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10:30 am-11:30 am
11:30 am-12:00 pm
12:00 pm~-1:15 pm
1:15 pm—2:30 pm
2:30 pm~3:00 pm
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SEISMIC BASE ISOLATION
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August 10. 1992
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Lilian Decman
Dawn Matz
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James Hill

V. Gopinath and Richard Stark

The Development and Implementation of Base
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Current Building Code Provisions -
SEAOC/UBC

Break
Design Process for Isolated Structures
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A 12, 1992
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Break
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-Day 4 - Thursdav, August 13, 1992
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D - Fri
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James Kelly

Robert Bachman

Application to the L.A. County FCCEF

Break

Applying UBC Code Design Requirements

to the L.A. County FCCF

Description of Student Design Problem

Lunch

SEAOC/UBC Portion of Student
Design Problem

3DBASIS Portion of Student
Design Problem

Au 14, 1992

Students Discuss Design Problem
Break
Future Directions in the DOE

Panel Discussion
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LECTURE 1

The Development and Imple.mentation of Base Isolation
In the United States and Abroad

James M. Kelly
Professor of Civil Engineering
Earthquake Engineering Research Center
University of California
Berkeley, California 94720

Short Course on Seismic Base Isolation
Department of Energy

August 10 - August 14, 1992
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Department of Energy J.M. Kelly
Short Course on Seismic Base Isolation August 10-14, 1992

LECTURE 1

The Development and Implementation of Base Isolation
In the United States and Abroad

Historical Development of Base Isolation

In the past several years base isolation has become an accepted structural design tech-
nique for buildings and bridges in highly seismic areas. Many buildings and other types of
structures have been built using this approach, and many new buildings are under construction
or in the design-phase. Most of the completed buildings and those under construction use
rubber isolation bearings in some way in the isolation system, but new techniques are being
proposed and developed and as this seismic design technique spreads it is likely that alterna-

tive techniques will be applied.

The ideas behind the concept of base isolation are quite siﬁ]ple. There are two basic
types of isolation systems. The system which has been adopted most widely in recent years is
typified by the use of elastomeric bearings, the elastomer being either natural rubber or
neoprene. In this approach, the system works by decoupling the building or structure from the
horizontal components of the earthquake ground motion by interposing a layer with low hor-
. izontal stiffness between the structure and the foundation. This layer gives the structure a
fundamental frequency that is much lower than its fixed-base frequency, and also much lower
than the predominant frequencies of the ground motion. The first dynamic mode of the iso-
lated structure involves deformation only in the isolation system, the structure above being to
all intents and purposes rigid. The higher modes which produce deformation in the structure
are orthogonal to the first mode, and consequently, also to the ground motion. These higher
modes do not participate in the motion so that if there is high energy in the ground motion at
these higher frequencies this energy" cannot be transmitted into the structure. The isolation

effect in this type of system is produced not by absorbing the earthquake energy, but rather by
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deflecting it through the dynamics of the system. It is worth noting that this type of isolation
works when the system is linear and even when undamped. Some damping, however, is

beneficial to suppress any possible resonance at the isolation frequency.

The second basic type of isolation system is typified by the sliding system. This works
by limiting the transfer of shear across the isolation interface. The lower the coefficient of
friction the less shear is transmitted. This is the earliest of proposed systems and is the sim-
plest. However, it is not without problems. To sustain wind load and unnecessary slip under
small earthquékes or other disturbances, a fairly high value of the frictional coefficient is
needed. Many frictional surfaces have sliding characteristics that are sensitive to pressure and
the relative velocity of slip, and the fact that the slip process is intrinsically nonlinear means
that a proper dynamic analysis must also be nonlinear. A further problem is that the sudden
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 which may
not even be present in the ground motion. The action of the system is to transform low-
frequency energy into high-frequency energy in the structure. Nevertheless, the advantages of
the concept, the lack of resonance and the potential low cost, make sliding systems quite
attractive. Systems have been recently proposed that are hybrids between the elastomeric sys-
tems and the sliding systems and it is possible that the best system for a wide class of build-

ing types might eventually evolve from a combination of these two simple types.

Early Efforts at Base Isolation

The severe earthquake in 1908 in the Italian region of Messina-Reggio killed 160,000
people, mainly by crushing them under fallen masonry. Following this earthquake a commis-
sion was formed consisting of practising engineers and university professors The Commission
was charged with recommending structural engineering design methods for the reconstruction
of the damaged area. Two proposals arose from the Commission’s studies: one suggested
separating a building from its-foundation by a layer of sand or by use of rollers; the other
favored a fixed foundation. The Commission finally decided on the fixed foundation approach
with constraints on several construction details and a requirement that the building be able to
support at least 8% of its weight as a horizontal force. At exactly the same time, a medical
doctor, Dr. Calantarient, from Scarborough in England applied for a British patent on an

earthquake-resistant design approach which proposed separating a building from its foundation
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by a layer of sand or talc. Dr. Calantarients’ interest in earthquake engineering, although
presumably amateur, was not superficial, for he designed wind restraints which would prevent
the building from moving in high winds, and, recognizing that reducing damage to the build-
ing would require the possibility of a large shift between the buildiﬁg and the ground, he
showed how the utilities and access to the building had to be designed for this. Why a medi-
cal doctor in England, not known as a seismic region, should be interested in earthquake
engineering is not clear, but the name is Armenian and he may have been at the time a recent
immigrant from the Near East where earthquakes and the collapse of masonry buildings are a

recurrent threat.

Possibly the first person to use this concept in a building was Frank Lloyd Wright. His
design of the Imperial Hotel completed in Tokyo in 1921 was in complete contrast to
accepted practice at the time and was extremely controversial. Under the site was an 8 ft
layer of fairly good soil and below that a layer of soft mud. This layer appeared to Wright as
a ‘‘good cushion to relieve the terrible shocks. Why not float the building on it?’’. He tied
the building to the upper layer of good soil by closely spaced short piles that penetrated only
as far as the top of the soft mud. The building performed extremely well in the devastating
1923 Tokyo earthquake. It was a very highly decorated building with appendages of many
kinds, and buildings of this sort generally are badly damaged in earthquakes. The only dam-
age was to statuary in the courtyard of the hotel. The famous architect’s intuitive idea of

floating the building “‘as a battleship floats on the ocean’’ appears to have worked.

Since fortuitous layers of soft mud are unlikely at building sites, other ways to reduce
earthquake damage were sought by engineers. In the late twenties and thirties, the ‘concept of
the flexible first story was proposed by structural engineers. In this approach the lateral
stiffness of the columns of the first story would be designed to be much lower than that of the
columns above, and under earthquake loading the deformations in the structure would be con-
centrated in these first-story columns. To be effective in reducing accelerations at the upper
levels, however, the displacements in the first-story columns would be of the order of several
inches, and the effect of the weight of the upper levels on this sideways displacement of the
columns could produce severe damage to the columns, making collapse of the building a dis-
tinct possibility. The first-story columns in this approach behave elastically and the damping is

low.
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In a modified approach, called the soft first-story method, the first-story columns yield
during an earthquake, producing an energy-absorbing action and controlling the displacements.
However, to produce enough damping the displacements would still have to be several inches
and a yielded column has a greatlf reduced buckling load, so that column instability and col-

lapse are inevitable.

The search for a mechanism that can carry the weight of the building and tolerate the
large sideways ﬁovement caused by earthquakes has been unending. Many types of roller
bearing systems have been proposed, and several have been patented. Since the ground
movement may occur in any direction, it is necessary to use spherical bearings or two crossed
layers of rollers. The damping of rollers is low and they have no inherent resistance to wind
so that some other mechanism must provide wind restraint and energy-absorbing capacity. A
permanent offset may result in such a system after an earthquake since there are no restoring

forces.

Since a roller isolation system could sit unattended and unmaintained for several decades
in the basement of a building, it is likely that its performance when called upon would be
worse than that of mechanical bridge bearings which are in constant movement due to the
daily temperature cycle. When steel presses against steel for a long period, there is a possibil-
ity of cold welding, which would cause the system to become rigid after a time. Neverthe-
less, roller bearing systems have been used. A demonstration building in Sebastopol in the
Crimea has been built on steel bearings. The bearings are doubly spherical ovoids, egg-
shaped and not quite spherical. When the building is displaced it is forced to rise and this
produces a restoring force. The building is a seven-story reinforced concrete building and
acts as an oscillator with a three-second period which provides considerable protection from
earthquake attack as compared to a conventional seven-story reinforced concrete building
which would have a period of about 0.5 second, the most intense frequency region of most
earthquake ground motions. Not a great deal has been published in Western literature regard-
ing this building, but it apparently experienced an earthquake in 1977 and performed to

expectation.

A four-story school in Mexico City was completed in 1974 on a roller bearing isolation
system. The school has a reinforced concrete frame with brick infill walls. Each column of
the building is carried on two isolation elements. An isolation element has two steel disks

separated by a hundred or more 1 cm ball bearings, the exact number in each element being
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fixed by the vertjcal load it must carry. There is a keeper ring which prevents them from rol-
ling out and limits the relative displacement to about 12 cm. There is no evidence that the
system was activated during the 1985 Mexico earthquake; the ground motions in the area of

the city where the structure is located were of low intensity.

The first use of rubber for earthquake protection was in an elementary school in Skopje,
Yugoslavia. The building is a three-story concrete structure and was completed in 1969. It
rests on large blocks of natural rubber. In contrast with more recent rubber bearings, these
blocks are completely unreinforced so that the weight of the building causes them to bulge
sideways. The vertical stiffness of the system is about the same as the horizontal stiffness so
that the building will bounce and rock backwards and forwards in an earthquake. These bear-
ings were designed at a time when the technology for reinforcing rubber blocks with steel
plates, as in bridge bearings, was not highly'develop_ed nor widely known and it is unlikely

that this approach will be used again.

Research on Base Isolation at EERC

Research on the development of natural rubber bearings for the protection of buildings
from earthquakes began at the Earthquake Engineering Research Center (EERC) of the
University of California at Berkeley in 1976. At that time, the idea of isolating buildings from
earthquake attack was not entirely new. A few methods using rollers or sliders had been pro-
posed, but it was still considered then to be very esoteric and impractical by the structural

engineering profession. The ten-year research program initiated then has led to a very sub-
’ stantial degree of acceptance for the concept by the profession and to the construction of

several buildings and the design and planned construction of many others.

The research project began with a set of hand-made bearings of extremely low-modulus
rubber used with a simple three-story, single-bay, twenty-ton model. The bearings and the
model were far from ideal but the shaking table tests showed that isolation bearings could
work. They showed that reductions in aéceleration by factors of as much as ten as compared
to conventional design were possible, and as predicted, the response of the model was as a
tigid body with all deformation concentrated at the isolation system. It-was also clear that a
certain degree of damping was needed in the system and that the scale of the model was too

small to allow more practical rubber compounds to be used.
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Many ideas were explored in pursuit of increased damping; steel energy absorbing dev-
ices, hydraulic dampers and oil-extended rubber were tried. A practical system and more con-
vincing demonstration of the concept was achieved in 1978 by the use of bearings made by
commercial techniques and used with a more realistic five-story three-bay model weighing
forty tons. A film was made of the tests showing graphically the substantial reductions in
acceleration and the rigid-body movement of the structure. This film has been shown perhaps
thousands- of times to professional and lay audiences and has had a major effect in improving

acceptance for the isolation concept.

A strong interest throughout the research program has been the influence of isolation on
the response of equipment and contents in a structure. In many buildingé the equipment is
much more costly.than the structure, and conventional methods of seismic resistant design
tend to increase the attack of the earthquake on the contents. The research at EERC, through
a considerable series of tests on the five-story frame, was able to demonstrate that isolation
with rubber bearings could provide very substantial reductions in the accelerations experienced
by internal equipment, exceeding the reductions experienced by the structure itself. However,
the same tests showed that when additional elements were added to the isolation system to
increase damping (elements such as steel energy-absorbing devices, frictional systems or lead
plugs in the bearings), the reductions in acceleration to the equipment were not achieved. The
effect of these additional elements, while acting to control displacements, is to induce
responses in the higher modes of the structure and these in turn have a Very deleterious effect
on the equipment. It became clear that the optimum method of increasing damping is to pro-
vide it in the rubber compound itself and this was in fact done later for the compound used in

the first building built on isolation bearings in the United States.

Before this development however, the EERC base isolation research program was
involved in the design of an isolation system for the seismic rehabilitation of a large building
in San Francisco. The building was constructed in 1912 as a Masonic Hall and was handsome
with an elegantly finished interior. It was abandoned in 1951 as seismically unsafe and had
remained unoccupied although well maintained since then. A proposal was made to use its
many large rooms as concert halls and rehearsal rooms but to do so would require a complete
seismic rehabilitation that would be expensive and possibly destructive to the fine interior and
to the very features that would have made it an ideal performing arts center. A base isolation
scheme for rehabilitation was developed and sample bearings were manufactured and tested in

‘a specially built test rig at EERC to verify that they would perform as required for the design.
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For reasons unrelated to the seismic rehabilitation, the proposal to convert the Masonic
Hall to a performing arts center was abandoned, and the isolation rehabilitation design was
not implemented. However, the project provided considerable experience in the practical
details of isolation systems and a clear picture of the steps needed to design a cost-

competitive isolation system using rubber bearings.

Modern Approaches to Seismic Isolation

| Rubber bearings offer the simplest method of isolation and are relatively easy to
manufacture. The bearings are made by vulcanization bonding of sheets of rubber to thin
steel reinforcing plates. The bearings are very stiff in the vertical direction and are very flexi-
ble in the horizontal direction. Their action under seismic loading is to isolate the building
from the horizontal components of the earthquake ground movement, while the vertical com-
ponents are transmitted through to the structure relatively unchanged. Vertical accelerations
are not normally a problem for most buildings. These bearings will in addition have the
effect of isolating the building from high-frequency vertical vibrations that are ;;roduced by
underground railways and local traffic. A building on rubber bearings will be simultaneously
protected from unwanted vibration and from earthquake attack. Rubber bearings are suitable
for stiff buildings up to seven stories in height. For this sort of building, uplift on the bear-

ings will not occur and wind load will be unimportant.

The mechanics of isolation bearings is now very well understood and the design of a
system for a building at a specific site is a straightforward task. When a building is analyzed
on rubber bearings for earthquake attack, it is usual to model the combined system by a linear
viscously damped model. If this model is used, very simple solutions will result. If the
fixed-base fundamental frequency of the building is much highef than that of the isolated sys-
tem, say 3 Hz as compared to 0.5 Hz for the isolated case, the first mode of the isolated
building is mainly a rigid body mode with all deformation occurring in the rubber. The
second mode has a frequency about 50% to 100% above the first fixed-base frequency. The
seismic input to the structure can be treated as an equivalent lateral load which is proportional
to the rigid body mode. Since it is a cha.racteristic of a linear vibrating system that all modes
are mutually orthogonal, all modes higher than the first will be orthogonal to the input motion,
so that if there are high energies in the earthquake ground movement at the frequencies of

these higher modes, this energy cannot be transmitted into the building. Thus, the isolation
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system works not by absorbing these energies but by deflecting them. This is the most attrac-
tive feature of the simple rubber isolation system. If other elements are added for the purpose
of increasing the damping or controlling displacement, this simple result no longer holds.
Accelerations will then be induced in the higher modes and will produce stresses in the higher
levels of the building and cause accelerations in equipment items and other contents of the
building.

A simple form of rubber bearing isolation system was used for a three-story school in
the small town of Lambesc near Marseilles in France. The school includes three buildings,
each separated by a seismic gap. There are 152 natural rubber laminated bearings in the iso-
lation system. The school buildings had originally been designed to be built of prefabricated
concrete but the seismic code for the region was changed before construction began. The sys-
tem could not have satisfied the changed seismic requirements without a substantial increase
in cost. The use of the isolators allowed the system to satisfy the new code and saved the
‘ community a great deal of money. In this building there are no wind restraints or additional
elements to enhance the damping and the period of the isolated building is around 1.70

seconds.

Since this school was completed, three houses have been built in the neighboring com-
munity of Saint-Martin de Castillon. The houses are of masonry construction, have tile roofs
and are supported on 15 cm diameter natural rubber isolators. An isolation system of this
kind has been designed for a three-story building now under construction in Toulon for the
French Navy. This building is to be used for the storage of radioactive waste. No wind res-
traints or damping devices are used in this system since the displacement under wind load and

earthquake action is likely to be very small.

In New Zealand, a number of isolation concepts have been applied to highway bridges,
railway bridges and two buildings. One of the buildings, a government office building in
Wellington, uses as isolators laminated natural rubber bearings each of which has a cylindrical
plug of lead in a central hole. This system was developed in the late 1970’s, since it was felt
that the intrinsic damping in the rubber compounds available in Australasia at that time was
inadequate to control the displacements of the isolation system. The lead plug produces an
increase in both resistance to wind loading and a substantial increase in damping, from
approximately 3% of critical damping in the rubber then available to about 10-15%. The

building is four stories high and has a reinforced concrete frame designed to withstand the
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earthquake forces which would be caused if the building had a conventional fixed foundation,
but there are some architectural features which would not have been allowed if isolation had

not been used.

Shaking table tests of a model structure on lead plug bearings have been performed. The
experimental results show that the lead plugs generally reduce the system displacement but
cause increased higher mode response. There is also evidence that the damping is dependent
on the degree of confining pressure on the lead plug provided by the bearing. There have
been problems with the lead working into the rubber and with the lead plug fracturing, reduc-
ing its effectiveness. Development work on the system continues and tests have been carried
out on the use of materials which could be substituted for lead and produce the same degree

of damping without the associated problems.

A twelve-story building in Auckland, New Zealand, has been built on a base isolation
system called the sleeved-pile system. This uses long bearing piles within cylindrical sleeves,
allowing a certain amount of lateral movement, in this case about 6 in. The isolation period
on the piles is 4 seconds, and resistance to wind loading would be inadequate with this sys-
tem. In addition the damping would be very low. To improve the behavior of the system,
energy-absorbing devices in the form of mild steel tapered plate beams are included in the

structure and these lower the period to around 2 seconds.

The sleeved-pile concept is similar to the soft first story design concept but without the
risk of collapse due to excessive first story lateral deflections. If the structure should exceed

the design lateral displacements, the sleeve itself will control the displacement, providing a

fail safe action for the system. Although piles are an expensive foundation system they must -

be used if soil conditions make the use of footings unacceptable. When circumstances dictate
the use of piles it may be cost effective to. usé the sleeved-pile concept and provide a substan-

tial reduction in the lateral force requirements for the superstructure.

Isolation systems have been proposed in which the isolation mechanism is purely sliding
friction. These are the simplest isolation systems of all, and there has been a large amount of
theoretical analysis of sliding systems but very little experimental work and as far as is known
no large-scale shaking table tests. The idea of a sliding joint as an isolation system is an
attractive one for low-cost housing since it can be constructed using no more complicated
technology or no more skilled labor than a conventional building. For this reason, it has been

developed for housing in China. It was observed after the Tang Shan earthquake of 1976 that
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masonry block buildings in which the reinforcement was not carried through to the foundation
performed better than buildings in which it did. In a structure which performed well in the
earthquake a horizontal crack was observed at the foot of the wall as well as a residual dis- .

placement of about 6 cm.

As a result of these observations, the approach adopted in China is a separation layer
under the floor beams above a wall foundation. A thin layer of specially screened sand is laid
on the sliding surface and the building constructed on this layer. Since low-rise concrete
block or masonry buildings are very stiff, heavy structures, they are susceptible to earthquake
damage. The presence of the sliding layer allows a degree of flexibility which reduces the
seismic risk. Four demonstration builciings have been built in China using this technique.
Three of these are one-story brick houses and one a four-story brick dormitory in Beijing for

the Strong Motion Observatory Center.

A nuclear power plant in Koeberg, South Africa has been built on an isolation system by
the French nuclear construction company, Framatome. This company supplies a standard
power plant designed for a seismic input of 0.2g peak acceleration. For a site where the
design requirements exceed this, as at Koeberg, the power plant is built on an isolation system
which will reduce the accelerations experienced by the structure and components. The French
nuclear isolation-system uses laminated neoprene bridge bearings with lead bronze-stainless
steel slip plates on top of each bearing. The neoprene bearings act as conventional- isolators
- for small earthquakes, but cannot accept large displacements since they have only a few layers
of elastomer. If a large earthquake should occur, sliding will take place on the slip plates.
These have been designed to have a friction coefficient of 0.2 and to maintain this value for
the life-time of the plant. The construction costs for this system are very high but are
justified in that it allows a standardized plant to be built at any site with no additional costs
for redesign, strengtheniﬂg and requalification of components for seismic loads. The Koeberg

plant began commercial operation in 1987.

Neoprene pads without slip plates are used under the reactor buildings of a four-unit
nuclear power plant at Cruas-Meysse in the Rhone Valley. The pads are similar to standard
neoprene bridge bearing pads, with three layers of elastomer reinforced with steel plates. An
isolation system is used for this site since there is a probability of shallow earthquakes of low
magnitude (Richter 4 to 4.5) occurring close to the site and producing high accelerations and

high-frequency ground motion.
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The first base-isolated building in the United States is the Foothill Communities Law and
Justice Center located in the municipality of Rancho Cucamonga in San Bernardino County.
The building is a thirty-million dollar legal services center for the county. It is four stories
high with a full basement and sub-basement for the isolation system. The building sits on 98
isolators which are multilayer natural rubber bearings reinforced with steel plates. The super-

structure of the building has a structural steel frame stiffened by braced frames in some bays.

The site of the building is 20 kilometers from the San Andreas fault, and the County,
which has the most thorough earthquake preparedness program in the country, asked that it be
designed for the maximum credible earthquake for that site. The design was based on a
Richter magnitude 8.3 earthquake on the fault. The design selected for the isolation system,
which took into account possible torsion of the building, led to a maximum displacement
demand of 15 in. (380 mm) in the isolators at the comers of the building. Tests of full-scale
sample bearings verified that 15 in. relative horizontal displacement is within the capacity of

the bearings.

The rubber from which the isolators are made is a highly filled natural rubber with
mechanical properties that make it ideal for a base isolation -system. The shear stiffness of
this rubber is high for small strains but decreases by a factor of about four or five as the strain
increaseé, reaching a minimum value at a shear strain of 50%. For strains greater than 100%
the stiffness begins to increase again. Thus, for small loading caused by wind or low-
intensity. seismic loading the system has high stiffness and short period and as the load inten-
sity increases the stiffness drops. For very high load, say above the maximum credible earth-
quake, the stiffness increases again providing a fail-safe action. The damping follows the
same pattern but less dramatically, decreasing from an initial value of 20% to a minimum of
10% and then increasing again. In the design of the system, the minimum values of stiffness
and damping are assumed and the response is taken to be linear. The high initial stiffness is

invoked only for wind load design and the large strain response only for fail-safe action.

This high-damping rubber system has been adopted for a recently completed building in
Los Angeles. The building is a Fire Department Command and Control Facility for Los
Angeles County. The building houses the computer systems for the emergency services pro-
gram of the county and the facility is required to remain functional after an extreme event.
The decision to use seismic isolation for this project was based on a comparison of conven-

tional and isolation schemes designed to provide the same degree of protection. On this basis,

519

K e 2Ng At Nl aie e URIGON I MRS For) sL SRR £ A NEQW AN I RGN # PRIIVE W v Sh >SN A WS RS S




the isolated design was estimated to cost less, by 6%, than the conventional design. It is
worth noting that in most projects the isolated design is compared with conventional code
design and generally the isolated design is estimated to cost around 5% more. However, code
design is a minimal level of design, requiring only that the building should not collapse. It
does not mean that there will be no structural damage under strong ground shaking. When
equivalent levels of protection are compared, isolated designs are always less expensive.

These costs are first costs. Life cycle costs are even more favorable for isolated designs.

The high-damping rubber bearings were also used in a building recently completed in
Italy. This very large office building for the Italian telephone company, S.IP., is located in
Ancona. and was completed in 1992. It is the first modern base isolated building in Europe.
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Base-Isolated Buildings and Projects in the United States
(as of June 1992)

New Base-Isolated Projects

Foothills Communities Law and Justice Center

Location: Rancho Cucamonga, California
Status: New

Owner: County of San Bernardino
Size: 230,000 sq. ft.

Total Cost:  $36 million

Completed: 1985

Engineers: Taylor & Gaines; Reid & Tarics Assoc.
System: HDR

Supplier: Oil States Industries (now LTV)

University of Southern California Hospital

Location: Los Angeles, California

Status: New

Owner: USC and National Medical Enterprises
Size: , 250,000 sq. ft.

Cost: $50 million
Completed: 1988 '
Engineers: KPFF
System: LRB
Supplier: DIS/Furon

Kaiser Computer Center

Location: Corona, California

Status New

Owner: Kaiser Foundation Health Plan
Size: 120,000 sq. ft.

Cost: $32 million

Completion:  Under construction 1992
Engineers: Taylor & Gaines

System: LRB & HDR

Supplier: DIS/Furon
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Aircraft Simulator Manufacturing Facility

Location: Salt Lake City, Utah

Status: New

Owner: Evans and Sutherland, Corp.
Size: 140,000 sq. ft.

Cost: $8 million

Completed: 1988

Engineers: Reavely Engineers and Assoc.; DIS
System: LRB

Supplier: DIS/Furon

Fire Command and Control Facility

Location: East Los Angeles, California

Status: New

Owner: County of Los Angeles

Size: 32,000 sq. ft.

Cost: $6.3 million (excludes installed equipment)
Completed: ~ April 1990

Engineers: Fluor-Daniel Engineers, Inc.

System: HDR

Supplier: Fyfe Assoc./Dynamic Rubber

Titan Solid Rocket Motor Storage

Location: Vandenburg Air Force Base, California
Status New

Owner: U.S. Air Force

Size: N.A.

Cost: N.A,

Completion: 1992
Engineers: Bechtel Corp.
System: HDR
Supplier: LTV
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San Bernardino Medical Center

Location:
Status
Owner:
Size:

Cost:
Completion:
Engineers:
System:
Supplier:

Colton, California-

New

County of San Bernardino

Five buildings, totaling 900,000 sq. ft.
N.A.

Design & review 1992

KPFF; Taylor & Gaines

HDR

DIS

Emergency Operations Center

Location:
Status
Owner:
Size:

Cost:
Completion:
Engineers:
System:
Supplier:

East Los Angeles, California
New

County of Los Angeles
33,000 sq. ft.

$6 million

Construction starts 1992
DMIM

HDR

Not selected

Water Control Center-Water Quality Laboratory

Location:
Status:
Owner:
Size:

Cost:
Completion:
Engineers:
System:
Supplier:

Portland, Oregon

New

Portland Water Bureau
28,000 sq. ft.

N.A.

Design phase 1992
Harris Group; DIS
LRB

DIS
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M.L. King Jr.-C.R. Drew Diagnostics Trauma Center

Location: Watts, California

Status New

Owner: County of Los Angeles
Size: 140,000 sq. ft.

Cost: $40 million :

Completion:  Final design OSHBD review 1992
Engineers: John Martin Assoc.; BIC

System: HDR & Bronze Alloy Sliders
Supplier: Not selected

San Francisco Main Public Library

Location: San Francisco, California
Status: New

Owner: City & County of San Francisco
Completed:  Design in progress 1992

Cost: N.A.

Completion:  N.A.

Engineers: - Olmm Structural Design; Forell/Elsesser Eng.

System: Not selected
Supplier: N.A.

Two Residences

Location: West Los Angeles, California
Status: New

Owner: David Lowe

Size: . 4,700 sq. ft. each

Cost: $20,000 for each base

Completion: 1992

Engineers: David Lowe

System: GERB Resistant Base
Supplier: GERB -



Retrofit Base-Isolated Projects

Salt Lake City and County Building

Location: Salt Lake City, Utah

Status: Retrofit

Owner: Salt Lake City Corp.

Size: 170,000 sq. ft.

Cost: $30 million (inc. non-seismic rehab.)

Completed: 1988
Engineers: E.W. Allen and Assoc.; Forell/Elsesser Engineers
System: LRB N

Supplier: DIS/LTV
3 Mackay School of Mines
| Location: Reno, Nevada
Status Retrofit
Owner: University of Nevada, Reno
Size: 27,000 sq. ft.
Cost: $7 million

Completion:  Under construction 1992
Engineers: Jack Howard and Assoc.; BIC
System: HDR & PTEF sliders
Supplier: Furon-

. Channing House Retirement Home

Location: Palo Alto, California

Status Retrofit

Owner: Non-profit corporation

Size: 260,000 sq. ft.

Cost: N.A.

Completion:  In design phase 1992
Engineers:  Renne & Peterson; DIS
‘ System: LRB

Supplier: DIS

Rockwell Seal Beach Facility

Location: Seal Beach, California

Status: Retrofit

Owner: Rockwell International
Size: 300,000 sq. ft.

Cost: $14 million

Completed: 1991
Engineers: Englekirk & Hart

System: LRB

Supplier: DIS/Furon

Marina Apartments

Location: San Francisco, California
Status Retrofit

Owner: Dr. Hawley

Size: 20,000 sq. ft.

Cost: N.A.

Completion: 1991
Engineers: EPS

System: FPS

Supplier: EPS

Long Beach Hospital

Location: Long Beach, California
Status Retrofit

Owner: Veteran’s Administration
Size: 350,000 sq. ft.

Cost: N.A.

Completion:  Final Design 1992
Engineers: A.C. Martin & Assoc.
System: Not selected
Supplier: N.A.
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Hayward City Center

Location: Hayward, California
Status Retrofit

Owner: City of Hayward
Size: 145,000 sq. ft.
Cost: $7 million

Completion:  Final design 1992
Engineers: EQE, San Francisco; C. Kircher Assoc.

System: FPS & HDR

Supplier: EPS & Bridgestone

Asian Art Museum

Location: San Francisco, California
Status Retrofit . :
Owner: City and County of San Francis
Size: 170,000 sq. ft.

Cost: N.A.

Completion:  Conceptual design in progress

Engineers: Rutherford & Chekene; C. Kircher Assoc.
System: Not selected

Supplier: N.A.

50 United Nations Plaza

Location: - San Francisco, California

Status Retrofit

Owner: U.S. General Services Administration
Size: 345,000 sq. ft.

Cost: N.A.

Completion:  Architect/Engineer selection 1992
Engineers: N.A.
System: N.A.
Supplier: N.A.
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U.S. Customs House

Location: San Francisco, California

Status Retrofit

Owner: U.S. General Services Administration
Size: 142,000 sq. ft.

Cost: $14 million (estimate)

Completion:  Conceptual design in progress
Engineers: URS Blume

System: Not selected

Supplier: N.A.

San Francisco City Hall

Location: San Francisco, California
Status Retrofit

Owner: City and County of San Francisco
Size: N.A.

Cost: N.A.

Completion: ~ Conceptual design in progress
Engineers: Forell/Elsesser Eng.

System: Not selected

Supplier: N.A.

OakKland City Hall

Location: Oakland, California

Status Retrofit

Owner: City of Oakland

Size: 153,000 sq. ft.

Cost: $47 million (estimate)

Completion:  Final design 1992

Engineers: Forell/Elsesser Engineers; DIS
System: LRB

Supplier: DIS



State of California Justice Building

Location: San Francisco, California

Status Retrofit

Owner: State of California

Size: 250,000 sq. ft.

Cost: $40 million (est., inc. non-seismic renovation)
Completion:  Conceptual Design 1992

Engineers: Rutherford & Chekene; C. Kircher Assoc.
System: Not selected

Supplier: N.A.

Kerckhoff Hall, UCLA

Location: Los Angeles, California

Status Retrofit

Owner: Regents, Univ. of Calif.

Size: 100,000 sq. ft.

Cost: $15.3 million

Completion:  December, 1994

Engineers: Brandow & Johnston

System: Not selected

Supplier: N.A.
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U.S. Court of Appeals

Location:
Status
Owner:
Size:

Cost:
Completion:
Engineers:
System:
Supplier:

San Francisco, California

Retrofit

U.S. General Services Administration
350,000

N.A.

Conceptual Design 1992

Skidmore, Owings & Merrill

FPS

EPS

Educational Services Center

Location:
Status
Owner:
Size:

Cost:
Completion:
Engineers:
System:
Supplier:

Los Angeles, California

Retrofit

L.A. Community College District
90,000 sq. ft.

$450,000

August 1992

Fleming Corp~

Earthquake Barrier

N.A.



Voo WUbs W

. Lecture One

List of Slides

Experience in the Design and Implementation of Seismically Isolated Structures
Base Isolation - Potential Applications

Base Isolated Condition / Fixed-base Condition

Acceleration Response Spectrum

Displacement Response Spectrum

Comparison of Non-Isolated and Isolated Response of El Centro Earthquake, 1940
Orthogonality of Input to Higher Modes for Base-isolated Structures

Dr. Calantarient’s Designs

Dr. Calantarient’s Designs

Olive View Hospital - Soft Story

Olive View Hospital - Psychiatric Ward, Collapsed Columns

Early Efforts and Isolation Using Natural Rubber

View of School in Skopje, Macedonia

School, Skopje - Cross-section

School, Skopje - Natural Rubber Isolators in School

View of School in Marseilles Area, Southern France

School, France - Natural Rubber Isolators for School, Shown Under Construction
School, France - Natural Rubber Isolators for School, Completed Structure
School, France - Seismic Gap for Isolated School

View of Isolated Dormitory Building in Beijing, PRC

Dormitory, PRC - View of

Dormitory, PRC - View Showing Seismic Gap

Dormitory, PRC - Cross-section of Isolation System

View of Isolated School Building in Mexico City

School, Mexico City - Front View of School Showing Seismic Gap
School, Mexico City - Additional View of School Showing Seismic Gap
School, Mexico City - View of Isolators in School Basement

Modern Approaches to Base Isolation -

View of Isolated Office Building in Wellington, New Zealand

Office Building, NZ - Cross-section

Office Building, NZ - Isolators Shown During Constructlon

Office Building, NZ - Isolators Shown During Construction

Office Building, NZ - View of Construction

Office Building, NZ - Isolators in Completed Building

Office Building, NZ - View of Completed Building

View of Union House, Aukland - Sleeved-Pile Isolation System
Cross-section of Union House Showing Sleeved Piles

Union House, NZ - Sleeved Piles During Construction

Union House, NZ - Sleeved Piles During Construction

Union House, NZ - Steel Energy Dissipators

526




41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

58

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

Modern Examples of Isolation with Natural Rubber

Design Examples

View of Foothills Community Law and Justice Center (FCLJC), Completed Building
FCLIC - Cross-section

FCLJC - Response Spectra

FCLIC - Prototype Bearings - Test Rig

FCLIC - Prototype Bearings - During Test

FCLIC - Prototype Bearings - During Test

FCLIJC - Prototype Bearings - During Test

FCLJC - Sectioned Bearing - Post Test

FCLIC - Isolators During Construction

FCLIJC - Steel Frame During Construction Showing Bracing

FCLJC - Steel Frame During Construction

FCLIC - Seismic Gap

FCLJC - Completed Building -

FCLIC - Bearing in Completed Structure

FCLIC - CSMIP Strong Motion Stations Recording the 10/2/85 Redlands,
California Earthquake

FCLIC - CSMIP Strong Motion Data for Redlands Earthquake Showing Base-isolated
Building’s Response

View of Los Angeles County Fire Command and Control Facility (FCCF)
FCCF - View of

FCCF - Building Section

FCCEF - Section of Isolator Showing Internal Restraint System

FCCEF - Isolators in Steel Fabrication Yard

FCCF - Isolators Being Attached to Columns in Fabrication Yard

FCCF - Installation of Isolator Attached to Column

FCCEF - Installation of Isolator Attached to Column

FCCEF - Isolator in Place During Construction

FCCF - Steel Frame During Construction

FCCF - Steel Frame During Construction Showing Bracing

FCCEF - Steel Frame During Construction Showing Bracing

FCCF - Completed Structure

Completed Base Isolation Building Projects in the United States - New Construction
Foothills Community Law and Justice Center

Aircraft Simulator Manufacturing Facility, Salt Lake City, Utah
University of Southern California Hospital

USC Hospital - View of

USC Hospital - Seismic Gap

USC Hospital - Isolator in Place in Completed Building

Fire Command and Control Facility

Base Isolated Buildings Currently Under Construction in the United States
Kaiser Computer Center, Corona, California

M.L. King/C. Drew Trauma Center, Watts, California

Emergency Operations Center, East Los Angeles, Califomia

San Bernardino Medical Center, Colton, California

San Francisco Main Public Library, San Francisco, California

527

THT ot - e = e e s e = e 2em




86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

Water Control Center, Portland, Oregon

Completed Base Isolation Projects - Retrofit

Salt Lake City and County Building (SLCCB), Salt Lake City, Utah
SLCCB - View of

SLCCB - Cross-section of Structure Showing Isolator Location
SLCCB - Plan View Showing Isolator Location

SLCCB - Isolation System During Installation

SLCCB - Isolation System During Installation

Rockwell Seal Beach Facility, Seal Beach, California

Marina Apartments, San Francisco, California

Marina Apartments - View of Structure During Reconstruction

Marina Apartments - Friction Pendulum Isolation System

Marina Apartments - Installation of Friction Pendulum Isolation System
Mackay School of Mines, Reno, Nevada ‘

Potential Base Isolation Buildings Projects in the United States, Retrofit
U.S. Court of Appeals, San Francisco, California

U.S. Court of Appeals, View of

Channing House Retirement House, Palo Alto, California

Oakland City Hall, Oakland, California

Hayward City Center, Hayward, California

San Francisco City Hall, San Francisco, California

Educational Services Center, Los Angeles, California

Long Beach Hospital, Long Beach, California

State of California Justice Buildings, San Francisco, California

U.S. Customs House,-San Francisco, California

Kerckhoff Hall, UCLA, Los Angeles, California

Response of FCLIC in 2/28/90 Upland Earthquake, Magnitude 5.5
FCLIC - Free-field and Foundation Accelerations, Uplands Earthquake
FCLIJC - Building Response Accelerations, Uplands Earthquake

" FCLIC - Peak Accelerations, Uplands, Earthquake

FCLIC - Isolation System Displacement, Uplands Earthquake
FCLIC - Floor Response Spectra, Uplands Earthquake

528



LECTURE 2

Base Isolation In Japan

James M. Kelly
Professor of Civil Engineering
Earthquake Engineering Research Center
' University of California

Berkeley, California 94720

Short Course on Seismic Base Isolation
Department of Energy

August 10 - August 14, 1992

529




Department of Energy J.M. Kelly
Short Course on Seismic Base Isolation August 10-14, 1992

LECTURE 2

Base Isolation In Japan

Introduction

After a slow start, base isolation research and development in Japan has increased
rapidly. The first large base-isolated building was completed in 1986. Base-isolated buildings
. in Japan require special approval from the Ministry of Construction. Even so, by mid-1992, a

total of 65 buildings had been completed, under construction, or had been approved.

Base .isolation has’advanced rapidly in Japan for several reasons. The expenditure for
research and development in engineering is high, with a significant amount - $25 million -
designated specifically for base isolation; the large construction companies aggressively
market the technology; the approval process for constructing a base-isolated building is a

straightforward and standardized process; and the high seismicity of Japan - severe earth-
A quakes are common - encourages the Japanese to favor the long-term benefits of life safety

and building life-cycle costs when making seismic design decisions.

Implementation of Base Isolation in Japan

Active development of base isolation began in the United States in the mid-1970’s.
Experimental research was carried out at the Earthquake Simulator Laboratory of the Earth-
quake Engineering Research Center (EERC) of the University of California at Berkeley.
Several types of isolation systems were studied using very large structural models representing
low- and medium-rise steel frames or reinforced concrete buildings. This research at EERC
led to further experimental work at other American institutes. Acceptance of this new seismic
design approach has, however, been slow. The first base-isolated building in the United
States, the Foothill Communities Law and Justice Center in San Bernardino County, was com-

pleted in December 1985, and another in Salt Lake City, Utah was completed in late 1988.
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In contrast, base isolation research and development was slow to start in Japan,
but since the first large base-isolated building was completed in 1986, the use of base
isolation has increased very rapidly. This is due in large part the the large construc-
tion companies that have taken the leading role in developing base isolation technol-
ogy. These companies have decided that base isolation is superior to conventional
seismic design and can provide a competitive edge in the construction industry.
Therefore, they are aggressively marketing the technology to potential clients. The
first buildings to use base isolation were, accordingly, demonstration projects with the
construction companies building them for their own use. More recent projects have
been for‘a variety of clients have have included office buildings, manufacturing facili-
ties, and apartment blocks.

The most common form of base isolation used in Japan is steel-laminated natural
rubber bearir;gs with additional devices to enhance the damping in the system. The
rubber compounds used have very low intrinsic damping and the additional elements,
such as steel rods, viscous dampers, hydraulic shock absorbers, and lead plugs, among
others, have been used to produce the necessary damping in the system. In a way,
these designs mirror the research history in the United States where in extensive shake
table testing, many energy-absorbing mechanisms were tried in parallel with the rubber
bearings. As the experimental research progressed over a period of ten years, the vari-
ous additional dampers were shown to be unnecessary, inconvenient, and sometimes
deleterious and the damping was incorporated in the elastomer itself through appropri-
ate compounding. The high-damping natural rubber isolation system used in the San
Bemardino building evolved from this research program. Recently, Bridgestone Cor-
poration in Japan developed a natural rubber with high damping and several of the
construction companies in Japan are evaluating this approach. These isolators have
been installed in one demonstration building as described below.

Demonstration Buildings on Base Isolation Systems

There is a long history of innovative earthquake-resistant design in Japan. Many
ingenious devices and structural systems have been proposed and some implemented.
A review of these unconventional approaches has been given by Izumi [1]. None of

these has achieved enough acceptance by the structural engineering profession in Japan

to achieve widespread use.

The acceptance of base isolation as an earthquake-resistant design strategy has
also been very slow in Jépan, although proposals for its used were made in the late
seventies. In 1978, a construction company called Unitika advertised a natural rubber
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isolation system called the Yurine bearing but no use was made of the technique.

The first isolated building in Japan was built in 1982. It is a small two-story
house built on six natural rubber bearings produced by Bridgestone Corporation. The
building was constructed by Tokyo Kenchiku Structural Engineers and research on its
seismic response has been carried out by the faculty of Fukuoka University. Details of
the structure, the isolations system, and a bearing under test are shown in Figs. 1-4. It
is’ approximately 10 m by 5 m in plan and was constructed in a conventional way so
as to allow its use as housing. It is located in Yachiyo City in Chiba Prefecture, an
area that experiences relatively frequent earthquakes. In fact, during a three year
period, seventeen earthquakes were recorded on the system of strong motion accelero-
graphs installed in the building. ‘

The rubber bearings used in this building are 30 cm in diameter and 8.2 cm high.
The elastomer is a relatively unfilled natural rubber providing a natural period of
approximately 1.8 seconds and damping of approximately 3%. A variety of different
types of additional damping components was investigated in the building including an
elasto-plastic type using a cantilevered steel rod, a sand type using friction between a
steel rod and sand, a frictional type, and a damper using precast concrete plates that
rub against the side of the building. The damper with the most satisfactory perfor-
mance in force-vibration and free-vibration tests was the elasto-plastic damper; this
provided an equivalent damping of around 20% for the system.

Observations of the earthquake response of the building over a three-year period
after completion and installation of the seismometers were reported by Tada [2], and
have been highly favorable, although the ground motions experienced have, in most
cases, been quite small. The roof accelerations have always been less than the ground
accelerations, sometimes dramatically so, and as expected, the acceleration reduction
ratio increases with increasing ground motion. The highest recor;ied input during the
initial monitoring period occurred in late 1985 when a peak-ground motion of 10.2%
produced a peak-roof acceleration of 2.4%. A summary of the recorded data is shown
in Fig. 5. The observation program is continuing and in December 1987 an earthquake
with a ground motion of 13.1% was recorded. The maximum roof acceleration in this
case was only 3.5% g, demonstrating the remarkable attenuation of the isolation sys-
tem.

Almost certainly as a result of the entirely favorable response of the building in
Yachiyo City, a number of much larger buildings using base isolation were constructed
in Japan with many being completed in late 1986 and 1987. In almost every case,
these buildings were designed and built by construction companies as demonstration
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buildings and are used by the companies as offices and laboratories. These buildings
were built to test the feasibility of the isolation systems, to observe their responses to
earthquakes, and to demonstrate the technology to potential clients.

The first of these larger buildings to be completed was the Okumura Construction
Co. Technical Center in Tsukuba City, Ibaraki Prefecture. The building is a four-
story reinforced concrete building 20 m in length and 15 m wide by 14 m high. The
isolation system is comprised of natural rubber bearings provided by Showa-Densen-
Denran, and a number of steel elasto-plastic coil type dampers similar to those used in
the Yachiyo City house. - Photographs of the these bearings and dampers are shown in
Figs. 6-10. The bearings are 500 mm in diameter by 140 mm high. A total of 25
bearings were used in the building. Twelve of the steel dampers are included in the
system. ’

* The building is used as an office building by the Okumura Corporation Research
Institute. It has a total floor area of 1,330 m? and a total weight of 2,250 tonnes. A
test program on the building has been jointly carried out by the Okumura Corporation
and the Central Research Institute of the Electric Power Industry (CRIEPI). Forced-
and free-vibrations tests were carried out on the building and static tests were carried
out on the elements and the building. The building was extensively instrumented with
seismometers and its response to earthquakes has been observed as part of this experi-
mental program. The results of the various studies have been reported by Abe et al.
[3] and Aoyagi et al. [4].

At small strains, the bearings and dampers provide a period of about 1.1 seconds
with a damping ratio of 2.5%. The dampers are elastic up to a displacement of about
3 cm and provide no damping for the displaéements below this level. The predicted
maximum damping which can be provided by the dampers under large excursions is
about 18%, at which stage the period lengthens to about 1.8 seconds. The building
has responded well in earthquakes. Twenty-six events were recorded in 1987, with the
maximum .peak-ground acceleration measuring 20% g, while the measured peak
amplification of the roof was 2.0% g, a remarkable attenuation of response.

The Oiles Technical Center (Fig. 15) is a five-story reinforced concrete frame
building, 30 m x 30 m in plan (Fig. 16), with column grids at 6.0 m and 9.0 m
centers. A vertical section of the building is shown in Fig. 17. As a technical center,
the building houses the Departments of Research, Technical Development, Quality
Assurance, Technical Information, and Mechanical Development. The Oiles Patent
Office and Computer Center are also located in the building.
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Construction began in April 1988 and was completed in February 1987. It has a-

floor area of 4,800 m?® and a total weight of 7,500 tonnes above the isolators. Thirty-
five lead-filled elastomeric isolators support the structure with diameters ranging from
650 mm to 800 mm. The lead plugs vary from 130 mm to 160 mm in diameter. All
bearings are 363 mm in height.

The building was designed with a base shear coefficient of 0.2, the same as that
required for a conventional building. Therefore, no economy was -possible in the
design and the rationale for construction was improved seismic safety, damage-free
performance in major earthquakes, and its use as a demonstration building. For this
last purpose, the building serves three useful functions. First, it is used to show build-
ing owners, architects, and structural and building service engineers, typical details and
configuration necessary to construct and maintain a base-isolated building. Second, it
is used as a full-scale isolation test laboratory. Both forced and free-vibration tests
have been conducted on the building and these are repeated from time to time to check
the durability and reliability of the isolation system. Useful data on the recovery of
hysteretic damping after free-vibration testing have also been obtained. Third, the
building is instrumented with 27 strong motion accelerographs, 8 displacement trans-
ducers, and 9 stress sensors in the piles. Records of structural response have been
obtained for several earthquakes [6]. While most of these have been low-level events
for which the hysteretic damping have barely yielded, measurable attenuation in floor
accelerations has been demonstrated and the design assumptions have been confirmed.
Figure 18 illustrates acceleration records from the building the during east Tokyo
earthquake of March 18, 1988. The measured peak-ground dcceleration was 6.2% g
and at the roof, 4.3% g. The relative displacement at the isolation system for this
input was just under 1 cm. .

A laboratory building at the research institute of the Kajima Corporation was
completed at about the same time as the Oiles Technical Center. This structure, the
Environmental Engineering Laboratory located near Tokyo, is a functional building
that doubles as a full-scale experimental model for advanced construction technology.
The facility consists of two adjacent buildings, an acoustic/environmental vibration
laboratory, and a thermal control/air flow/equipment laboratory. The two buildings are
connected by a corridor and an atrium roof (Fig. 19). The thermal control laboratory
was constructed using conventional precast concrete technology and is supported on a
standard concrete foundation. The acoustic laboratory is of similar construction but is
supported on a base isolation system consisting of 18 laminated rubber bearings, 14
hysteretic dampers, and an unknown number of oil buffers (energy-absorbing devices)

544




8861 ‘ST YoJeA ‘oyenbygiesf ofyoJ, iseq] Sulnp suoljets[dooy

PopJ09y] WRUWIXBA pue sydesdolss]pody UoijoN-3uoijg Jo uoljeso] (e)gr adnsiy

. (8861 ‘we,yp,bE:G "YIQT YodeH) (U033 (-~ (X) K3)
ojenbyjdey ofyol jo gsej supunp NOLLVYIIAIIV AIGY0DAY HNHIXVH

LI woz-
(uoj3oa4g(- (X) Ad) (sS/m0)2"Lg
gyl )
(z5/%9)9°19 . oseq 38 E\\\\
\\ WY \ N Tl ; Z 7 ap-19
\\“\\ .\\\\\\\\\x\\\\\\\&“ llnﬂ ] | .\Amw\no;;
> .
(S/m) iy Ul
Dy

(eS/m2)p €8 47

[ ]
(Q3X14-3sve) , >

DNIGTING AYOLS-Z 0§ (eS/w)0'6e U

<—>
(eS/mo)0°gy | 4§

(ONIAING QALYIOSI-ASVE)
: J3INTD WOINNDIL SATI0

545

y e pr g ———ry




60.00
—_—

-29.00 , 20;00 A

ACCELERNTION (GAL)

-60.00
L

) 20;00 , 50;00

-20.00
1

NCCELERATION (CNL}

-sq.nn

, 20;00 , 60;00

-29.00

JACCELERNTION (6AL)

0

20,00 | 60;00 .gg.0

OILES DATA 88.3.18 X~OIR.
HAX = 42.961ca/s*

0ILES DATA 88.3.18 X-DIR.
A ) NAX = 39.047cn/s?
)

OILES DATR 88.3.18 X-3IR.
nAx = 41.530ca/s?

0ILES ORTA 88.2.i8 X-DIR.
HAX = -61.535ca/s?

-2q.00

-69-00

ACCELERNTION (6AL)
1

T g
g.00

. * [ 3 O O d . . v . v g . 4
3.00 6.00 8.00 12.00 15:00 ) 18.00 21.00 24.00 27.00 30.00
TINE (SEC)

Observed Acceleration of OILES TC Building(¥-Direction)1988.3.18

Figure 18(b) Observed Time Histories during
East Tokyo Earthquake, March 18, 1988

546




P
I
'
.
! .

s -

s ks o rrf ot it

R L
RIS (o, pee, & o
e ué:’?,,”/»‘% 5y el

P g 02
pro e L B,
g [ St
o R

;m""
e,

Figure 19 Kajima Corporation Demonstration Building
' (Environmental Engineering Laboratory)

N T T T TR T Y TR TR Y

TN TR b




as shown in Fig. 20. The foundations and the base floors of the two building, there-
fore, differ fundamentally. Figure 21 shows the location of the various supports and
isolation devices used for the acoustic laboratory and Fig. 22 shows a section through
the building.

The structure represents ‘a full-scale model of an operational laboratory designed
for earthquake motion isolation. The building is supported on a foundation that pro-
vides a complete mechanism for isolation against earthquake motions and other
ambient vibrations. Acoustic and vibration experiments can be performed inside the
isolated structure with a high degree of accuracy.

Soft vertical rubber springs are utilized to isolate the building and filter out
micro-tremors caused by external ground-transmitted vibrations. Fail-safe blocks,
which limit ultimate system displacements, are used to provide secondary protection
against primary system failure. The horizontal frequency of the building is 0.5 Hz and

the vertical frequency at the design weight is 5 Hz. This low vertical frequency is

achieved by thick layers of soft natural rubber. -The bearing shown in Fig. 23 has
shape factor of 5.2 and consists of 5 rubber layers, each 48 mm thick and 4 steel insert
plates, each 5 mm thick. The bearing has a design load of 3.1 MPa and a design shear
displacement of 20 cm.

The thick-layered laminated bearings do not provide sufficient energy absorption
and dampers are incorporated to increase overall system damping. The hysteretic
damper and concrete deformation retainer are shown in Fig. 24. The steel rod at the
center dissipates horizontal vibration energy through inelastic flexural deformation.
The deformation retainer protects the steel rod from damage at the fixed end and
improves the fatigue strength by a factor of 4. According to a Kajima spokesperson,
the shape of the deformation restrainer was determined through trail and error.

Oil buffers are incorporated to reduce vertical vibrations and rocking motions dur-
ing an earthquake. Figure 25 illustrates an oil buffer damping device. Analytical
methods have been used to demonstrate that vertical response can be reduced by over
50% with these buffers. The reaction force of the oil buffer is proportional to its velo-
city.

Two ancillary components are included in addition to the primary isolation com-
ponents. Fail-safe blocks are used adjacent to the rubber bearings to provide secon-
dary protection against failure of the primary system. The block shown in Fig. 26 is
provided with a mechanism to adjust clearance between the device and the foundation.
Slide bearings (Fig. 27) are used to support the passageway and atrium roof joining. the
two laboratories.
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Analysis, testing, and recorded earthquake data [7] have demonstrated that the
isolation system can reduce peak building accelerations by a factor of 4 to 5. Meas-
urements of micro-tremors have demonstrated 20 db reductions for frequencies greater
than 10 Hz. The elastic stiffness of the hysteretic damper acts as a wind brace for the
building. The system is designed to limit wind response to less than 1 gal for winds
with a one-year return period. The validity of the analytical model predicting wind
response has been demonstrated by measurements. Motions of 27 mm and accelera-
tions of 0.41 gal have been recorded with 16m/sec winds.

The Takenaka Construction Company began a study of base isolation systems in
1982 and in 1984 constructed a full-scale test model using a 550-ton coal silo (Figs.
28-30) mounted on natural rubber bearings provided by the Bridgestone Corporation.
The damping in the isolators was very low, equivalent to about 2.4% for an isolated
period of 2.0 sec, and to provide adequate damping; viscous fluid dampers (Fig. 31)
provided by Oiles Industries were included in the system. Free-vibration tests were
carried out and the observed damping was about 12% [8]. The performance of the
system in the tests was so satisfactory that the company designed and built its own
demonstration building using this system. Known as the Funabashi Dormitory (located
near the Nishi-Funabashi station about an hour’s train ride from Toyko), the building
was designed and built as a research facility. The Takenaka Technical Research
Laboratory has instrumented the building and is presently collecting performance data.

The building (Fig. 32) is a three-story structure housing quarters for single male
employees of the Takenaka Corporation. The structural framework and the lateral
load-resisting system consist of shear walls and reinforced concrete frames. The archi-
tectural design (Fig. 33) for the facility included an open atrium area on the second
floor between two wings of residential rooms. This required that the second and third
floors overhang the first.

If conventionally founded, the resulting structural system could lead to poor
seismic performance. Base isolation removed this design obstacle. In addition, base
isolation allowed a relatively large open area on the first floor to be unencumbered by
shear walls that would typically have been required to transmit seismic forces to the
foundation.

The foundation and the first floor dimensions are 9 m by 37.2 m, while the
second and third floor dimensions, including the overhangs, are 16.2 m by 44.2 m.
The total height of the building above the basement is about 11 m. The basement,
within which the base isolation system_is situated has a clear height of about 1.5 m,
not enough clearance to stand comfortably but high enough to enable inspection of the

555

-—

s e e g I e o gy e =, »: s e A hend TN ST TR % ;3
T T TR TR (7 RS GNP SRS i 5 SN S R 0)- S/ S IR CT U D -0 ORI

i (223



,w..: 433)
m M mw
34 3.
mm MN

S N

\ww:(

prox
£
e
N@Kz « wwm,»w.w%

0, &
AN
St W et

w@,?;

W

&

o D

b3

pany Isolated Test Model (Coal Silo)

28 Takenaka Com

Figure

556



[SPOIA 989 ], Byeusye], YSnoly) uoljosg Bg aIndig

sladwre(] pue s10J€[OS] JO )
uoleao] Suimoyg Spoj 459, Jo Ueld 0g 2anBLq i q i

. 03 TL | T
0051|008 "2 =005 1] | 008 F——1]
WA1SAS : : Ee/

Jadwpng: O BujJpag Jaqamy: O 401301051 %m»%

lcespoe* !

00Q°1t

([

——— ~ = - - - - [ T - — N ' -

557

Rt B Y e il e v R o E s e E——



S S S N
b SR e
S SR B P g
SEEran A SR
s A

o
L =

Y

T
ki)
R
e

T

(.,
:
i
2
o
24

&
AL
i

f,.
i
1

3

B
Pt
i

"
P 5

B mrs vl s, e A Sy 1
A R
]

R
S

TS
DN

o,
Ve

Al

MW
B
YN
A T

i

&

&
B3

it

it

e o
S

i

S

7

'"51[

N e i Sty
R R M IR, K %
SRS e R e v s R s
S e ST A S T ] %Nw"‘,,”m,zz_h 3 2L
; Sl 7 R et
e ;ag?::‘,',‘g‘;._), s e

U
,.m.::;{ c" m;r.a:

e B

& IR

P § T 8w s

Figure 32 Funabashi Dormitoryi Takenaka_. Company Demonstration Building

558

e

o
RSy

o ek
Il «vﬁge
Wy %!

o sy

-
T e
NPT PRt
SRt ot 3 AN
xEgER L

RS



|
}
i

o 08 ¥4 3
PRV g ) 7

ARARY 0, rTAN s “ !
SCPRRT RN uﬁmﬁw\ %y i
Bt
0

N

EATAnEA
PP TR N
Wﬁc o, ...,ww 3e
AN e g AT
e T ety e U he
[T IR AR MO LSRR
RO A FANTIN
ofsd [P RS
GRY /:.J ,.fw,hv ur RS
\I:i.”._u
n,,,fé%m xﬁﬁac

:fw,w\. %ﬁ. RS

S aTN

AN NP e,
4 ~m< G AN W/
oy pRRAC |

YN
1oy
NP

PPV O, TR

LR 1 PRI
NG SR
+. SYREL PR N

N

oty

. + i3
o W 2 g
O 2 kY % AM\ 14 , 5 w
< . R ,‘,

N

Ir
5
S

2
e

?:5‘1

=

O Yo

S
X

N
.

Showing Architectural Design

Figure 33 Cross-Section of Funabashi Dormitory

Figure 34 Isolators and Dampers in Funabashi Dormitory

.
; 5 2
i i :
. RS . s
. &
] - . (,.r
T
) f
9y
B
.
e
.
. ,
. . ' . i '
. , - ) L - e e [P L .- b Vo [N :



base isolation system.

Poor soil conditions are the site required that the building be suipported on piles
placed to a depth of about 23 m bearing on a subsail layer of find sand. A total of 14
piles, one located at each building column, support the entire weight of the structure,
The pile caps are tied together by a grid of grade beams. The base isolation bearings
and the energy-absorbing devices are located on top of the grade beams.

The base isolation system for the building consists of 14 steel-reinforced natural
rubber bearings (Figs. 34 and 35) provided by the Bridgestone Corporation, one at
each pile location, supplemented by eight dampers. Of the 14 bearings, 8 carry a vert-
ical load of 150 tonnes, and 6 carry a vertical load of 200 tonnes. The 150-tonne
bearings are 686 mm in diameter and 186 mm thick, which the 200-tonne bearings are
766 mm in diameter and 166 mm thick. Thus, the vertical pressure on the bearings is
4.06 MPa and 4.34 MPa, respectively.

The viscous polymer based dampers are unique to this system. Each damper is
about 150 cm? in plan with a total height of about 30 cm. A viscous polymer is con-
tained within the lower part of the damper. The upper bearing plate of the damping
mechanism (see Fig. 36) is fixed to the superstrﬁcture and positioned on top of the
viscous fluid. The drag of the viscous fluid on the bearing plate as it displaces hor-
izontally during an earthquake produces a damping force proportional to the relative
velocity. The building and the base isolation system and its performance are described
in Ref. [9].

The rubber Eearings in this system serve predominantly to support the building’s
_weight, reduce the fundamental frequency of the base-isolated structures, and to pro-
vide a lateral restoring force. The dampers serve to absorb seismic energy and control
displacements. While the damping devices do not support vertical load, the viscous
damper adds to the horizontal stiffness of the base isolation system. The design shear
strain in the bearings is 300%.

" The use of base isolation systems for the seismic protection of museums is poten-
tially a very large market. Priceless artifacts have been damaged during severe earth-
quakes in museums in Greece, Yugoslavia, and Italy, and there are many museums
located in highly seismic areas. The first museum to be built on a base isolation sys-
tem is the Japanese Christian History Museum in Osio, Kanagawa Prefecture. The
region is subject to frequent earthquakes and is designated by the government as
required poéitive counter-measures against seismic attack. A base isolation system was
adopted for this museum to protect -the many exhibits concerning the history and
development of Christianity in Japan.
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The building, shown in Fig. 37, is a reinforced concrete structure with two-stories
above ground and one at basement level. The building has a total floor area of 550
m?, weighs 830 tonnes, and is carried on 12 natural rubber isolators provided by the
Bridgestone Corporation. They are 435 mm in diameter and 220 mm in height and
provide a natural period of 1.9 seconds. The system includes 12 steel dampers of the
type used in the Yachiyodai House and the Okumura Corporation building. With these
features the period of the isolated structure is 1.3 seconds. Another type of damper is
incorporated to provide damping at small displacements when the steel dampers are
less effective. This damper consists of lead bars in the form of a J attached between
the foundation and the superstructure. A view of the complete isolation system is
shown in Fig. 38 and details are given in Ref. [10].

The building was constructed by TCRI and Yunichika Corporation and was
opened to the public in April 1988. The response of the building to earthquakes is
being studied by researchers are the Fukuoka University. As of this writing, no earth-
quake response has been reported.

In a joint research program, Tohoku University and Shimizu Construction Com-
pany constructed two full-sized test buildings side by side on the Sendai campus in
northern Japan. Construction was completed in May‘1986. The buildings are three-
story reinforced concrete structures, one conventionally founded and the other base iso-
lated. The dimensions and construction methods for the superstructure were otherwise
identical. Each building has a rigid frame structure, and the outer walls consist of
light-weight concrete panels. The plan dimensions of each building are 6 m by 10 m,
the total combined area being 180 m?. The site consists of an 18 m layer of loam
with gravel with an average shear wave velocity of 310 m/sec overlying sandy tuff,
The site frequency from micro-tremor observations is about 4 Hz.

A general view of the buildings is shown in Fig. 39; the structure on the right is
base isolated. Plan and elevation views are shown in Fig. 40. The isolation system
consists of 6 laminated unfilled elastomeric bearings and 12 oil dampers. Figure 41
shows the bearing dimensions and oil dampers. The oil dampers have an equivalent
damping ratio of 15% for wide range of shear strain including small strains. The
viscous oil used is expected to have a life of at least ten years.

Several static tests have been performed on the isolated building to confirm the
bearing stiffness and damping properties. A static horizontal load was applied at the
base of the isolated builgifng using jacks to displace the building by = 170 mm.
Forced-vibration tests were performed to confirm the dynamic properties of the build-
ings. Vibration exciters were placed on the center of the roof slab and the natural
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frequencies and damping rations were obtained experimentally. The natural frequen-
cies of the conventional building were 3.6 Mz in the x-direction and 4.4 Hz in the y-
direction. The frequencies of the isolated building with the oil dampers were 0.72 and
0.73 Hz, respectively. The damping ratios of the isolated building were 16% in the x-
direction and 15% in the y-direction. The damping of the bearings alone is less than
2%.

The building have been instrumented with 11 strong motion accelerographs
installed in the base rock at elevation -27 m, near the surface in the free field, on the
base slab, and on the roofs of the two buildings. Thirty earthquakes were recorded
[11] between June 1, 1986 and July 20, 1987, most of which were low-level events.
The largest acceleration recorded on the ground surface was 87.27 gals (0.091g) and
theocorresponding peak accelerations at the roofs were 272 gals (0.28g) for the conven-
tional 42 gals (0.04g) for the isolated structure. One of the strongest earthquakes
recorded at the site was the earthquake of February 6, 1987 (magnitude 6.7, epicentral
distance of 168 km). The values of maximum acceleration for this earthquake are
shown in Fig. 42 and the time histories of acceleration are shown in Fig. 43.

The amplification functions in the x-direction for the thirty earthquakes are plot-
ted in Fig. 44(a). The mean value of amplification is 5.95 in the conventional building
and 0.99 in the isolated structure. The amplification factors in the y-direction are
shown in Fig. 44(b).. The mean amplification values are 3.08 and 0.89 in the conven-
tional and isolated buildings, respectively. The results for these earthquakes demon-
strate the effectiveness of the isolation system in reducing accelerations induced in the
superstructure.

The isolation system described above has since been replaced by 6 high-damping
rubber bearings manufactured by Bridgestone Corporation. The relationship between
lateral stiffness and damping versus shear strain for these bearings is shown in Figs. 45
and 46, respectively. The damping ratio at low strain levels is 19% and decreases to
about 15% for higher strain. The buildings are being monitored for earthquakes to
study the performance of these high-damping bearings.

A departure from the previous base-isolated demonstration buildings is that of the
Taisei Corporation. This building was due to be completed in late 1988 on the
grounds of the Taisei Technological Research Center in Yokohama. In contrast to
other base isolation systems, which use natural rubber bearings as primary isolation
elements, the isolation system for this building uses a sliding system called TASS
(Taisei Shake Suppression System).
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The building shown in Fig. 47 is a cast-in-place, four-story reinforced concrete
structure with a plan area of 323 m2 The building is supported on eight TASS bear-
ings which use a teflon/stainless steel sliding surface and carry the entire vertical load
of the building. A separate rubber bearing that carries no vertical load is positioned
near each sliding bearing (Figs. 48 through 50) which act as a restoring force and to

control sliding displacement.

The sliding bearing has 6 layers of rubber under the teflon surface permitting a
certain amount of movement before the interface begins to slide. Each bearing is 85
cm in diameter as loaded to 7 MPa. The friction coefficient varies from 0.1 to 0.16
and the isolation period before sliding occurs is about 1.2 seconds.

The building above the isolators was designed for a base shear coefficient of 0.15.
Analyses of the response of the structure to El Centro 1940 and to Hachinohe 1968
were performed assuming a constant friction factor of 0.10 and it was concluded that
the system would reduce the peak acceleration in the building considerably with a
predicted maximum displacement of around 25 cm. Shaking table testing of a model
for demonstration was carried out and the results are presented in Ref. [12].

Commercial Buildings Using Base Isolation

There is at present no design code for base-isolated buildings in Japan. Each
design is reviewed by two committees in a review process that takes three months. A
seven-member committee of the Japan Building Center acting as a consultant to the
Ministry of Construction reviews the design and it is further reviewed by a committee
of the Ministry of Construction before approval is granted. In the absence of a code,
the design criteria acceptable to the Ministry of Construction are as follows:

(@) soft ground sites are to be avoided (liquefaction potential);

() basin-shaped areas should be carefully studied for wave amplification and
enhancement of long-period motions;

(c) height is restricted to a maximum of twenty stories;
(d) eccentricities should not be excessive;

(¢) base shear coefficient should be greater than 0.15 and superstructure should be
designed for ductility;

() the design philosophy is to allow for no damage for level 1 earthquakes (PGV =
25 cm/sec), minor damage for level 2 earthquakes (PGV = 50 cm/sec), and to
activate fail-safe systems for level 3 earthquakes (PGV = 75 cm/sec);
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Figure 49 Horizontal Elastomeric Spring Used in TASS System
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(g) time history analyses must be performed using El Centro 1940 NS, Taft 1952
EW, and Hachinohe 1968 NS and EW (long-period motion);

(h) elastomeric bearings should be designed to carry an average pressure of less than
10 MPa; the allowable average shear strain (extreme lateral displacement divided
by total rubber thickness) is a function of average pressure and is generally less
than 200‘%;;

(i) aging and fire-proofing of isolators should be checked; and -
() provisions should be made for replacing the isolation mechanism if necessary.

. Several construction companies have gained approval for commercial buildings
that are now under construction and others are awaiting approval. Such details as are
available on the isolation systems and the design of the buildings follow.

Ohbayashi-Gumi Co. has completed an office building in Shibuya for Shimizu
Co. This is a five-story (Fig. 51) reinforced concrete building of 560 m? on twenty
Bridgestone natural rubber isolators with 108 round steel bar dampers. It was granted
Ministry of Construction approval in 1987 and was completed in 1988. Details of the
building and the isolation system are shown in Fig. 52.

Obbayashi-Gumi has also recently completed an electron microscope laboratory at
the Tsukuba Mukizai Research Institute. This building is only one story (Fig. 53) and
is 834 m? in area. It uses 32 Bridgestone bearings and 48 round steel bars as dampers.
The need for isolation in this building is not dictated by seismic design requirements
for the building but by the need to provide a high degree of seismic protection to the
extremely sensitive instrumentation that it houses. The system provides a building
which is both vibration isolated and seismically isolated. The design of the building
was approved in 1987 and construction completed in 1988. In late 1987, Ohbayashi-
Gumi was granted approval for an eight-story office building of 461 m? which is now
under construction. '

The Okumura Construction Co. in collaboration with Tokyo Kenchiku Structural
Engineering completed a four-story apartment of 225 m? in 1987. It is carried on 12
rubber bearings and has 7 of the coil-type elasto-plastic dampers developed by
Okumura. The same collaboration has built a 102 m? research laboratory for the
Fujita Corporation in Kanagawa. It is a three-story reinforced concrete building on 4
- rubber bearings with the coil-type dampers. Additionally, the Okumura Construction
Company was granted permission in 1987 to build a three-story apartment house of
192 m? on 10 rubber bearings with 7 coil-type dampers. ‘

574




i
e
Kb,

SR
LAY
PR

LRGBS
,;1#««/.5; ¥ 4

x4

N

eRR

3 1

3,.#

—

7

.

s -
A9 Pt et e et et e

ibers
Bt b ahiate Ly
LIS ST
T ——
ke fniiRaey
TR

hibuya Office Building

S
G

10n

Figure 51 Shimizu Corporat

Lid

umi

575

Built by Ohbayashi-

,
P
¢
+
|
i
!

TR IR

J—




nig'id

0t

YiL's®

trly

im
5 "
" L}

i ...n'

i —

DMCICE S r ey e = c

RN i
I
o | T e o Tl T

(%]
1 ¢ o
s o
_ S :
t-
m . M. g -
@ * sz
bt 3 -
-~ S o
LAY | 1 S | Yo, - O
2 TEE
win & -—
¥ i OF] \_ —A
],

Iy

i
1
t
1)
+
1
[
3
1
1
1
1
4

3
i

_Jte

£ 338

— —i‘— ;.‘L

too e .S

e e

£33

10n |

Figure 52 Plan and Section of Shimizu Corporat

Shibuya

ing in

Base-Isolated Build

576



3 2t
Ry ,22“ f\vﬁ.w MRS
R %,,\L B

RIS

»w
@,
,..nr v

b

e e 2

ot

sy
_ ,\.aﬁ(:, e

sv,% AN M.ﬁm& 2 .

.
hwh.. i ¥,
RN SN
. ,\,n wm f\,w,,x . w e
A3 v
v e iy ok
PR, ,/< A
-1 .tun«um} ?a N4 w. ”ﬁ, N

L xhy

.n.c-x.eo-.s .

FE=s

3

H

T b

x

A

E32

5

A g2

o

e,

i

AP
A
R

2%
Lo’
el

&
R

e
) o3
SRAE

e

.

%
r
—

e E

e

fravey

T

(2

i

#

~

Figure 53 Electron Microscope Buil

ding by Ohbayashi-Gumi Ltd

577

|

—




or

¥

<
*

¥
e e ys 110ORTE

¢

PN

FONERPPHIVY

Figure 54 Ibaraki Branch Office of Shimuzu Corporation

578




T Y

The Shimizu Construction Co. has built two base-isolated buildings in addition to
its demonstration building. One is a four-story office building of 170 m? on 14 lead-
rubber bearings provided by Oiles Industries (see Fig. 54). It is located in Ibaraki and
is a branch office of the company. The second is an eight-story office building for the
Bridgestone Corporation on 12 Bridgestone bearings. The dampers in this building are
round steel cantilever bars.

In addition to the design and construction of the Qiles Technical Center, Sumi-
tomo has recently completed the design of a ten-story apartment building and a seven-
story office building both of which are to be isolated with lead-rubber bearings. The
apartment building is known as the Itoh Mansion in Minami-Kosigaya near Tokyo
(Fig. 55). Its total weight of 660 tonnes will be supported on 14 lead-rubber bearings,

each 900 mm in diameter with various lead plugs ranging from 160 to 222 mm in

diameter. Eight uplift restrainers are used to resist overturning of the building in the
transverse (narrow) direction (Fig. 55). These devices are structural yokes which sur-
round massive edge beams that run the length of the building. Each set of 4 uplift res-
trainers has a cdpacity of 500 tonnes. Two omnidirectional stoppers are used to con-
trol displacement (maximum limiting force is 400 tonnes). This building was
approved in February 1988 and construction is underway.

Located in Nagoya City and to be known as the Asano Building, the seven-story
office building is unusual in that it is to be isolated just below the second floor (Fig.
56). The total weight to be supported above the isolators is 3,800 tonnes. Ten lead-
rubber bearings of diameter 800 mm and 900 mm and two horizontal stoppers are to
be installed on a mezzanine floor within the first story of the building. The motivation
for isolating at this level is to eliminate the trenches around the building which are
necessary if the isolators are located in the basement. Such a detail permits the build-
ing to extend to the lot line and optimizes the use of expensive commercial real estate.

A consequence of this configuration has been the need to quantify the fire resis-
tance of elastomeric bearings. Sumitomo has conducted tests on various bearings
using different fire protection materials wrapped around each. Performance has been
observed in three-hour tests at 1,000 °C in accordance with the Japanese equivalent of
the ASTM standard. Excellent resistance has been demonstrated and this work appears
to confirm previous work done by the Malaysian Rubber Producers’ Research Associa-
tion of England on unprotected bearings. The design for the Asano Building has been
submitted for approval and should be under construction before the end of 1988.

The Fujita Corporation has built a small three-story reinforced concrete building
on isolation bearings provided by Oiles Industries Ltd. The bearings are 450 mm in
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diameter and are 350 mm high, there are four in the isolation system and each carries
a load of 85 tonnes. The building was initially constructed as fixed at the base and
remained so for six months after which the isolators were installed. Forced vibration
tests and observations of its earthquake response were carried out for both isolated and
non-isolated states. Small earthquakes that occurred when the building was both fixed
and isolated and comparisons of the responses indicate that the amplification factor for
ground acceleration was smaller for the isolated condition. The effectiveness of the
system should of course increase as the earthquake intensity increases. The building
on the four bearings is shown in Fig. 57 and a close-up view of two of the bearings is
shown in Fig. 58.

Nikken Sekkei is designing a six-sto}y, 3.5 m by 22.5 m computer center using
28 low-damping natural rubber bearings 700 mm high and 600 mm in diameter. The
period of the structure on rubber alone is about 3.0 seconds. The system will incor-
porate a set of friction dampers designed by Sumitomo Metal Industries, Ltd. The sys-
tem will include 12 of the friction dampers. The total weight of the building is 7,000
tonnes, and the floor area is 4500 m? and it is 24.8 m high. Approval is anticipated in
May 1989 and construction will begin shortly after. An artist’s rendering of the build-
ing is shown in Fig. 59. '

There are several other projects undergoing the approval process at this time, both
offices and apartment buildings, the tallest of which is fourteen stories. No details of
- the isolators or superstructures are available. It is to be expected that the boom in the
construction of base-isolated buildings in Japan will continue and will be very
influential in stimulating acceptance of the strategy in other countries.

Concluding Remarks

Why has base isolation taken such a hold in Japan and why so rapidly? Research
expenditures play a major role. Each of the large construction companies has invested
about $3 million per year on base isolation research and development which combined
~ with the investment by the bearing manufacturers such as Bridgestone and Oiles Indus-
tries puts total investment in base isolation research and development at approximately
$25 million per year. This should be compared with a total of around $14 million
made available for all earthquake engineering research by the National Science Foun-
dation in the United States.

All the companies market base isolation very aggressively using videotapes,
high-quality brochures, presentations on national television, technical papers in national
and international conferences and numerous other formats. Most companies offer a
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multifaceted approach to isolation including approaches to seismic isolation, vibration
isolation (against traffic-induced vibration), floor isolation systems for computer centers
and energy-absorbing devices for interior walls. '

The approval process is conducted at a higher level than in the United States
where a building permit would be issued by the office of the city engfneer, who may
not be comfortable with a new technology. It is not reduced cost that has generated
the boom. Base-isolated buildings in Japan are generally between 5% and 10% more
expensive than conventional construction. The increased cost is justified in the
increased safety of the buildings and the potential reduction in damage to the contents
of the building due to moderate and severe earthquakes over the life of the building.

In the final analysis, it is most probably ‘the promise of increased safety and
reduced damage that has led to the rapid acceptance of the new technology. Japan is a
country where severe earthquakes are a certainty and the potential for catastrophic
damage extremely high. Moderate earthquakes occur many times a year and are a
constant public reminder of the danger. In contrast, earthquakes in the United States,
even in California, are less frequent and the public is not as alert to the danger. In
addition there is a long-term bias toward low-cost, low-bid construction. The Japanese
view appears to be that life-cycle costs rather than first costs are more important in
deciding on an earthquake-resistant design strategy and it is this philosophy that has
led to the rapid acceptance of base isolation in Japan.

Recent Developments in Base Isolation in Japan

The previous chapters have covered base isolation in Japan up to the end of 1988.
Since then there have been continued developments in all aspects of base isolation.
The complete list of base-isolated buildings now includes fifty-three buildings, and
much research is underway in universities and research institutes and a very large pro-
gram of development for nuclear application has been funded. These recent develop-
ments are summarized in the following sections.

Civil Structures

All base isolation projects in Japan are approved by a standing committee of the
Ministry of Construction. At the present time (6/30/91) a total of fifty-three buildings
have been licensed and the list will no doubt continue to grow in the near future. A
wide variety of isolators are being used in Japan and at the present time the most com-
mon are the high-damping rubber bearing and the lead rubber bearing. The current list
of buildings is included in Table I. Many of the completed buildings have experienced
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Table I
List of Seismic Isolation Buildings in Japan
. o Designer and/or{ Type of Isolation Building
License Name of Building . ”
Constructor Device Story (m?
1 | 833 | Yachiodai House Tokyo Arch. RB+PC Friction RC | 2F 114
Okumura
Unichika,etc/
2 | 85/11 | Tsukuba Research Bldg, Okumura RB+Loop Type Steel RC | 4F 1330
3 | 86/1 Tech. Research Bldg. Ohbayashi RB+Hysteretic Steel Bar {| RC | SF1B | 1624
RB+0il Damper
Tohoku Univ. Bldg. Shimizu - RC | 3F 417
High-Damping Rubber
4 | 86/3 | Oiles Corp. TC Bldg. Yasui Sekkel/ | 1 o4 Rubber RC | 5F | 4765
Sumitomo
5 | 86/4 | Taketomo Dormitory Takenaka RB+Viscous Damping RC | 3F 1530
6 | 86/5 Nishi Chofu Audio Bldg. | Kajima RB+Hysteretic Steel Bar | RC | 2F 655
7 | 8677 | Ohiso Chistian Museum | LO&Y0 A%eh/ RB+Loop Type Steel | RC | 2F 293
Okumura
8 | 86/12 | APT Fukamiya Tokyo Arch/ RB+Loop Type Steel RC | 4F 682
Okumura
9 | 872 Shibuya Shimizu Daiichi | Ohbayashi RB+Hysteretic Steel Bar { RC | SF1B | 3385
10 | 872 Research Ins. Exp. Bldg. | Fujita Lead Rubber RC | 3F 395
11 | 87/6 | Tsuchiura Bldg. Shimizu Lead Rubber RC | 4F 634
12 | 876 | Inorsanic Material Res. | MOC &t¢/ RB+Hysteretic Steel Bar | RC | 1F 616
Ohbayashi
13| 87117 Taisei Tech. Ins. Bldg. Taisei Sliding Plate+Rubber RC | 4F1B | 1029
14 | 8777 | Koushinzuka No. 3 Bidg, | 1000 ArcB/ RB+Hysteretic Steel Bar | RC | 3F 476
Qkumura
Shimizu/ RB+Hysteretic Steel Bar
15 | 87/12 | BS Toranomon Bldg. Shimizu, TV +0il Damper RC | 8F 3360
16 | 832 | Minami Koshigaya Bldg. | Sumitomo Lead Rubber RC | 10F 470
17 | 882 Ichinoe Dormitory Kumagai RB+Hysteretic Steel Bar | RC | 3F 771

RB = Rubber Bearing
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Table I - Continued

. e Designer and/or{ Type of Isolation Building
License Name of Building .
Constructor Device Story (m?
18 | 88/6 | 14F-PR Bldg. Tokyo Arch/ | ppitoop Type Steel | RC | 14F | 16394
Okumura .
Takenaka Clean Multistage RB+
19 | 88/6 Room Bldg. Takenaka +Viscous Damper RC | 2F 406
20 | 88/6 JAPCO Atagawa Bldg. Taisei Sliding Plate+Rubber RC | 1F 140
21 | 88/6 Ogawa Bldg. Kumagai High-Damping Rubber RC | 4F 1186
22 | 88/6 Asano Bldg. Sumitomo Lead Rubber RC | 7F 3256
23 | 88/8 Kusukida Bldg. Hazama High-Damping Rubber RC | 4F1B 1044
24 | 88/12 | Ichikawa Co. House Kounoike RB+Loop Type Steel RC | 2F 208
+Lead Damper
Tohoku Electric Dai-nai | Higashi Nippon . .
25 | 88/12 Computer Center Shimizu High-Damping RuPber RC | 6F 1003‘2
Tokyu Machine s .
26 | 88/12 Parts Center Tokyu High-Damping Rubber RC | 2F 255
27 | 88/12 | Gerontology Res. Ins. Kume Arch/ RB+Hysteretic Steel Bar | RC | 2F1B | 1112
Ohbayashi
28 | 8972 M-300 Oiles Rest Home | Mitsui Home Lead Rubber W 2F 310
29 1 892 Harvest Hills House Okumura RB+Loop Type Steel RC | 6F 1115
30 | 8972 | Nishi Chofu Reform Plan | Kajima RB:Hysteretic Steel Bar | po | 9p 655
+Buffer
31 | 89/4 | Toshin 24 Omori Bldg. Kamjima RB+Hysteretic Steel Bar | SRC | SF1B 7579
32 | 894 Haseko Experiment Haseko RB+Loop Type Steel RC | 3E 681
House -+Lead Damper
33 | 89/4 Minami Otsuka Bldg, Sumitomo Lead Rubber RC | 12F2B 6020
| Tobishima Tech. o High-Damping Rubber
34 | 89/4 Ins. Bldg. Tobishima +Rubber Damper RC | 3F 478
35 | 89/6 | CP. Fukusumi Bldg, Nikken Design | o -cad Damper RC | 5F © 4407
+Friction Damper
36 | 89/6 Maeda Co. House Maeda Lead Rubber RC | 4F 653
37 | 89/8 | Toho Gas Control Bldg. | Taisei RB (Friction Type) RC | 3F 1800
+Rubber Spring
38 | 89/8 Toda Tsudanuma Dorm. Toda RB+Hysteretic Steel Bar | RC | 2F 202
Lead Rubber
_— g - 4
39 | 89/10 | Mitsui Home (M-300) Mitsui Home +Back-up Ring W | 2F 21
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Table I - Continued

. o Designer andfor| Type of Isolation Building
License .Name of Building . 5
' Constructor Device Story (m?)
40 | 89/10 | Koganei Co. House Fujita Lead Rubber RC | 3F 714
41 | 89/10 | Operation Center Fujita Lead Rubber RC | 2F1B 8657
42 | 89/12 | Urawa Kogyo Kuki Factory | Hazama High-Damping Rubber RC | §F 1525
43 | 90/2 |} Kokudo Kaihatsu Tech. Ins. | Kokudo Kaihastu | RB+Viscous Damper RC | 3F 955
44 | 902 | Hiroshima Nokyo Tokyo Arch/ Lead Rubber RC | 3F 5423
Okumura
45 | 902 | c1Blage. Nikon Sekkel/ | | . 4 Rubber - SRC | 7F1B | 37845
Shimizu
46 | 90/2 | Hydrodynamics Res. Ins. Takenaka RB+Viscous Damper RC | 3F 628
47 | 90/4 | Mitsui Kashiwa Factory Mitsui High-Damping Rubber RC | 4F 2187
48 | 904 | Tsukuba Tech. Ins. Hazama RB+Lead Damper RC | 2F 508
: . +Friction Damper
49 | 90/4 Nishimatsu Yamato Dorm. Nishimatsu RB+Hysteretic Steel Bar | RC | 8F 1922
50 | 90/6 Kawaguishi Dorm. Daimatsu Lead Rubber RC | 4F 659
51 | 90/6 | PNC Computer Center Nikken Sekkel/ | pp.1 ead Damper RC | 3F 3309
Shimizu
52 | 90/6 | Ando Tech. Ins. Ando Lead Rubber RC | 3F 1930
53 | 50/6 | Toyo Rubber Co. House Kumagi RB+Hysteretic Steel Bar | RC | 7F 3520
Chube Elec. Power Co. . . . High-Damping Rubber
54 | 90/6 Admin, Center Shimizu+Kajima +Lead Rubber SRC | 6F 6000
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earthquakes and their response can, in some cases, be compared with adjacent conven-
tional structures. In such cases, the response of the isolated building has been judged
to be highly favorable, although none of the buildings has been struck by a nearby
large earthquake.

More than half of the buildings so far completed have used a combination of
low-damping natural rubber bearings with some form of external damper. These exter-
nal dampers have been hydraulic dampers, steel bars, and loop type steel coils.
Another common type of isolator has been the lead plug isolator. Recently, in
response to the concern that if the lead in the isolator fails it cannot be detected
without removing the isolator, lead bars have been used as external dampers. Every
type of external or internal damper requires mechanical attachments or other cost-
increasing adaptations. In the past two years in Japan, there has been an increasing
use of high-damping natural rubber isolators where the damping is included in the
elastomer by appropriate compounding. There are now several large buildings that use
this isolation approach and an outstanding example is the recently completed Dan-Ni
computer center for Tohoku Electric Power Co. in Sendai, Miyako Province.

Dai-Ni Computer Center

The Dai-Ni Computer Center is a six-story reinforced concrete building in Sendai
which is in a highly seismic area of northern Japan. The computer center houses the
computeis for the building and production records for the electric power utility. The
building has a floor space of 10,000 square meters (108,000 sq.ft.), and is at the
present time, the largest base-isolated building in Japan. It will accommodate a large
number of main-frame computers and hard disk data storage equipment. It has large
internal clear spans to facilitate location of the equipment. The standard bay is 9.5 m
by 7.0 m. As a result of its six-stories, the column loads are very large due to the
large column spacing and the type of equipment in the building. There are a total of
40 bearings of 3 different sizes. The isolators are 900 mm in diameter, 1,000 mm in
diameter, and 1,200 mm in diameter, and the vertical loads range from 830 kips to
1,760 kips. The thickness of rubber in all of the isolators is 200 mm. The details of
the structure. and the isolators are given in Figs. 60-64.

The design of the structure was based on 4 standard earthquakes scaled to two
levels; namely, Level 1 with a peak velocity of 35 cm/sec and Level 2 with a peak
velocity of 50 cm/sec. The system was analyzed using nonlinear time history analysis,
and it was determined that the superstructure would remain elastic at level 2 inputs,
the isolation system would experience 200 mm displacement, and the base sheaf would
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Number of Stories: 6

Floor Space: 10,032 square meters (107,984 square feet)

Type of Structure: Reinforced concrete
Completion Date: 1989

Construction Company: Kumagai Construction

Location: Sendai, Japan
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be below 0.15 g. The response is much less than would be expected from a fixed base
structure, and at this level the computer equipment is expected to continue to function
during and after a large earthquake. '

_There is a large conventionally designed office building next to this building.
The buildings are connected by expansion joints designed for 35 cm of movement and
the seismic gap between the two buildings is 40 cm. If the displacement should
exceed 40 cm (which is twice the design displacement), bumpers made of hollow
rubber tubes would be engaged. Both the isolated and the adjacent conventional struc-
ture are instrumented with strong motion seismographs.

The construction of the building began in March 1989 and was completed in
March 1990. The isolation system proved simple to install. The bearings were all
placed in three days and their base plates grouted after 6 days. The total construction
cost, not including the internal equipment, was $20 million. The cost of the 40 isola-
tors was $1 million. The building represents a significant new cost-effective design
approach for buildings housing expensive and critical equipment and it is certain that
many more such structures will be built in Japan in coming years.

Nuclear Structures

Seismic isolation is also gaining support in the Japanese nuclear industry. This is
especially true among companies and utilities participating in the developmenf of the
advanced demonstration fast breeder reactor plant (DFBR) whose construction is
expected to start in the late 1990’s. At the present, an important factor inhibiting the
commercialization of FBRs in Japan is the construction cost. The cost of Monju, a
demonstration plant with a capacity of 280 MWe, exceeds that of commercial light
water plants of the 1,000 MWe class [13]. Seismic isolation is expected to
significantly reduce the cost of seismic design of FRBs and facilitate the standardiza-
tion of FBR designs for a wide range of siting conditions. For example, Shiojiri et al.
[14], demonstrated that the weight of a pool-type FBR reactor vessel can be reduced
by half if horizontal isolation is used.

Different concepts of isolation have been evaluated [14]. These include total base
isolation of the nuclear island building (NIB) or isolation of the reactor cavity in the
horizontal direction (2-D) or in the vertical plus horizontal directions (3-D), or hybrid
isolation where the NIB is isolated in the horizontal direction and the reactor cavity in
the vertical direction. It is recognized, however, that vertical isolation is more difficult
to achieve and would require more R&D. Furthermore, since all the buildings isolated
in Japan use horizontal isolation only, it would be more difficult to collect performance
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data on vertically isolated buildings in the near future. Thus, it is expected that if
seismic isolation is selected for the first DFBR, horizontal isolation only will be
adopted, while keeping vertical isolation an option for future applications. -

It has been recognized that extensive tesearch and development would be required
to produce isolation systems with the required reliability for nuclear applications. It is
also recognized that performance experience of isolated structures must be gained in
less critical structures as a precondition for accepting seismic isolation for nuclear
plants. Thus, research in this field is receiving large support from the government and
utilities. CRIEPI under a contract from the Ministry of International Trade and Indus-
try (MITI), is managing a seven year research program in seismic isolation [15]. The
program started in 1987 and has several objectives, including: the establishment of a
seismic isolation design for the DFBR, selection of appropriate seismic isolation dev-
ices, performance of large-scale element tests of selected devices, performance of
large-scale system tests on the Tadotsu shake table, construction of and observation of
the earthquake response of a large-scale isolated nuclear building model, observation
and cataloging of the response of all isolated buildings in Japan during earthquakes,
identification of a set of design earthquakes with long-period components, and the
development of design guidelines for isolated nuclear systems.

To date, a large number of reduced-scale and full-scale steel-laminated elas-
tomeric bearings composed of high-damping and unfilled rubbers as well as lead
rubber bearings have been tested to various load levels up to failure by CRIEPI [16]
and other program participants [13] [17]. These tests have demonstrated the
effectiveness of elastomeric bearings for isolating nuclear structures and the high relia-
bility with which they can be manufactured in Japan. Another major achievement of
this program includes' the development of a tentative design response spectrum for
seismically isolated FBRs [18].

Another six-year program was started in 1985 to establish a seismic isolation
design for light water reactor plants (LWR). The program participants include 10 elec-
tric power companies, 3 reactor manufacturers, and 5 construction companies [19], and
consists of three phases with a final objective of preparing a technical design guide for
_ seismically isolated LWR plants.

The accumulation of response data recorded during earthquakes in isolated build-
ings and comparisons with the response of conventional buildings would be essential
for qualifying and licensing isolation systems for nuclear facilities. Several of the iso-
lated buildings in Japan have experienced moderate earthquakes. In all cases, the iso-
lation systems performed -as expected in reducing the ground accelerations. The
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highest acceleration recorded to date was in the Inorganic Material Laboratory building
in Tsukuba City which is isolated using a system designed by Ohbayashi Corp. con-
sisting of elastomeric bearings and steel dampers. The maximum acceleration recorded
in the basement of 0.5 g, and in the building the acceleration was reduced of 0.05 g.

Research - Tohoku Test Facility

The demonstration building at Tohoku University, described in detail in the ear-
lier section, has been used to study two further types of high-damping isolators. The
design, manufacture, and procurement of these isolators was funded by National Sci-
ence Foundation (NSF) and carried out as a joint program by Argonne National
Laboratory, EERC, and the Shimizu Corporation.

A set of high-damping isolators using the compound used in both the Foothills
Community Law and Justice Center (FCLJC) building and the Los Angeles Fire Com-
mand and Control Center (FCCC) building, and modelled on the isolators developed
for the PRISM reactor of General Electric Corp., were installed from the period April
1989 to November 1990. These isolators have a high-shape factor and the compound
is very nonlinear being very stiff at small strains. The isolators were designed to give
a frequency of 0.75 Hz at a shear strain of 50%. Over the period of observation, 37
earthquakes were recorded, but all provided very small levels of input generating
extremely small displacements in the isolators and resulting in high stiffness in the iso-
lators. The observed frequency of the isolated building at these levels of input is
around 2.5 Hz which when compared with the frequency of the unisolated buildings,
around 3.5 Hz, shows that the these levels of input, no isolation effect is achieved.
This is also shown by the fact that the amplification factors for both the isolated and
unisolated buildings is about the same.

During November 1990, this system was replaced by a new set of isolators which
use a new, soft high-damping compound that was developed for the isolation of light
structures or for systems that need a very long period. The new compound and isola-
tors using it were tested in a shake table study at EERC. These isolators will remain
in place at the demonstration building until October 1991. Since their installation,
there have been 7 earthquakes but again, all of low level. However, the new com-
pound is less nonlinear than the stiffer compound the stiffness is not so high at small
strains, and some isolation effect has been observed. The amplification factor of the
isolated building under small earthquakes is about one fourth that of the unisolated
building.
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Appendix

Additional buildings that have been completed or have obtained licenses for construction.

Yo. | Name of ﬁuilding Site of| Year |{Structure{ Uses Isol, Damper - |N, Per. |Remarks
Const, x}] x2 (3) =3 4| (sec) %5
561 Dainihoa-dobokut |Xanaza- 1995 RC +4 |Dormitoryj NI LD 2.6 | {own)
‘Ichigao Dora wa 500-600 {0.9)
571 ENICOM Tokyo 1899 S 48 | Office NI HD+LD | 2.8
) Computer Center Cp. Room | 800 (1.2)
58| Chubu E.P.Corp. Aichi 1861 SRC +6 | Office L1 8001 ~- 2.8
East Bldz. ' ~1100 {2.2)
591 DOHANI Tokyo 1881 RC +3 ]Apartment] NI D 1.3
Nusasnino 530
6G] Oiles Industry Tokyo 1981 # 42 |Dormitory| LI -~ 2.5 |(own)
Araijuku Dora 260° (2,0) ‘
61] Sato Corp. Saitama| 1961 RC +5 |Dormitory! NI Hp 2.0 |({own)
Yrawa Dorsn 760,800 (1. 2)
€2] Shinetsu Chemis-| Gunna 1991 RC +2 | Guard Silico-} -~ 2.6
try Guard House House ne, 890 (1.9)
§3] ¥itsui Corp. Chiba 1881 RC +3 {Dormitory{ Hl HD 2.1 |{cwn)
Rashiwa Dorm (1,1)
85] rujita Corp Kanaga-| 18¢1 RC +3 | Labora- | NI Lb 1.8 [(own)
Tech, Lab Nc6 Red| wa tory {1.3)

Note *1 Year of Design : The year the technical evaluation of the BCJ was obtained.

*2 RC: Reinforced Concrete Struc, SRC : Composite Struc. S: Steel Struc. ¥ : Hooden Str.
=3 NI : Natural Rubber Iso, L1 : Lead Rubber Iso. HI : High-Damping Iso. 4 : Rubber Dia.
*4 HD: Steel Hysteresis Damper VD : Viscous Damper LD : Lead Damper FD: Friction Daaper

=5 (own) : Building for company’'s own use
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LECTURE 3

Linear Theory of Base Isolation

Vibration isolation is a very highly developed technical area that has many elements in
common Wwith seismic isolation. However, seismic isolation differs from vibration isolation
several ways. Base flexibility of the isolated structure must be taken into account and there
will be a base slab of some sort on which the building is mounted, the mass of which must be
included in the model. In vibration isolation, we are concerned with protection against a
specified range of frequencies and displacements in the mounting system are generally negligi-
ble. In seismic isolation, the input against which the protection‘ is sought is much less well-

prescribed and displacements of the isolation system can be very large.

An elementary analysis for the purpose of gaining insight into the behavior of isolated
buildings can be developed using a simple linear two-degree-of-freedom model with linear
springs and linear viscous damping. Since most isolation systems are intrinsically nonlinear,
this analysis will be only approximate for such systems, and the effective stiffness and damp-
ing will have to be estimated by some equivalent linearization process. The parameters of the

model are shown in Fig. 3-1. The absolute equations of motion are:
mu=-c(u-uy)-k(u-up) (3.1)
and

m il + my, l.l.b = —~Cp (ub - 'g)—k(ub -ug) (3.2)

It is convenient to work with relative displacements:
Ve = U — Uy (3.3)

and
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Vp =Up = Ug 34)

in terms of which the equations of motion become:

myy, +mvs +cvs +kvy =-—mil (3.5)
and
(m +mb) i;b +m§s + Cp I}b +kb Vp =—(m +mb)iig (36)

It is easy to see that if the relative motion between the structure and the base, expressed by

Vs, is suppressed, the second equation becomes the single-degree-of-freedom equation:
: Ml;b +Cb1;b +kbvb =—Mil.g (3.7)

where M is the total weight of the building plus that of the slab. If v, is suppressed, the first

equation becomes the usual equation for a fixed-base single-degree-of-freedom system.

This two-degree-of-freedom system of equations can be solved directly or through modal
decomposition. A modal analysis provides insight into the response of isolated systems and
the results will be applicable to more elaborate models. To develop the modes, frequencies,

and participation factors of the system, we write the equations in the matrix form:

MV +CV 4Ky =M (3.3)

cbO Kt:kbO
0 ¢ 0 %

where

M*=[M m} C* -

ERSH

and make the following order of magnitude estimates. We assume that:

(i) mp < m, but are of the same order of magnitude;

. k" k | @ |
(i) oy = ol Bl v and define ¢ = | —| and take € to be of order of

S
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magnitude 107%

(iii) the damping factors for the structure and isolation system, B; and B, respectively,

where B, = 2mco) and B =

, are of the same order of magnitude as ¢.
; -

Wp

The undamped natural modes of the system
0" = {97,607 5 n =12
are given by the two equations:
(-oF + ) of + (~yo) ¢ =0 (3.92)
and -
- (-07) 0 + (o7 + ©f) ¢ =0 (3.90)

where w,, is the frequency of the mode and y = m/M is a mass ratio, less than one.

The characteristic equation for w,, is
(1 -y - (0 + 02) 02+ 0fw? =0 (3.10)

The lower of the two roots, wy and w,, of this equation will be denoted by w, which
tepresents the shifted isolation frequency, and the higher root by ., which represents the

structural frequency modified by the presence of the isolation system. The exact roots are

given by
of 1 (02+0f) = [ (02+02)* -4 (1-y) 032(02]% (311)
of 201 ¢ T T

When we account for the fact that w, << w, and rgwﬁte the radical in the form

wjw?
2 2 )2

(02 - 0y |1 +4y
(ws - Wj

(3.12)

and expand this by binomial series, we obtain, to the same order of ¢, the results:
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w?=w?=0f|1- T (3.13)
)
and
w? w?
2 * S b
= = 1 — 14
of=a= T 1ry s (314

In many cases it may be sufficiently accurate to take as approximations for wp , 0 the first

terms:
()
@) = —— (3.16)
(1-y)

This indicates that the isolation frequency is only slightly changed by flexibility in the struc-
ture (the change is of order €), while the structural frequency is significantly increased by the
presence of the base mass. The separation between the isolation frequency and the fixed-base

structural frequency is increased by combining the two elements.

The mode shape, ¢, is given by:

(~wp” + 0F) OF + (~ywp ) ¢f =0 (317

or

—0p 0 + (02 - wp )l =0 ‘ (3.17b)

and, retaining terms of order € and setting ¢b1 =1, we get:
ot=4 1 (3.18)
ww? :

To the same order of €, we find that:
¢ = . (3.19)

2
1 Wy
-—|-(1-N-—=
Y w;
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These are sketched in Fig. 3-2 and show that ¢! is approximately a rigid structure mode,

whereas ¢2 involves both structural deformation and isolation system deformation. The dis-

placement of the top of the structure is of the same order as the base displacement, but oppo-

site in direction.

With these two modes, ¢! and ¢2, we can write the relative displacements, v, and v,, in *

the form:

vy = q10f + g,9¢

‘and

Vg = Q1¢s1 + q2¢.§2

and reduce the basic matrix equation to the two equations:

.. * K e %2 s
g1+205Ppq1+ 0y gy =-Lyu,

and

. * ok *2° . .
ga+ 205 Bs gy + gz = -LZug

(3.20)

(321)

(3.22)

(3.23)

where we have implicitly assumed that the damping in the system is light enough to allow us

to retain the orthogonality of the modes. In these equations, L, and L, are the participation

factors for the two modes. These are given by

L _ ¢nT Mt l'*
- q)nt M* "

n

The computation of L ; involves the following matrix multiplications

M mi|1l
LiM,=(1,¢) [m mHO}zM +me

where
M m| |1 '
My =(1,¢) [m m} u =M +2m g +m &>

Retaining only terms to order €, we have:
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L1=1—"Y8 (3.26)

For L ,, the same computations give:

L2M2=M +ma (3.27)
where
My=M +2ma +a’m
and
1
a=-=[1-(1-e]
Y
Since
m
=—, L. My=M(1-
Y= LMo (1-y)¢
and
o, = ag (L=D[1=2(1=)e]
Y
then
Lz-_-‘ye (3.28)

This result and that for the shifted frequencies reveal the underlying reasons for the
effectiveness of a seismic isolation system. The participation factor for the second mode,
which is the mode that involves structural deformation, is of order € and if the original fre-
quencies, wy ,0,, are well separated, this is very small. In addition, the frequency of this
mode is shifted to a higher value than the original fixed-base frequency and if the earthquake
input has large spectral accelerations at the original structural frequency, shifting it higher
could shift it out of the range of strong earthquake motion. Moreover, since the participation
factor for this mode is very small, this mode is orthogonal to the earthquake input character-
jized by M" 1 ﬁg. This means that even if the earthquake does have energy at this frequency,
the ground motion will not be transmitted into the structure. A seismic isolation system

works not by absorbing energy; it deflects energy through this property of orthogonality.

Energy absorption is of course an importaﬁt part of the behavior of an isolation system
and in this simple model we have represented it by linear viscous damping. Additionally, we

have assumed that the uncoupled equations still hold. The question now arises as to how to
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select the modal damping factors, B ,B,. In this case, we are in the unusual position of
being able to make very good estimates of the damping in each element when treated
separately. An isolation system based on a laminated rubber will provide a degree of damp-
ing that is in the range of 10-20% of critical damping. The structure will have significantly
less, probably of the order of 2%. In conventional structural analysis, it is generally assumed
that the damping in a structure will be 5% of critical damping, but this reflects the fact that
some degree of structural and non-structural damage is presumed to occur when a conven-
tional structure experiences strong ground motion. In a base-isolated building, the aim is to
reduce the forces experienced by the structure to such a level that no damage to the structure
or to nonstructural elements such as partitions will occur and thus a lower value for the damp-
ing is appropriate.

In any discretized structural dynamics problem, the equations of motion can be written in

the form:

MX+Cx+Kx=P (3.29)

where P is the load vector. Multiplying by x and summing over all components gives

ME+xTCx+x  Kx=x"P (3.30)
which can be interpreted as:
d .
— (KE.+PE)=W -D (3.31)
where
KE. = % T Mi s the kinetic energy;
PE. = %x Kx the potential energy;
W =% P& the external work rate; and
D =xF Cx is the dissipation of energy.
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N .
The modal representation of this equation using x = Y ¢; ¢*, where N is the order of the sys-

i=1
tem, is:

5;: +2(’3n f’n q.n + mr%qn =Pn

where the ¢" are given by:

wZM* = K"
The global quantities take the form:
1.
KE. = Ez qn2
i=1
and:
1 ¥
PE. =+ S w2q?
- i=1
and
. N
W=23p,4,
i=1

where it has been assumed that the ¢" are normalized such that:

q)nT M¢m =

6mn

~ with
_ 1 m=n
Omn 0 m=n
On the other hand, the quantity X/ Cx is, in terms of ¢",

N N
2 ZQanAmn

m=1ln=1

where A,,, = o™ Co".
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(3.33)

(3.34)

(3.35)

(3.36)

(3.37)




To preserve the orthogonality properties of the modal representation we need to replace

N . .
%’ Cx above by the single summation term ' 20, B,4,% and the problem is then to select
n=1 .

B, knowing w, ,¢, to minimize the difference between:

D=334qnm Gn Amn (3.38)
m n
and
D = ¥20, B, s (3:39)
n

It can be shown that the optimum choice of §,, is given by
20, B, = ¢* C¢* (3.40)
The corresponding terms in the simple isolation model are:"

d)nr C* q)n

2mn Bn = ¢nr M d)"

(3.41)

which is equivalent to neglecting the off-diagonal terms of ¢"T C¢™, which would couple the

equations of motion.

‘When we utilize the previous results for M and M,, we find that

205 B5 = 205 B, (1 - 27¢) (342)
and
« & 20 +y2m
20/B; = — le Y2 P (3.43)
-
Using the result that
wp = wp (1 - ye)” (3.49)
we have
* Bb (1 - ZYE) 3
== 1-=vy¢ 3.45
Bs (1-ye)" Bs ( ZY) (3:45)
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Since

%
0 = o L(ﬁ’L (3.46)
we have
* ﬁs YBb 8% 1 .
Bs = (1—Y)1/2 + (1-7)1/2 (1—-2—}'-8) 347

which shows that the structural damping is increased by the damping in the bearings to the
order of €” the product of B, and £” may be a significant addition to the term B, and could
be important if B, is very small. This shows that high damping in the rubber bearings can

contribute significant damping to the structural mode.

With these results for L,, L,, By, B, we are able to estimate the response of the system
to specific earthquake inputs. First, let us consider the response to sinusoidal input and look
at the amplification factor defined by the magnitude of the ratio of relative displacement to

ground displacement. We denote

v
A, = =1, Ay = b
Ug Ug
and set
liy = 02z, e
in the modal equations. We then have
: 2 2
Vg LI(D Lz(l)
Am o= [0 e —| 649
g (wp —w?)+i2w,wfy (0 =0?) + i20; 0B,
and
2 : 2
Vp Llﬁ) . L20.)
Ab = 7 - (pl} *2 2 . * * +¢b2 *2 * * (3.49)
g (wp -w?) + i2wwp, (0g -w?) + i20, 0f,

Although these expressions can be written out as algebraic functions of w without imaginary

parts, it is more instructive to look at the form that they take for specific values of w. We
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will be interested in three frequencies, namely the fixed-base structure frequency, w,, and the

. - ¥*
two isolated frequencies, oog ,ms*. When o = wy, we have

A =

i20p By ¥ (0 - wp’)+i2w wpB,

Retaining terms to the first order in &, this gives:

g .

A = :
2By

S

For the amplification of base motion we have:

1-ye ye?
Ay = + -
b 28, (1-g)+ic

which to the same order in ¢ is:

1-vye _ 1
3 2
26, (1= v 2P

Ap (1+%YS)

When o = o, we find by the same manipulations that:

e
2By

As =(1—(1—Y)8)

and

1_ye

Ab=1+ "
2 (285

-y’ g [1-(1-v)elyew,”

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

At the fixed-base frequency, the amplification factor, Ay, is actually of order € and A, is of

order 1. These three sets of results are indicated in Table 3-1.
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Table 3-1
A Ag Ay
)
Fixed-Base Structure | Isolated Structure | Isolated Base
* 1 1
- 0 — _0(=
) M 26 )
1 1 '
—=0(— 0
@ | 5e=00D) () Je
o 0(e) 0(1) 0@
The exact expressions for all values of w are:
1%

(0 -0y + w? (20, Bg - 20585 )

and

*2

2 * o % *a %
(ms wl:z) + Ysmz( 2("~)s Bs - 2(’Jb Bb )2

2 2
[( m;;Z - wZ) + 4(‘);2('026;7][( (’J;:2 - ('02) + 4(0;2(025;2]

)

Ab =CO2

* 2 * * * 2 * *
(057~ 0?) +40p ©%B; T(0;" - 0¥ +4u, " 0?B,"]

(3.56)

(3.57)

These expressions have been evaluated for a few choices of the parameters y,¢,B;,pB, and

the results are shown in the Fig. 3-3.

If the time history of the ground motion, i, (¢), is known, then the modal components

q1(t), g4(t) can be computed from:

t

L .o - L] )
gq = _--l*fug (t-7)e P sinwytdt
0

Wp
and

t

L,
gs =~ *

S

[ig(t ~De P sinw tdt
0

e e . wa ey g AP = Y — —— o RS W A ¢ e

(3.58)

(3.59)



and estimates of the maximum values of ¢, and g, are given by:

l‘?llmax= LlsD ((D[:,f)g) (3°60)

and

l 92 lmax = L2SD ((0: > Bs*) (361)

where Sp (w,B) is the displacement response spectrum for the ground motion, iig(t), at fre-

quency, o and damping factor, .

If for purposes of design we are given a design spectrum which is generally a damped
acceleration response spectrum (e.g., Nuclear Regulatory Commission Regulatory Guide 16),

the predicted relative displacement maxima will be

%3
I Vs max {(¢s QImax) + (¢s QZmax)} (3'62)
and
B
IVb max = {(% QImax) + (¢b QZmax)} (3'63)
where now.
1 -
Qimax = L1 Sa (0,8p)
Wy,
and
Gomax =Lo ¥ Bs*)
w

N

with §4 (w,B) the acceleration design spectrum at ® and B. Thus

73
g ey =4 €%(1- YS)?'M —(1 (1-7)e)%y%? (1~ 2Y8)2—A(s*"3s)“ (3.64)
0.)[, ‘Y ms
and
15
1-ve)2S2(w,, B, 2e2(1-2ye)2S2(w’, B
ol = (1-ye) A“( bB5) Y ( Y)“A( s »Bs ) (3.65)
) W
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Many design spectra are approximately constant velocity spectra and in such cases, the values

of S, for different frequencies, neglecting variations due to damping, are related by:

Sy (0,B) = 0SSy (3.66)

where Sy is a constant. For such design spectra we have:

%
w*Z m#Z S
b v
Vs |max = £4(1-1€)? ik (1-(1-y)ey s* Sy =& — =¢£8p (wp,B5) (3.67)
@y Wy @ -
and
B
(1-velw,” yelw,” Sy
Wy nax = » + *: Sy = P Sp(wp »Bp) (3.68)
Wp s

This shows that for a constant velocity spectrum the relative displacement in the structure, i.e.,
the interstory drift, is of order € compared to the isolation system displacement. The design

base shear coefficient, C,, is defined by:

k.v
C = Sms = w2v, (3.69)
and when unisolated this is
Cs = w.?SD (ms’Bs) =SA(ws3Bs) (3'70)
When isolated this becomes:
: ¥
e2(1-ve)2S2(w;,,Br g2 [1-(1-7)e)*S26w.,B.
Cs=wS2 (1-ve) Ad(bBb)_i_ [1-(1-1)E]*S5 6w ,Bs) (3.71)
wp ‘ ws“
. v ©Z(1+7e)
Recalling that 0, =wZ(1-ve) and w, = 1oy ™ obtain:

B

(1—yePS2(0g.B7)  [1-(1-velPS2(ws,8)
€ +
(1-ve)?e? (1+ye)*
(1-v)?

C. =

s
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%
={SAZ((0§, By) + 82 (1-1)?(1-26) S (wy, B;)} (3.72)

Although the second term is multiplied by €2, it could be of the same order as the first
term. This will be the case if the spectrum is a constant displacement spectrum. If the spec-

trum is constant acceleration, the second term is negligible; for constant velocity we get

*2
mS

Cy = 0pSy (1482 (1= Y2 — )12 = 5, (wp,Bp) (1 + (1 - y) 2
. ®p

so that again the second term is negligible. These results indicate that for small € and a typi-
cal design spectrum, the isolation system can be designed at least in the initial phase for a
relative base displacement, Sp (wp,B,), and the building for a base-shear coefficient of
Sy (wp ,B,)- The reduction in base shear as compared with a fixed-base structure where
C; =5, (@5, Bs) is given by

Sa (@p,85)

Sa (05,B5)

which for a constant velocity spectrum is wp/w; or roughly of order £”, and this underesti-

mates the reduction since B, will in general be larger than (.
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Fig. 3-1:  Parameters of Two Degree-of-Freedom Isolated System
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Fig. 3-2:  Mode Shapes of Two Degree-of-Freedom Isolated System
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BASE AND FLOOR DISPLACEMENT
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Fig. 3-3:  Amplification Factors of Two Degree-of-Freedom Isolation System

Subjected to Sinusoidal Excitation
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mu=-c(u—-uy)—k(u-u)

mi +my iy ==cp (U —ug) = k(uy = ug)

vs=u-ub

vb=ub—u

mvy +mvs +cVg +kvs =-mu,
(m +mb)i5b +mi58 +Cb1}b +kab =—(m +mb)iig
619

3.1)

(32)

(3.3)

(3.4)

(3.5)

(3.6)




(i) my < m, but are of the same order of magnitude;

y Ak k| wp | %
(i) wg =|—| >>wp = v and define € = and

m ws

take € to be of order of magnitude 1072

(iii) the damping factors for the structure and isolation system, 3,

and B, respectively, where B, = — and B, = ~ are of
the same order of magnitude as ¢. :
" = {05.08Y ; n=12
(-0 + 0F) Of + (=yw7) ¢ =0 (3.92)
C02) of + (-02 + ©2) 7 =0 (3.9)
(1—y)co,f—((o;j‘+ 0l) o? + 0f 02 =0 (3.10)
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3

of

2(1-y)

fo?
(w2 - 0f) |1+ 4y 2
s b 2_ 22
(ws-mb)
2
: W
0012=(o;2=c02 1- —I;—
®
S
2 2
* W Wp
wf = w,% = — 1l+y—
’ I-vy w2
S

Wp = Wp
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: {(,w?m,?) « [ (@20 - 4 (1-1) 02a? /}

(3.12)

(3.13)

(3.14)

(3.15)



(wp +0F) 5 + (—vw, ) ¢ =0

%2, 2 *2yo1
-0y ¢y + (005 =0 )os =0

v

2 2
= w
¢"=q_1 1-(1-y)—

2
Y g

. J

Vo = g105 + g205
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(3.16)

(3.17a)

(3.17b)

(3.18)

(3.19)

(3.20)



Vg = QI(bsl + QZ(bsz

G1+20,Bp gy + 0y qq =-Lyi

. % E $2 ‘..
go + 2wy Bs qp + W 4o = "'L2ug
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(3.21)

(3.22)

(3.23)

(3.24)

(3.25)




where:

and:

Since

and

then

Li=1-ye (3.26)

L2M2=M +ma (3.27)

My=M +2ma +a*m

a ‘=——$—[1—<1—v>e]

Y= LoMy=M(1-y)e

m
M 2

My=p A=0[1=2(1-Y)¢]
" ,

Ly=ve (3.28)
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T _ %
2w, B, = ¢nT C*¢n

¢" M ¢"

204 Bp =20, Bp (1 - 2y¢)
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e, T

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)
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s Ps

By e”

1
Bs = o+ = (L= —v¢g) (3.47)
Cola-ypt o a-p® 2
Table 3-1
A A Ay
® Fixed-Base Structure | Isolated Structure | Isolated Base
* 1 1
-- 0(1 —=0(=
0y, 1) 26 ( e)
® L o 0(e) 0(1)
s 261 € ‘
Wg 0(e) 0(1) 0(1)
A = _Vﬁ_ _ ¢1 Ll(ﬂz L2(D2
Sy ° (0 —0?)+i2wp0B; (0, -w?) +i20 0p,
(3.48)
% L. ®? L, w?
Ab = ——b_ = q)[} #2 2 1 * A + g 2 § * *
Ug (wp =) + 20,0, (g "~ ) + i 20, 0P,
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(1-ye)wp
g

1 [1-(1-y)elyew,

As = . 2 % . *2 *2 . * ko ok (350)
i 20, Bp T (o0, - wp )+i2m5 0Py
Ay = —— (3.51)
2P
4, = |Llzve v (3.52)
b 2B, (l-g)+ic
1-vye 1 1
Ap = - 73 - 35 (1+ =79 (3.53)
7 2By (1-778) °
'g
" €
} | =(1-(1-ve)— (3.54)
i ’ ZBS
| 627




1 y2 g2

Ab=1+““ -
2 (28,

(3.55)

1
*2 *2 2 * o % #* o kD
(w; -y ) +w”(20,B; -20,B;)

A‘S=m28, %2 2.2 %2 9 %2 *2 2 \2 *2 Do %
[((Db - ) +4(0b W Bb ][(ws - ) +4Q?s w [352]
(3.56)
*2 %2 2 2 *® % * o K2 %
A o (w5 —wp ) +yew?(20,Bs - 205Bp)
b~ % % % % 2 % %
(057~ 0?) + 40, 0B, (0" - 07 +40;"0?p;"]
(3.57)
L;? . .
qa=-—[ g (1 —'c)e"m”ﬁ”tsin W, TdT (3.58)
®p 0
L, ‘ . -0, BT %
g, =——= fug(t—'c)e ™ sinw, TdT (3.59)

S
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91 I max = L1Sp (03, B5) (3.60)

1 g5 max = L2Sp (@, ,B) (3.61)

¥
|Vs max {(q)s QImax) + (q)s QZmax)} (3'62)

1
vy I {(‘bb T1ma) + (0F QZmaX)} (3.63)

where now;

1 £ %
9imax =L1—0S4 (05, Bp)
®p

and

1 £ %
92max = L2 2 Sa (0 Bs )

S
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-

S£(wp >[3b) 1 S{(w >l3 5
Vg I may =<4€%(1=7ve)” + —=(1-(1-7)e)y’e” (1-2ve)° ——t
(Db Y (DS
(3.64)
g ~ N lé
| I ( 1 —Yg)z Sj(w;> Blj) Y282 ( 1"278)2 SAZ(O‘)S*> Bs*)
Vb 'max =7 %4 + *4 [
Wp Wg
(3.65)
S4 (0,B) =Sy (3.66)
r 3 ]/2
w*z ' (1)*2
b |4
Ivslmax=8<(1“Y8)2_*Z+(1_(1—Y)8)2 S*4> Sy=e—=¢Sp (0 ,fp)
(.Ob P (Db

~

\
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(3.67)
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1%
(1-y8)* o, ve2o, Sy
Vg | pax =1 "y + ———¢ Sy =—=Sp(w, ,Bp)
Wp, 0, Wp
; J
! (3.68)
kv
C, = Sms = w2 v, (3.69)
, Cs = 05 Sp (0 ,B5) = Sa (w5 ,B5) (3.70)
: t Y%
| e(1-v9)"S2 (0y,B5) & [1-(1-1ePPSE (o] ,B))
Cs = W5 %4 + %4 r
®p Wy
3.71) -
| 2 w07 (1+ye)
- Recalling that 0, =w?(1-ye) and W, = 1y we obtain:
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1Y%

(1-ve)%SL (wy,Bp) . [1-(1-7)e’SZ (w; ,Bs )
(1-ye)*€? . (1+ye)? (
- (1-y)

={SAZ(w§,B§> + ez<1-v>2(1—28)s,42<ws*,6s*>} (3.72)

*2
0
Cs = 0pSy (1 +* (1 -v)° —Q‘)S?)m
- b

=S4 (wp,Bp) (L+(1-7) '

Sa (wp 5 Bp)
SA ((Ds :Bs)
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Department of Energy JM. Kelly
Short Course on Seismic Base Isolation Augusﬁ 10-14, 1992

LECTURE 4

Extension of Theory to Buildings

Design Technique

The foregoing two-degree-of-freedom analysis of the simple linear model can be applied
to the case of a building with several stories. Let us represent the structural system of this
building by a mass matrix, M, a damping matrix, C, and stiffness matrix, K. If the structure
wefe conventionally based, the relative displacement u of each degree of freedom with respect

to the ground would be given by
Mu+Cu+Kus=-Mry, 4.1)

where r is a vector that couples each degree of freedom to the ground motion. When this
structural model is superposed on a base isolation system with base mass, my, stiffness, &,

and damping, c;, this equation is replaced by
MV +CV+Kv=-Mr(, +v) “4.2)

where v is the displacement relative to the base slab and v, is the relative displacement of the
base slab to the ground. The overall equation of motion for the combined building and base

‘slab is
tTM(V + 13, + vily) + my (B + ) + ¢y vy + kv =0 4.3)
which can be written in the form
rTMV+(m +mb)i5b +Cb1-’b +kbvb = —(m +mb)iig (4.4)

In this equation we have identified r” M r as the total mass-of the building so that m +my, is

the total mass carried on the isolation system. The matrix form of these equations is

MV +C v +K'v =M lig (4.5)
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where

, |m+my, rTM . o O
M = C =
Mr M 0 C
and
* kb 0 . * 1
= r =
0 K 0
with

The natural modes of the fixed-base structure are assumed known and denoted by ¢ where

i=1toN. In terms of these, the displacement of each degree of freedom of the structure can

be represented as
J i
V=240
i=1

2

The natural frequencies w,,

are given by
+M¢" 02 = K¢"
and we assume that ¢" C¢™ =0if n = m.

The matrix equations of motion reduce to the N + 1 equations

N g e o - LX)
STMe g + (m +mp)Vy + ¢ vy + ky vy = —(m + my ) Uiy
i1

and
Gi +20;B; g + 0f q; = -L; (¥ +uU,) i=1t N

where L; are the participation factors of the fixed-base modes, i.e.,

[ "Mr
L T arai
o' M¢
The fixed-base modal masses are
M; = ¢ M¢!

and we can write these equations in the form
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N LiMl"

2 ——é"*'i;b +2(J.)b Bb{}b +mg'vb =—i2 (4.11)
g (mamy) ™ &
and
LiVy +G; +20;B; ¢; + 0fgq; =-Ljii, i=1t N (4.12)

The natural modes and frequencies of the composite system (in terms of the fixed-base

modes, ¢’ and v,) are given by the equations
g +0fg; +L;Vy=0 i=1to N ' (4.13)
and
N L;M;

.. .o 2
T g tVp TV = 0 (4.14)
i (m o+ my) ™

If we denote the new eigenvector in v, and g; by ¢/, where
T - — — -
P’ ={vb’QI: q2>--> QN} (4'15)

with j =0 to N, (ie, ¢J is the value of 7, of the j® mode) and take this in every case

equal to unity, we have

(—0? + 0})g - w?L; 7, =0 i=1to N (4.16)

5 LiMs 2+ 0f), =0 4.1
T_m;%m"'mb g; + (—0° + 0f)V, = . (4.17)

Substitution of g; in terms of ¥, from each of the first N equations into the remammg equa-
tion gives
2
2 ¥ LM, w?

— 2 2\ =
- Vp + (m0° + wf)y, =0 4,18
i?l m + my (—(1)2+(Di2) b ( b) b ( )

This leads to a single characteristic equation for the frequencies of the composite system,

namely
N_ 1 wf
2V = (1-—) (4.19)
=l of ® ,
w?
where
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o a—

- LM,

Y'—m-i-mb

Each of the terms on the left hand side become singular at ©? = w? and goes from —o to +o
as w? goes from o? - 0 to w? + 0. The equation can be solved by an iterative process for

each root. For example, the lowest root when w? is close to o? (ie., w, 2) is given approxi-

mately by
(1)b2 N _ 1
1— .__2 = 2 Yl' > (4.20)
w i=1 W;
1 —_ —
of
or when we recognize that w?/m? > > 1
(4.21)
The next root near w; we first approximately determine from
2
® -
1-—2 - | —— ; “.22)
w 1 (O]
2
and set wZ/w? = 0, getting
0? = 0F(——) (4.23)
1-v4 \
A more refined estimate is then obtained from
- 1 - mg' N _ 1
n|——| - 1--W—=- =% ; (424)
1_& @1 =2 1—&-(1—?.)
w? w? !
leading to
2
. ®
0.)1 2 = F 1 R (4.25)
- 1
1- Y1 5 —
) N Yi
1- (1 - Yl) 2 + 2 2
Wy i=2 i —
I-—(1-v)
Wi
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The general result for the £ mode is given by

2

= 1 - | W N - 1
Wil | =1-Q-%)-—7 - 2 2 (4.26)
) g W} i=l w;} -
1-— C ik 1-—(1-1)
[0 g
or
2
0
W = d , < 4.27)
1-y, =
b N Vi
1-(1-%)—5 -3 —
Wi =1 W -
ik 1——2 (1 "’Yk)
W3

~ P

The corresponding eigenvectors in cj,-j to the w; are computed by substitution of these values

for w; back into the expression
g =-———1, (4.28)

where the value of ¥, for each mode, w, is taken as unity, and the resulting mode shapes for

the combined structure are given by

,, N . N .. N .
Y=<, X, X, g6, (4.29)
i=1

i=1 i=]l

As an example of the use of this technique, let us consider a ﬁve—stofy shear building
modelled as a five degree-of-freedom system. The fixed-base model is shown in Fig. 4-1.
We assume that all floor masses are the same, that the first fixed-base period is 0.40 seconds,
and the first mode is a straight line. The cormresponding isolated model has a base mass equal

to each of the other five and the isolated period is 2.0 seconds.

~

The interstory stiffness, as denoted by k5, k.3 in Fig. 4-1, can be computed directly

from the equations of undamped motion if they are written in the form

myvy =—kyp(vy - vy)

myVy+ myVy = ~ky3(vy —v3)

640




et

4.
2mpv; = ~k; ;o1 (Vjs1 - Vj)
i=1

where j runs from 1 to 5 in this case.

Setting all m; = mg, v = e'®" ¢! with ¢I" = (1,2,3,4,5), we find

kip =50fmg
kys = 90fmg
kyy = 120¢m,
kys = 14 wfmyg

k56 =15 (1)1sz

and the stiffness matrix, K, becomes

55 0 0 0
514 -9 0 0
K=wfmy| 0 -9 21 -12 0
0 0 -12 26 -14
|0 0 0 -14 29

The complete set of mode shapes normalized in such a way that the bottom displacement is

unity is given as

5 -2143 075 -0.179 0.024
0.429 -150 0.821 -0.091
1.571 -0.25 -1.179 0.643
1.643 1.00 0.071 -1.143
1.000 1.00 1.000 1.000

o= [ erene] -

R oW N

with the frequencies given by
w?=6w? of=15w? of=280f of=450?

The patticipation factors defined by ~ ~
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iT

are L; = {0.273, 0.229, 0.205, 0.172, 0.121 }. When this model is isolated on a system with
an isolation period of 2 seconds (based on a rigid structure), and with a base mass, m, the

~ important parameters are the modified mass ratios, ¥;, given by

? _ Lim _ (¢! Mr)?
Comemy (¢ M) (m + my)

which in this case become

_ iT N2
i= Jq)_Tr)_
6(¢" ¢')
We find that y; = { 0.682, 0.095, 0.034, 0.015, 0.007 }.

The first isolated frequency of the rﬁodel is given by

2
5 o)

*2 2 b

wp =wil- Xy —
i=1 O

2

2| _ 9.869 sec?, becomes w, = 0.5930 sec™2.

and with of = >

The others, using the approximate formulae (Eqgs. 4.25 and 4.27) are found to be

oy = 3428w}
w,” = 1.050 wf
w3 *=1.018 w?
o, = 1.00788 w}

os” = 1.0034 02
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It is clear that the presence of the isolation system has a large effect on the frequencies
of the first two modes, but almost no effect on those of the higher modes. What is happening

is that the base mass at these high frequencies is acting as a fixed base.

It is useful for the purpose of this demonstration to normalize the mode shapes in the
same way as that used for the fixed-base modes where the first-story displacement was set
equal to unity. Here, we set the displacement at the same level equal to unity, fecalling that
now this is the second level above the ground and we compute this displacement relative to

the ground rather than as before relative to the base mass.

.

The frequencies can, of course, be computed directly for the composite six degree-of-
freedom system using any standard eigenvalue package. The results for this example when
my is taken as 4 448 kN (1 000 kips) and w; as 2n/0.4 rads/sec are shown in the Table 4-1.

Table 4-1
Frequencies
. 2x
(m,) = 1 000 kips, w; = 04 rads/sec
Fixed Base | Isolated (Approx.) | Isolated (Exact)

0 - 3.0973 3.0980
1 15.71 25.42 25.977
2 38.48 50.96 47.031
3 60.84 70.48 67.913
4 83.12 89.67 88.585
5 105.37 109.14 108.83

The approximate method gives results that are very close to the direct computation. It is
not easy to say which is the more exact result since the direct computation involves a-stiffness

matrix with one diagonal element that is two orders of magnitude smaller than the others.

Returning to the full equations of motion for the combined system and comparing them
with the previous set for the isolated one-degree-of-freedom structure, the corresponding equa-

tions for the model on the base slab are

YV + Vp + 2wp Bp Vp + OFVp = —Ug (4.30)
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and

Ve + Vp + 20 By Vg + 02vs = -, (4.31)

If we retain only one mode of the fixed-base structure, we can make the equations

correspond by replacing v, in the elementary analysis by L ;v;, #, by Ly, and

e_m __nm ,
! m+my, M »
by .
LM, _
m + nmy

When this is done, g; will be given by the solution for v;.

The basic results for the single-degree-of-freedom structure, namely that
1
vy |max = :07 Sa (wp,Bp) (4.32)
b

and

) 23
¢ ={SA2((°I: Bp)+ €% (1~ Y)ZSAZ(“)S*’ﬁs*)} (4.33)
are replaced as follows. The maximum relative base displacement is given by
1
|L1vp ey = ;)_2LISA (wp ,Bs) (4.34)
b

and, since L ; appears on both sides, we have the same result as before.

To obtain the base shear we have

%
PLESR05B)  PLESH(@r80)]|

11 lmax = (4.35)

*4 *4

@p s

with w, , B, are calculated as before.

The relative displacement vector, v, is given by

V=gl (4.36)

and the inertial force on each element, neglecting damping contributions, is
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Ta L T,

F=Kv=g;K¢'=g;M¢!w} (4.37)
The total horizontal force on the superstructure is

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

C,m =1F (4.39)
Thus
LM, 2¢2 —2222**%
Cs= m Ll SA (wb’Bb)+(1"Yl) 8L1 SA(('OS’BS)
LM, — el
= " {SAZ(O.)I, ’Bb) + (1—Y1 )2€2SA2(C0S ,ﬁs )} (4.40)

with & = wZ/wf as previously.

In the standard equivalent lateral force procedure, the building considered as a fixed-base
structure is designed to resist the lateral seismic base shear, V, given by V = C; W where W

is the total weight. The value of C; is derived from a code formula.

In the fixed-base building, the lateral seismic shear force, F,, at any level denoted by x

is given by

F,=CyV (4.41)
where
o, ki
Ve = .
Wi ki
i

In this formula the terms W; s W, are the weights of levels i and x, k;, h, the heights of lev-
els i and x, and j an exponent which is taken to be 1 if the period is 0.5 seconds or less and
2 if it is 2.50 seconds or more. This reflects the fact that a stiff, low building will respond
predominantly in shear with a roughly linear ﬁfst mode and a tall, flexible building in bending
with a quadratic first mode. The exponent j may be selected by linear interpolation between
1 and 2.
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The seismic shear force at any level x is calculated from
N
V,=>F; (4.42)
i=x :
and the structure designed using these values of shear. If the code forces are elastic forces,
then they are reduced by factors denoted by Ry that are referred to as ductility factors and
these are specified by the code for different types of structural systems. They represent the
intuitive feeling that many structural forms have substantial reserves of strength beyond their

elastic capacity. In some codes, ductility factors for moment-resisting steel frames may be as
high as 12.

For an isolated building the distribution of shear force should be given by the shape of
the first isolated mode, namely {1,eL ¢! }T, or, if we neglect the & terms, the distribution

should be uniform. Then

F, = CVx |4 (443)
and
C W 4.44
Ve T W ( : )
and
N N Wi N
Vx=2CwV=V2_=CSZWi (4.45)
i=x i=x w i=x

Thus, to design a base-isolated structure, we estimate C; from the design spectrum and design
the superstructure at each level for a shear force equivalent C; times the weight above. If
appropriate, the ductility factors, Ry, can then be taken into account, but the reductions in
seismic load achieved by isolation will be so substantial that it may not be necessary to
include them. If, for example, i'n‘a large earthquake the ductile capacity of a moment-
resisting steel frame is called upon; there will be substantial interstory drifts and consequently
considerable damage to nonstructural elements, windows, and ceilings. Moreover, develop-
ment of large ductility will produce a lengthening of the fixed-base period of the superstruc-
ture reducing the benefit of the isolation. Large Ry factors also translate into expensive
structural forms and it is probably more cost effective to use a structural system with a low

Ry, factor, e.g. nonductile concrete, with an isolation system and design for elastic response in

. 646
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Mu + Cu + Ku=-Mri, ' (4.1)

MV + Cv+ Kv=-Mr(i, +1,) (4.2)

rTM(V + riz'b + I’iig) + my, (Vb + itg) + Cp {)b + kb Vp = 0 (4.3)

rT MV + (m + my)y + ¢y v +hy vy = —(m +mp)iu, (4.4)
MV +CV +K'v =M1 iy (4.5)
MV +Cv +K'v =Mt iy (4.5)
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where
. {m +my 1! M} .
M —
Mr M
and
* kb 0 %
= r =
0 K
with

+M¢" w2 = K¢"

649

(4.6)

4.7)

e e e et e o m wmn o # o o



P S

N : : : .
.erTM(j)’ g +(m +mp) vy +cpVp +hypvp = —(m + my) U,
l=

G +20; B; g + 0fq; = -L; (¥ +iig)

N
)

i=1

L; M;

(m +my)

l
M; = ¢ Mo’
éi +i/;b +2(,0b Bb{}b +(Db2Vb =—iig
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(4.8)

i=1t N (49

(4.10)

(4.11)



LiVy +§; +20; B; ¢ + 0l q; = -L; i

g; + wiqu' +L; v =0

i=1 (m +mb)
V' =1%,31,7
91,925
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i=1to N

g; + Vp +oogvb=0

i=1to N (412

(4.13)

(4.14)

(4.15)

(4.16)

P



N L;M;
2 L7 2 2\ —
- 0 - = 1
wi=1m+mbql+(w+oob)vb 0 (4.17)
, N LM, w? o
—-0° ¥ Vp + (0" + 0;)V, =0 (4.18)

iy mrmy (-0 + 0?)

N _ 1 wbz
2V = (1-—) (4.19)
i= - 0 163
1-—
®
where
— LM,
Yi =
m <+ mb
(1)1‘)2 N _ 1
l-—= =3 —— (4.20)
® i=1 w; _
1- 2
Wp
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and set wZ/w” = 0, obtaining -

653

* N _ (Dg'
Wy =0313 1"2 i~ 5
i=1 i
2 - it
W, - 1
1——"' =Yl
2 07
. 1—-—2—
w
o? = 0 (—=)
1-v
2 4
_ w0 N_
1"(1_71)—'_2_2 i
Wy =2

(4.21)

(4.22)

(4.23)

o e v o e = e




w{
*2 ,
Wy = :
- OJb i
1_(1-‘Y1)_—2+’2 2 _
e a-w
w{
(4.25)
] \ s 1
(Db —
W ——| - 1-(-T)— - =¥, _
Vi 2 - (02 =1 ; v
" e 1- 5%
(D-‘ .
\ J (4.26)
w? \
%2
W, = :
P _w) N v;
1—(1_Yk):0—§_'§1 (Diz —
© iR 1-—> (1-7%)
1
| @27
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RS

mivy=—-kip(vy = vy)

Mmivy+myv, = ~ky3(vy ~vy)

J .
.Zlmi Vi = =kj j21(Vjs1 = v})
l=
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(4.28)
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Setting all m; = mg, v = e “F ¢! with ¢! = (1,2,3,4,5), we find

Ckip= Swf‘mo
ko = 9wimg
ks =120 m,
kys = 14 07 my

k56 =15 (1)%”10

55 0 0 0
-5 14 -9 0 0
K=w’my| 0 -9 21 -12 0
0 0 -12 26 -14
|0 0 0 -14 29

5 2143 075 -0.179 0.024
0.429 -1.50 0.821 —0.091
1571 -0.25 -1.179 0.643
1.643 1.00 0.071 -1.143
1.000 1.00 1.000 1.000

o - [¢1, o> ¢S ¢ ¢5] _

'r—at\)u.)-b
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2 2 2
w? = 6w, 0332=150312,.w,f=28m1, 03 = 45 w{

5 , L @)ier)Z
Fomormy (o7 M) (m + my)

iT N2
— r
Th= S
6(¢" ¢)
[ ]
« 5 (Db
wp =03 l- v —¢
i=1 O
L J
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W, =3.428w?
W, =1.050 w?
Wy = 1.018 w2
w, = 1.00788 w?
ws = 1.0034 02

Table 4-1

Frequencies

(m,) =1 000 kips, w{ = Oiz— rads/sec

658

Fixed Base | Isolated (Approx.) | Isolated (Exact)
0 - 3.0973 3.0980
1 15.71 25.42 25.977
2 38.48 50.96 47.031
3 60.84 70.48 67.913
4 83.12 89.67 88.585
5 105.37 109.14 108.83
.o .o ? . 2 _ .o
YV + Vp + 20 Bbvb + Wy VvV -—ug

(4.30)



Vg + 1y + 205 By v + 02V, = —iig (4.31)

1
lVb |max = ?SA (wb s ﬁb) (4-32)
b

Y
C = {SAz(wzf, By) + % (1 - v)* S{ (wy, Bs*)} (4.33)
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IQIlmax=<

1
|L1vp |pax = Z);L1SA (®p 5 Bp) (4.34)
b

~

1%
272 c2/..% % 272 a2/ % o
e“LiS{(wy, e LS (w,,
i A(*4b By ) . i A£4s Bs ) 435)
Wp S
v=g;0 (4.36)
F=Kv=qg;Kol=g;M¢'w? (4.37)
T _ 2
r F—ql(ﬂlLlMl (4.38)
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C,m=rF - (4.39)

LM, 2 a2 '—222>2**]/2
Cs = L{Sg(wp,Bp)+ (1-y1) e°L{ S5 (wy,Bs)

m

L% M,

%)
= n {SAz(wb > ﬁb) + (1_?1)2 8Z*S’Az(w.s*> Bs*)}

(4.40)

F,=CyV (4.41) .
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(4.42)

(4.43)

(4.44)

(4.45)
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: EXxisting, Draft, and Future Standards
- and Guidance 1€

= Policy
o Rules General Design Criteria
Seismic Safety Program (DOE 6430.1A)
(DOE 5480.Safety) Orders Natural Hazards Regulations
(DOE 5480.NPH)
-7 Standards
I / Guidance
DOE STANDARDS D v R
i o Natural Phenomena Hazards Design and -
( Evaluation Standard for Department of Model Building Codes - UBC (ICBO)
Energy Facilities NEHRP Guidelines
g&% Standard 4 and 7
) x Natural Phenomena Hazards Performance
: Categorization Standard for Structures, ACI, AISC, AXSI
- Systems, and Components at Department Seismic Experience Data & Procedures
of Energy Facilities NRC Guidelines
. DOD Manuals
v e Natural Phenomena Hazards Prioritization ATC Manuals
| and Screening Standard for Evaluation FEMA Decuments
- and Upgrade of Existing Department of
) Energy Facilities
' * GUIDANCE ¢
: o Walkdown Guide o Seismic Safety Guide
o Seismic Design and Detailing o Seismic Hazard Studies
o Wind Design and Detailing o Wind Hazard St“di.w
o Suspended Ceilings Bracing ° FI?Od Hazard Studies
; o Equipment Tiedown o High Level Waste Tanks
( x Site Characteristics X Response Specira Development
x Hazard Assessment for Seismic and Wind Methodology
. x Interim Position on Seismic Hazard * Spectra Compatible PSD & Time-History
; x Existing Facility Evaluation Generation
x Tornado Missile Study . Gent:lric site-dependent spectra using
seismic Inst . . new data
x  Seismic . ment.auon . ¢ Genericsite correction factors for WNA
¢ Expanding evaluation of existing systems and ENA
& components .
. . g v e ¢ SSI Guidance
¢ Expanded evaluation of existing buildings e NewLLNL East US Seismic
/ ¢ Design of systems & components Hazard Assessment
| by experience data *  Scismic evaluation of pipirig
¢ Expanded GSG Studies *  Response spectra, PSD &
¢ Lifelines Evaluation time history generation
o ¢ BaseIsolation Design Criteria
) o existing ¢ Masonry Wall Criteria
x draft *  Anchorage Design
* future

APL92-365/V-3
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DOE Safety Documents for Natural
Phenomena Hazards

DOE SAFETY POLICY

SEN-35-91
DOE 5480.1B

Executive Orders
- Public Laws

Coge ofl Federal DOE Seismic Safety Program
egulations DOE 5480.Safety
Safety Analysis Safety Analysis
Report (SAR) Report (SAR)
Nuclear Facilities Non Nuclear Facilities
DOE 5480.23 DOE 5481.1B
Safety of Safety of General Design
Nuclear tFyacilities DOE Owned Reactors Criteria
Nonreactor Nuclear Reactor Design General Desien Criteri
Facility Design Criteria Criteria eneral Design Lriteria
Manual and Related
DOE 5480.NNFDC DOE 5480.RD Standards
- ]

Technical Standards
(Such UCRL-15910)
and Guidance

APL92-365/V-4
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LECTURE 6

Experimental Work on Base Isolation

EARTHQUAKE SIMULATOR STUDIES

Introduction

The concept of base isolation is now well accepted and the number of buildings using
this earthquake resistant technique is increasing rapidly. It is now generally accepted that a
base isolated building will perform better than a conventional fixed base building in moderate
or strong earthquakes. Several isolated. buildings have experienced moderate earthquakes and
have performed well. The major benefit of isolation, in the buildings in which it has been
used so far, has been to reduce the effects of seismic forces on contents and internal equip-
ment. In structures such as nuclear power plants, hospitals, emergency preparedness centers,
computer manufacturing facilities and data centers, the reduction of damage to equipment is
of sufficient importance to justify the increased cost of isolated construction. There are
several examples of these types of base-isolated buildings in the United States, including both
new and rehabilitated buildings and many more are in the design or construction stage. Addi-
tionally, the number of base isolated buildings worldwide is increasing with Japan in the fore-
front. The number of base isolated buildings in Japan either completed, under construction or

approved for construction by the Ministry of Construction now exceeds sixty-five.

Whereas the concept of base isolating structures from the damaging effects of earthquake
motions is not new, the implementation of this technique is relatively new. This has mainly
been due to the need for several important developments in materials science and experimen-
tal and analytical modeling before base isolation could evolve into a practical approach for

seismic design.

The objective of experimental research in base isolation at the Earthquake Engineering

Research Center (EERC) in recent years has been to verify the performance, reliability and
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repeatability of behavior of components for isolation systems; to develop methods for model-
ing system behavior for design purposes; to investigate unusual aspects of behavior of various
systems (especially during extreme conditions of loading), and from the wealth of data avail-
able, to examine the suitability of proposed code provisions to accurately predic{ behavior for

design.

One of these developments has been the ability to test large scale isolation systems using
simulated seismic loads. Performance evaluation studies using the earthquake simulator to
test large-scale model isolated structures have been carried out for a variety of isolation sys-
tems and structures. Uplift studies of slender base-isolated buildings and the investigation of

the behavior of base-isolated skew bridge decks has also been studied.

To date, applications of base isolation as a seismic design strategy for buildings have
been restricted to low aspect-ratio structures for which there is no chance of overturning
occurring duringd extreme ground shaking. In most instances, this limitation does not affect
designers; generally, the taller the structure, the less practical it is to use base isolation.
Building slenderness has some relation to period but, more important, it plays a large part in
determining whether a building will‘ uplift off its base during extreme lateral loadings and this

is not something that is accommodated by usual base isolation devices.

An extensive research program wés undertaken to address the question of uplift of base-
isolated medium-rise structures. The work was conducted in two phases: the first involved
shaking table studies of a medium-rise structure with a base isolation system allowing free
uplift and a detailed evaluation of the behavior of the structure during uplift; the second phase
of the program was to consider approaches which prevent uplifting of the superstructure from

the isolation system.

The promising results of the previous test program prompted a series of tests of indivi-
dual bearings at EERC with the purpose of showing that with properly designed and manufac-
tured isolators it is possible to ensure that the isolation system will not fail before the struc-
ture of the isolated building above it fails. Thus, the ultimate state of the overall structure
will be the failure of the structural frame (as in a conventional structure), but the input level
of earthquake motion that will produce this failure will be very much larger than that needed

to fail the same structural frame if it were conventionally based.

Several aspects of the ultimate capacity of an isolation system were examined. The

results show that if an isolation system uses high strength elastomers (such as natural rubber
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or polychloroprene rubber) and high quality bonding techniques, the ultimate capacity can be
accurately predicted and very substantial safety margins can be established. These results and
other related work on isolators conducted under this program should lead to confidence in

their use by designers of all types of structures, including nuclear facilities.

An extensive research program was undertaken to address the question of uplift of base-
isolated medium-rise structures. The work was conducted in two phases: the first involved
shaking table studies of a medium-rise structure with a base isolation system allowing free
uplift and a detailed evaluation of the behavior of the structure during uplift and the second
phase of the program was to consider approaches to avoiding the occurrence of uplift of the

superstructure from the isolation system.

Uplift of Medium Rise Structures
Phase I

Phase I of the uplift investigation program involved the earthquake simulator testing of a
1/5-scale 7-story reinforced concrete structure shown in Fig. 1 [Griffith, Kelly, Coveney &
Koh 1988]. The model was tested with 3 different types of filled natural rubber bearing isola-
tion systems. Throughout testing, the model was permitted to uplift freely from the bearings.
An extensive testing program was performed. First of all, static rig tests of the isolation bear-
ings were carried out to asseés the performance characteristics of each type of bearing. The
dynamic testing of the model consisted of free-vibration tests, harmonic excitation tests,
white-noise tests, and earthquake simulation tests using 8 different earthquake motions
representing a wide variety of ground motions. The input motions ranged from the predom-
inantly high-frequency San Francisco Earthquake of 1957 to the long-period shaking of the
1985 Mexico City and 1977 Romanian Earthquakes. To satisfy model similitude require-
ments, the records were time-scaled by a factor of V5. The model was subjected to the time-
scaled signals at three levels of peak-table acceleration (typically 0.2g, 0.5g and 0.8g) allow-
ing the effect of increasing shear strain in the rubber and the consequent change in structural
response of the system to be studied. The effectiveness of the isolation systems was studied

as a function of the magnitude of the input motion.

For all input motions (and levels of input), the response was observed to be essentially
rigid-body translation, an aspect that is important for the basis of simplified code design pro-

cedures. Previous tests of the model in a fixed base configuration allowed some comparisons
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of response to be made, and it was seen that the accelerations, interstory displacements and

story shears were considerably reduced over those for a fixed-base structure.

A comparison of the SEAONC ““Tentative Seismic Isolation Design Requirements”
[SEAONC, 1986] with the observed responses of the structure was undertaken to evaluate the
suitability of the design formulae for this particular structural system. In particular, considera-

tion was given to the suitability of the SEAONC formula for displacement.

In evaluating the proposed code formula one of the objectives was to determine the best
coefficient for ““ZN”’ in the design equation, with consideration given to the peak-table
acceleration (PGA), and the coefficients A, and A, as defined by ATC3-06 [ATC 1978],

derived for each of the time-scaled earthquake signals. It was found that:

e The velocity-based coefficient, A,, was the best measure of the earthquake

motion for use in the formula.

e As is acknowledged, the results showed that the design procedures are not appli-

cable to low-frequency motions.

Phase IT

The concrete model used in Phase I of the uplift study had suffered substantial damage
when previously tested as a fixed base structure. At the time the isolation system was added,
the model had been repaired at its base and all large cracks in the beam-column joints and the

~shear wall were injection grouted. The favorable tes£ results from Phase I indicated that the
rehabilitation work was successful, but for the more severe testing planned it was decided to
use another model structure for Phase II [Griffith, Aiken & Kelly 1988]. This structure was a
1/4-scale 9-story braced steel frame (Fig. 2) which, with a height-to-width ratio of 1.59, was

more suited to developing high overturning forces during severe shaking.

The model was tested using a number of isolation systems (described in subsequent sec-
tions). The isolation system for the uplift study consisted of four lead-rubber bearings under
the internal columns and four natural rubber bearings under the corner columns of the model.

With this combination of bearings column uplift was achieved at moderate levels of shaking.

For a series of tests, maximum model acceleration was plotted against maximum table
acceleration and it was found that the structure acceleration to cause corner column uplift was

about 0.44g. Bearing-column separation displacements ﬁp to 0.75 in. were observed. The
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hysteresis loops for the bearings which experienced column uplift exilibited unstable behavior.
The shear force hysteresis loops showed dramatic changes in slope and flattening at the
extreme displacements, while the axial force hysteresis loops had a large increase in displace-

ment (corresponding to times of column uplift) with no change in axial load (%ig. 3). This
' behavior was felt to be undesirable, especially since the possibility of complete disengagement

of the building from the bearing could cause major damage to the structure in that region.

Uplift Restraint Device

After conducting the series of free-to-uplift tests, bearings containing a device capable of
resisting uplift forces [Kelly, Griffith & Aiken 1987] were placed under the corner columns of
the model and the test program was repeated. The system performed well for all earthquake
inputs, and the restrainer device prevented any occurrence of column uplift during severe
motions. The nature of the restrainer device was such that it also served to limit horizontal
displacements, and as such, the responses of the structure were somewhat higher than for the
free-to-uplift condition but the behavior was still very favorable. The hysteresis loops for a
bearing containing the restrainer device (Fig. 4) showed stable behavior. The increase in the
higher mode contributions to the overall résponse of the structure (due to the action of the

devices) was slight.

Performance Evaluation of Isolation Systems

Concurrent with the uplift investigation program, an extensive series of shaking table
tests was conducted to evaluate the performance of a number of different base isolation sys-
tems. These systems and some of the notable aspects of the tests are described in the follow-

ing sections.

Filled Natural Rubber Bearings

In conjunction with Phase I of the uplift study, a series of tests on 3 types of filled
natural rubber bearing were performed [Griffith, Kelly, Coveney & Koh 1988]. Each type of
bearings were 6 in. x 6 in. in plan but with varying internal configurations. The Type-1 bear-
ings had 16 layers of 0.213 in. thick rubber and a shear stiffness giving the 1/5-scale rein-
forced concrete model an isolated frequency (at about 50% shear strain) of 1.1Hz. The

Type-2 bearings had 18 layers of 0.198 in. thick rubber and a shear stiffness providing an
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isolated frequency of 0.72 Hz at 50% shear strain. The Type-3 bearings were of a special
lightweight design that was the same in all respects as the Type-2 bearings except that the
internal shims were only 0.012 in. compared with 0.037 in. for the Type-2 bearings. Filled
natural rubber bearings possess a significantly nonlinear effective stiffness versus shear strain
relationship and this provides the isolation system with the required high stiffness at small
amplitudes of motion to resist wind loads and low-level shaking, while still allowing optimum

isolation performance for severe earthquake shaking.

The Type-2 bearings were designed to investigate the feasibility of using base isolation
in situations of low frequency ground motion and also the feasibility of using isolation for
small buildings (= 50-200 tons). The objective of the Type-3 bearing tests was to evaluate
the performance of less expensive lightweight bearings that might be suitable for application

to low-cost housing in developing countries.

All three bearing designs performed well for a large range of earthquake motions and
magnitudes of input. In all cases but the predominantly long-period Mexico City signal, the
isolation systems offered significant reductions in structure acceleration over the peak input
acceleration, and interstory displacements (and hence story shears) were reduced considerably
from those for a fixed-base structure. Small amplifications of acceleration response were
observed for the Mexico City tests. It was concluded that the bearings performed extremely
well and further analytical and experimental investigation in the area of lightweight bearings

is warranted.

Neoprene Bearings

A neoprene bearing isolation system has been studied using the 9-story steel test struc-
ture used in Phase II of the uplift program [Kelly, Griffith & Aiken 1988]. The bearings were
6 in. x6 in. in plan and consisted of 6 layers of 3/8-in. neoprene sep?rated by 5 1/8-in. steel
reinforcing shims. The neoprene bearings possessed a significant nonlinearity of shear
stiffness with shear strain. At 50% shear strain, the bearing shear stiffness was about 2.1
kip/inch and at 2% shear strain, the shear stiffness was about two times this value. This non-
linearity made direct comparisons of results from different tests difficult, but assuming a sim-
ple proportionality relationship led to the approximate damping value of & = 10% at a fre-
quency of 1.5 Hz and 10% shear strain (or f = 1.1 Hz at 100% shear strain).
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The performance of the neoprene bearing system was studied for the 8 earth(iuakes as
used in previous test programs up to shear strains of 114% and was felt to be eﬁ:cellent. The
bearings showed no instability tendencies and the shear force hysteresis loops exhibited stable
behavior and no change in stiffness properties even for a large number of displacement cycles
exceeding 50% shear strain. The suitability of the SEAONC design formulae for this isola-
tion system was assessed [Griffith, Aiken & Kelly 1988] and found to give good conservative

results using the A, coefficient.

Lead-Rubber Bearings

Following the neoprene bearing tests, the 9-story structure was base isolated with a sys-
tem of lead-rubber bearings and subjected to another series of simulated earthquakes. The
lead-rubber bearings were geometrically similar to the neoprene bearings, but with the addi-
tion of 1.25 in. diameter lead plug inserts. The inherent damping of the natural rubber of
these bearings was only about 5-7%, but with the lead plug added, the equivalent viscous
damping ratio for a bearing at 50% shear strain was in the range of 20-25%. Each lead-
rubber bearing had a shear stiffness of about 3.2 kip/in. (the stiffness of the bearing without
the lead plug was 1.6 kip/in.). To achieve a reasonable overall system stiffness, only four of

the eight bearings of the isolation system were provided with lead plugs.

Because of the inherently higher shear stiffness of the lead-rubber bearings, the degree to
which the isolated building responded in its first mode was of particular interest. Test results
showed that the first mode response did indeed dominate, thus confirming that the simplified
code design approach is applicable to this type of structure and isolation system.

Combination Slider-Elastomeric Bearing System

This isolation system was tested using the 9-story steel structure and consisted of uplift-
restrainer bearings under the four corner columns and teflon-stainless steel slider bearings
situated under the interior columns of the model {Kelly & Chalhoub 1988]. The system pro-
vided significant reductions in story acceleration and base shear from the levels expected in a
similar structure with a fixed-base support. The uplift restrainer bearings allowed no column
uplift during the tests and the slider bearingé reduced displacements from those seen for other
isolation systems. This behavior is in contrasted that of a purely sliding system in that the

elastomeric bearings ensured that the isolation system as a whole did not suffer any significant
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permanent displacement offset after shaking (the largest offsets were of the order of only 0.1
in.). )
The combination isolation system offers four important features:

e resistance to wind loads and low-level shaking is implicit in the behavior of the
slider bearings;

e a restoring effect is provided by the elastomeric bearings to eliminate displace-
ment offsets;

e control of overturning and extreme displacements is provided;

e the slider bearings represent a fail-safe backup to the elastomeric bearings for

cases of extreme loading.

Bridge Deck Tests

Base isolation has been implemented extensively in the seismic design of bridges. In an
effort 'to answer some of the questions on the response of base-isolated bridge decks, an
experimental program [Kelly, Buckle & Tsai 1985] was initiated to address a number of
issues, including the effect of the type of isolation system on the deck behavior and the
response of skew-isolated bridge decks. A 20 ft long steel deck, simulating one simple span
of a bridge, was tested using two different isolation systems. The first consisted of filled mul-
tilayer natural rubber bearings (8 in. x 8 in. x 7.8 in. high) with two shear dowels in each end
plate and the second used natural rubber bearings of the same design but additionaily incor-

porating 1 1/2-in. lead plug inserts.

A parameter identification routine designed to provide an equivalent linearization of the
dynamic response of the nonlinear isolation system was developed (that gave accurate dis-
placement and acceleration maxima), to provide elementary design rules for the preliminary
design of base-isolated buildings and bridges. The lead-rubber bearings were effective in
reducing deck displacements 25-50% over the filled bearings, and for the real-time earthquake
signals these displacement reductions were not achieved at the expense of increased accelera-
tions. In bridge decks, the higher modes are generally very much higher than the fundamental
mode and unlike the case of building structures, will not be excited by the lead-rubber bear-
ings. For this reason, lead-rubber bearings are highly effective for bridge structures. Other
results of the test series illustrated that a very simple formula can be used to predict the roll-

out displacement of a bearing system. This is important as roll-out governs the displacement
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capacity of the isolation system and hence the system limit-state for an ultimate event.

SECOND TEST SERIES: High-Damping Natural Rubber Isolators

Following the success of the previous testing program, four different isolation bearing
manufacturing companies provided isolation bearings for the testing and evaluation of the
mechanical and failure characteristics of high-damping natural rubber isolators. Twenty eight
natural rubber bearings were obtained from LTV Energy Products Co. from the United States,
four high-damping natural rubber bearings were obtained from Bridgestoné Corp. from Japan,
one high-damping, low modulus natural rubber bearing was obtained from Rubber Consultants
from the United Kingdom, and four polychloroprene rubber bearings were obtained from
Dynamic Rubber Products from the United States. The description of the bearing designs and
rubber compounds used in the elastomers is also presented. The results from the tests show
that it is possible to compound natural rubber isolators with high damping and high strength,
and by using high quality bonding techniques, the isolators can sustain shear forces six times
greater than the force at 200% strain and they can reach strains greater than 400%. In some
cases, the isolators could not, because of the displacement limit of the actuator, be tested to
failure; in some tests, the displacement exceeded the diameter of the isolator while it contin-

ued to carry the vertical load.

LTV Energy Products Company Isolation Bearings

In this test series, four different types of isolators, identified here as Types-1, -2, -5 and
-6, featured two different rubber compounds and two different moderate shape factors (i.c., 9

and 18). The shape factor S, is defined for a circular bearing by

s=2
4t

where @ is the diameter and ¢ is the thickness of an individual layer. Each type of bearing
was subjected to seven different types of tests, for a total of 28 bearings tested. Two fatigue
tests for each bearing type were carried out at different shear strain levels, one at 100% and
the other one at 150%. In addition, each type of bearing was subjected to five different
failure tests in which the axial and the shear loads was changed in order to obtain an axial-

shear load interaction diagram.
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The effective stiffness and the equivalent viscous damping are the characteristics of most
interest to be determined from the dynamic tests. The effective stiffness is computed from the
secant measured from peak to peak in each hysteresis loop. The equivalent viscous damping

is computed using the formula given in Appendix A.

Bearing Design and Rubber Compounds
Bearing Types-1 and -2 had the same rubber compound (259-62) and diameter (shim

diameter of 14 in. with a 1 in. cover for a total diameter of 16 in.). However, bearing Type-1
had a shape factor of 9 with 10 layers of 3/8 in. thick rubber and 9 steel shims which were
1/16 in. thick, while Type-2 had a éhape factor of 18 with 20 layers of 3/16 in. thick rubber
and 19 §feel shims which were 1/16 in. thick.

Bearings Types-5 and -6 had the same rubber compound (257-71) and diameter (shim
diameter of 12 in. with a 1 in. cover for a total diameter of 14 in.). Type-5 had a shape factor
of 9 with 12 thin layers of 3/15 in. thick rubber and 11 steel shims which were 1/16 in. thick,
while Type-6 had a shape factor of 18 with 24 thin layers of 5.32 in. thick rubber and 23 steel

shims which were 1/16 in. thick.

The total rubber thickness for all four types of bearings was 3.75 in. The bearings had
oversized end plates to permit them to be bolted to the test machine. A summary of the

dimensions and properties of the isolators is given in Table 1.

The compounds used in the bearings were designated 259-62 for the Types-1 and -2)
with nominal shear modulus of 120 psi at 100%, and 257-71 for the Types-5 and -6) with
shear modulus of 150 psi evaluated at 100% shear strain. The nominal vertical load of 62.5
tons corresponds to 812 psi vertical pressure for bearing Types-1 and -2, and 1105 psi vertical
pressure for bearing Types-5 and -6. These isolators were designed to provide a horizontal
frequency of 0.50 Hz at 100%.

Test Re;iclts

There were a total of five fatigue tests, one test at each strain level for bearings Type-1
and Type-5, and just one test at 100% shear strain for bearing Type-6. Durmg the five tests,
only the two bearings subjected to cycles at 150% shear strain failed. Both bearings failed
due to the heat generated by the cyclic loading which modified the properties of the rubber

causing the isolator to break apart. Both fatigue tests were characterized by a drastic
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reduction in stiffness accompanied by an increase of energy dissipation as they neared failure.
Fig. 5 shows these characteristics during the fatigue failure of isolator Type-5. The bearings
subjected to cycles at 100% shear strain performed very well (i.e., bearing Type-5 resisted a
total of 2880 cycles spread over several days). ‘

The compression tests revealed that the cause of failure was the yielding and tearing of
the reinforcing steel plates. The plates are loaded by surface shear stresses as they act to
prevent barrelling of the bearing under the vertical load. It was demonstrated that the elasto-
mer and the rubber steel bond were able to sustain shear stresses that were large enough to
yield the steel in a type of all around tension. The failure of the steel reinforced plates of the
bearing due to vertical pressure depended on the shape factor, but was in every case so much
larger than the design vertical pressure or possible overload induced by seismic or other
events, as to be beyond significance. A local failure of the foundation or attachment details to
the superstructure would precede bearing failure in this failure mode. Table II gives the

results of the compression tests and Fig. 6 showsthe plot of one compression failure loop.

The predominant failure mechanism of the test program was deficient bonding between
the top steel plate to the rubber bearing. The bond between the rubber and steel is a critical
component of the performance of an isolator. The results show a considerable degree of vari-
ability in the bond strength. The objective should be to have failure due to tearing of the
rubber rather than breaking of the bond. The program has shown that an adequate bond can
be achieved if correct quality assurance procedures are followed during the molding and vul-
canizing of the bearings. Most of the bearings tested under zero or tension load failed due to
the debonding of .the top plate. The bearings tested in shear under design vertical load or
greater, performed well even though the failure mechanism was the same. Figures 7 and 8

shaw selected hysteresis and failure loops from the test program.

A valuable property of the isolators revealed by the testing program was that the

mechanical behavior of a bearing with bond failure is almost exactly the same as before

failure as long as it continues to carry the design vertical load.

Bridgéstone Corp. Isolation Bearings

Four identical bearings were tested and the results confirmed that the bearings have
excellent damping characteristics and that they are able to sustain very large shear deforma-

tions before failure occurs. The failure mechanism in all four bearings was tearing of the
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rubber itself with no failure of the rubber-steel bond. The bearings were tested at four
different levels of vertical pressure 0, 500, 1000, 1500 psi. The failure strain was only
slightly affected by the pressure but a significant increase in damping resulted from the
increase in pressure. The damping factor was fairly constant over the range of strain up- to
200% and at the highest ‘pressure of 1500 psi averaged 15% as opposed to around 11% at

ZEIO pressure.

Bearing Design and Rubber Compound
The four bearings had 22 thin layers of 079 in. thick rubber and 21 steel shims which

were 0.031 in. thick. The shim diameter was 9.45 in. and there was 0.098 in. of cover for a
total diameter of 9.65 in. The bearings had oversize end plates that permitted them to be

bolted to the test machine. Figure 9 shows the detailed bearing design.

The compound used in the bearings is designated KL401 and this identifies it as the high
stiffness, high damping rubber which is a blend of natural and synthetic rubber with around
31% carbon filler. With a nominal vertical load of 66.2 kips corresponding to 945 psi vertical
ﬁressure, these bearings are represented by the manufacturer as providing a horizontal fre-
quency of 0.85 Hz at 100% and a vertical frequency of 29.5 Hz. This very hig;h vertical fre-

quency is a consequence of the extremely thin rubber layers.

Test Results

The dynamic tests were carried out at four levels of vertical pressure, 0, 500, 1000, and
1500 psi. The bearing stiffness at the various peak strains were computed using peak-to-peak
measurements in the resulting hysteresis loops. The stiffness, equivalent viscous damping,
energy dissipated and shear modulus of the first and fifth cycle for bearing Types-1 and -4 are
given in Table III. Figure 8 shows the variation of the e;fféctive horizontal stiffness with

shear strain at different pressure levels.

The force-displacement plots for shear strains from 5% to 350% with 500 psi vertical
pressure is shown in Fig. 11, and with 1500 psi vertical pressure is shown in Fig. 12. The
change in the appearance of the hysteresis loops as the strains increase is clear from these
plots. The loops change from being quite elliptical to being elongated with parallel sides and

-~

strong hardening.
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The reduction in the damping ratios in the higher strain cycles is a consequence of the
strong hardening of the material when the strain exceeds 200%. The important aspect of the
bearing behavior is that the energy dissipated and this energy dissipation continued to increase

while the strong hardening of the elastomer eliminated the possibility of resonant response.

For bearings of the Bridgestone type which have very large shape factors and a squat
aspect ratio, the buckling load is so much larger than the design vertical load that the
influence of vertical load on the horizontal characteristics through the stability of the bearing
is negligible. However, the vertical pressure does play a role in the horizontal response and
in these bearings the effect must be through an interaction between pressure and shear in the
elastomer. This is 2 reasonable conjecture since for such large shape factors it has been
shown [Chalhoub & Kelly 1990] that the normal assumption of incompressible material
behavior does not hold. Thus, the vertical load on the bearing produces a volume change in

the material and this could interact with the shear behavior to modify the horizontal response.

At smaller strain levels of less than 200%, there is no identifiable effect of pressure on
stiffness; above 200% the stiffness is smaller at the higher pressure but the effect is small and
can be ignored. The pressure, however, has a very definite effect on the damping. It is obvi-
ous from the hysteresis loops that their area for fixed strain increases with increasing pressure,

leading to much larger damping factors.

The damping factors for each pressure level and each peak strain level were computed
using the formula developed in Appendix A. Figure 13 shows the variation of the equivalent
viscous damping with shear strain at different pressure levels. Furthermore, the fact that the
higher pressure can generate. higher damping factors with no detrimental effects would

encourage the use of higher bearing pressures.

Since the horizontal natural frequency of an elastomeric isolation system is governed by
the ratio of pressure to shear modulus, using a higher pressure could allow the use of a stiffer
elastomer. Since it is generally easier to increase the damping in the rubber by increasing the
stiffness, the result is an increase in damping both from the increased pressure and from the
increased stiffness. The alternative to using a stiffer rubber is of course to use a smaller bear-
ing. This may be advantageous since the level of damping is already so high that very little

further benefit may be possible by any further increase.

After the shear diagnostic tests, each bearing was loaded monotonically to failure at a

rate of 2.5 in/min. The force-displacement curves for the four levels of pressure are
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superimposed in Fig. 14. In the bearing sustaining the heaviest load, the-force displacement
curve reached a maximum and began to drop before the rubber failed. The peak load in the
bearing developed at 507% strain in the case of the bearing with 1000 psi pressure and the
rubber failed at 516% strain. For the bearing with 1500 psi, the peak load deveioped at 473%
strain and the rubber failed at 513% strain. In the bearing with zero pressure, the failure was
instantaneous, in the others it was more gradual. It is interesting to note that the displacement
at failure exceeded the diameter of the bearing in the case.of the bearings with 0 and 500 psi

vertical pressure.

The test program confirmed the extremely high quality of the Bridgestone isolators.
They were shown to be capable of extremely large shear strains before failure even under
high levels of vertical pressure. The fact that the failure mechanism was only slightly
affected by pressure, and that the stiffness was unaffected by pressure while the damping was
increased by pressure can be used in the design process to lead to smaller isolators than those

currently used.

Rubber Consultants Isolation Bearing (Sendai Bearing)

Since 1986, a test facility at Tohoku University in Sendai in northern Japan has been
used to study the response of base isolation systems to earthquake action [Kelly 1988]. The
test facility has two buildings, one of which is base isolated and the other which is conven-
tionally founded. - The buildings are full-sized 3-story reinforced concrete structures and the
dimensions and construction of the superstructures were identical. The construction of the test

facility was carried out and funded by the Shimizu Corporation.

A number of different isolation systems have been installed in the isolated building in
the test facility. The first was a system using low-damping natural rubber bearings provided
by Bridgestone Rubber Co. combined with hydraulic dampers. The second system consisted
of a high-damping rubber bearing system also provided by Bridgestone Rubber Co. but with
no additional dampers. The test results for the first two systems were reported in several pub-
lications [Yamahara and Izumi 1987] [Izumi, Tobita, Kurosawa & Miyazawa 1990]. The
third system consisted of a high-damping natural rubber system manufactured by Flourocarbon
Corporation (now Furon) of the United States. These latter bearings were installed as part of
a joint Argonne National Laboratory (ANL)/Shimizu Corp. project partially funded by the

National Science Foundation (NSF). These bearings have now been replaced by a set of low
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modulus, high-damping natural rubber bearings manufactured by Rubber Consultants of the
United Kingdom, using a new compound developed by the Malaysian Rubber Producers
Research Association (MRPRA). The manufacture and installation of these isolators was also
part of the joint ANL-Shimizu Corp. project and partially supported by NSF.

The new compound has a shear modulus that is about half that of the shear modulus of
the high-damping rubber that has been used for most base isolated buildings used in the
United States. In comparison with the previously used compound, the damping in the new
rubber compound is less dependent on strain and exceeds that in the previous compound at
strains of 100% and above. The modulus is dependent on strain but less so than the earlier

compound.

The bearing was subjected to two sequences of horizontal displacement cycles. Each
sequence included three cycles of displacement at each level of strain as follows:
+5%, +10%, *25%, +50%, +75%, +100% and the second sequence included strains
+125%, +150%, +175%and =200%.

In addition, the bearing was subjected to five cycles of vertical loading centered around
500, 625, 1000 and .1500 psi vertical pressure. The variation in the vertical load in each of
these tests corresponded =100 psi . This particular test series is close to the limits of the test

system capability.

Sequence 1 horizontal tests were carried out at frequencies of 0.1 Hz. and 0.5 Hz. After

the dynamic test sequence was completed the bearing was loaded monotonically at a rate of
2.5 in/min. It was not possible to fail the isolator before reaching the maximum displacement

limit of the actuator.

Bearing Design and Rubber Compound
The bearing had 12 layers of .394 in. thick rubber and 11 steel shims which were 0.128

in. thick. The shim diameter was 13.78 in. and there were 0.98 in. of cover for a total diam-
eter of 14.76 in. An additional oversize end plate was used to bolt the bearing to the test
machine. With a nominal vertical load of 92.61 kips corresponding to 621 psi vertical pres-
sure, these bearings provide a horizontal frequency of 0.40 Hz at 100%. The shape factor for

this bearing was 8.75, which is considered moderate shape factor.
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Test Results

The force-displacement plots for Sequences I at frequency of 0.5 Hz. with zero, and 625
psi vertical pressure are shown respectively in Figs. 15 and 16. Bearings with low shape fac-
tors and the range of height to width ratios that result from the selection of a low pressure,
tend to be somewhat sensitive to vertical load due to the fact that the vertical load is a

significant fraction of the bearing buckling load.

The dynamic tests were carried out at five levels of vertical pressure, 0, 500, 625, 1000,
and 1500 psi. The bearing stiffness at the various peak strains were computed using peak-to-
peak measurements in the resulting hysteresis loops. For this isolator, the pressure had a very
definite effect on both the stiffness and the damping. It is obvious from the hysteresis loops
that their area for fixed strain increases with increasing pressure, and the effective stiffness

decreases, both of these factors leading to much larger damping factors.

The effect of the pressure is primarily an interaction between the horizontal stiffness and
the vertical load produced by the buckling behavior of the bearing. This phenomenon has
been described by Koh and Kelly [1989]. Using the approach outlined by Koh and Kelly
[1989], the buckling pressure for this isolator is around 3500 psi, so that the modification of
the stiffness and damping at 1500 psi should be expected.

The bearing was loaded monotonically at a rate of 2.5 in/min. No failure was achieved
in the three trials. The force displacement curve for the design pressure is shown in Fig. 17.
The maximum shear strain obtained was 415% with a maximum shear stress of 355 psi. This
is equivalent to a maximum deflection of 19.6 in. with a maximum shear load of 52.9 Kips.

It is interesting to note that the maximum displacement exceeds the diameter of the bearing.

The most important result of the failure test of these isolators is the fact that the bearing
was able to sustain shear displacements under design vertical load that exceeded the diameter
of the bearing. The maximum shear strain developed at the limit of the actuator displacement
(412%) is, of course, very large and would be at least a factor of two beyond the most ambi-

tious design level.

Dynamic Rubber Products Isolation Bearings

The four polychloroprene bearings were manufactured by Dynamic Rubber Products of
Athens, Texas using a high-damping compound developed by Du Pont de Nemours, Inc. The

design of the bearings was identical to that of the bearing provided by Rubber Consultants.

860




e s e [ N e —— Y = gAY = e i A e e . P

The test program included diagnostic tests at zero, 500, 1000, and 1500 psi, respectively, over
a range of maximum shear to +200. A series of vertical tests was carried out consisting of
cycles of = 100 psi centered at 500, 1000, and 1500 psi, respectively. Each bearing was then
tested under monotonic loading either to failure or to the existing displacement (around 20 in.)

of the actuator.

The force-displacement curves under 500 psi of vertical pressure and 1500 psi of vertical
pressure are shown in Figs. 18 and 19, respectively. The force displacement curves of the
four shear failure tests are shown in Fig. 16. The results demonstrate that the bearings can

sustain very high shear strains and displacements that exceed the bearing diameter.

CONCLUSION

The earthquake simulator provides the ability to perform studies of the behavior of isola-
tion systems incorporated in large-scale structures subjected to a wide range of dynamic load-
ings. The studies have shown the effectiveness of base isolation systems at reducing structure
responses to earthquake motions. It has been shown that base isolation is suitable for
medijum-rise structures and a system to overcome the potential problem of structure uplift has
been developed. Other studies have shown the particular suitability of base isolation to bridge
decks and evaluated the effectiveness of the propo§ed SEAONC code regulations to predict

the response of a range of different isolation systems for design purposes.

The ability to test base isolation systems and individual isolation components and to
demonstrate the performance of such systems to earthquake loadings is a very important step

toward achieving general acceptance of the technique of base isolation as a feasible and prac-

tical seismic design strategy. The test programs detailed here confirm the high quality of elas-.

tomeric bearings. They have shown to be capable of extremely -large shear strains before
failure even under high levels of vertical pressure. The fact that the failure mechanism is
only slightly affected by pressure and that the stiffness is unaffected by pressure while the
damping is increased by pressure can be used in the design process to lead to smaller isolators

than those currently used.

The entire search to find damping mechanisms to accompany isolation systems has been
a misplaced effort. Much more important for the design of practical isolation systems is the
fact that the elastomer hardens very strongly after a level of shear strain has been exceeded.

In the case of the Bridgestone bearings, the stiffness increases by a factor of six beyond 250%
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shear strain. Thus, if 200% shear strain is taken as the nominal design level, at which level
of base shear the superstructure is just at the yield point, then the base shear must increase by
at least a factor of six before the isolation system fails. This means that the failure mechan-
ism for the entire structure will be in the superstructure and not in the isolators. Conceptu-
ally, cc;llapse of an isolated structure is no different from that of a conventional structure with,
however, the proviso that the level of earthquake impact that produces the failure must be
much greater for the isolated structure due to the large displacement capacity of the isolation
system. The strong hardening response of the system beyond the design level means that if
the system exceeds this level, the period shortens significantly and the system becomes non-

1esonant.

The results of these programs should give the designer confidence that base isolated
buildings can be designed and built and that their performance in moderate and strong earth-
quakeé will be superior to conventional buildings and that the isolation system will provide
damage control to the structure and to internal equipment and contents. The performance in
very strong earthquakes much beyond those assumed for design will also be superior to con-
ventional structures but will have the same type of collapse mechanisms. These results should
lead to increased confidence in the use of this promising new technology for buildings of all
types and particularly for buildings housing sensitive intemal equipment such as data centers,
computer manufacturing facilities, telephone exchanges, and buildings that must be able to
continue operation after strong cafthquakes'such as emergency control centers and hospitals.
The possibility of the use of isolation for nuclear power facilities is also enhanced by the

results of this test program.
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Table 1

LTYV Isolation Bearings - Dimensions and Compounds

Total Rubber Thickness: 3.75 in.
Single Steel Shim Thickness: 1.16 in.

Bearing Steel Shim Rubber Shape | Compound
Type Diameter | Area (in®) | Layers | Thickness | Layers | Factor Type
1 14 in. 153.94 9 3/8 in. 10 9 259-62
2 14 in. 153.94 19 3/16 in. 20 18 259-62
5 12 in. 113.10 11 5/16 in. 12 9 257-71
6 12 in. 113.10 23 5/32 in. 24 18 257-711
Table II

LTV Isolation Bearings - Compression Failure Test Results

Bearing Test Results

Type (S-N) | Number | Axial Load (kips) | Axial Stress (psi)

Filename

1.04 910403.08 13 1608.95 10452
2.10 910403.04 23 2686.55 17452
5.01 910403.06 14 o 120215 10629
6.05 910403.02 24 2590.75 22907
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Table II1

Mechanical Characteristics of Bridgestone Bearings
at 1000 Psi and 1500 Psi Vertical Pressure

BRIDGESTONE BEARING ID: HR030-2

EERC ID: No. 1
VERTICAL PRESSURE: 1000 PSI
File No. 901023.04 ) 901023.05 901023.06
Y@ 10% | 25% | so% | 75% 100% 100% | 150% | 200% | 250% || 200% | 250% | 300% | 3s50%
Kegpstey) | 1266 | 961 | 736 | 589 s08{f 487 | ass| 4s3| a4ss| 331 39 | 46| 435
Kipsfin (Sthcy) | 1271 | -86 632 | sa4 anll ass| 39 3771 384 313 | 3s4| 37 an
B (st o) 1371 | 1209 | 1248 | 1324 1401 || 1545 | 1386 | 1224 | 1057 || 1568 | 1099 | o911 | 829
@) Gthey) - | 1373 | 1108 | 1407 151 1491 || 15.08 | 1466 | 1302 | 1131 || 1525 | 1174 | 1018 | 946
Wp (stey) 0 1 4 7 1 13 2 38 ss |l so 45 64 78
Kips/in (Sthey) | O 1 3 9 1 12 2 34 48 |3t 43 57 70
G Qstoy) 33 |27 [182 |145 125 fl120 {13 |[nz |19 | s 97 |15 |17
Ksi (5th cy) 314 | 213|156 (134 | 117113 96 o3 % 7 | & 173 92
BRIDGESTONE BEARING ID: HRO30-5
EERC ID: No. 4
VERTICAL PRESSURE: 1500 PSI
File No. 901023.10 901023.11 901023.12
) 0% | 25% | 50% | 75% | 100% || 100% | 150% | 200% | 250% || 200% | 250% | 300% | 350%
KegpyQstey) | 1576/ | 104 | 856 “6a3 | soo| ase| a3s| a28| am|| 207| 32| asas| a2
Kipsfin (Sth cy) | 1131 8as | 632| so08| 448l 436| 374 346| 3as|| 277) 314 | 323| 319
B (st cy) 1271 | 1452 | 1434 | 1484 | 16390 1713 | 1577 1406 | 1281} 1858 | 1324 | 1085 | 952
(%) (5tk cy) 1464 | 1475 | 1452 1597 | 1652 1636 | 1696 | 1546 | 1367 || 1761 | 1411 | 124 | 1159
Wp (istcy) 0 1 4 8 13 1 |2 |-a 0 |37 |50 70 85
Kips/in (Sthey) | 0 1 4 7 12 12 2 36 so0 || 33 48 62 75
G (st o) 389 23 {21 |11 lws fluais lis lws lir || 87 {103 | 104
Ksi (5th cy) 279 200 [156 |125 |1n 108 92 86 85 68 78 80 79
Shear Strain (%) Koy  Effective Stiffness (Kips/in)

Equivalent Viscous Damping (%) w),: Energy Dissipation (Kips/in)
Shear Modulus (psi) '
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Fig. 6 Force-Deflection Plot for the Compression
Failure of LTV Bearing Type-5
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Fig. 7. Hysteresis Loops at Different Shear Strains
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for LTV Bearing Type-6
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Fig. 9. Design Details of Bridgestone Test Bear-
ings
BEARING ID: lIR0O30-3 '
VERT PRESSURE: 500 PSI
STRAIN RANGES: 5% 10% 25% 50% 75% 100% 150% 200% 250% 300% 350%
Hiorizontal load/deflection
30
" A/
10
0
-10
=20 é/’/
=30
~10 =5 0 S 10

Fig. 10.

Deflection inches

Force-Displacement Plots at 500 Psi Verti-
cal Pressure for Bridgestone Bearing

872
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Fig. 11.  Force-Displacement Plots at 1500 Psi Vert-
ical Pressure for Bridgestone Bearing
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Fig. 13. Influence of Vertical Load and Strain on
Bridgestone Bearing Damping
BRIDGESTONE-BEARING TEST
SHEAR FAILURE
BEARING ID: HR030-4 #HR030-3 HRO030-2 HRO30-5
VERT PRESSURE: 0 psi 500 psi 1000 psi *© 1500 psi
STRAIN RANGE : 561 ¢ 550 % 507 % 473 %
Horizontal load/deflection
80 —
N
g pst
S00psi. ' 4
N
60 1000 psi / A
40
7
/
2 v A |
// i—} BEARING
% ! |DIAMETER
1
1
0 1]
2 - 4 6 8 10 12

Displacement inches

Fig. 14.  Force-Displacement Curves for Bridgestone
Bearings in Failure Tests

874



SENDAT~BEARING TEST
SUEAR DIAGNOSTIC TEST 5% - 100V STRAIN

Strain stitfness Shear Modulus Damping

5% 3.64 Kips/in 115 pal 13.63 ©
FILENAHE: 910325.10 10% 3.14 100 11.72
251 2.61 83 9.66
VERT PRESSURE: O PST 504 2.21 70 8.82
FREQUENCY: 0.5 HERTZ 5% 1.97 62 8.27
100% 1.83 58 8.02

florizontal Load vs Displacement

10
H . ///
L
Q
a
0
x
I
P
s
-10 —
-6 -4 -2 [ 2 4 6
pDisplacement inches
Fig. 15.  Force-Displacement Plots for Sequence I -
Zero Vertical Pressure at Frequency 0.5 Hz
for Sendai Bearing
SERDAI~BZARING TEST
SHEAR DIAGHOSTIC TEST 5% = 100V STRAIN
strain stiffness Shear Hodulus Damping
FILENANE:r $10325.12 H 353 Meeiin ite Pt ot
VERT PRESSUREs 629 PST o 16 i 1735
rREQUENCY: 0.5 HERTZ 51 1.58 50 16:17
100v 1.4 15 15.23
Horizontal Load vs Displacexent
10
. . / 7
° -
: 2
H
) L//
-10

-6 -4 -2 ° 2 < 6

Displacesent inches

Fig. 16.  Force-Displacement Plots for Sequence I -
625 psi Vertical Pressure at Frequency 0.5
Hz for Sendai Bearing 875
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DYNAMIC RUBBEZR PROOUCTS -BEARING TEST
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Appendix A

Estimation of Equivalent Viscous Damping

When the force displacement characteristic of an element or component is modeled by
the standard structural model, the force is related to the displacement through .

F =KA+CA
If such an element is subjected to a sinusoidal displacement
A = Agsinwt
the resulting force is
F = KA sinwt + CwAy coswt

The maximum force is given by the value of w¢ for which F = 0, namely,

K
t [ = ——
an Ca
and the force
K/IC o+ C oK
Fmax = KAO

(1 + (K/Cw)?) 12
or '

F e = KAy (1+ (%)2)1[2

The effective stiffness, Keff, is defined by

F Cw
Koy =5 =K (1+ (5D

Amax

The total energy dissipated by the element in a complete cycle is given Ey

2x/w .
Wp = [ F(t)A2)dt = nC WA
0
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Thus, in a sinusoidal test we measure the area of the hysteresis loop and Kr, and from these
we can determine Kand C. ’

If the Kand C were associated with a vibrating mass, m, in a single degree-of-freedom
system

where ®; is the fundamental frequency and B is the fraction of critical damping. It follows
that

and thus

leading to an estimate of § as

Wp
2mK A2

g
—(D

This formula shows that the viscous model predicts that the energy dissipation should be
linear in the frequency and quadratic in the displacement. The equivalent viscous damping
was calculated by using the following equation:

Wp
2K A2

B
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Department of Energy "~ JM. Kelly
Shert Course on Seismic Base Isolation August 10-14, 1992

LECTURE 7

Failure Mechanisms in Isolators

Introduction

The design guidelines for isolated structures as typified by the current codes (SEAONC
and UBC), are quite conservative. This degree of conservatism is motivated by the feeling
that in the contrast to conventional structural design where there is believed to be a built-in
redundancy that will insure the survival of the building in an éarthquake much larger than that
designed for, in an isolated building, the isolators are the sole line of defense and if these fail,
collapse is inevitable. In addition, the framers of these.codes have little or no experience in
rubber technology and little or no confidence in the performance of elastomeric isolators.
However, due to an interest in using isolation for nuclear facilities it has been possible to
carry out an extensive series of tests on the failure mechanisms of elastomeric isolators. In
the nuclear industry it is essential to determine the capacity of all structural components and

to determine the safety margins and structural response to beyond design-basis events.

To address this issue, a test program was developed to test the dynamic characteristics
and failure mechanisms of Bridgestone high-damping isolation bearings. The program under
which these tests were carried out is the result of a joint effort between the Earthquake
Engineering Research Center at the University of California, Berkeley, and the Reactor
Engineering Division of Argonne National Laboratory. Four test bearings were obtained from
Bridgestone Corporation and tested at the Structural Research Laboratory at EERC. The tests
have confirmed that the bearings have excellent damping characteristics and that they are able
to sustain very large shear deformations before failure occurs. The failure mechanism in all
four bearings was tearing of the rubber itself with no failure of the rubber-steel bond. The
bearings were tested at four different levels of vertical pressure 0, 3.45, 6.90, 10.34 MPa (0,
500, 1000, 1500 psi). The failure strain was only slightly affected by the pressure but a
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significant increase in damping resulted from the increase in pressure. The damping factor
was fairly constant over the range of strain up to 200% and at the highest pressure of 10.34

MPa (1500 psi) averaged 15% as opposed to around 11% at zero pressure.

The results of the test series provide further evidence of the value of base isolation as a
seismic resistant design strategy and should allow the structural engineering profession to use
the technique with confidence. The results indicate that a building using base isolation will
not only be protected against the most extreme earthquakes but will perform better than con-

ventional structures under moderate or strong earthquakes.

Bridgestone Test Bearings

The dimensions of the test bearings provided by the Bridgestone Corporation are shown
in Fig. 7-1. The bearings have 22 thin layers of .079 in. thick rubber and 21 steel shims
which are 0.031 in. thick. The shim diameter is 9.45 in. and there is 0.098 in. of cover for a
total diameter of 9.65 in. The bearings have oversize end plates that permit them to be bolted

to the test machine.

The compound used in the bearings is designated KIA01 and this identifies it as the
high-stiffness, high-damping rubber which is a blend of natural and synthetic rubber with
around 31% carbon filler. With a nominal vertical load of 30 tonnes (66.2 kips) correspond-
ing to 6.52 MPa (945 psi) vertical pressure, these bearings are represented by the manufac-
turer as providing a horizontal frequency of 0.85 Hz at 100% and a vertical frequency of 29.5
Hz. This very liigh vertical frequency is a consequence of the extremely thin rubber layers.
The vertical frequency of a rubber isolator is controlled by the ratio of the diameter to the
thickness of the individual rubber layers. This is expressed by the shape factor S, defined for
a circular bearing by

2

$S=7

o~

where @ is the diameter and ¢ is the thickness of an individual layer. Here, S = 30, which is
very high and it has been shown [Chalhoub & Kelly 1990]] that for this range of shape fac-
tors the elementary formulas for vertical stiffness which assume that the rubber is incompres-
sible do not apply. Compressibility of the material must be taken into account. This adds
some problems in the prediction of the vertical stiffness since the compressibility of rubber,

and particularly filled rubber, is not yet well understood.

885

L . . . e e oy o —pm—— . o . ey gy e S e  m g v e e e e = ————




Test Facilities

The testing program was carried out on a base isolation test machine at the Earthquake

Simulator Laboratory and is described below.
Single Bearing Test Machine - Test Setup

The mechanical characteristic tests for the elastomeric bearings were performed in a test
machine capable of subjecting single bearings to simultaneous generalized horizontal and vert-

ical dynamic loadings. Fig. 7.2 shows the details of the test machine.

The test machine consists of two rigid-reaction frames supporting one horizontal actuator
and two vertical actuators. The test bearing is mounted on a force transducer which measures

shear force, 'axial force, and bending moment. The force transducer is located on a braced

pedestal which is attached to a base block. The base block consists of a concrete block and a

wide flange steel beam to provide anchorage to the test floor. Loads are applied to the test
bearing by a beam; vertical loads by two vertical actuators to simulate gravity loads on the
bearings; and the horizontal loads by a horizontal actuator which acts along the longitudinal

axis of the load beam.

- The rigid pedestal is placed between the transducer and the test floor to maximize the
length of the vertical actuators so that the change in the vertical load component due to hor-
izontal displacements during testingr is not significant. Two lateral struts are connected to
opposite ends of the load beam to stabilize the setup in the transverse direction. To apply
constant axial loads to the test bearing, the vertical actuators are under force control, which
" means that the vertical load is maintained at a constant and is independent of the horizontal
displacements of the load beam. In addition, the differential displacement between the two

vertical actuators is maintained at zero, ensuring that the load beam is kept horizontal.

Control of the hydraulic system is performed by an MTS 443 Controller. The hydraulic
actuator can develop a maximum dynamic load of 338.94 kN (76.2 kips) at a hydraulic pres-
sure of 20.67 MN/m? (3000 psi). The maximum travel of the horizontal actuator is 152.4
mm ( = 6in.) (i.e., 304.8 mm or 12 in. stroke). Maximum piston velo;:ity is 769.62 mm/sec.
(30.3 in/sec.) and the servo-valve on the actuator has a flow capacity of 200 gpm. If displace-
ments in excess of the 152.4 mm ( = 6 in.) limit are required, the setup can be modified to
obtain a maximum displacement of 254 mm (10 in.) for loading in one horizontal direction
only. A maximum load of 1334.4 kN (300 kips) can be applied by the two vertical actuators,

each with a servo-valve capacity of 25 gpm.

886




Signal control is performed by an IBM-AT 286 personal computer. Control signals for

both components of loading can be completely general in nature.

Instrumentation

A total of 14 channels of data were recorded for the tests of the elastomeric bearings in
the single bearing test machine. The following is a brief description of the components that

were measured.

The loads applied by the hydraulic actuators were measured by precalibrated load cells.
The compression load on the bearing is calculated by summation of the measured forces in
the two vertical actuators. Shear force, axial force, and bending moment were measured by a
force transducer located underneath the bearing. A linear variable differential transformer
(LVDT) built into the horizontal actuator measured the horizontal displacement of the load
beam (this being the lateral displacement of the bearing). Linear potentiometers attached to
both of the vertical actuators provided feedback signals for the control of the vertical load.
Four direct current differential transformers (DCDTs) measured the vertical displacements of
the load beam near the corners of the top of the bearing. To observe any shortening of the
pedestal assemblage and other components below the test bearing, two DCDTs were con-
nected between the base block and the bottom bearing plate (situated between the bearing and

the force transducer).

TEST PROGRAM
(i) Horizontal Tests

Each bearing was subjected to an identical test program with one variation; the vertical
pressure was different for each bearing. Three sequences of horizontal displacement cycles
were imposed on each bearing. The sequences included five cycles of displacement at each

level of strain as follows

Sequence 2 .5p.5.t2 0180u 0181u.nr3101.f.n *

Each bearing was subjected to these loading histories with only a-few minutes between

sequences to verify that the data collected was secure.
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(i) Vertical Tests

Each bearing was subjected to five cycles of vertical loading centered around 3.45, 6.90
and 10.34 MPa (500, 1000 and 1500 psi) vertical pressure. The variation in the vertical load
in each of these tests corresponded to =0.69 MPa ( =100 psi ). This particular test series is
close to the limits of the test system capability. Since the vertical displacements generated by
the varying vertical load are of the order of several thousandths of an inch and the minimum
resolution of the LVDTs used on the test rig is one thousandth of an inch, the results of this
test series are not very accurate. The measurement of the extremely small vertical deforma-

tions of the bearing requires very sensitive equipment not available at EERC.

The horizontal and vertical tests were carried out at a frequency of 0.5 Hz.

(iii) Failure Tests

After the dynamic test sequence was completed, each bearing was loaded monotonically
at a rate of 2.5 in/min. to failure. Failure of a bearing was assumed when the bearing could
carry no further load. The vertical load on the bearings during the failure tests was the only

variable. The complete test program is given in Table I

Test Results

Dynamic Properties in Horizontal Shear

The effective stiffness and the equivalent viscous damping are the characteristics of most
interest to be determined from the dynamic tests. The effective stiffness was computed from
the secant measured from peak to peak in each hysteresis loop. The equivalent viscous damp-
ing was computed from the area of the hysteresis loop. At each level of maximum strain,
there is a certain amount of softening between the first cycle and subsequent cycles. The

effective stiffness and damping for the first and fifth cycles are given in Table II.

The loads and displacements were very small in the tests at +5%, both close to the reso-
lution limit of the transducers and the accuracy of the results is less than that at the higher
strains. Accordingly, the results at 5% strain have not been included in the table although the
hysteresis loops are given in the figures. The force-displacement plots for Sequences I - III
with zero vertical pressure are shown in Figs. 7.3 - 7.5, with 500 psi (3.45 Mpa) vertical pres-
sure in Figs. 7.6 - 7.8, with 1000 psi (6.90 Mpa) vertical pressure in Figs. 7.9 - 7.11, and with
1500 psi (10.34 Mpa) vertical pressure in Figs. 7.12- 7.14. The change in the appearance of
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the hysteresis loops as the strains increase is clear from these plots. The loops change from

being quite elliptical to being elongated with parallel sides and strong hardening.

The reduction in the damping ratios in the higher strain cycles is a consequence of the
strong hardening of the material when the strain exceeded 200%. The damping factor quoted
is based on modeling the bearing as an elastic and linear viscous element. This model
predicts that the energy dissipation is quadratic in the displacement and the effective stiffness
is independent of the displacements. In the actual component, the energy dissipation is not
quadratic but varies roughly as displacement to the power 1.5, and the effective stiffness
increases at the higher strains. Both factors act to reduce the damping factor. This reduction
however, is of very little significance to the response of a system using the isolators since at
these large strains it is futile to predict the dynamic response of the isolated structure by linear
modeling. The important aspect of the bearing behavior is the energy dissipated and this con-
tinues to increase while the strong hardening of the elastomer eliminates the possibility of

resonant response.

The relationship between the hysteresis loops generated at the various strain levels is
shown in Figs. 7.15 - 7.18 where only the first cycle has been plotted for all four levels of
pressure. These diagrams indicate it might be useful to use one model to analyze the
response at the design level, for example, for strains that do not exceed 200%, and a second
model for extreme events at strains above that. It should be emphasized, howex.ler, that the
dynamic tests were carried out within a time frame of a few hours and that the large strain
cycles followed many cycles at lower levels. Thus, the results at the larger strains are
obtained on bearings having undergone many tests in rapid succession. The response of a
bearing might be somewhat different if it were to be tested to = 350% strain initially. Unfor-

tunately, neither time nor number of bearings allowed such tests to be made.

7.3 Influence of Pressure on the Dynamic Properties

Isolation bearings are generally used at pressure levels ranging from 5 to 7 MPa (700 to
1000 psi), although for some very conservative designs, pressures as low as 1.72 MPa (250
psi) have been proposed. Bearings with low shape factors and the range of height to width
ratios that result from the selection of a low pressure tend to be somewhat sensitive to vertical
load due to the fact that the vertical load is a significant fraction of the bearing buckling load.

For bearings of the Bridgestone type, which have very large shape factors and a squat aspect
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ratio, the buckling load is so much larger than the design vertical load that the influence of
vertical load on the horizontal characteristics through the stability of the bearing is negligible.
However, the vertical pressure does play a role in the horizontal response, and in these bear-
ings the effect must be through an interaction between pressure and shear in the elastomer.
This is a reasonable conjecture since for such large shape factors it has been shown [Chalhoub
& Kelly 1990] that the normal assumption of incompressible material behavior does not hold.
Thus, the vertical load on the bearing produces a volume change in the material and this

could interact with the shear behavior to modify the horizontal response.

The dynamic tests were carried out at four levels of vertical pressure, 0, 3.45, 6.90, 10.34
MPa (0, 500, 1000 and 1500 psi). The bearing stiffness at the various peak strains were com-
puted using peak to peak measurements in the resulting hysteresis loops. The stiffnesses are
given in Table II and shown in Fig. 7.19. At smaller strain levels of less than 200%, there is
no identifiable effect of pressure on stiffness; above 200% the stiffness is smaller at the higher
pressure but the effect is small and can be ignored. The pressure, however, has a very
definite effect on the damping. It is obvious from the hysteresis loops that their area for fixed

strain increases with increasing pressure, leading to much larger damping factors.

The damping factors for each pressure level and each peak strain level are given in Table
II and shown in Fig. 7.20. The damping values over the range of strains up to 200% varies
very little with strain and averages 12% for 0 MPa (0 psi), 12% for 3.45 MPa (500 psi),
13.6% for 6.90 MPa (1000 psi) and 15% for 10.34 MPa (1500 psi). These are very high
values for damping especially when it is recalled that for the high damping bearings with the
natural rubBer compound used in the U.S. [Tarics, Way & Kelly 1984], the damping drops
steadily. with strain. The fact that the Bridgestone compound retains its high values of damp-
ing over such a wide range of strain is a significant advance in rubber technology. Further-
more, the fact that the higher pressure can generate higher damping factors with no detrimen-

tal effects should encourage the use of higher bearing pressures.

Since the horizontal natural frequency of an elastomeric isolation system is governed by
the ratio of pressure to shear modulus, using a higher pressure could allow the use of a stiffer
elastomer. Since it is generally easier to increase the damping in the rubber by increasing the
stiffness, the result is an increase in damping both from the increased pressure and from the
_ increased stiffness. The alternative to using a stiffer rubber is of course to use a smaller bear-

ing. This may be advantageous since the level of damping is already so high that very little
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further benefit may be possible by further increase.

Failure Test Results

Each bearing was loaded monotonically to failure at a rate of 6.35 cm/min. (2.5 in/min.).
The appearance of one of the bearings at moderate and at large deformations are shown in
Figs. 7.21 - 7.24. The force-displacement curves for the four levels of pressure are superim-
posed in Fig. 7.25. The force-displacement curve for the bearing with zero vertical load lies
below the others but continues to a displacement which is larger than the others. The failure
of this bearing was also different from the others in that the force rises continuously to the
point of failure whereas for the loaded bearings the curve near failure is more rounded,
increasingly so with increasing pressure. In the bearing carrying the heaviest load, the force-
displacement curve reaches a maximum and begins dropping before the rubber fails. The
peak load in the bearing was developed at 507% strain in the case of the bearing with 6.90
MPa (1000 psi) pressure and the rubber failed at 516% strain. For the bearing with 10.34
MPa (1500 psi), the peak load was developed at 473% strain and. the rubber failed at 513%
strain. In the bearing with zero pressure, the failure was instantaneous, in the others it was
more gradual. It is interesting to note that the displacement at failure exceeds the diameter of

the bearing in the case of the bearings with 0 and 3.45 MPa (0 and 500 psi) vertical pressure.

The deformation of the bearings in terms of stress versus strain is shown in Fig. 7.26.
This shows that the stress-strain relation of the elastomer is trilinear. The bearing has an ini-
tial stiffness of around 2.276 Mn/m (13 kip/in.) for a strain applied up to around 15%, a
stiffness of 350 kN/m (2 kips/in.) up to a strain of around 250%, and the third segment of the
force-displacement curve has a stiffness of.2.276 Mn/m (13 kips/in.) from 250% to failure.

These results have implications for the analysis of buildings using this type of isolation
system. The initial stiffness is significant for estimating the response of the isolated buildiné
to wind load an& ground borne vibrations from traffic and other sources of low level vibra-
tion. For seismic loading at design levels, the initial stiffness can be ignored and the system
analyzed as a linear system with viscous damping. Fer an estimate of the response under
earthquake loading beyond the design level, the system can be analyzed using a bilinear

model with the second stiffness much larger than the first. The analysis will be nonlinear and

a realistic modeling of the energy dissipation can be made by combining viscous damping and -

hysteretic damping.
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The strongly stiffening character of the force-displacement curves also has implications
for design. For example, for the bearing with 6.90 MPa (1000 psi) pressure, the force level at
200% strain which could safely be considered as the design level, is around 44.5 kN (10 kips)
and at the maximum of the force displacement curve it is 275.7 kN (62 kips). Thus, if a
superstructure is designed just to be at yield level at the design strain of the isolators, the
superstructure would have to be able to sustain a base shear of six times the yield level in
order that the isolation system would fail before the superstructure would collapse. Although
this is possible it is highly unlikely. With ‘this approach to isolation design it can be antici-
pated that the isolation system is not the weakest link. Current codes that provide design
requirements for base isolated buildings namely [OSHPD], [SEAOC], and [UBC] are very
conservative in comparison to corresponding codes for conventionally based structures. Some

of this conservatism could be relaxed on the basis of these test results.

The failure mechanism of the bearings at all levels of pressure was tearing of the rubber.
No evidence of bond failure was observed. Photographs of the failed surfaces in all four
bearings illustrating the rippled failure surface characteristic of tearing of the rubber are
shown in Figs. 7.27 - 7.30.

The test program has confirmed the extremely high quality of the Bridgestone isolators.
They have been shown to be capable of extremely large shear strains before failure even
under high levels of vertical pressure. The fact that the failure mechanism is a) only slightly
affected by preséure and that the stiffness is unaffected by pressure and b) while the damping
is increased by pressure can be used in the design process to lead to smaller isolators than

those currently used.

The damping in the bearings was found to be somewhat less than that claimed by
Bridgestone. However, the difference in damping is not an important issue. It is not gen-
erally realized that the effect of an isolation system of the elastomeric type is the result of the
difference between the fixed-base frequency of the superstructure and the overall frequency of
the isolated building. When the ratio between these is large, the participation factor of the
higher modes that involve structural deformation is low. This means that the displacement
that results from the earthquake input is almost entirely in the isolation system. Also, if there
is large energy in the earthquake input at these higher frequencies, this energy is not transmit-
ted into the structure as it is in conventionally based structures. This effect is achieved even

in the absence of damping. Damping is only needed to counteract the possibility of resonance
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at the isolation frequency. In fact, damping can be viewed as a contaminant of the isolation
process. The more damping there is in the isolation system, especially if this damping is pro-
duced by nonlinear mechanisms such as mechanical dampers, the more energy leaks into the
higher modes thus coﬁnteracting the beneficial effects of the isolation systefn. Furthermore,
the difference in the dynamic response of a structure on a system with the 17% equivalent
viscous damping and that obtained in the test program, 15%, is completely negligible. A two

percent difference is only significant for systems with almost no damping.

The entire search to find damping mechanisms to accompany isolation systems has been
a misplaced effort. Much more important for the design of practical isolation systems is the
fact that the elastomer hardens very strongly after a level of shear strain has been exceeded.
In these tests, the stiffness increases by a factor of six beyond 250% shear strain. Thus, if
200% shear strain is taken as the nominal design level, at which level of base shear the super-
structure is just at the yield point, then the base shear must increase by at least a factor of six
before the isolation system fails. This means that the failure mechanism for the entire struc-
ture will be in the superstructure and not in the isolators. Conceptually, the collapse of an
isolated structure is no different from that of a conventional structure with, however, the pro-
viso that the level of earthquake impact that produces the failure must be much greater for the
isolated structure due to the large displacement capacity of the isolation system. The strong
hardening response of the system beyond the design level means that if the system exceeds

this level, the period shortens significantly and the system becomes non-resonant.

The results of this program should give the designer confidence that base-isolated build-
ings can be designed and built and that their performance in moderate and strong earthquakes
will be superior to conventional buildings and that the isolation system will provide damage
control to the structure and to internal equipment and contents. The performance in very
strong earthquakes much beyond those assumed for design will also be superior to conven-
tional structures but will have the same type of collapse mechanisms. These results should
lead to increased confidence in the use of this promising new technology for buildings of all
types and particularly for buildings housing sensitive internal equipment such as data centers,
computer manufacturing facilities, telephone exchanges and buildings that must be able to
continue operation after strong earthquakes such as emergency control centers and hospitals.
The possibility of using isolation for nuclear power facilities is also enhanced by the results of

this test program.
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Table 1
Test Matrix for Bridgestone Bearings
Filename | EERC | Bearing Vertical Time Rate Remarks
Test No. | IDNo. | IDNo. | Pressure (psi) | (sec) .
901023.01 1 HR030-2 500 | 13 | 120 | Vertical Test (=100psi) SPV=20
901023.02 1 HRO030-2 1000 13 120 | Vertical Test (=100psi) SPV=20
901023.03 1 HR030-2 1500 | 13 | 120 | Vertical Test (100psi) SPV=20
901023.04 1 HR030-2 1000 70 60 | Horizontal Test (strain:5-100%) SPH=154.6
901023.05 1 HR030-2 1000 55 ' 60 | Horizontal Test (strain:100-250%) SPH=395
901023.06 1 HRO030-2 1000 55 60 | Horizontal Test (strain:200-350%) SPH=536
901023.07 4 | HRO30-5 500 | 13 | 120 | Vertical Test (=100psi) SPV=20
901023.08 4 HR030-5 1000 { 13 | 120 | Vertical Test (=100psi) SPV=20
901023.09 4 HR030-5 1500 13 120 | Vertical Test (=100psi) SPV=20
901023.10 4 HRO030-5 1500 70 60 | Horizontal Test (strain:5-100%) SPH=158
901023.11 4 HR030-5 1500 70 60 | Horizontal Test (strain:100-200%) SPH=395
901023.12 4 HRO030-5 1500 70 60 | Horizontal Test (strain:200-350%) SPH=546
901023.13 2 HR030-3 500 13 120 | Vertical Test (=100psi) SPV=20
901023.14 2 HR030-3 1000 13 120 | Vertical Test (=100psi) SPV=20
901023.15 2 HR030-3 1500 | 13 | 120 | Vertical Test (=100psi) SPV=20
901023.16 2 HR030-3 1500 70 60 | Horizontal Test (strain:5-100%) SPH=158
901023.17 2 HRO030-3 1500 70 60 | Horizontal Test (strain:100-200%) SPH=395
901023.18 2 HRO030-3 1500 70 60 | Horizontal Test (strain:200-350%) SPH=546
901023.19 3 HR030-4 500 13 120 | Vertical Test (=100psi) SPV=20
901023.20 3 HR030-4 1000 13 120 | Vertical Test (x100psi) SPV=20
901023.21 3 HR030-4 1500 | 13 | 120 | Vertical Test (x100psi) SPV=20
901023.22 3 HRO030-4 0 70 60 | Horizontal Test (strain:5-100%) SPH=158
901023.23 3 HRO030-4 0 70 60 | Horizontal Test (strain:100-200%) SPH=395
901023.24 3 HRO030-4 0 70 60 | Horizontal Test (strain:100-200%) SPH=546
901023.25 3 HR030-4 0] 290 25 | Shear Failure, SPH=1000
901024.01 2 HR030-3 500 5 120 | Zero
901024.02 2 HRO030-3 500 | 290 25 | Shear Failure, SPH=1000
901024.03 1 HR030-2 1000 5 120 | Zero
901024.04 1 HR030-2 1000 | 290 25 | Shear Failure, SPH=1000
901024.05 4 HRO030-5 1500 5 120 | Zero
901024.06 4 " HR030-5 1500 | 290 25 | Shear Failure, SPH=1000
895
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Table I1

Horizontal Shear Test

BRIDGESTONE BEARING ID: HR030-4

EERC ID: No. 3
VERTICAL PRESSURE: 0 PSI
File No. 90102322 90102323 901023.24

Y@ 10% | 25% | so% | 75% | 100% || 100% | 150% | 200% | 250% 1} 200% | 250% | 300% | 350%
KepyQstey) | 1258 | 922 | 728 sso| saall ass| 4s53] 4a1| a2 328| 384 45 449

Kipsfin, (Sthcy) | 1121 875 | 654 | s4s5| a67|] a6t s394 38| 37l s13] ses! 352 362

B (st cy) 1225 | 1224 | 1201 | 1195 1209 1318 | 1217 | 1139 | 997 1364 | 1002 | 87| 789

(%) (5th o) 1339 ] 1314 | 1206 | 1200 | 1386 | 1201 ] 1270 | 1161 | 1061 || 1322 | 1047 | 04 8.4

Wp (st c3) 0 1 4 6 10 1 21 35 so |lst |43 62 70
Kipsfin (Sthcy) | 0 1 3 6 11 10 19 30 43 29 |39 52 60

G (Lst &y) 311 |28 180 | 145 127 Jlize |12 |19 |14 | st 95 m |
Ksi (5th cy) 21 |26 12 {135 |15 || 1ue 97 94 93 7 |86 87 90
BRIDGESTONE BEARING ID: HR030-3
EERC ID: No. 2
VERTICAL PRESSURE: 500 PSI
File No. 901023.16 901023.17 901023.18

) io% | 25% | som | 75% | 100% || 100% | 150% | 200% | 2s50% || 200% | 250% | 300% | 350%
Kepfstey) | 11| 1022 | 7277| 643| s36( s27| aso( 46 a6tll 34 | 371 aas| 4s
Kipsfin (Sth oy) | 127 941 708 579| 498|| 494 | 415s| 378| s7|| s18] s49| 36 | 362
B (ist &y) 1022 | 1201 126 | 1215 | 128 || 1339 | 1285 ] 1211 1059 142 | 1068 | 06| 842
(%) (5th cy) n21) 1165 | 1187 | 1277 | 1403 1356 | 1555 | 1289 | 1188 || 1449 | 113 998 | 9.06

Wp (istcy) 0 1 4 7 1 12 24 38 53 |[33 |as 63 7
Kipsfin (Sthey) | 0 1 3 7 1 11 22 34 8 |3 a2 6 67

G (stey) |32 | 253 192 |19 |13 130 21 j116 |14 f{ss |os 110 | 111
Ksi (5th cy) 314 |23 175 143 | 123 122 103 9 92 |7 |ss 89 89

Y (@)
Kerry

Shear Strain (%)
Effective Stiffness (Kips/in)

Equivalent Viscous Damping (%)

Energy Dissipation (Kips/in)

Shear Modulus (psi)
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Table II - Continued

BRIDGESTONE BEARING ID: HR030-2
EERC ID: No. 1
VERTICAL PRESSURE: 1000 PSI

Kesry:

v m vepre e g v -

File No, 90102304 901023.05 901023.06
o) 10% | 2% | so% | 75% 100% 100% | 150% | 200% | 250% || 200% | 2s0% | 300% | 350%
Keptstey) | 1266 | o961 736| 589 508 | 487| as8| as3| as3i| 331 | 301] 45| 435
Kips/in (Sthey) | 1271 86 6321 541 a2 |l 4s5| 39 31| 384 313 354 37 371
B (st o) 171 1299 | 1248 | 1324 1401 || 1545 | 1386 | 1224 | 1057 1568 | 1099 | o9a1| 829
(%) (5th cy) 1373 | 1108 | 1407 | 151 1491 || 1503 | 1466 | 1302 | 11314 1525 | 1174 | 1018 | 946
Wp (1st c3) 0 1 4 1 1 13 2% 38 55 |lso |as 64 7
Kips/in (Sthcy) | 0 1 3 2 1 2 2 34 8 a1 |4 57 7
G (ist cy) 313 [237 |12 |1 125 [f120 |13 |12 |ne & |e7 |us [
Ksi (5tk cy) 314 |23 |1s6 |13 | uwus % 93 9 7 &1 |2 92
BRIDGESTONE BEARING ID: HR030-5
EERC ID: No. 4
VERTICAL PRESSURE: 1500 PSI
File No. 901023.10 901023.11 901023.12

1@ 10% | 25% | s0% | 75% | 100% |} 100% | 150% | 200% | 2s0% ||200% | 250% | s00% | 3s0%

Kegpftstey) | 1576/ | 104 | 856 613 | s09f| 466 | 438 | 428| a33| 297 352 a15| 42

Kips/in (Sthcy) | 1131 84s.| 632 s08| 4s48{l 436| 378 s46| sasff 277| s1a| s23| 329

B (Ist cy) 1271 | 1452 | 1434 | 1484 | 1639 1713 | 1577 | 1406 | 1281 |[ 1858 |-1524 | 1085 | 992

(%) (5th cy) 1464 | 1475 | 1452 | 1597 | 1652 1616 | 1696 | 1546 | 1367 || 1761 141 | 124 | 1159

Wp (Ist cy) 0 1 4 8 13 13 26 a4 60 |[[37 |30 70 8s

Kipsfin (Sthey) | 0 1 4 7 12 12 2% 36 so0 |33 |as 62 75

G (tst cy) 389 2713 |2 |11 126 Yfus j18 |ws |07 || |87 |103 | 104

Ksi (5th ¢y) 279 200 |16 |25 |11 |f 108 17} 86 ss |[es |78 80 7

Y0

Shear Strain (%)
Effective Stiffness (Kips/in)

Equivalent Viscous Damping (%)

Shear Modulus (psi)

A v m— = ——— —_ b= At

Energy Dissipation (Kips/in)
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Fig. 7.22

Bearing Appearance at 200% Strain
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Fig. 7.23 i
Bearing Appearance at 300% Strain
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) Fig. 7.24
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Bearing Appearance at 500% Strain
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Department of Energy J.M. Kelly
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LECTURE 5

Design Process for Multilayer Elastomeric Bearings

Introduction

The design process for elastomeric bridge bearings is governed by a number of code
specifications that reflect the fact that the loads to which the bearings are subjected are well-
defined and happen on a regular basis. If these provisions were to be applied to elastomeric
bearings for isolation, they; would result in unnecessarily conservative designs. In the design
of seismic isolation bearings for buildings, it has to be recognized that codes such as the UBC
1991 require the isolation system to be designed for very severe seismic loading and that this
loading may be interpreted as ultimate state loading and that the isolators should be designed
reflecting this; conservatism is already incorporated in the specified site seismicity and need
not be further increased by over-conservative design of the isolators, and further, the extreme
loads to which the isolator may be subjected will occur, if at all, no more than once or twice

over the lifetime of the structure.

Preliminary Bearing Design Process

The preliminary design of a bearing in an isolation system begins with the determination
of the load to be carried by the bearing. In most buildings, the design load at each column
(based on dead load plus fixed partitions, equipment, furniture, etc.) can vary quite widely. It
will generally be necessary to minimize the number of different types of isolators, and thus,
the first decision to be made will be how many different bearing types to design. Once this
decision is made, the design load for each bearing type can be selected to minimize the varia-

tion of load on that type.

After the design load, W, is selected, the design specifications will fix the following

quantities:
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fg = horizontal frequency or
T'= horizontal period

fv = vertical frequency

Ymax = Imaximum permissible shear strain

D

design displacement (from response spectrum or SEAOC formula)

Two safety factors will also be needed. The first is the safety factor against buckling: this
should be based on dead load plus live load on the bearing. The second is the safety factor

against roll-out which should be based on the minimum load on the bearing.

The design quantities to be selected are a or ¢, ¢, ¢, n, G, and k, where

d = diamete,r of a round bearing

t, = total rubber thickness in the bearing
t = thickness of individual layer_

n = number of layers

G = shear modulus of elastomer

h = total height of the bearing

If the SEAOC formula is used for initial design we have

D= 10NZST (5.1)
B
and the total thickness of rubber, ., should not be less than
;= 2 | (5.2)
Ymax

The quantities N, Z, and S will be specified and depend on the seismicity and soil con-
ditions at the site. The damping factor, B, will depend on the choice of elastomer and the
level of strain. A reasonable approach is to assume a damping factor based on experience
with previously used rubber compounds and, if necessary, to recompute D if the damping

assumed is found to be too high or too low for the rubber compound selected.
The horizontal stiffness of the bearing is given by

GA
Ky == (5.3)

r
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and is related to the design load, W, through

GA
t

r

Ky = %’- (2nf5)? = (54)

Dividing both sides by A gives
2 = £ (2nfy)? 55)
L 8

A guide for initial design is that p should normally be about 1000 psi, and with this selected,
the choice of G and ¢, can be made. It is then necessary to verify that a compound with the
required G is available and that the damping in the compound corresponds to that assumed
when D was calculated by the code formula. If the value required for G cannot be matched
by .any available compound, p can be adjusted up or down until an available rubber modulus

is found.

With G, ¢,, and p selected, the overall size of the bearing (a or ¢) can then be selected.
The next step is to determine the number of layers of elastomer. The thickness of an indivi-
dual layer controls the vertical stiffness through the shape factor, §, which is a dimensionless

measure of the thinness of a layer.
For a square pad, S is given by

a
=%
and for a circular pad

o
s=2
4t

The estimation of the compression stiffness of a bearing is dependent on knowing the
effective compression’ modulus, E,, of a single layer. This has been determined using elastic
analysis for a number of different pad configurations. The effective compression modulus for

a circular pad is
E, = 6GS? (5.6)
and for a square pad is
E, = 6.75GS? 5.7

For a circular pad with a large hole, e.g., with an internal diameter greater than one tenth of
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the external diameter, the result is
E. = 4GS? (5:8)
and here the shape factor S is given by

dg - ¢;

S=—4

(5.9)

The shear modulus to be used in these form_ulael is somewhat uncertain since in highly
filled rubbers this varies with shear strain level and in compression, the shear strain varies
through each layer.

In computing the compression stiffness, the bending stiffness, and the buckling load of a
bearing it is necessary to assume a value for the shear modulus G. In highly filled com-
pounds this varies with shear strain (although not severely) over the raﬁge 30—100 %. The
same analysis that provides the compression modulus, E,, gives a value for the maximum

shear strain due to compression, y,., as a function of the compression strain ¢,. This is
Yoo = 65 & (5.10)

The shear strain, y. in the isolator varies with position in the pad, being highest at the edges
of the bonded surfaces. The above value, being the maximum, is not appropriate for use in
determining the required value of the shear modulus. A more appropriate value is the aver-

age, in the sense of root-mean-square average, over the whole volume of the pad.
This is
Yo, = V6S¢, (5.11)

This provides a method for estimating the shear modulus for inclusion in Egs. 5.6, 5.7, or 5.8.

An extensive series of tests on the compression of pads was carried out by C.J. Derham

[1982] and he found that a good approximation for both squafe and circular pads was to take
E. =56GS? (5.12)
where the shear modulus used was that at 50 % shear strain.

The vertical stiffness of the entire bearing is

E A
Ky = — (5.13)

Lo




When the vertical frequency, fy, is specified, then

Ky _[fr]’
Ky | fm
and in turn ‘
KV Ec
Ky, G

Thus, if the shape factor is moderate, the pad is circular, and Eq. (7.10) is used, the required
shape factor is given by

fo
or
1 fv
S =5 T (5.14)

The approximate formula for E, is limited to shape factors of less than 10 so that this result
is not good if fy > 24fy. If we select the horizontal period to be 2 seconds, then the formula
holds for f, < 12 Hz. This is quite high, as for most buildings the vertical frequency will be
in the range 8—12 Hz, but in certain applications, for example in nuclear structures, the verti-
cal frequency may be specified to be much higher and high-shape factors will result. In these

cases, the high-shape factor formulae that include the effects of compressibility can be used.

The simple formula for E, is based on the assumption of incompressibility in the elasto-
mer and when E, becomes comparable to the bulk modulus of the rubber this no longer
holds. A more refined analysis which includes bulk compressibility is needed for these exam-
ples. It can be shown that E_. can never exceed the bulk modulus, X, and for filled natural
rubber K = 300,000 psi. Since G is approximately 150 psi, this means that the maximum
value of fy/fy is about 44, and thus for a 2 second horizontal period, fy cannot be greater
than 22 Hz. ‘

Once S is determined, the layer thickness, ¢, is obtained and the number of layers
chosen. Since the number of layers must be an integer it may be necessary to adjust ¢ to

ensure nt = t,.
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It remains to select thevthickness of the steel shims between each layer of rubber, and the
end plates at the top and bottom of the bearing. There are no design formulae for these quan-
tities. The, shim thickness, £, is generally taken as not less than 1/10-inch and not greater
than 1/8-inch and the end plates are usually between 3/4-inch to 1 1/2-inches thick depending
on the overall size of the bearing. The total height, z, used in the stability estimates can now

be determined.

To verify the stability of the bearing against vertical load we must calculate the buckling
load of the bearing. This is given by '

P, =P Pg (5.15)
where
Pg = GAg (5.16)
72El
= _}fl (5.17)

The appropriate choice of G for this computation is the value at 20% shear strain. The quan-
tity Ag is the actual area A modified by k/t,, since it can be assumed that the end plates and

the shim do not deform in shear.
The value of EI ¢ is very close to

1 h
_EI._.
3°¢ ¢

» r

Using these values and the design load, W, we have

EI 172
cal 2l 2 B
P, , 3 B2 g
S.F. = =
w ‘ w
1»( 1
_ = [Gag]" | Eehe | 1) (5.18)
V3| W LW A |
Now
GA 2
W (2nfy)
934
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and

E Ag
LW

= (2nfy)?

So that the safety factor is given approximately by

‘ 172
T 1
SF =— (2w 27 — 5.19
72 (2nfp) (2nfy) | (.19
For a square bearing
1 —
)" NV S
A a? 23
and for a circular bearing
12
A T
Al |64 4 T4

It follows that for fixed fy and fy, the safety factor simply increases in terms of the plan
dimension of the bearing, i.e., making a bearing wider makes it more stable. The final check
of a bearing design is its roll-out stability. The maximum horizontal displacement, &, it

can sustain under the lightest load, W, is estimated from

Wa
Omax = W + Kyh (5.20)
or
L (5.21)

Omax = 7 + Kb

This can be evaluated assuming K is based on G at 50% shear strain, and if we take

p = W/A, can be written as

7 (5.22)
t, ‘

Since G is usually about 150 psi, p about 1,000 psi, and ti about 1.2, we have
T
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Opmax = 0.89a (circular bearing) (5.23)
or

Opmax = 0.89% (square bearing) . (5.24)
The design displacement, D, should be less than 8,,.

The calculation for roll-out (Eq. 5.22) is for a single bearing. The parameter of interest
is of course the roll-out displacement for the entire system. If the bearings are all identical,
then the roll-out displacement can be obtained by using the average dead load in the above
equation. If the bearings are of several different kinds, then the roll-out displacement can be
estimated by calculating the value for each type of bearing for the average dead load on each
type and determining the value for the whole system by using a weighted average of the

values for each type.

The computation of the roll-out limit is applicable directly to isolators that are dowelled

in place. In all isolation designs so far used in the U.S. and the one system in Italy, this has .

‘been the method of attachment. This has been done to insure that the elastomer is not loaded
in tension. However, recent research has shown that the elastomer can sustain a substantial
levél of tension and it may be more common in the future to use a bolted connection. If the
bearings are bolted into place, the roll-out formula is still useful since it will provide an
approximate estimate of the displacement limit which will not produce large tension stresses

in the elastomer.

The critical factor in.the design of a bearing is the bond between the rubber and the steel
shims. In the ideal case, the bonding compound should be sufficiently strong and the work-
manship of the molding process reliable enough to insure that failure is always by tearing of
the rubber and not delamination by bond failure. In the U.S., concern about the quality of the
bonding'has meant that the maximum design shear strain has been 100% and this has led to
bearing designs that are rather tall, and consequently somewhat unstable and prone to roll-out.
Experience with Japanese designs of isolators such as those manufactured by Bridgestone Cor-
poration which tend to use design shear strains of 200% and even in some cases 300%, sug-
gests that a better proportioned isolator will result. It will be more squat and less subject to
instability and roll-out and in a sense, makes a more efficient use of the high intrinsic strength
of the elastomer by making material failure the mechanism of failure rather than buckling or

roll-out which are overall rather than local modes of failure. If the bond strength can be

936
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guaranteed, then the elastomer can be relied on to sustain shear strains of 450%-500%. The
computation for roll-out suggests that roll-out of dowelled bearings or severe tension in bolted
bearings will not develop if the displacement is less than 90% of the plan dimension.
Accordingly, the diameter of the circular bearing should be about five times the rubber thick-
ness. If the maximum shear strain is 200%, then the rubber thickness should be half the

design displacement. Thus, we have two requirements.

¢=5tr
D
tr=?

A ., A g
and D = CT , where C = IOI;ZS
1
T = —
fu

we have

Rearranging this and using D = c¢T gives

P 2672 __or
G (2m2-cT NZS
"B

Now p/G will be in the range 5 to 10 and NSZ/B around 0.4 to 0.6 and this equality can be
satisfied for a range of practical design possibilities. As an example, consider a case where
N=10, Z =04, S =12 and B corresponding to 15% dar'nping is 1.2. If for this case
we take T = 2.0 sec., then we have p/g = 10.

This would imply that for a compound with G = 125 psi as a reasonable value for avail-
able high damping rubbers, then p = 1250 psi which is again, reasonable. The final design
for the bearing would.then be:
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t, =4in.
¢ =20 in.

and the carried load 392 kips. With a moderate shape factor, say 10, the thickness ¢, of each
layer would be given by:

The bearing would have 8 layers and 7 shims, at say 1/8 in. each, with two 1 in. end plates,
giving a total height of 6-7/8 in. The buckling load, PC for this bearing given by

P, =+v/GAs Pg
is.1607 kips for a safety factor of 4 and the safety factor against roll-out under the design

vertical load is 2.125.

On the other hand, it may not be possible for a specified vertical load to exactly achieve
this ideal bearing configuration, but a wide range of isolation désigns.are possible by varying

pand T.
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fg = horizontal frequency or
T = horizontal period

fv = vertical frequency

Ymax = Maximum permissible shear strain

D = design displacement (from response spectrum or
SEAOC formula)

The design quantities to be selected are a or ¢, ¢ ¢,n,G, and &,
where

¢ = diameter of a round bearing

t, = total rubber thickness in the bearing
t = thickness of individual layer

n = number of layers

G = shear modulus of elastomer

h = total height of the bearing

_ 10NZST

D - (5.1)




’ | (5.2)

Ymax

b S
]

(5.3)

GA
A

r

Ky = % (2nfyg)? = (5.4)

(2nfy)? (5-3)

ﬂNIQ'
on [
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Square Pad S =

Circular Pad S = K

Annular Pad S =

Square Pad  E, = 6.75GS?
Circular Pad  E, = 6 GS>

Annular Pad  E, = 4GS?
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2
5.6GS
E, =
EA
KV = tr
2
fv
= | fu
Ky
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(5.10)

(5.11)

(5.12)

(5.13)



P =+/Pg Pg

Pg = GAg
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(5.14)

(5.15)

(5.16)
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(5.17)

(5.18)



E_Ag
= (2nfy)?
,» W (2nfy)
[ 12
7
SF. = = (2nf) (2nfy) [—; (5.19)
For a square bearing
1/2

| gt
- I _ 12 __a
, A a’ 2v3

and for a circular bearing

1/2 4 5 1/2
_I_} _ [zw; /E_J 0
Al 64 4 4
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s __ Wa__
max = T KR

) =L¢_
max W+KHh

6max= 1
g 1+—G——h—
p L

Circular bearing  8,,, = 0.89a

Square bearing Omax = 0.89¢
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(5.21)

(5.22)

(5.23)

(5.24)

H
L.

H }
| R—




e G _ M
A "D A
and D = CT , where C = 102’25
AL
fu
26 _p _. (2m?
D g T2
047




2¢T* T

Qs

(2m)2-cT  NZS

t, =4 in.

¢ = 20 in.

= 1/2 in.

&le

Pc='\/GASPE
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Project:

Fire Command and
Control System

Location:

Los Angeles County,
California

Client:

Los Angeles County Fire
Department

Scope:

System Design and
Installation,
"Architectural/Engineering
Design,

Construction
Monitoring

The Los Angeles County Fire

Department (LACFD) instituted a

four-year program to expand and
modernize the capabilities of its
fire and emergency communica-
tions system. When completed,
the new Fire Command Control
System will provide computer-
aided dispatch/digital mobile
radio communications to LACFD
units in a 4,000 square mile area
and modernize communications
for over 750 department vehicles,
150 fire stations and 16 field
camps. Under subcontract to
Planning Research Corporation,
Fluor Daniel was selected to engi-
neer, furnish and install a major
portion of the system.

. Responsibilities were divided
into three areas of activity: design

and construction monitoring of
the Fire Command and Control
Facility; design, installation and
testing of the UHF digital dis-
patch link; and modernization of
command and control systems.
The 33,000 square foot Fire
Command and Control Facility is
the center for communications
activity including ‘E-911’ emer-
gency calls, voice recorders, dis-
patch consoles and administrative
telephone services. Special design
considerations included the
facility’s need to function during
and after a natural disaster. It was
designed to be fully self-contained
with special features such as
emergency backup power system,
diverse routing for telephone
feeds, and a state-of-the-art base

Over
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isolator foundation system (see
photo above) to allow the facility
to withstand a magnitude 8.3
earthquake. -

To increase the ability to
handle more emergency calls over
a shorter period of time and save
time in the process, a2 new digital
UHF mobile radio dispatch data
link was designed and installed by
Fluor Daniel. The system, con-
trolled from the Fire Command
and Control Facility’s operations
center, provides dispatch/data

communications with fire
stations, remote fire camps, and
LACFD vehicles equipped with
new mobile digital terminals.

Approximately 23 major
command and control subsystems
were also upgraded, including
VHEF voice radio, various emergen-
cy radios, private branch exchange
(PBX) switch, Enhanced 911,
alarm and security, paging and a
complete emergency standby
power system.

005 FLUOR DANIEL §




2661 ‘€L 1snbny

yie|D Jojod
ualy uef
Aj19y seawepr
lalua) yodeasay Huitasauibug ayenbypes

W3T90Hd NOIS3A LNIANLS 40 NOILAIHOS3A

uoije|os| aseg JIWSIog Uo
9s.ino) 1oysg Abiauz jo jJusawipieda(q

1006



E | ~ Structure to be Considered for Design Problem

R T
r N 7

| Full Scale Demonstration Buildings in Sendai, Japan

i Left: Fixed-Base Building Right: Base-Isolated Building
{
}
-
|
0.4_ Scale Model Structure Constructed and Tested at EERC
{ This Structure is used for the Student Design Problem
{ 1007
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Roof slab of ordmary bldg.

100 =139 Gal
old
-100
501 1st floor slab of ordinary bldg.
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~S0"Reof slab of isolated bldg.
501 mx = 27 Gl
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Fig, 8 Time history for X—direction of
the earthquake on Cctober 4, 1987
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Max. accel. on ground surface (Gal)

Fig, 10 Amplification factor in X—direction
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Roof slab of ordinary bldg.
100 F max = 114 Gal

“1st floor slab of ordinary bldg.
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Fig. 9 Time history for Y-direction of
the earthquake on October 4, 1987
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Fig., 11 Amplification factor in Y-direction



Nh LN ST A TR T s SR e T ey ST T R RN A

Beéring design 1: high-damping A

Design 1: High Damping A

[~ N
b
200-350% shear strain
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[0
2
»  §f
c 1 1 1 1
<

-200 -100 0 100

Displacement [mm]
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Bearing design 3: lead-rubber

= me ]
Ll
|
!
11

r T j
| .
L

Design 3: Lead-Rubber

100-200% shear strain
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Shear Force [kN]
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Shear Load F

Empirical Force-Deformation Relationship:
k « 141200
d = r T 'K;'
GA,
K, =  —_—
Tr
kU = 65 kd
Ky
JQd = F1 1= —| = O.85F1
ku
F‘1 = fpb Ap (fpb = 9 MPa) )
= 1300 psC
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SPHERICAL CONCAVE SURFACE
/—ARTICULATED FRICTION SLIDER

\*PTFE COMPOSITE MATERIAL

FPS Isolator Section

Y

FOUNDATION °

PERIOD T=2wJr/g
STIFFNESS  K=W/r

Friction Pendulum Concept

2 X El Centro with 2 sec. FPS

=
~
P
3
3 il
H 0.0 Az, il i
/ﬂl, ':.‘ ﬂl'/
—~ te
ol =
: L
m s
Px]
o
=
-0.3

~10 o 10
FPS Displacement (inches)

FPS Hysteretic Response
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SCALING

Scale Factor: L = 1/2.5 (geometric)

Scaling of different quantities:

Parameter Pr;io;g;)e
length L
time vL
mass L2
displacement L
velocity vL
acceleration 1
stress 1
gtrain 1
force - L2
area L2
moment of inertia L4
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SIMPLIFYING ASSUMPTIONS

TESiAN FRARLENA
N =10
L =10
HDR 3\/51"@«\/-.
& - wil b i v Bridass e
e,<?vaa {gv .avxiﬁz33sne, KS_EKDE CDW%EDUKéﬂ
B=12 (k& §-0%L)
oy € 2007%
’F ~ %—ODFatL
T o= E'Zé‘»" .‘5% Se '/O.’ P, ,éo
o "453;—,:_ 4 ! \
\ ?VO! \F&/
lead- Soblaz Ssteir
oL . .
o= 8E>FSL 6&9%é$wmﬁ)
lead ka&a = ix Loapsay Vo
A\
B -l =
¥, < 25 ¥
P = '{"SO?S\,
T = 126658 e
¥{ﬁkfhévw SYStern
/\j\ = £.08 — b.2D
’r' = |24 — ./ - A .
i 190 2 [or 2-2 see mpr trotoiupe |
: b :?_/ \;! = /'
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stirrups #2 at 1.6" 8 #3 bars
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Cross Section of Columns

MATERIAL PROPERTIES

The materials used in the construction of the model were selected to match as closely
as possible those in the actual building.

CONCRETE _
o  Assume f =3600psi — f =7.5/7 =450psi

e  ForE, use AC| 8.5.1: E=57,000y7, for normal-weight concrete.
— E ~3.42x10%psi

STEEL

o  Assume fy=50,000psi — 50 ksi steel
e  Assume E.=28,000ksi
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3D-BASIS (NCEER/SUNY-Buffalo)

Computer program developed specifically for analyz-
ing three-dimensional response of base-isolated
structures

Models bidirectional behavior of both elastomeric
and sliding bearings

Individual isolators are modeled explicitly by non-
linear elements

Superstructure is assumed to remain elastic — build-

ing characteristics are entered in one of two forms:

— Full 3-D representation (eigenvalues and eigen-
vectors) '

— Shear building representation (story masses and
stiffnesses)

Five different isolation elements are available:

— Single linear-elastic element with viscous
damping representing a complete isolation
system

— Linear-elastic element (for individual isolators)

— Viscous damping element

— Hysteretic element for elastomeric bearings, LRB,
or certain types of damping devices

— Hysteretic element for sliding bearings
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Sl
(N

Input Information for Isolation Elements

Hysteretic element for elastomeric and LRB requires
post-yield to pre-yield stiffness ratio (o), yield force
(Fy), and yield displacement (d,)

f

A

o &£

%

Hysteretic element for sliding bearings requires max-
imum coefficient of sliding friction (unay), difference
between the maximum and minimum friction
coefficients (du), a constant controlling the transition
between maximum and minimum friction coefficients
(@=0.9), the yield (or breakaway) displacement (d,),
and the axial force on the bearing (Fy)
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3dbasis.dat Thu Aug 13 01:43:10 1992 1

Tohoku University Isolated Building - Reduced Scale
units: kips-inches

2 3 6 3

0.01 0.001 2000 20 1

0.5 0.25

1 0.005 2831 0 107.77
868.38 -
13721.1

62269.84

3.510 0 0 2.232 0 0 0.80791 0 O
~2.2447 0 0 2.5160 0 0 2.5256 0 0
0.87144 0 0 -2.5087 0 0 3.251772 0 0
0.0552
0.0568
0.0568
100000
100000
100000
0.04
0.04
0.04

0

0

0
150.39
103.15
55.91
0.0

0 0 0 0 0

0.0643 100000

0 0 0 0 0

# Delete these comment lines and replace them
# with your isolation system parameters.

# There should be two lines for each of the 6
# isolators under the test building.

-73.62 -42.13

-73.62 42.13

0 -42.13

0 42.13

73.62 -42.13

73.62 42.13

oo o

1 5 1000

00

00

00

00

00

00

(oAb Factors
DEE MCE

Zone 3 ns.¢ (443
Zore 4 >4 2k
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3AD-BASIS - OOTPOT

What 4o Iook—fov/ K

Maxcimum vesponse valuves o€ :

° 15olador dl's]:lawme)m" (and sheav shein °/°)
°  solator -Fovce/

o base shear ( and caevlate YA 3
o M%zvg‘rory d‘fl"sc'r (%)
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2D - BASIS

INPUT FoBMAT FOR ISOLATION ELEMENTS

C.5 Isolation Element Data

(i). Data for NP isolation elements to be given using the
elements in C.5.1,C.5.2,C.5.3 and C.5.4.

(ii) . The following indices are used to identify the element
type in the disolation system. INELEM(NP,2) described below
is used in all the subsequent sections and will not be
described in the subseguent sections.

|
INELEM(X,1:2)
= Indices for the isolation element K indicating its type
and whether it is a uniaxial or biaxial element.

INELEM(X,1l) = 1 for a uniaxial element
in the X direction

INELEM(X,1) = 2 for a uniaxial element
in the Y direction

3 for a biaxial element

INELEM (K, 1)

1 for a linear elastic element

INELEM(K,2)

INELEM(K,2) 2 for a viscous element

(RXR]
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INELEM(K,2) = 3 for a hysteretic element
for elastomeric bearing or steel damper

INELEM(K,2) = 4 for a hysterétic element
for sliding bearing

C.5,1 Linear Elastic Element

One card

INELEM(K,1:2) INELEM(K,1l) can be either 1,2 or 3
INELEM(K,2) = 1
(Refer to C.5 for further details).

One card
PS(K,1),PS(X,2)

PS(K,1l) = Shear stiffness in the X
direction for biaxial element or uniaxial
element in the X direction

(leave blank if the uniaxial elenment

is in the Y direction only).

PS(X,2) = Shear stiffness in the Y
direction for biaxial element or uniaxial
element in the Y direction - -
(leave blank if the uniaxial element

is in the X direction only).

Ycte: 1, Biaxial element means elastic stiffness in both X and Y
direcitons (no interaction between forces in the X and Y

direction).

1043

RIAIVCE I S N AR SURDES (ot et Ty T R R IR R T AT T TL LY

\
N
<

by
!

v ae v e e e




C.5.2 Viscous Element

One card

INELEM(K,1:2) INELEM(X,1l) can be either 1,2 or 3
INELEM(K,2) = 2
(Refer to C.5 for further details).

One card
PC(X,1),PC(K, 2)

PC(K,1) = Damping coefficient in the X
direction for biaxial element or
uniaxial element in the X direction
(leave blank if the uniaxial element
is in the Y direction only). '

PC(X,2) = Damping coefficient in the Y
direction for biaxial element or
uniaxial element in the Y direction
(leave blank if the uniaxial element
is in the X direction only).

Ncte: 1. Biaxial element means damping in both X and Y direcitons
(no interaction between forces in the X and Y direction).

C.5.3 Hysteretic Element for Elastomeric Bearings/Steel Dampers

One card

INELEM(K,1:2) INELEM(X,1) can be either 1,2 or 3
INELEM(K,2) = 3
(Refer to C.5 for further details).

One card
ALP(K,I),¥YF(K,I),¥D(X,I),I=1,2
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ALP(X,1) = Post-to-preyielding
stiffness ratio;

YF(X,1)
YD(K, 1)
in the X direction

Yield force:;

Yield displacement;

1l

for biaxial element or uniaxial
element in the X direction

(leave blank if the uniaxial element
is in the Y direction only).

ALP(K,2) = Post-to-preyielding
stiffness ratio;

YF(K,2) = Yield force;

YD(K,2) = Yield displacement:

in the Y direction

for biaxial element or uniaxial
element in the Y direction

(leave blank if the uniaxial element
is in the X direction only).

C.5.4 Hysteretic Element for Sliding Bearings

One card
INELEM(X,1:2) INELEM(X,1) can be either 1,2 or 3

One card ‘
(FMAX(K,I),DF(K,I),PA(K,I),YD(K,I),I=1,2),FN(K)

INELEM(K,2) = 4
(Refer to C.5 for further details).

FMAX(K,1l) = Maximum coefficient
of sliding friction:;
DF(X,1) = Difference between

1045
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the maximum and minimum

coefficient of sliding friction;
PA(X,1) = Constant which controls the
transition of coefficient of slidiné
friction from maximum to minimum value;
in the X direction

for biaxial element or uniaxial
element in the X direction

(leave blank if the uniaxial element
is in the Y direction only).

FMAX(X,2) = Maximum coefficient

of sliding friction:;

DF(X,2) = Difference between

the maximum and minimum

coefficient of sliding friction:
PA(K,2) = Constant which controls the
éransition of coefficient of sliding
friction from maximum to minimum value;
in the Y direction

for biaxial element or uniaxial
element in the Y direction

(leave blank if the uniaxial element
is in the X direction only).

FN(K) = Initial normal force at the
sliding interface.
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Damping and Shear Modulus Relationships for KL301
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