of at least 3; under the total
maximum displacement Dy, each bearing shall be stable under the
maximum short-term load Ps for that bearing type.

1.7 Submittals
A. Submit under the provisions of Section _____
B. General: All submittals shall be made to the owner’s representative.
C. Predesign Information

Prior to commencement of design calculations, submit performance data

for seismic isolation bearings, in accordance with the requirements of

Article 1.5. Include sample design calculations for one bearing.

D. Design Calculations

Calculations, as described in this section, shall be submitted in a bound

volume with a comprehensive table of contents. All calculation pages

shall be individually numbered and chapter dividers tabbed. Calcula-
tions shall be stamped and signed in accordance with Article 1.6 and
shall be submitted for review for compliance with the drawings and
specifications.

E. Shop Drawings

Shop drawings shall include, but not be limited to, fabrication

drawings, bolting templates, and schedules. Shop drawings shall be

stamped and signed by a professional engineer registered in the State

of California. Submit shop drawings for each elastomeric bearing size,

indicating dimensions, isolator weights, and component material types.
F. Certifications

Submit the following documents, written and signed by an indepen-

dent testing agency, approved by the owner’s representative:

1. Certification that all testing equipment has been checked for accu-
racy by appropriate standards, (ASTM E4, etc.) for the purpose of
this contract.

2. Certified mill test reports for all steel plates and laminate plates.
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G. Proposed Testing Schedule
Prior to commencement of material and bearing testing, submit the
proposed schedule showing approximate dates for each stage of test-
ing. Provide names and addresses for the proposed testing facilities.
Submit updates of schedule as revisions occur.
H. Proposed Test Procedures
Prior to commencement of material and bearing testing, submit draw-
ings of proposed test apparatus for shear tests, as defined in this section.
I. Inspection and Test Reports
Submit six copies of each of the following test reports:

I.

Rubber Test Reports

Submit test reports for all rubber component samples, tested as
specified in this section, prior to commencement of fabrication of
prototype bearings.

Prototype Bearing Test Reports

Submit prototype bearing test data for review prior to commence-
ment of fabrication of production bearings. Owner approval will be
required prior to manufacture of production bearings.

. Production Bearing Test Reports

Submit production bearing test data for each production bearing
within seven calendar days after completion of testing of the subject
bearing and prior to delivery to the job site.

Final Isolation Bearing Test Report

Submit the final isolation bearing test report, as described in this
section, within 14 calendar days after completion of all production
bearing testing.

1.8 Redesign and Retesting
A. The bearing manufacturer shall be obligated to provide seismic isola-
tion bearings that conform to the requirements of the drawings and spec-
ifications. Should initial bearings as designed by the manufacturer not
conform to the project requirements at the prototype testing stage, the
manufacturer shall redesign and retest isolation bearings until the project
requirements are satisfied, all at no additional cost to the owner.

1.9 Testing and Inspection
A. Quality Control

1.

2.

All material testing and fabrication testing shall be performed in
accordance with these specifications.

Costs of quality control testing and inspection shall be paid for by the
bearing manufacturer. Costs of all retesting and reinspection made
necessary by bearings and materials that fail to meet the specification
requirements shall be paid by the bearing manufacturer.

B. Quality Assurance

1.

Testing and inspection will be reviewed by an inspector paid by
the owner.
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2. Inspections required by the owner will be in addition to those per-
formed by the manufacturer and will be performed by an inspector
experienced in elastomeric bearing manufacturing and testing and
paid by the owner.

3. The inspector will observe the work assigned for conformance with
the approved design drawings and specifications.

4. Inspections will be performed for the following phases and aspects
of elastomeric bearing manufacture:

a. Testing equipment

(1) Review of testing equipment
b. Material tests

(1) Review of tests
c¢. Prototype bearing tests

(1) Witness and review of tests
d. Production bearing tests

(1) Witness and review of tests
e. Reports

(1) The Inspector shall provide inspection reports to the owner’s
representative. All discrepancies shall be brought to the
immediate attention of the owner’s representative for cor-
rection.

(2) The inspector shall submit a final signed report stating
whether the work requiring inspection was, to the best of
the inspector’s knowledge, in accordance with the approved
design drawings and specifications.

5. The inspector, retained by the owner, shall be present continuously
during the testing process at the discretion of the owner. If the
inspector suspects any faults in the isolation bearing during test-
ing, the inspector shall identify the isolator and suspected fault by
serial number and location to the manufacturer; the isolator shall
be set aside for disposition by the owner. The owner may order
the isolation bearing to be vertically cut in half for examination. If
the cut isolation bearing exhibits flaws or does not conform to the
specification, the costs of cutting and replacement shall be borne
by the bearing manufacturer. Otherwise, cutting and replacement
costs shall be borne by the owner.

6. The bearing manufacturer shall provide access to the work for the
purposes of the owner’s inspector.

Part 2: Products

2.1 Acceptable Manufacturers
A. Subject to compliance with specified requirements, bearing manufac-
turers offering products that may be incorporated in the work include the
following:
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1. High-damping rubber bearings
2. Lead-rubber bearings

2.2 Seismic Isolation Bearings and Mounting Materials
A. HDR or LR Bearings
1. Materials

a.

C.

Inner steel laminate plates: ASTM 570, Grade 40
Outer steel plates: ASTM 572, Grade 50
Connecting bolts: ASTM A325 or ASTM 490

. Rubber

All high-damping rubber compounds for elastomeric bearing
shall satisfy the following minimum requirements:

Minimum tensile strength 1250 psi
Minimum elongation at break 600%
Minimum bond peel strength 40 1b./in.

All natural rubber compounds for elastomeric bearings shall sat-
isfy the following minimum requirements:

Minimum tensile strength 1250 psi
Minimum elongation at break 600%
Minimum bond peel strength 40 1b./in.

Lead

The purity of lead shall be established by chemical analysis from
a sample of that used in the bearings. This test shall con-
firm a minimum of 99% purity of the lead, in accordance
with ASTM B29 and E37. The bearing manufacturer shall
provide certification for the purity of lead.

Part 3: Execution

3.1 Fabrication
A. Elastomeric Bearings
1. General
Bearings shall be molded individually to sizes shown on the draw-
ings. All molds shall have standard shop-practice mold finish. All
bonding of elastomer to metal substrates and to external load plates
shall be carried out during molding.

a.

Elastomer Storage

After mixing, all elastomer parts shall be stored in an environ-
ment that is sheltered against rain, sun, wind, etc., and kept at
a temperature of 70 = 20°F until ready for molding.
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b. Metal Plates
Metal plates bonded to elastomer shall be blasted and properly
prepared and have the edges rounded.

¢. Shop Priming and Painting
Exposed steel parts shall have one shop coat of paint. Steel sur-
faces shall be commercially blast cleaned in accordance with
SSPC-SP6 and also in accordance with the paint manufacturer’s
directions. Paint shall be applied according to the paint manufac-
turer’s directions to 2.5-3.5 mils dry thickness. The nonferrous
parts shall be properly masked for protection.

d. Mounting Plates
All bolted mounting plates shall be bolted to bearings as shown
on the drawings prior to packaging and delivery. If tapped holes
are required, they shall be drilled using a metal template for
accuracy of fit with mating plates.

3.2 Fabrication Tolerances
A. Elastomeric Bearings

1.

3.

Steel Plates

All steel mounting plates, connecting plates, and top and bottom
laminate plates shall be milled to bear. Curvature offsets out of the
plane of the plate in excess of % in. shall be cause for rejection
and replacement at the bearing manufacturer’s expense. Curvature
offsets shall be defined as the perpendicular distance between any
point on the surface of the plate and a straight-edge laid in any

orientation across the plate.

. Rubber Layers

Rubber layers shall be of uniform thickness, in accordance with the
tolerances established in ASTM D4014.
The tolerances on elastomeric bearing dimensions shall be as follows:

Dimension

Tolerance

Thickness of top and bottom cover rubber

(if any)

External plan dimensions i}l in.

Flatness of exterior top and bottom surface

of completed bearing i% in. offset
Variation from plane parallel to

theoretical surface

Top Slope relative to the botom of
no more than 0.3 degree
Sides +1 in.
Overall bearing height i% in.
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3.3 Quality Control Procedure for Elastomer Compounding, Bearing Fabri-
cation, and Molding
A detailed quality control plan shall be submitted for review and approval
by the owner’s representative prior to the ordering of materials and the
start of work. As a minimum, the procedures shall address the items listed
below:

« Incoming materials and storage
» Elastomer compound mixing

» Metals preparation

 Bearing build-up

¢ Vulcanization

Sliding bearings shall satisfy all of the requirements for the fabrication of
elastomeric bearings in this section that are applicable to sliding bearings.

3.4 Materials Tests
A. Rubber Tests
A minimum of three samples of each rubber compound to be used shall
be tested as described below prior to commencement of fabrication
of prototype bearings and production bearings (these samples shall be
taken from the material used to fabricate the prototype and production
test bearings).
1. Tensile Stress Measurement
Tensile stresses shall be measured and plotted at tensile strains of
100, 200, 300, 400, and 500% 1n accordance with ASTM D412.
2. Tensile Strength and Ultimate Elongation of Elastomer
The minimum tensile stress at break shall be determined in accor-
dance with ASTM D412. Minimum tensile strength and minimum
ultimate elongation shall be as specified in paragraph 2.2.A.1.b.
3. Rubber-to-Metal Bond Strength
The minimum bond peel strength shall be determined in accordance
with ASTM D429 Method B. The minimum bond peel strength
shall be taken as the average of the peak values of force during
separation of the specimen. Failure criteria for the determination of
a successful test shall be 100% rubber tearing. Delamination of the
rubber from the steel plate shall be cause for rejection. The bearing
manufacturer shall retest for minimum bond peel strength at his or
her own expense until full compliance can be demonstrated.
4. Initial Hardness
The initial hardness shall be determined in accordance with ASTM
D2240 and shall be used as a datum for aging tests.
5. Heat Resistance (Aging Tests)
Heat resistance shall be tested in accordance with ASTM D573.
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Test samples shall be maintained at a uniform temperature of
158°F for 7 days. Maximum permissible changes in the following
mechanical properties shall be:

Tensile strength —25%
Ultimate elongation -25%
Hardness +10 shore A points

. Compression Set
The compression set shall be determined in accordance with ASTM
D395 Method B. The test samples shall be maintained at a uniform
temperature of 158°F for 22 hr. The maximum permissible set shall
be 50%.
. Ozone Resistance
The ozone resistance of the outer cover rubber shall be determined
by tests on rubber strips mounted in accordance with ASTM D518
Method A. The tests shall be performed in accordance with ASTM
D1149 at an ozone partial pressure of 50 £ 5 MPa at 20% strain
at 100 £ 4°F for 100 hr. The ozone resistance shall be regarded as
satisfactory if, on conclusion of a test, no cracks are visible using
a 7x magnification lens.
. Cyclic Shear Tests
Dynamic shear modulus and damping at shear strains of 2, 25, 50,
100, 200, and 300% shall be determined. The material character-
istics in shear should be based on accepted double or quadruple
test pieces, according to either ASTM D4014 or an equivalent, and
should be tested at a frequency of 0.5 Hz. Details of the proposed
testing procedure, including details of the test specimen size and
configurations, shall be submitted for review. Three test pieces for
each rubber compound utilized shall be tested as follows:

a. Initial: Plot the shear modulus vs. strain and the damping vs.
strain for tests at the strain levels noted above.

b. Scragged: Plot the shear modulus vs. strain and the damping vs.
strain for tests at the strain levels noted above conducted shortly
after the initial testing has been performed (within 15 min).

c¢. Recovered: Plot the shear modulus vs. strain and the damping
vs. strain for tests at the strain levels noted above after the test
pieces have been allowed to rest (unstrained) for 24 hr after
completion of the scragged test. Temperature effects shall be
quantified via dynamic testing of test pieces as noted above.
Shear modulus shall be measured at a frequency of 0.5 Hz at
50% shear strain. Three temperatures shall be used: 30, 70, and
100°F. Measurements shall be made both on the rubber “as
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received” and after a 12-day “soak” at the appropriate temperature.
Thirty (30) cycles of loading shall be carried out on each test piece
and the average value of shear modulus shall be calculated based
on the first three cycles and the final three cycles.

3.5 Elastomeric Isolation Bearing Tests
A. General

1. Phases of Testing
There are two phases for testing of isolation bearings. The first
phase is the testing of prototype bearings to confirm the design val-
ues for the bearings and to validate their stability under maximum
loads and displacements. The second phase is a program of quality
control testing during the manufacture of the production bearings.

B. Quality Control Tests

1. All bearings, including prototype, production, and extra bearings,
shall be subjected to the quality control tests. For additional testing
requirements for prototype bearings, see paragraph 3.5.C.

2. Connection Details
All bearings shall be tested with end-connection details that are
representative of the typical connection detail for that bearing type.
The connection details shall be approved by the owner’s represen-
tative prior to testing.

3. Compression Tests
Each bearing shall be brought to a uniform temperature of 70 +
10°F and shall be compression tested at that temperature. Each
bearing shall first be vertically loaded to 2000 psi and the load
maintained for 10 min. The load shall then be removed and the
bearing “rested” for a minimum of 30 min before continuing the
test. Load each bearing vertically to 1500 psi by increments of 300
psi. For each load increment, loading time shall be in the range of
1.5-3 min. After each increment of loading, the load shall be held
constant for 30 sec; then the load and vertical displacement shall be
measured and recorded. Unload incrementally and measure verti-
cal displacements following the same sequence as for loading. Load
shall be plotted against vertical displacement for each bearing at all
load increments. The compressive stiffness shall be computed as
the slope of the best-fit straight line through the load—displacement
points, ignoring the zero load points. Compressive stiffness shall be
recorded for each bearing. The average compressive stiffness for
each bearing type shall be computed using the compressive stiff-
ness values for all bearings of that type and shall meet the verti-
cal stiffness requirements defined in Table 2. The bearings shall
be rejected if this requirement is not satisfied. After loading to the
required value of 1500 psi, increase the load to 2000 psi, then main-
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tain the load for a period of not less than 1 hr. Prior to releasing
the load, the bearing shall be inspected for the following faults,
which, if observed, shall be cause for rejection of the bearing and
replacement at the bearing manufacturer’s expense:
(1) Lack of rubber-to-steel bond
(2) Laminate placement fault
(3) At least three separate surface cracks that are wider or
deeper than 0.08 in.
4. Combined Compression—Shear Tests
Each bearing shall be tested in combined compression and shear
subsequent to the compression tests. Each bearing shall be brought
to a uniform temperature of 70 + 10°F and shall be tested in com-
bined compression and shear at that temperature. Each bearing shall
be tested as follows:
a. Design Displacement Test
Each bearing shall be loaded in compression to the load of P,
given in Table 1 for that bearing type. The compression load
shall be maintained while the bearing is subjected to three fully
reversed cycles at a displacement amplitude of Dp inches. At
the maximum displacement of the first cycle, the bearing shear
force F,, shall be recorded. A continuous plot of the shear
force—displacement hysteresis loop shall be recorded. A mean
shear force—displacement hysteresis loop shall be determined
using the average coordinates of the three shear force—displace-
ment cycles. The total enclosed area Aj of the mean hysteresis
loop shall be computed and recorded. The effective stiffness K
of the mean curve shall be computed and recorded. The effec-
tive horizontal stiffness from the third cycle of the three fully
reversed cycles shall meet the requirements of paragraph 1.4.B.1.
The bearing shall be rejected if this requirement is not satisfied.
Prior to releasing the axial load, the bearing shall be inspected for
the following faults, which, if observed, shall be cause for rejec-
tion of the bearing and replacement of the bearing manufacturer’s
expense:
(1) Lack of rubber-to-steel bond
(2) Laminate placement fault
(3) At least three separate surface cracks that are wider or
deeper than 0.08 in.
C. Prototype Tests
1. Prototype bearings shall be new and never previously tested. Pro-
totype bearings shall be manufactured in accordance with the spec-
ified fabrication procedures and using specified materials.
2. All prototype bearings shall be brought to a uniform temperature of
70 £ 10°F before any test and the temperature shall be maintained
for all subsequent tests.
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3. All prototype bearings shall be scragged before any other testing.
Scragging shall consist of three fully reversed cycles of loading to
a displacement of Dy, inches under the compression load P;.

4. All prototype bearings shall be tested in accordance with the
Appendix to Chapter 16 of the 1997 UBC. In addition to meet-
ing all of the UBC requirements for prototype tests, the following
requirements shall also be met:

a. Effective Stiffness
The effective horizontal stiffness from the third cycle of the
scragging test at Dp inches displacement shall meet the require-
ments of paragraph 1.4.B.1. No additional scragging or repe-
tition of specified tests will be allowed on bearings that have
undergone the required testing even if this will bring the stiff-
ness within the specified range. This requirement is applicable
to all elastomeric bearing types.

b. Damping
The total enclosed area A, for each loop shall be computed. The
effective damping ratio for each bearing type shall be computed
and recorded. The effective damping of the isolation system
shall be based on the test results and calculated using the for-
mula:

., shall be taken as the sum of the total energy dissipated
by the isolation system and k' shall be the total stiffness of the
isolation system based on the stiffness computed from the third
loop of the test. The effective damping of the isolation system
after corrections, as permitted in paragraph 1.4.A.3, shall meet
the requirements of that paragraph. If the damping requirements
are not met, the Owner’s representative may reject bearings that
cause the system damping to be outside the acceptable range.

5. Stability Test
a. The stability test shall consist of one fully reversed cyclic test

to D7y inches displacement under a constant compressive load
P5. The load P shall be the maximum specified load for a given
bearing type as defined in Table I. If the compression load on
the bearing reduces from that prescribed during the shear dis-
placement, the bearing shall be held at the first maximum dis-
placement Dry, until a compression load of Ps is reattained. At
that time, the shear displacement loading may be resumed.

b. The incremental stiffness at displacement increments of 3 in.
shall be computed. The incremental stiffness shall be positive
over the entire range of displacement. The test shall be repeated
using the minimum downward load P4, as defined in Table I.

c¢. For bearing test machines that are incapable of performing shear
tests with a net tension load on the bearing, this test shall be
performed with the minimum possible axial load.
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Test Documentation

All test data from rubber tests and isolation bearing tests specified in
this section shall be documented in a bound report entitled “Final Seis-
mic Isolation Bearing Test Report,” following completion of all pro-
duction bearing tests. The final seismic isolation bearing test report
shall be signed by an officer in the supplier’s corporation and the
responsible testing engineer.

3.6 Identification

3.7

A.

Elastomeric Bearings

1. General
The bearing identification shall be stenciled in 3-in.-high characters
at two (2) equally spaced locations on the outer vertical faces of
the bearings and on each face of the package and shall be stamped
in %-in.—high characters on the outer surface of the upper mounting
plate.

2. Production Bearings
Each approved production bearing shall be identified by a letter and

number as illustrated in the following example:

HDRB Type A Type of bearing, as shown on drawings,
for HDR bearings
(or LRB Type A Type of bearing, as shown on drawings,
for LR bearings)
027 Fabrication sequence number

Extra Bearings

Each approved extra bearing shall be marked “EXTRA” with the cor-
responding bearing type designation letter. The extra bearings shall be
located on the job site as directed by the owner’s representative. The
extra bearings shall be set in reaction frames with loads as specified.

Delivery, Storage, and Handling

A.

B.

The bearing manufacturer shall provide written handling, lifting, and
installation instructions for the bearings.

Deliver production bearings and extra bearings in protective packaging
to the job site. Any damaged bearings or components shall not be
delivered. Any damaged or scratched bearings shall be replaced by
new bearings of the same type. Delivery of bearings shall be at the
bearing manufacturer’s expense.

Bearings shall be stored on wood pallets provided by the bearing man-
ufacturer to allow for transport by forklift around the job site. Store
bearings in a clean place and protect from dirt, fumes, construction
debris, and physical damage.

Care shall be exercised in the handling of the bearings at all times to
prevent damage, breaking, denting, or scoring.
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E. Comply with bearing manufacturer’s rigging and installation instruc-
tions for unloading isolation bearings and moving them to their final
location.

F. Deliver bolting templates to the job site for use by the design/build
contractor. Package templates to prevent damage, bending, or denting.



APPENDIX

COMPANION SOFTWARE AND
EARTHQUAKE DATA FILES

The CD-ROM attached to the back cover of this book contains the following:

1. the educational version of the SAP-2000 Nonlinear software system
including a complete set of user manuals, verification manuals, and mul-
timedia tutorials;

2. SAP-2000 input files and AVI earthquake response animation files for
examples presented in Chapter 9;

3. aselected set of 14 earthquake time histories (two horizontal components
and one vertical component for each) and the corresponding Fourier and
response spectra information; and

4. the ISOSEL bearing optimization program illustrated in Chapter 9, includ-
ing the example data file used in that chapter.

The companion CD-ROM has an auto-start feature. Once you place the disc
in your CD-ROM drive, the SAP-2000 demonstration program automatically
starts. Follow the directions on your screen to install SAP-2000 and to view
tutorials or view/print selected pages of the user manuals.

To install ISOSEL, you need to exit from the SAP-2000 demonstration pro-
gram by clicking the cross on the top right-hand corner of the SAP-2000 win-
dow. Then, use Windows Explorer from the Windows 95 (or NT) Start menu and
double click on the Setup icon contained in the \ISOBOOK\SETUP folder of the
CD-ROM. The setup program will guide you through the rest of the installation
process. The ISOSEL setup program also installs the SAP-2000 data files and the
earthquake time histories that are used as examples in the book.

The selected earthquake records are placed in the \ISOBOOK\TIMEHIS
folder of the disc. Each three-component record is represented by two files. The
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acceleration, velocity, and displacement time histories of all three components
(channels) for each record are contained in a single file with a .V2 extension.
The Fourier and response spectra for the three channels are contained in files
with a .V3 extension. These earthquake records have been selected to repre-
sent a wide range of ground motion characteristics that need to be considered
in the design of seismic-isolated structures. Several of these records represent
near-fault effects and large ground velocities and are specifically suggested by
CDMG for design of seismic-isolated structures. These include:

« the El Centro Array #6 station record of the 1979 Imperial Valley earth-
quake (ARRAY06.V");

« the Hollister and Lexington Dam station records of the 1989 Loma Prieta
earthquake (HOLLISTE.V*, LEXINGT.V*);

« the Petrolia station record of the 1992 Petrolia earthquake (PETROLIA. V™),

« the Lucerne Valley and Yermo station records of the 1992 Landers earth-
quake (LUCERNE.V*, YERMO.V"); and

o the Sylmar (County Hospital Building Parking Lot) and the Newhall

Fire Station records of the 1994 Northridge earthquake (SYLMARFE.V®,
NEWHALL.V®)

Other files included in the selection compliment the above records by pre-
senting high-frequency, large ground accelerations with less significant long-
period content. These include:

 the Corralitos Station record of the 1989 Loma Prieta earthquake
(CORRALIT.V®) and

« the Santa Monica City Hall Grounds record of the 1994 Northridge earth-
quake (S_MONICA.V").

The rest of the files are intended to represent more moderate ground shaking
at various site conditions. These are:

« the Oakland Outer Harbor Wharf station record of the 1989 Loma Prieta
earthquake (OAK_WHAF.V");

« the Pomona (4th and Locust) station record of the 1990 Upland earthquake
(POMONA.V*);

the Altadena (Eaton Canyon Park) station record of the 1991 Sierra Madre
earthquake (ALTADENA.V™); and

the Century City (LACC North) station record of the 1994 Northridge
earthquake (LACC_NOR.V").

The format and contents of typical time history and response spectra data
files and plots of acceleration, velocity, and displacement time histories for the
horizontal components of the selected records are included in this appendix.
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Sample CDMG Time-Series File Contents (*.V2)

Channel Header
information

Acceleration Data for the
First Channel

Velocity Data for the First
Channel

Displacement Data for the
First Channel

End of First-Channel Data
and Beginning of Data for
Next Channel

24514-85254-24017.03 CHAN 1: 30 DEG FROM
PROCESSED: 01/31/94, CDMG QN94A514

CORRECTED ACCELEROGRAM
UNCORRECTED ACCELEROGRAM DATA
NORTHRIDGE EARTHQUAKE
JANUARY 17, 1994 04:31 PST (ORIGIN(CIT): 01/17/94, 12:30:55.4 GMT)
24514-55254-94017.03 TRIGGER TIME: 01/17/94, 12:31:00.2 UTC
STATION NO. 24514 34.326N, 118.444W SMA-1 S/N 5254
SYIMAR - CQUNTY HOSP. PARKING LCT
CHAN 1: 90 DEG
NORTHRIDGE EARTHQUAKE JANUARY 17, 1994 04:31 PST
HYPOCENTER{CIT): 34.215N, 118.538W, H=18KM. ML=6.6, MW=6.7(CIT); MS5=6.7(NEIC)
INSTR PERIOD = .0368 SEC, DAMPING = .600, SENSITIVITY = 1.70 CM/G.

RECORD LENGTH = 59.380 SEC.

4.080  592.639 6.480  -76.936 6.760  -15.217 -2.103 120
23.000 .020 .020 -.466 .000 000 .000 .000
.000 .000 .000 000 000 000 .000 000
.000 .000 000 000 .000 000 .000 000
.000 000 .000 000
3000 POINTS OF ACCEL DATA EQUALLY SPACED AT .020 SEC. (UNITS: CM/SEC/SEC)
6.631 3.507 1.628 1.105 .426 .239 -.268 -1.836
-1.490 1.413 ~1.058 1.669 11.676 11.498 -.292  -16.718
-12.282 -3.280 -12.029 -6.913 6.389 2.310 -5.904 9.685
32.806 23,401 -15.683 -15.219 8.594 3.664 -15.019 -12.219
-.695 .401 -.830 -2.854 -3.932 -3.534 -2.915 -3.531
-3.262 -4.258 -3.325 -3.853 -2.297 -.784 1.047 2.926
2.383 2.819 2.886 3.155 2.011 1.594 2.842 1.425
093 -1.018 -1.129 .220 1.364 2.051 3.077 3.217
3000 POINTS OF VELOC DATA EQUALLY SPACED AT .020 SEC. (UNITS: CM/SEC)
-2.103 -2.001 -1.949 -1.921 -1.905 -1.897 -1.897 -1.917
-1.949 -1.949 ~1.946 -1.938 -1.802 -1.568 -1.454 -1.622
-1.910 064 -2.215 -2.402 -2.407 -2.317 -2.349 -2.308
-1.880 .314 -1.234 -1.539 -1.602 -1.476 -1.590 -1.857
~.123 -.127 -.13] -.168 -.237 -.312 -.377 -.441
-.510 -.585 -.661 -.134 -.795 -.826 -.823 -.784
-.731 -.679 -.622 -.561 -.510 -.474 ~.429 -.387
~.372 -.381 -.402 -.412 -.396 -.362 -.310 -.248
3000 POINTS OF DISPL DATA EQUALLY SPACED AT .020 SEC. (UNITS: CM)
-.466 -.507 -.546 -.585 -.623 -.661 -.699 -.737
-.775 -.814 -.853 -.892 -.929 -.963 -.992 -1.022
.329 314 .302 .290 .279 .270 .261 .253
.245 238 230 222 .214 .206 .200 .194
/6 —mmmmmmme- END OF DATA FOR CHANNEL 1 =—-----=-==
CORRECTED ACCELERCGRAM 24514-55254-94017.03 CHAN 2: UP FROM

UNCORRECTED ACCELEROGRAM DATA
NORTHRIDGE EARTHQUAKE
JANUARY 17, 1994 04:31 PST

PROCESSED: 01/31/94, CDMG ON94AS514

(ORIGIN(CIT): 01/17/94, 12:30:55.4 GMT)
24514-55254-94017.03 TRIGGER TIME: 01/17/94, 12:31:00.2 UTC
STATION NC. 24514 34.326N, 118.444W SMA-1 S/N 5254

SYLMAR — COUNTY HOSFP. PARKING LOT

CHAN 2: UP
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Sample CDMG Response Spectra File Contents (*.V3)

File Header Information

Units identifier line

Damping values line
vibration periods
reported (sec)

End-of-periods line
Fourier Amplitude Spectra

Response Spectra for
Various Damping Levels

End of First-Channel Data
and Beginning of Data for
Next Channel

RESPONSE AND FOURIER AMPLITUDE SPECTRA (88 PERIODS, .04 - 12.0 SEC) FOR
CORRECTED ACCELERCGRAM 24514-55254-94017.03 CHBAN 1: 90 DEG FROM
UNCORRECTED ACCELEROGRAM DATA PROCESSED: 01/31/94, CDMG QN94A514
NORTHRIDGE EARTHQUAKE
JANUARY 17, 1994 04:31 PST (ORIGIN(CIT): 01/17/94, 12:30:55.4 GMT)
24514-55254-94017.03 TRIGGER TIME: 01/17/94, 12:31:0C¢.2 UTC
STATION NC. 24514 34.326N, 118.444W SMA-1 S/N 5254

SYLMAR - COUNTY HOSP. PARXING LOT

CHAN 1: S0 DEG

UNITS FOR SPECTRA ARE INCHES AND SEC, EXCEPT SA IS IN FRACTICN OF G.

.000 .020 .056 .100 .200

.040 .042 .044 L0486 .048 .050 L0585 .060
.0865 .070 .075 .080 .085 .090 .095 -100

7.500 8.000 8.500 9.000 9.500 10.000 11.000 12.000
13.000 14.000 15.000 .000 .000 .000 .000 .000
.000 .ooc .000 .000
FOURTER AMPLITUDE SPECTRA IN IN/SEC.
.517E-01 .427E-02 .644E+00 .189E+00 .584E+00 .456E+0C .83CE+00 .319E+C0
_175E+01 .244E+01 .154E+01 .4B5E+01 .249E+01 .877E+00 .185E+01 .734E+Cl
.0005+03 .COCE+0C .000E+00 .000E+00
DAMPING = ,00. DATA OF SD, SV, SA, PSSV, TTSD, TTSV,TTSA :
.952E-02 .110E-01 .136E-01 .128E-01 .157E-01 .149E-01 .262E-01 .275E-01
.339E~01 .480E-01 .S16E-0C1 .860E-0l .698E-01 .668E-01 .907E-01 .123E+00
DAMPING = .2C. DATA OF SD,SV,SA, PSSV, TTSD, TTSV, TTSA :
.948E-02 .105E-01 .1158-01 .126E-01 .138E-0l .150E-01 .185E-01 .223E-C1
.262E-01 .306E-01 .357E-01 .420E-0% .49iE-01 .567£-01 .653E-0l .732E-01

.000E+00 ,000E+0Q ,0O0OE+CO .COCE+00

/8 mmmmmmoeee END OF SPECTRAL DATA FOR CHANNEL 1 -
RESPONSE AND FOURIER AMPLITUDE SPECTRA (88 PERIODS, .04 - 12.0 SEC) FOR
CORRECTED ACCELEROGRAM 24514-55254-94017.03 CHAN 2: UP FROM
UNCORRECTED ACCELEROGRAM DATA PROCESSED: 01/31/94, CDMG QN94A5:4
NORTHRIDGF. FARTHQUAKE
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. Max. Acceleration (g) = 0.436
{043
i
| Acc.

-0.436
i Max Velocity (cm/s) = 108.709
| 08.709

Vel. W/J\VA‘MWAW T

108.709
Mex Displacement (cm) = 55,165
| 55165
T Disp _— e S o
1
! NV
]
{-55.165
1 0.000 Time (gnnmﬂg) 39100

| Mex. Acceleration (g) = 0.376
| 037

1

i

| 037

i Max Velocity (cm/s) = 63.130
| 63130

EV&I, —u—"/\‘[\ O A WPV e =

R anfAvaamene
-63130
Mexc Displacement (cm) = 26.942
26942
Disp /\ f\\ f\ = P i, B — —
i
5-26.942

0.000 Time (seconds) 39.090

L
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| Acc.

|

i

i-{l.ﬂ'l!

i Mex Veladity (cm/s) = 30.891
{30891

% Vel

}

i

%-:m.am

i Meo Displacement {cm) = 20.418
‘:20.418

| AL

AN AN AN A amn
| N R v VARVARVAR =4

1-20.413

0.000 Time (seconds) 60.020

COMPANION SOFTWARE AND EARTHQUAKE DATA FILES

Vel.

62778
| 30176

| Disp

30176

Max. Acceleration (g) = 0.369
Meax Velocity (cm/s) = 62.778
Mexe Displacement (cm) = 30.176
A/\ f/\ I PN e K o,
e W \/ Y T = % g e
0.000 Time (seconds) 60.000
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Mee Acceleration (g) = 0.409
0.409
i Acc. “ FTRW -
-0.409
Max Velocity (cm/s) = 94,982
84382
Vel. _,-JJ»\ 1‘\ p\ AA ;\\ o —
V P
i -34982
1 Mex Displacement (cm) = 25814
i 250814
}r DW /\/-\
§-25.814
0.000 Time (seconds) 40.000

EXINGTON DAM CHAN 3. 0DEG

Max Acceleration (g) = 0.442

Ace. .l'.l 4 A " i

-0.442

Max Valogiy (cm/s) = 84.434

84.434

)

z
—
=
=
L
7

Vel

b vvuw o
-84.434

Mex Displacement (cm) = 14673

14673

Disp " r/\ T e

Wv ~J g —
114673

0.000 Time (seconds)
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Mexe Acceleration (g) = 0.662

0662

!
!
|
|
|
! Acc
i
!
|
i
]
H

Mex Velodty (cm/s) = 83.454

89 454

Vel.
i
§

-89.454

1 30577

Mex Displacement (cm) = 30577

Disp

PETROLIA

Mex. Acceleration (g) = 0.569

-0.589

48,304

Mex Valodity (cm/s) = 48.304

Vel.

-48.304

15235

Mexc Displacement (cm) = 15.235

.

et

Time (seconds)

£0.000
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Max Acceleration (g) = 0.703
s
Max Velodty (cm/s) = 25.718
Max. Displacement (cm) = 8.624
V/\\j/’\\/\//\u-wﬂ“\.v e SNy —
0.000 Time (seconds) 48.140

-0.665

68.443

Mex Acceleration (g) = 0.665
Mex Velocity (cm//s) = 68.443
J"“-\MAWAWM' '.I‘hP' . ataiinncs
Mex: Displacement (cm) = 26.220
ya /\ A -
0.000 Time (seconds) 48.140
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Max Acceleration (g) = 0.151

-0151

Max Velodity (cm/s) = 29.032

29.032

Vel

-29.032

Mex Displacement (cm) = 22.779

22778

Disp ¥ o Ann POA -~ —

ppe— \“} T r—
-22.179

0.000 Time (seconds) 60,000

i Mexc Acceleration (g) = 0.245

{

0.245

Acc.

0245
i Mex Valodity (cm/s) = 50.812
{ 50812

Vel
i -50.812
| Mex Displacement (cm) = 41.275
e
| /‘\
§
* Disp _,...-—-"'-..._\/ nvf\'/\’\v.._w_f\.m Fre
; -41.275
i 0.000 Time (seconds) 80.000
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X LA
Max Acceleration {g) = 0.604
0604
i Acc. Aoyt -
0&04
Mex. Velodly (cr/s) = 76 936
{ 76936
i
Val. T i e =
-76.936
H Mex. Displacement {cm) = 15.217
;18217
A
; Disp AT ANN PA P —
| V L V4 T T
'
{15217
i p.ong Time {seconds) 50.000

Mac Acceleration (q) = 0.643

0843

-0.843

Max Velocity (am/s) = 128 884

28.684

1
.} Mex. Displacement (cm) = 32 550

Eum /in A~ —
V

. 0.030 Time (seconds) 60.000
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" NEWHALL - LA

.;' Mex Accsleration (g) = 0.583
| D583
i
i
E Acc. 'j.‘.. T P S
i
| 0583
; Meox Velocity (cm/s) = 74.841
! 74801
!
Vel. A A-.r‘v" S
-74.841
Max Displacement (cm) = 17.595
17595
j Disp| M ﬂ [N AN N o~ P
H FVJ OV TV A=AV A — — Pt
-17.595
0.000 Time (seconds) 60,000

NEWHALL

Max. Acceleration (g) = 0.569

-

Max Velocty (cm/s) = 94719

-34718

)‘IUJ N —

Mexe Displacement (cm) = 30.474

30.474

Disp

-30.474

LAY A o _—

I
(i

0.000

Time (seconds) 60.000
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Me Acceleration (g) = 0.478

Mex Velocity (cm/s) = 47.490

i -47.480

§
Mexx Displacement (cm) = 11.527
11.827

el P A

| Y - —

0.000 Time (seconds) 40.000

Ma Acceleration (g) = 0.630

0.630

-0.630

Mex Velodity (cm/'s) = 55.136

| 55196

Vel.

Mex. Displacement (cm) = 9.541

0.000 Time (“n‘s) 40.020
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Mexe Acceleration (g) = 0.883
0.883
VL A, i i
Ace. i \’""' \
1
-0.883
Max Velocity (cm/s) = 41.751
41.751
i
H
é Vel
i-q1.751
1
Mexe. Displacement (cm) = 14.316
14716
ui”_f\ MMAAAA N P e U . U 5. 2 W A Y
U WYY VvV V" R R S S v ARV R
-14316
0.000 Time (seconds) £0.000

Max. Accaleration (g) = 0.370
0370
Acc. e .
i 0370
Max Velagity (cm/s) = 24.810
24910
Vel
-24910
Mex. Displacement (cm) = 6,525
6525
£ Diaw A/{'\.J\ﬂﬂ(\ﬁnf\ NN\ A a A A A AN
ML SN
| 4.525

0.000 Time (seconds) 60.000
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LAND -

OUTER HA

o2n

-02n

42337

Vel.

-42.337

Disp

-9.168

Mex. Acceleration (g) = 0.271

Mex Velacity (cm/s) = 42 337
o Mﬂnﬁn& f\n N e
U U U U "4 ~
Mex. Displacement (cm) = 9.168
T fﬂ'\ ATV 2N, N N
A VU ') U WA NSNS = prg =

0.000

40,000

Time (seconds)

1 0287

Max. Acceleration (g) = 0.267

40.754

i 9883

Disp

-9.683

Mex. Velocity (cm/s) = 40.754

A AAP\ A Na Pon, D hdf“‘ i, .

vvwvvuvv'vv—vv ——

Mex. Displacement (cm) = 9.683

P A\ ﬂz\ JAVID N - . W~V AN

\JVV vV YV N~

0.000

Time (seconds) 40.000




270

COMPANION SOFTWARE AND EARTHQUAKE DATA FILES

-1.286

Max. Acceleration (g) = 0.207

Mex Velocity (cm/fs) = 8.012

Mex Displacement (cm) = 1.286

A A A A LA P A A e e e P
LRARILAMSY
0.000 Time (seconds) 40,000

0186

-0.186

10403

Vel. L

-10.403

1145

Disp

-1.145

Max. Acceleration (g) = 0.166

Max Velocity (cm/s) = 10.403

Mexc. Displacement (cm) = 1.145

Av/ IHWAVAV‘AVA wﬂuf\‘uf\wf\v nvhuAvAuA‘-' O et O e
0.000 Time (seconds) 40.000
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Max Acceleration (g) = 0.179
0174
Acc. P b i m
0173
i Max Velocity (cm/s) = 7.819
i 7819

Vel. |
-7.819
Mexc Displacement (cm) = 0.852

0852
-
; Disp ﬂﬂm.nnf\/\ﬂﬂf\ﬂ\f\m i G g oo =
i UU","’ VWY VMY T vV i

-0.652

0.000 Time ({seconds) 40,000

Mex Acceleration (g) = 0.447

0447

Max Velocity (cm/s) = 27.234

27.234

L Vel 7y P

ETRLT]

Mee Displacement (cm) = 2.801

280

Di.pf\ f\l_.-\ e o e e

V=
| -2.801

i 0.000 Time (seconds) 40.000
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m"'"?S-Qamg o2 CENTURY CITY -

| Max Acceleration (g) = 0.256

!
| D256
i Acc.
i
-0.256
E Max Velodty (cm/s) = 21.363
1 21363
i Vel
-21.363
Mex Displacement (cm) = 5977
5977
| D] A\ ﬂ'UAWn AAW/\VAVAJ\Wf\Uf\U/\VAVAUAVf\VAV/\UM
; 5.977 V U
i 0.000 Time (seconds) 60.000

i Mex Accaleration (g) = 0.222
§ 0,222
Acc.
i
Y
Max Velogity (cm/s) = 25.073
25.073

Vel.

-25.073

6.041
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