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1. Introduction 

The concept of base isolation as an innovative means of creating earthquake-resistant struc­
tural systems was met initially with a great deal of skepticism by the engineering community. 
Today. however. it is on the cutting edge of seu;nl1c resistance engineering. as evidenced by the 
rapidly increasing number of buildings. both fiX new construction and rettofit. using this tech­
nique. It is now generally accepted that a base-isolated buildinS's performance will be superior to 
a conventional foed-base building in moderate or sttong earthquakes. In the structures in which it 
has been used to date. the major benefits have been to reduce the effects of seismic forces on con­
tents and internal equipment. more than justifying the increased cost of isolated construction. 

A basic problem in designinS earthquake-resistant low- to medium-rise sttuctures is that their 
fundamental frequency of vibration is in the range of frequencies where the earthquake energy is 
the sttongest. This means that the building acts as an amplifier of the ground vibrations. with the 
floor accelerations increasir.g over the height of the buildinS. These amplified accelerations cause 
stresses in the frame and interstory drifts. which may damlse the columns between floors. In 
addition. the amplified accelerations at each tloor act on the contents and occupants of the floor 
and can caus~ severe damage to these contents even when no damage occurs to the structure itself. 

The ~oal of the seismic design should be to reduce the accelerations in buildinp to below the 
level of the ground accelerations. To do this the building must be flexible. Flexibility in a struc­
tural frame may cause windows to fall out due to wind loads. partition walls to crack, and floors to 
vibrate under foot. For a low- or medium-rise buildina. the necessary flexibility can OLty be 
achieved by using base isolation at the foundation level. 

Developments in rubber technology over the past twenty-five years have made the idea of 
base isolation a practic:a.l reality. Rubber bearings are now used almost everywhere as thermal 
expansion bearings for bridges. The mechanical roller or rocker bearings that had been used pre­
viously had a number of problems associated with them: they w:re vulnerable to attacks by salt, 
had a tendency to lock-up. and performed badly in earthquakes. The rubber beari.np that replaced 
them are inexpensive. durable. and reliable. some now havinS been in service for over twenty-five 
years. Many buildinp in Europe and the United Kinadom have been built on rubber bearings to 
isolate them from vibrations from underground railways. and these bearings have performed well 
over substantial periods of time. 

Bearings used to isolate strJctures from arthquake loads were patterned directly after these 
thermal expansion bearinp. Both types of bearings are manufactured in the same way. the only 
differences betw~n them are in the proportions of rubber to steel and the deformations for which 
they are designed. 

Rubber bearings that are used in anti-seismic applications offer the simplest method of isola­
tion. Relatively easy to manufacture. isolation bearinp are made by vulcanization bonding of 
sheets of rubber to thin steel reinforcing plates. The bearings are very stiff in the vertical direction. 
but very flexible in the horizontal direction. Under seismic loadina. they act to isolate the building 
from the horizontal components of the earthquake around movement; in mdition. they isolate the 
buildina from hip-frequency vertical vibrations that are produced by underground railways and 
local traffic. 
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the effectiveness of the isolation system. 

Most base-isolated superstructures in Japan are reinforced concrete and up to six stories in 
height. There are six buildings above six stories with composite steel-reinforced concrete stnlc­
tura1 systems and there are three wooden-frame stnlcture applications. Roughly half of the build­
ings approved use natural rubber (low damping) isolators with additional dampins components 
such as steel bars, extemallead bars. or frictional elements. Lead-rubber bearings and higb-damp­
ing rubber bearings constitute most of the remaining systems. There are three applications of slid­
ing systems (P1'FE and stainless steel sliders). with laminated neoprene rubber springs to provide 
restoring forces. To date. all rubber isolators used in Japan have been circular, most about 400 to 
EO) mm in diameter; the smallest isolators in use are 200 mm bearings under a two-story wooden 
house and the largest are 1.5 m in diameter. The Building Center of Japan design requirements 
tend to lead to isolation periods <at large displacements) that cluster around 2.5 sec. although there 
are four examples of buildings with periods greater than 3.0 sec. 

One of the largest base-isolated buildings in Japan is the Col building in Fuchu City, near 
Tokyo. The building is a computer center for an insurance company; it is seven stories tall wiih a 
penthouse and has a total floor area of 37.846 m2, The superstructure has a composite Stnlctu.'"al 
system and the isolation systems consists of lead-plug beaJings with diameters that range from 
1100 mm to 1500 mm. The isolators are laid out on a 15 m2 grid. resulting in large isolator loads 
that range from 500 tons to 1600 tons. The isolators were manufactured by Bridgestone Rubber 
Corporation for Oiles Corporation. which inserted the lead plugs and provided the isolators to the 
construction contractor. Shimizu Corporation. 

The design was based on the standard 25 cm/sec and SO cm/s~ ground motions. but an addi­
tional ch~k of the performance at a 7S cm/sec velocity ground motion input was carried out to 
verify the characteristics of the system under extreme earthquake loading. The natural period of 
the system at the second level of input was 3.0 s~. In contrast with the usual Japanese practice. 
the elastomer sa-ain at level 2 input (50 cm/s~) is only 100%. corresponding to a borizontal dis­
placement of 24 cm. 

Another interesting Japanese base isolation proj~t is a complex of three buildings in Nagoya 
City for the Chubu Electric p()'A.·er Company, An Idministrative center for Cbubu Elecuic. the 
center consists of three structurally-independent buildings. The central building is a conventional 
fIXed-~ase structure. The two flanking buildings are identical six-story composite structures with a 
floor area of 6800 m2, Both buildings are base isolated with the east building. which was con­
structed by Kajima Corporation. using lead-rubber bearings, and the west building. a project of 
Shimizu Corporation. using high-damping rubber bearings. The design requirements for the two 
base-isolated buildings were identical. 

As is usual Japanese practice. the systems were designed for two levels of seismic input. The 
horizontal displacement for both designs is around 30 em at the higher level. and both systems 
provide a period of around 2.5 sec. When the shear strain in the rubber exceeds 0.5, the effective 
stiffness and effective damping of both types of isolators are the same. The damping factor is 
around 15%. Three sizes of each type of isolator were used. corresponding to bearing loads of 
300.450 and 600 tons. The lead-rubber bearings are 800, 1000 and 1100 mm in diameter with 240 
mm total thickness of rubber. and the bigb-damping rubber bearings are 750. 900 and 1000 mm ill 



diameter with 202 mm total thickness of rubber. It is planned to study and compare the response 
of the buildings with these two different types of isolators to earthquake excitation. 

The largest base-isolated building in the world at the present time is the West Japan Postal 
Computer Center. whieh is located in Sanda. Kobe Prefecture. Japan. It is 47.000 m2 in floor area, 
six stories in height. and is supported on 120 elastomeric isolators with a number of additional 
steel and lead dampers. The isolated period is 3.9 sec. The building is Located approximately 30 
km from the epicenter of the January 17. 1995 Hyogo-ken-Nambu (Kobe) earthquake and experi­
enced severe ground motion. The peak ground acceleration was 400 cm/sec'l (under the isolators) 
and was reduced by the isolation system to 127 crnIsec2 at the sixth floor. The preliminary esti­
mate of the displacement of the isolators is around 20 em. There was no damage to the isolated 
building. but a fixed-base building adjacent to the computer center suffered some damage. 

1.2 Base Isolation in New Zealand 

The first base-isolated building in New Zealand was the William Clayton building in Well­
ington [1). Ccmpleted in 1981. it was the flI'St buLlding in the world to be isolated on lead-rubber 
bearings. Since its completion. three other base-isolated buildings have been built in New 
Zealand; two of these structures (Union House. Auckland. and Wellington Central Police Station) 
are isolated using the sleeved-pile approach. The Union House is a twelve-story reinforced con­
crete braced frame. Displacement control is provided by an additional damping system based on 
the elastic-plastic deformation of mild steel-tapered plates. The Wellington Central Police Station 
is a ten-story reinforced concrete braced frame structure and displacement control is effected by 
lead-extrusion dampers [2]. The National Museum of New Zealand in Wellington. cWTently under 
construction, is isolated with 142 lead-rubber bearings and 36 teflon pads under shear walls. 

A printing press building in Petone near Wellington. has been built on lead-rubber isolators 
[3]. The purpose of the isolation system is to protect the printing presses which are very large and 
brittle pieces of equipment.The presses are made of cast-iron and are equivalent in height to a 
four-story building. The building structure surrounds and is connected to the press and the entire 
system is isolated at the base. 

A majQl' isolation retrofit project has recently been completed. The New Zealand Parliament 
House. a masonry bearing wall structure originally completed in 1922, and one other building 
have been isolated using more than 514lead-r.;bber bearings [4]. 

1.3 Applications of Base Isolation in Italy 

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

Several buildings have been built in Italy using base isolation. One of these is the new 
Administration Center of the National Telepbone Company (SIP), a complex of five seven-story 
buildings in Ancona. A second base-isolated building project is under construction in Ancona for 
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the Ministry of Defense. A design for base-isolated standardized prefabricated switch houses, also 
for SIP. has been developed by Giuliani [5]. A number of these are to be located in highly-seismic 
areas. A pilot project on the retrofit of a historic building is under construction in the village of 
Prigento in southern Italy. The simple masonry church of St. Peter is to be restored using high­
damping rubber bearings in addition to other structural strengthening [6]. 

1.4 Demonstration Projects 

The emphasis in most base isolation applications up to this time has been on large structures 
with sensitive or expensive contents, but there is increasing interest in applying this technology to 
public housing, schools. and hospitals in developing countries where the replacement cost due to 
earthquake damage could be a significant part of the GNP. Several projects are under way for such 
applications. The challenge in this context is to develop low-cost isolation systems that can be 
used in conjunction with vernacular methods of construction. such as masonry block and lightly­
reinforced concrete frames. The United Nations Industrial Development Organization (UNlDO) 
has partially fmanced a joint effort between the Malaysian Rubber Producers' Research Associa­
tion (MRPRA) of the United Kingdom and Earthquake Engineering Research Center (EERC) at 
the Univenity of California at Berkeley to research and promote the use of elastomeric bearings 
for base-isolated demonstration buildings in developing countries. 

To date, a number of bast-isolated demonstration projects have been completed, are currently 
under construction, or are in the planning phase. In most cases, an identical structure of fIXed-base 
construction was built adjacent to the isolated building to compare their seismic behavior during 
earthquakes. There are completed demonstration projects in Reggio Calabria, Italy, Santiago, 
Chile, Guangdong Province, P.R. China, and in Pelabuhan Ratu, Indonesia. A feasibility study is 
currently underway on constructing a demonstration building in Armenia. 

The first project to build a public housing facility on a natural rubber isolation system was 
completed in Italy in 1989. Two buildings, identically constructed except that one is isolated and 
th,~ "ther is not. were buill in the town of Squillace Marina in Calabria, a highly-seismic province 
in southern Italy. The buildings are three stories in height with a complete basement. The struc­
tural system of both buildings is a reinforced cona-ete frame. The isolators in the isolated building 
were placed at the top of the foundation and under the framed structure. The isolators are natur~l 
rubber multilayer bearings with diameters of either 400 mm or 500 mm. The design natural period 
of the isolated building is 1.75 sec, as compared with the period of the fixed-base building that is 
around 0.2 sec. These buildings were built as a demonstration project with support provided by 
the lWian government. Some dynamic tests have been carried out on the two buildings (7). 

A similar demonstration project was carried t'ut in Santiago. Chile with support from the 
Chilean research agency FONDECYT and the Ministry of Housing. Two four-story housing units, 
each containing four apartments, are located in a low-income housing project in Santiago. Com­
pleted in 1993, the buildings are identical in construction except that one is isolated. Both build­
ings have been instrumented by the Department of Civil Engineering at the University of Chile 
and records of a few small earthquakes have been obtained. 

The first stories of both buildings are built with reinforced concrete waDs and the upper sto-
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ries are conrmed masonry. The floors consist of 10 cm-thick reinforced concrete slabs and the 
buildings have wooden roofs. The isolated building has eight natural rubber multilayer bearings 
and a seismic gap of 20 em is provided around the building. The design natural period of the iso­
lated structure is around 2.0 sec. and the fundamental period of the fixed-base building is around 
O.l sec. 

The natural rubber isolators for this project were produced in Santiago. The isolators them­
selves were relatively inexpensive as they were manufactured locally, but due to the extremely 
low total cost of the building and the fact that it was not possible to reduce the strength of the 
structure. the use of isolation resulted in an increase in the total cost of the isolated structure. The 
total cost, however, is of the order of $10,000 (U.S.) per unit with four units in each building, and 
thus is still considered low-cost housing. 

The UNIDO-sponsored demonstration building in Shantou City, Guangdong Province. P.R. 
China is the next example of a base-isolated building for public housing. It will be described in 
more detail in section 4 of this report. It is useful to point out, however. that because of the isola­
tion system, it was possible to reduce the framing of this building as compared to that of the fIxed­
base companion building. thereby producing a cost savings in the construction cost uf the struc­
ture. Even when including the cost cf the isolators. the construction cost of the isnlated building 
was identical to the fIXed-base building. The demonstration building was completed in May 1994 
and its opening to the public was the occasion of the International Workshop on the Use of Rub­
ber-Based Buildings for the Earthquake Protection of Buildings. 

The latest example of a low-cost demonstration project is a four-story housing block in S.W. 
Java. Indonesia. The construction of the building was entirely funded by UNIDO through a grant 
to MRPRA and was completed in October 1994. Located on a tea and rubber estate just outside 
the coastal community of Pelabuhan Ratu, the building. a reinforced concrete frame with masonry 
block inilll., has eipt two-bedroom apartments. The frame is carried on sixteen high-damping nat­
ural rubber bearings. There are two types of bearings comprised of two different compounds; 
however. they are the same size. 330 mm in diameter and 275 mm tall. and the target design 
period is 2.0 sec. 
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2. International Workshop on the Use or Rubber-Based Bearings for the 
Earthquake Protection of Buildings 

The completion and dedication of the UNIDO-sponsored demons tration building in Shantou 
City was the occasion for this workshop held in Shantou City on 17 -19 May 1994. The workshop 
was sponsa-ed by UNlDO. the United Nations Development Program (UNDP), and by the 
National Natural Science Foundation of China. It was organized by members of the South China 
Construction University, Guangzhou, P.R. China with the assistance of the Shantou City Govern­
ment. 

An international steering committee was fonned comprised of the following members: 

lM. Kelly (U.S.A.), Chairman 

M. Youssef (UNlDO), Co-Chairman 

T.-C. Pan (Singapore), Co-Chairman 

SP. Stiemer (Canada) 

A. Martelli (Italy) 

T. Fujita (Japan) 

H. Tada (Japan) 

W.-S. Cheng (p.R. China) 

F. -L. Chu (p'R. China) 

X.-Q. Na (p.R. China) 

J. Liu (p.R. Chi:lA) 

X.-K. Wang (p.R. China) 

L.-L. Xie (p.R. China) 

v-x. Ye (p.R. China) 

B. Zhu (P.R. China) 

E. Csorba (UNIDO) 

F.-L. Zhou, (p.R. China) Executive Chairman 

K.N.G. Fuller (U .K.>, Co-Chairman 

S. Cherry (Canada) 

M. Sarrazin Arellano (Chile) 

H. Akiyama (Japan) 

M. Izume (Japan) 

W.H. Robinson (New Zealand) 

W.-X. Cheng (p.R. China) 

J.-J. Jiang (P.R. China) 

Q.-Z. Liang (p.R. China) 

X.-Q. Qk (p.R. China) 

S.-Y. Wu (p.R. China) 

X.-Z. Xin (P.R.. China) 

X.-Y. Zhou (p.R. China) 

A.H. Mubr (U.K.) 

S.-C. Liu (U.S.A.) 

Listed below are the members of the local organizing committee: 

Z.-Z Huang, Chairman 

X. Sishi, Co-Chairman 

H.-Y. Zhou. Co-Chairman 

S.-X. Zeng. Co-Chairman & 

Secretary General 

Y.-M.Chen 

W.-H. Huang, Co-Chairman 

L. Wei. Co-Cbairman 

Z.-C. Lie, Co-Chairman 

X.-Y.Cbang 

L.-Z. Cheong 

S.-X.Ding 
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H.-M.Oui D.-y' Hao 

C.-K. Hua S. lia 

K.Run Y.-L.Liang 

C.-H. Lin c.-1. Un 

W.-M.Lin Z.-G. Liu 

Y.-H. Peng C-.M. Shang 

X-.M.SonS W.-L. WanS 

Q.-L. Xian L.-B. Yu 

2.-0. Yun L.-X.Zhao 

G.-L.ZbanS 

The worksbop was extremely well attended, attracting ptrticipan1S from many countries. 
UNIDO sponsored a Dumber of participan1S from developing countries with biSb seismicity. In 
Iddition to the many participants from all par1S of P.R. China. there were participants from Can­
d, Bnsland. many from Italy. Japan. Korea. New Zealand. and Singapore. The participant list is 
included in this report as Appendix A. The range of papers presented at the workshop was very 
broad. reflecting the worldwide interest in the development of this new technology. 

In Iddition to the presentations. the Sbantou City Government bosted a dedication and recep­
tion at the site of the two buildinp where it was passible to view the isolators and the accommo­
dations. Shantou City is extremely interested in developing an isolator manufacturing facility and 
bas aareed to provide land and financial support for this facility with the intention of providing 
natural rubber iaolatcn for base-isolated buildings throughout P.R. China. 

While the scope of the workshop initially seemed to be somewhat restricted to those wbo bad 
some interat in rubba- belling technology, in fact, the workshop proved to be a good opportunity 
to review progress in base isolation in pneral. botb in pnctic:e and research. with more emphasis 
than usual on practical applications. The discussions after many of the presentations were visor­
ous and helpful, and ~y much more inlerestina than occurs in a typic:al worbbop. This was 
an Important conference for the Chinese. and wbile mlDy of their presentations did not seem to be 
tecbnieally at the leveJa of the otben. it was exciting to see a whole new aroup of academics 
apprOlchina we isolation IS • new subject. It was also extremely important that the U.S. was 
able to support a sipificant aroup of participants: if this group bad not been there. their absence 
would have been noted. 

In discussions at the worbhop (for example, lDlong the New Zelland. Italian, and U.S. par­
ticipantl) it seems clear tbat base isolation is still impeded by over-consecvative attitudes. Por 
example. in the U.S. the Dumbec of bureauaatic mandates (i.e., feasibility studies, peer reviews. 
plant and site mspectiona) that an engineer must satisfy in order to isolate a structure make it 
renwkable that anyone does a bue-isolated project In addition. while bile isolation provisioas 
are now in the Uniform Buildina Code, tile requirementa are 10 COfJIetVative that tbc potential 
IIdvlDtageI of using bale isolation (reduc:ecl-deaip requirementl in 1be aupentructure) are lost. 
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As another example of this over-reaching conservatism, a New Zealand presenter explained 
that every bearing for a new building (the Wellington Museum) had been tested. This may be of 
great technical interest, but it represents an impediment to the increased application of base isola­
tion technology. As a comparison, supposing that every steel wide flange member had to be 
tested, where would steel construction be? Unless bearings become a catalog commodity with 
certified characteristics and allied to reasonably simple design and analysis procedures that pro­
mote the benefits of base isolation, this technology will remain difficult to implement and 
restricted to a few projects a year. 

In contrast, the Chinese engineering and research community have used base isolation to iso­
late ordinary, low-cost housing, as opposed to western base-isolated projects that have been to 
date expensive, large-scale structures. Additionally. the Chinese have exploited the advantages of 
base isolation by reducing superstructure costs. so that the total project costs are not increased. 
Also, they have the opportunity to make their bearings a commodity and to offer them to other 
developing countries with the potential to market them in the developed world. Because of con­
servatism in the west, the European. U.S .• and Japanese proponents of base isolation have been 
forced to promote base isolation as an expensive but high-performing system to a very limited set 
of users. 
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3. National Science Foundation of the United States Sponsored Participants 

The National Science Foundation (NSF) of the United States sponsored a team of participants 
to this workshop. The members of the team included: 

Professor I.M. Kelly 
Earthquake Engineering Research Center 
University of California at Berkeley 
Berkeley. California 94720 

Dr. I.G. Buckle 
National Center for Earthquake Engineering 

Research 
Red Jacket Quadrangle 
State University of New York 
Buffalo. New York 14261 

Mr. Christopher Arnold 
Building Systems Development. Inc. 
P.O. Box 51950 
Palo Alto. California 94303 

Professor Maria Feng 
Department of Civil Engineering 
University of California, Irvine 
Irvine, California 92717 

Mr. Henry Huang 
Design Review Section 
County of Los Angeles 
550 South ~rmont Avenue 
Los Angeles, California 90020 

Dr. F. Tajirian 
Bechtel National. Inc. 
P.O. Box 193965 
San Francisco, California 94119-3965 

Preceding page tbr.~ 
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4. UNIDO Demonstration Buildings in Shantou City 

The isolated and non-isolated demonstration buildings in Shantou City are eight stories high 
and have commercial space at the ground floor level with three three-bedroom apartments on each 
upper floor. The front elevation and a typical section of the isolated buildings are shown in Figs. 
I&. lb. 2a and 2b. The building height is 2416 m, the ground floor for commercial use is 3.6 m 
high and the upper stories have a height of 3.0 m. The building is a reinforced concrete frame with 
masonry will, 10.3 m )( 24.3 m. The beams are 200 mm wide)( SOO mm deep and support a 80 
mm reiiJorced concrete slab. The columns are 350 mm wide with a thickness that varies from SSO 
mm at the first two floors, to 450 mm at the next two floors, and to 350 mm for the top foW' sto­
ries. A photograph of the demonstration building is shown in Fia. 3. 

The seismic requirement!; for Shantou City, based on the Chinese code 98J11-89, use a 
Desian Basis Earthquake (DBE) (10% probability of exceedance in 50 years), with a peak ground 
acceleration of 0.2g. The Maximum Credible Earthquake (MCE), according to 9B111-89, is to be 
taken as twice the DBE. 

The target period for the structure is 2.0 sec, and for the 5% damped spectrum developed for 
the project shown in Fig. 4, the spectral displacement is 140 mm. Assumina that the 1amping is 
around 10%, the design displacement for the bearings is taken to be 120 Mm. By code the MCE 
displacement is 240 mm, but when the nonlinearity of the isolator compound is taken into 
account, it is not exactly twofold. but is closer to 220 mm. 

The two types of bearings are designed to have the same dimensions; this is achieved by 
using two different rubber compounds with different shear moduli. One bearing is located under 
each column. except for the heaviest column which is supported by two bearings ccmprised. of the 
softer compound. The connection between the bearing and the structure is done using recess 
plates. A 20 mm-thick plate with a hole the diameter of the bearing is bolted to the foundation 
plate and the bearing sits within this hole. There is an identical recess plate with the same config­
uration at the top of the bearina. 

4.1 ShantoulHume Test Beari .. 

The bearings used in the demonstration building in Shantou City were manufactured by 
Hume Industries of Kuala Lumpur, Malaysia under the supervision of Dr. C.T. Loo to MRPRA 
specifications. These bearings are comprised of two different types of rubber compound: type I is 
a soft compound and type n is a hard compound. The two different types of bearings have the 
same dimensions, but different properties in order to be able to accommodate the variation of the 
column loads. These high-damping natural rubber compounds. developed by MRPRA for this 
proj!Ct, are filled with carbon black, thus they have a significantly lower shear modulus, yet retain 
the loss factor and the elongation to break. The high-damping characteristi~ of the rubber 
resulted in low-cost, lighter and more stable bearings. even under low vertical pressure. 

The type I bearings are made of a soft compound with a shear modulus of 0.50 MPa at 100% 
strain, while the type n bearings are made of a hard compound with a shear modulus of 0.79 MPa 
at 100% strain. The bearings are circular with a shape factor (S = +,41) of S = 10, which is rela-
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At strains that exceed the design levcl strains, the elastomer exhibits a strain hardening effect. 
This will reduce the displacements if an earthquake of unanticipated level OCCUR. At the highest 
level of cyclic shear strain achieved in the test program, the maximum shear stress for the soft 
compound was 1.41 MPa and for the hard compound 2.55 MPa: the design pressure is 3.61 MPa 
and 5.64 MPa, respectively, and the ratio of these maximum shear stresses to the design pressures 
;s 0.39 and 0.45, respectively. In a beyond-design-basis earthquake, the base shear to which the 
superstructure would be subjected would lie between these values. The type of superstructure 
used for this building is such that significant yielding would be expected in the lateral force-resist­
ing system at this level of base shear, i.e., a softening of the system, increasing the energy dissipa­
tion in the frame and increasing the period of the superstructure. Consequently, the superstructure 
will have to absorb a larger fraction of the overall displacement than it woulo if it remained elastic 
and stiff. This will reduce the displacement demand on the bearings, assuring that in the case of an 
earthquake of unanticipated magnitude, the bearings will not be the weak link in the overall struc­
tural system. 
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S. Base-Isolated Buildings in P.R. China 

The Peoples' Republic of China is a highly-seismic region of the world, and Chineae engi­
neers have a long history of earthquake engineering research. For economic reasons. none of the 
western approaches to base isolation have been used in P.R. China prior to the rubber isolators 
used in the UNIDO demonstration building. The common approach has been to adopt isolation 
systems where the isolation mechanism is based purely on sliding friction. This is the simplest 
isolation approach and there has been a great deal of theoretical analysis of sliding systems and 
some experimental work by Chinese researchers [8] 

The idea of using a sliding joint as the isolation system for low-cost housing is an attractive 
one because a sliding type of isolation system can be easily incorporated into conventional build­
ing designs. In the aftermath of the 1976 Tangshan earthquake, it was observed that a number of 
masonry block buildings in which the reinforcement was not carried through to the foundation 
remained standing, while the majority of adjacent buildings in which it did, collapsed. In the 
buildings where it was not carried through, a horizontal crack was observed at the base of the wall 
with a residual offset of around 6 cm. 

As a result of these observations, the approach adopted in P.R. China up to the present time 
uses a separation layer between floor beams and the foundation walls. A thin layer of specially 
screened sand is spread on this surface and the building is constructed on this sand layer. Three 
small one-story buildings have been built using this technique and one four-story brick dormitory 
in Beijing for the Strong Motion Observatory Center. This technique is certainly cost-effective, 
but its efficacy has not been established. and it is unlikely that it will be widely used in the future. 

The demonstration project in Shantou City which uses natural rubber isolators as a seismic­
resistant design strategy, has sparked widespread interest throughout P.R. China. As part of the 
UNIDO project, rubber technologists from a local rubber manufacturing company were sent to 
the headquarters of MRPRA in the United Kingdom and trained in the manufacture of multilayer 
elastomeric isolators for the pwpose of having the Shantou facility become a central manufacturer 
of bearings for buildings in other parts of P.R. China. 

The Shantou City government has expressed considerable enthusiasm in promoting this fllan­
ufacturing facility. It has been estimated that the Chinese authorities are planning an extensive 
program of building new public housing that is estimated to be of the order of 600,000,000 sq. m 
of housing per year for the next ten years. If only 10% of these proposed structures use elasto­
meric isolators, the demand foc bearings will exceed 30,000 pee year. The manufacturing facility 
in Shantou currently has the capacity to produce only 300 isolators per year. Accordingly, the 
Shantou City government is proposing to develop a new manufacturing center to provide the iso­
lators needed for this building program, and has donated 2 hectares located near the International 
Airpon of Shantou City for this purpose. A complete facility, comprising a manufactwing shop. 
testing laboratory, product store, training center, and research, development and design office, will 
be built on this land. 

A second base-isolated building using natural rubber isolators manufactured in Shantou City 
is now under construction in the city. The number of base-isolated buildings in other parts of the 
country is increasing rapidly. Appendix 0 is a list of the base-isolated buildings that have been 
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completed, under construction, or in the design phase as of January 1995. 
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6. Conclusions 

When the Foothill Communities Law and Justice Center was completed in 1985, it was the 
first base-isolated building in the United States. It was visited by many architects and structural 
engineers, and it created a widespread interest in this innovative approach to the earthquake-resis­
tant design of buildings. Since its completion, this technique has been used in a great many build­
ings, bridges, and industrial structures all over the United States. The interest generated by the 
building led to the development of code requirements for base isolation design, culminating in 
regulations for base-isolated buildings flfSt published in the 1991 Uniform Building Code with 
further revisions in the 1994 edition. 

The Foothill Communities Law and Justice Center was the catalyst for changing the standard 
design approach to earthquake-resistant design in the United States. The United Nations Industrial 
Development Organization (UNlDO) base-isolated demonstration building in Shantou City, 
Guangdong Province is a similar outstanding example of a source for change. Because many parts 
of P.R China are highly seismic and there is a llIie demand for low-cost public housing in these 
areas, this project aims to provide safe and affordable housing. The flfSt base-isolated building in 
P.R. Cbina to use natural rubber isolators, and the largest base-isolated dwelling that has been 
completed worldwide, the demonstration building is a truly pioneering project. As a result of this 
project's success, additional Chinese base-isolated projects are in the design stage, under con­
struction, or completed. Furthermore, it will be the catalyst developing of national code require­
ments for base isolation design and for the development of a new and potentially highly-profitable 
industry - the manufacturing of natural rubber isolation bearings. This project will have a global 
impact as well; it has shown that it is possible to use base isolation technology to construct inex­
pensive dwellings with increased seismic safety. 

The emphasis in most base isolation applications up to this time has been on large structt;.res 
with sensitive or expensive contents, but there is increasing interest in applying this technology to 
public housin~, schools, and hospitals in developing countries where the replac:eruent cost due to 
earthquake damage could be a significant part of the GNP. The challenge in this context is to 
develop low-cost isolation systems that can be used in conjunction with vernacular methods of 
construction, such as masonry block and lightly-reinforced concrete frames. The Shantou City 
demonstration project has shown that it is possible to meet both of these goals. 

The demonstration building, the first building in China to use elastomeric bearings, is 
intended to be an example of this new method of earthquake-resistant desijn. The completion of 
this project will lead to the widespread use of this new and cost-effective method, increasing the 
seismic safety of public housing in P.R. China. It is hoped that success of this project will lead to 
the widespread use of base isolation technology in other earthquake-prone developing countries 
where seismic-resistant low-cost housing is needed. 
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Figure 3: Photograph of Shantou Demonstration Build­
ing 
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Appendix A 

Participant List 

International Workshop on the 

Use of Rubber-Based Bearings for the 

Earthquake Protection of Small Buildings 
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The Architect's Role in Base Isolation 

Christopher Arnold, FAIA. RIBA 
Building Systems Development, Inc. 

Palo Alto, California USA 

Investigations into implementing base isolation technology in the United States have shown 
that, in general, architects have played a minor role in the decision to isolate new structures and 
have been content to receive the design requirements as a given after the decision has been made. 
In the instances where historic structures have been retrofitted using base isolation, the role of the 
archhect ha.~ been stronger, with preservation of architectural features a major determinant in 
selecting isolation as the retrofit strategy. There have also been a few instances where architec­
tural firms have used their knowledge and experience in base isolation as an effective marketing 
tool. 

In some cases, however, the architect has been seen as playing an inhibiting role (as have 
many engineering practitioners). One possible reason for this is the uncertainty that surrounds any 
new innovative technology; the architect must make a careful professional evaluation of any 
design system on the behalf of tlte owner. There is a fine line between a negative decision to use 
innovative technology base on ignorance. or the desire to preserve the status quo, and a negative 
decision based on informed judgement. 

Base isolation is one design choice among many to be evaluated when choosing a seismic­
resistant system for a structure. The process of selecting a seismic design system, that ideally 
should be a shared activity between the architect and seismic engineer from the inception of the 
design process, is no less important when evaluating a base isolation strategy. In order to facilitate 
this process, the architect should have a good conceptual understanding of the limitations and 
strengths of base isolation as part of his professional knowledge. 
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APPLICATIONS OF BASE ISOLATION SYSTEMS TO THE 
SEISMIC RETROFIT OF HISTORICAL BUILDINGS IN THE UNITED STATES 

Ian G. Buckle 
Professor, Civil Engineering 
State University cf New York 

Buffalo, New York, United States of America, 14261 

SUMMARY 

Seismic isolation (vr base isolation) has been used in the United States 
for the earthquake protection of new buildings and bridges for almost ten 
years. However, despite the advantages of isolation, the number of 
applications to new buildings are still lelatively few. On the other hand, 
applications to the seismic retrofit of existing buildings are increasing and 
notwithstanding the construction difficulties involved, cost-effective 
solutions have been developed and refined. 

Several major public buildings of historic and functional im~ortance have 
be~r., or are being, retrofitted using base isolation in the UnitP.d States at 
this time. These include the Salt Lake City and County Building in Utah, the 
Mackay School of Mines at the University of Nevada in Reno, the Oakland City 
Hall, and the Ninth Circu~t United States Court of Appeals in San Francisco. 
Future applications include the City Halls for both San Francisco and Los 
Angeles. In addition to these public buildings, private buildings have also 
been retrofitted using isolation such as the 8-story, non-ductile, concrete 
frame building that houses a computer facility for Rockwell International in 
Los Angeles. In each case, seismic performance has been improved while 
minimlzing disruption to the occupants and reducing the overall 
reconstruction cost. 

This paper describes the application of seismic isolation to historical 
buildings and presents four examples in which base isolation has been used 
to preserve ~rchitectur)l integrity while at the same time adding a 
substantial measure of seismic protection. 

INTRODUCTION 

Seismic isolation is a design strategy nased on the premise that it is 
both possible and feasi~le to uncouple a structure from the ground and 
thereby protect it fl-om the damaging effects of eal-thquake motions. To 
achieve this result, while at the same time satisfying all of the in-service 
functional requirements. additional flexibility is introduced usually at the 
base of the structure. Additional dampiny is also provided so as to control 
the deflections which occur across the isolation interface. 

The concept is not new and many proposals have been made since the turn 
of the Century for • ... devices which absorb or minimize shock to buildi~gs 
arising from earthquake, vibrations caused by heavy traffic or other 
disturbances of the earth's surface· [lJ. 
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Thes~ four bvildings are summarized in Table 1 and further discussed in 
subsequent sections of this paper. It is noted thar future applications 
include the City Halls for both San Francisco and Los r~geles. It is also 
noted that the aD-year old Parliament House building for the New Zealand 
Gove~nment was recently retrofitted using isolation. 

Table 1. Retrofitted Buildings Using Seismic Isolation 

Type of Year Year I101ation Mdlt10nal 
BIIilcUng Co_truction Co_tructed R.trofitted Sy.e_ StreJ:lG'thQiDg 

hqulrecl? 

Ci ty and County UIlr.inforcecl l.ed-
Building brick and 1894 198617 rubber ainor 
Salt Lak.. Otah • allda t on. beariDg • 

Mackay Schocl UIlr.inforcecl high 
of IUn.a. brick, wood 1901 1990 ~ing 
R.no, Nevada flocr. aDd rubber airaor 

roof tru •••• beariDg. 
a.D4 
.lider. 

OS Court of non-ductile frictiOD-
Appaal., San at •• l trea. paDdulua 
"raDciaco, and 1905 19U" bearing. yea 
CaUtornia Wlr.intorcad 

_aorary 
claddiDlJ 

City Ball non-ductil. leed-
oakland. .t •• l fr_. rubber 
California _d 19U 19U14 beariDga ye. 

Wlr.inforcecl 
_.orary 
elaMing 

City and county Building, Salt Lake, Utah 

The City and County Building in Salt Lake City, Utah was completed in 
1894. It is located in a moderate seismic zone and has been damaged in past 
earthquakes. During a complete rehabilitation of the building in 1967 I 
seismic isolation was used to improve its performance in future earthquakes. 
This description of the building and the isolation system is by Elsesser. 
Walters and Allen [5J. 

The Salt Lake City and county building is a monumental, highly ornamented 
unreinforced brick and sandstone structure measuring 130 x 270 feet in plan, 
with fivo:. I:"lain £:oors and a 12-story clock tower (Figure 1). The plan is 
approximately doubly symmetrical (Figure 2). 

The seismic vulnerability of the structure, due to its lack of 
reinforcement, is aggravated by the closeness of the site to the nearby 
active Wasatch Fault Zone. The building has a record of damage from various 
earthquakes, the largest occurring in 1934 with a Richter magnitude of about 
6.2. Seismic damage to the building included cracks in the bearing walls and 
loss of sculptures. roof stones and mechanical equipment from the clock 
tower. 

The structul-e is supported by bearing walls of unreinforced brick and 
sandstone masonl~ which rest on sandstone plinths and S'-6- wide continuous 
concrete footings. The interior brick bearing walls have a maximum thickness 
of 24 inches at the base. The exterior walls. which have an exterior wythe 
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Plgure 1. Slevatlon of City aDd Ccnmty Building. Salt Lake City 
(fro. Rafarence 5) 

Pigare 2. Baa-.at plaa .bowiAg i~l.tor location8. 
City aDd COUIlty BuildlAg, Salt Lake 

(f~ .. ference 5) 
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of sandstone masonry, reach a base thickness of 36 inches. The multiple 
wythes of brick in each bearing wall are bonded together solely by the 
original sand-lime mortar, which is quite deteriorated in many locations. 

The central unreinforced masonry tower, which is approximately 40 feet 
square in plan at its base, rests on four solid piers of sandstone masonry 
which ar~ L-shaped in plan and have a maximum dimension of 13 feet. 

The 1st and 4th floors are framed with timber join'_:> u:',d planks, with a 
wooden floor surtace in some locations and a concrete topping in others. The 
2nd and 3rd floors are fl-amed with steel beams supporting shallow brick "jack 
arches", which are covered with stone ballast and a conCl-ete topping. At all 
levels, horizontal anchorage between the walls and floors is minimal. 

In late 1984, the architects, the Ehrenkrantz Group of San francisco and 
Burtch W. Beall, Jr., FAIA, of Salt Lake City, considered three different 
rehabilitation schemes, one of which was base isolation. The other two 
concepts involved "conventional" reinforcement systems which required the 
addition of concrete shearwalls and the corresponding removal and replacement 
of costly architectural wall finishes, such as oak wainscotting and pl~ster. 
In addition, conventional methods would have required a substantial amount 
of reinforcemenr. to tie the walls to the floors and to resist out-of-plane 
wall loading, all of which would also be disruptive to the finishes. In 
order to minimize the need for wall reinforcement and replacement of 
finishes, it was d.ecided to concentrate on developing an economically 
competitive base isolation scheme. By isolating the structure, horizontal 
accelerations were reduced substantially, thus minimizing the need for wall 
strengthening and, thereby, removal and replacement of architectural 
finishes. Another benefit of base isolation was the reduction in out-of­
plane anchorage forces and bending moments in the unreinforcedmasonry walls_ 

The installation sequence required that each masonry wall be gripped 
between a pair of reinforced concrete ·side t~ams· which were then notched 
into each wall to allow direct bearing, and tied together through the wall 
by regularly spaced concrete cross beams and ducted prestressing rods. Once 
these beams were cast and clamped to the wall, portions of brick and plinth 
below the cross beams were then removed, creat ing a space in which the 
isolators and bearing plates were installed to bear on the existing concrete 
footings (see Figure 3). A similar scheme was developed for the central 
tower, whereby each of the four sandstone support piers was jacketed with a 
reinforced concrete collar which was then clamped to the pier leg in each 
direction by prestressing rods. Pieces of stone plinth below the pier were 
then removed in stages, starting at the corners, to c.eate space for the new 
isolators_ 

In total, there are 447 isolation bearings in the building. Of these, 
208 a~e lead-filled elastomelic bearings using standard natural rubber_ They 
are 17 inches square by about 15 inches tall with a 2.8 inch diameter lead 
core. The remaining 239 isolators are standard elastomeric bearings of the 
same overall size but without a lead core_ 

A-.rerage displacements and base shears for two design earthquakes were 
calculated to be 4.1 inches and 0.OB5W for the 0.2g event and 10_3 inches and 
0.19W fOl- the 0 _ 4g event _ Tower base shears were 530 and 840 kips 
respectively_ Since the base shear capacity of the existing masonry was 
estimated to be 0.09W and 650 kips respectively, no masonry strengthening was 
specified. However some floor-to-wall ties were still required and 
strengthening of the clock tower, above the roof line of the main building, 
was also performed. 
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Pigur. 3. ~ical .la.t~ric iaolator in.tallation 4eta11. 
City &ad Coaaty Building, Balt Lak. 

(froa Ref.rODe. 5) 

To reduce the effects of elastic axial shortening of the isolators, which 
was calculated to be about 0.1 inches. the isolators were pre-loaded by flat 
hydraulic jacks placed beneath the new bearing plates before shimming and 
grouting the plates. With the isolators installed. the remaining plinth 
stones were then removed to allow the isolators to translate freely in the 
event of an earthquake. 

The Mackay School of Mines, University of Nevada. Reno 

The Mackay School of Mines was one of the original buildings on the 
campus of the University of Nevada in Reno. Constructed in 1908. the 
building is designated as a National Historic Monument (Figure 4). It has 
been remodelled several times during its lifetime and most recently in lQ90 
when a seismic retrofit was also undertaken using base isolation. This 
description of the building and the isolation system is by Way and Howard 
[6] . 

constructed of local bricks in the early 1900·s. the building is entirely 
unreinforced masonry (URM) with wood joist floors throughout. This method 
of construction is a life safety hazard and in recent years the structure has 
not been used as a classroom facility so as to restrict the occupancy loads. 
Many studies have been done to address this hazard and remodelling has taken 
place over the years that has significantly altered the original design of 
the building. 

In 1975 a master plan for the Mackay School of Mines was developed that 
proposed the expansion of the School with the construction of an entirely new 
facility as well as the rehabilitation of the original Mines building. In 
this plan it was proposed to strengthen all of the URN walls of the original 
building by adding reinforcing steel and quoit. concrete. At the same time, 
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Pigure ,_ BlevatloD of the Mackay School of KiDe. 
University of Nevada, Reno 

(froa Refemce 6) 

Figure 5. Typical SectiOD, Mackay School of KiDe. 
Univer.ity of llevacSa. ReDO 

(fro. RefereDce 6) 
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additional space was to be pro·"ided (by developing a full basement) so that 
the Engineering (Mines library might be relocated \.;ithin the building. 

In reviewing the 1975 study and its proposed strengthening operation, it 
was quickly detel~ined that the gunite solurion would be impractical given 
the fact the building is on the list of Historic Places and structural 
modifications that alter the appearance of the building were prohibited. 
Alternative methods to seismically strengthen the building were investigated. 
Seismic isolation was adopted because it could be built relatively 
inexpensively, satisfy the seismic requirements of the structure and not 
interfe .. e with the historic nat"~e of the building. S':'nce allot the primary 
URM bearing walls would be underpinned any way, it proved to be a very short 
step to incorporate base isolation into the design of the building. 

The isolation system corsists of 67 high-damping l-ubbel- bearings and 42 
PTFE/stainless steel sliding bearings. The bearings are located between a 
suspended concrete flat slab (which serves as the basement floor) and the 
foundation (Figure 5). This slab also acts as a structural tie above the 
isolation system. 

To provid~ SUPP01-t for the flat slab so that the spans become manageable, 
teflon sliders with rubber seals for the protection of the teflon surfaces 
were incorporated. The sliders, which were targeted at a coefficient of 
friction of 0.10, also ad additional damping to the system. Three different 
sizes of high damping bearings were designed to accommodate varying vertical 
loads, ranging from 45 to over 300 Kips. 

The sequence of construction involved first the underpinning :)f the 
concrete walls and footings. Pockets were left open in the walls at the top 
.:J

C the footings for the installation of the bearings. A steel shim plate was 
placed between the wall and the footing to maintain a separation after 
cutting. Flat hydraulic jacKs were subsequently installed on top of the 
~arings. Aft~r all the bearings and flat jacks were in place. the hydraulic 
~ystem was pressurized. In the process, the vertical load was transferred 
from the steel shim plates to the bearings. after which the steel shim plates 
were removed. The flat jacks were grouted and left in place. 

Site specific time histories of ground r.: ... tion were developed for the site 
which had peak ground accelerations ranging from 0.53g to 0.58g. Calculated 
disp~acements for the building averaged 5.9 inches with a maximum base shear 
of 0.15g. The total equivalent viscous damping from the combined hysteretic 
and friction bearings was estimated at 26\. Peak accelerations in the upper 
floors and roof did not exceed O. 30g which was the threshold at which out-of­
plane failure of the masonry walls was expected to occur. As a consequence 
no additional stre •• .;thenlng was performed. 

Ninth Circuit U.S. Court of Appeals. San Francisc0 

The Ninth Circuit U.S. Court of Appeals at Seventh and Mission Streets 
in San Francisco was damaged by the 1906 San Francisco earthquake and again 
in 1989 by the Lorna Prieta earthquake. It is now being retrofitted with a 
combination of seismic isolation, additional shear walls, and diaphragm 
strengthening. When completed in 1995, it will be the largest base-isolated 
structure in the United States. This description of the building and the 
isolation system is by Amin, Mokha and Fatehi (7]. 

Constructed in 1905, the original building was U-shaped until 1933 when 
a fourth wing was added, giving the building a rectangular shape with a 
central atrium. Approximate plan dimensions are 330 feet by 265 feet; the 
total floor area is about 350,000 square feet. The building is a five-story, 
80-foot tall structure with steel framing, concrete slabs, unreinforced 
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granite masonry exterior walls, and hollow clay tile interior partitions. 
The foundation consists of steel grillage footings under the 1905 building 
and piers with reinforced concrete pile caps under the 1933 addition. 
Intel-ior finishes are extremely ornate. They include carved marble figul-es, 
inlaid marble walls and floors, and highly articulated plaster ceilings. The 
Beaux Arts building is on the National Register of Historic Places. Figure 
6 is an external view of the building. 

The isolation system chosen for the building was the friction pendulum 
system (FPS) which consists of an articulated slider on a concave spherical 
stainless steel surface. The slider is faced with a PTFE composite bearing 
material and the curvature of the spherical surface provides a lateral 
restoring force due to gravity and self weight. Once sliding commences the 
period of vibration is independent of the building weight and directly 
proportional to the radius of curvature. These isolators are compact in size 
which was a distinct advantage given the restricted head room in this 
particular building (between the pile caps and the basement floor). They 
were preferreci to elas~omeric isolators, which would have been physically 
larger in size and required more extensive structural modification to the 
foundation substructures to allow their installation. 

As a consequence, 256 FPS bearings are being installed in the building 
at the present time. Each has a radius of 74 inches which corresponds to a 
design isolation period of 2.75 seconds. The design coefficient of friction 
is 0.07 (maximum) for sliding velocities gl-eater than 2.0 in/sec and 0.045 
(minimum) at very low sliding velocities. A typical FPS isolator 
installation is shown in Figure 7 in which the conC3ve sliding surface is 
shown facing downwards. It is fixed to the underside of a new reinforced 
concrete footing that is cast integrally with a column jacket. This jacket 
is required to strengthen the existing steel column particularly for bending 
about its weak axis. The articulated slider is fixed to a masonry plate that 
is filst levelled and then grouted to the supporting pedestal. 

Calculated values for mean displacement and base shear at 1.2 times the 
design level earthquake (0.48g peak ground accel~ration) are 13.6 inches and 
O.20W respectively. Peak accelerations in the upper floors are estimated at 
0.47g. The maximum interstory drift ratio is 0.12%. 

The existing stone. brick masonry, and concrete slab diaphragms do not 
have adequate capacity to withstand the above fOl-ces, and dl-e being 
strengthened. Vertical elements, which are being added for lateral force 
resistance, include: four perimeter concrete frames. four interior concrete 
frames around the courtyard, and a number of short concrete shearwalls 
perpendicular to the frames. These concrete elements will be tied to 
existing steel columns and beams with shear studs and rebar ties. Concrete 
slab diaphragms will be connected to the frame walls by drilling and epoxy 
grouting into the existing slab. Since the concrete slab strengths in the 
1905 building are very low (in the range of 1000 psi), diaphragm 
strengthening is required, to transfer forces to vertical elements. Topping 
slabs on the roof and some floor areas will be removed and replaced by new 
reinforced concrete slabs. Where diaphragm strengthening is required but 
topping slab removal is impossible due to marble or mosaic floors, the 
strengthening will be done with steel plates attached to the bottom flanges 
of existing steel beams below the floor level. Other miscellaneous 
strengthening includes bracing of existing parapets and strengthening of 
existing penthouses. 

City Hall, Oakland. California 

The Oakland City Hall, completed in 1914, was the first high rise 
government office building to be constructed in the United States and is 
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today listed in the National Register of Historic Places. It was heavily 
damaged during the Lorna Prieta earthquak~. at which time the building lost 
20\ of its lateral strength in the north-south direction. and 31% in the 
east-west ailection. primarily due to extensive cracking of the numel'OUS 
interior hollow clay tile parti:ions in the office to· .... er. The clocktower at 
the top of th~ bpilding "rocked" during the earthquake, resulting in large 
shear CT<\cks in some infill masonl}' .. aIls and severe damage to several 
SUppol-t tl-ansier girders supporting the clockto' .. :er. The building is 
presently beir.g retrofitted ',..-ith a seismic isolation system in combination 
· .... ith structural stl:engthening ln ~he east--'_:est direction. ',.;hen completed in 
1994, it .... il~ be the tallest s.,ismi~-a:ly ~solated building in the United 
States. This description of the building and thE' isolation system is by 
Honeck, Walters, Sattal}' and RodIer [8]. 

The building is 18 stories high, 324 feet above the street, and contains 
a one--level full basement (Figure B). The lowest and '..:idest portion of the 
building. known as the podium, is 3 stories and contains a central rotunda. 
cotincil chambers, and administration offices of the Mayor and City Manager. 
Above the podium is a lO-stOl-y office tower. Above the office tower is a 2-
stol}, clocktower blse suyporting a 91 foot high clocktower. The building 
steps back at each successive portion. 

The structure of the building is a ~-iveted steel fraJTl~ with infill 
masonl-y walls of brick. granite and terTacotta. The clocktower is clad 
entirely in ten-acotta over brick masonry. The building is supported on a 
continuous concrete mat foundation. 

A comprehensive post-earthquake study done by a tE'am of architects and 
engineers, and reviewed by the Federal Emergency Hanagement Agency and State 
Building Officials, concluded that seismic isolation was the most cost­
effect i ve and behavior-effecti ve method to protect the landmark building horn 
seismic hazards. 

To implement this solution, many issues required resolution including: 

assessment of the properties and interaction of the riveted steel 
frames and the infill masonry, and evaluation of the safe drift 
capacity of this system. 
assessment of the dynamic modal properties. 
control of isolator uplift during the maximum credible earthquake. 
provision of a rational, continuous path for resistance of lateral 
loads where- such a path previously did not exist. while minimizi ng 
disruption of historic elements. 
provision for the jacking and re-support of columns. 
development of methods to repair and protect historically sensitive. 
brittle elements of the building. 

In this short paper only the provision of the lateral load path and the 
isolation system is described below. The remaining issues are discussed in 
Reference 8. 

As shown in Figure B the building has four distinct sections, each with 
its own lateral load resi~ting system: the clocktower, office tower. podium 
and basement. Latel-al ~.trengthening of the office tower and the provision 
of outriggel- tl-usses in the basement are described below. The clocktower and 
podium <'ire surnrnal-ized in Reference B. 

In order to assess the contribution of existing masonry materials in the 
lO-stol~ office tower to the resistance of future lateral loads, extensive 
in-situ testing was performed on the brick infill to determine its strength 
and stiffness properties. It was determined that 100% of the lateral forces 
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could be resisted by th~ north-south (longitudinal) masonry infill walls 
provided base isolation was used. In the transverse east-west direction, 
since the walls are shorter in length, it was determined that supplemental 
bracing was required to control potential damage to these walls. Two lines 
(4 bays) of concentric steel braced frames, supported by eight new columns 
that support the clocktower trusses, were designed to resist approximately 
25% of the lateral load in the transverse direction; the remaining 75% would 
be resisted by the existing masonry infill walls. These braced frames extend 
down to the 7th floor where they transi tion to conCl-ete shear walls. The new 
braced frames wel-e designed to be compatible with ~he stiffness of the 
existing transverse infill masonry walls. New stee~ collector beams were 
added at all floors to deliver lateral loads to the new braced frames and 
shear walls. 

The concrete shear walls terminate on new 8.5 feet deep continuous steel 
"outrigger" trusses in the basement. Typic=1.lly, double lines of trusses 
straddle the existing steel colwrr·. These trusses are encased in concrete 
to provide addit~onal stiffness ~nd to tie the double lines of trusses 
together. The put-pose of the trusses is to distribute the building 
overt urning moments over a broad footpr int so that the base isolators located 
beneath the office tower perimeter will not be overloadvd nor subjected to 
any appreciable uplift. The existing basement concrete walls have concrete 
side beams added on both sides so that the wctlls, a~ter being cut, will span 
between base isolatol-s to support the massive extel-ior podium walls. 

A system of horizontal steel braces forms a "diaphragm" below the first 
floor to deliver lateral loads to a system of 111 lead-rubber isolation 
bearin'Js. The isolators are supported on a grid of existing and new 
steel,'concrete pedestals that are supported on the existing concrete mat 
foundation. Multiple isolators (up to 4 per group) are used to support 
individual columns with dead loads in excess of 3300 kips each. 

Calculated displacements during the design earthquake (475 year return 
period) are 13 inches near the center of the building and 17 inches near the 
corners. At this displacement the effective pel-iod is 2. B sees and the 
maximum base shear is O_14W. 

The use of base isolation as a seismic upgrade strategy has reduced the 
expected seismic force levels in the building and resulted in fewer shear 
walls than a traditional method of upgrade would ~~quire_ With fewer shear 
walls, the impact of the upgrade on the histol-ically sensitive interior 
finishes of this landmark building is significantly reduced. Base isolation 
proved to be an economically feasible solution when compared to conventional 
fixed base upgrade schemes. Through a combination of base isolation, 
extensive testing of the existing exterior masonry infill walls and a 
comprehensive finite element study of typical wall panels, the majority of 
seismic lateral forces can be shown to be resisted by existing unreinforced 
masonry infill walls in the office tower portion of the building. 

By designing stiff, concrete-encased, steel trusses in the basement, 
seismic overturning forces from this relatively tall building have been 
distributed over many base isolators so that they will not be overloaded nor 
subjected to appreciable u~lift. 

CONCLUSIONS 

This short paper has presented four case studies in seismic retrofit and 
in this way has illustrated the application of base isolation systems to the 
retrofit of historical buildings. The particular advantage of the isolation 
technique fOl' this class of building, is the minimal disruption to the 
interior and exterior finishes and the protection of the architectural 
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integrity of these structures. It is however noted that in each of the cases 
discussed above, additional strengthening was also required. This was 
necessal~ because the original buildings were designed before modern seismic 
codes were adopted and constructed of non-ductile materials with poor 
connection details. rlS a consequence their capacity for seismic load was so 
weak that isolation could not l-educe the demands sufficiently, i.e., to below 
the existing strength. Nevertheless the amount of additional strengthening 
is less than if isolation had not been used and in some cases it was 
relatively minor. Further, as contractors develop and refine construction 
techni~IP~ necessal~ to install isolation systems and strengthen existing 
buildings, the cost of doing so will decrease. The number of historical 
buildings that are retrofitted with seismic isolation can be expected to 
increase in the years ahead. 

REFERENCES 

1. deMontalk, Robert ~ladislas; "Shock absorbing or minimizing means for 
buildings" U.S. Patent No. 1.847,820, 1932, (New Zealand Patent grante.d 
1929) . 

2. Bechtold, Jacob, "Earthquake-proof building" u.s. Patent No. 845,046, 
1907. 

3. Kelly, J .M .• "Seismic base isolation; review and bibliography·, Soil 
Dynamics and Earthquake Engineel-ing, Vol 5, 1986, pp. 202-216. 

4. Buckle, loG. and Mayes, R_L., "Seismic isolation: histol~, application 
and pel-formance - a world view", Earthquake Spectra, Vol. 6, No_ 2, 1990, 
pp . 16 1 - 2 02 . 

S. Elsesser, E., Walters, M., and Allen E., "Base isolation of the existing 
City and County Building in Salt Lake City·, ASCE Structures Congress. 
New Orleans, 1986. 

6. Way, D., and Howard, J., "Seismic rehabilitation of the Mackay School of 
Mines, phase III, with base isolation", Earthquake spectra, Vol. 6, No. 
2, 1990, pp. 297-307. 

7. Amin, N., Mokha, A., and Fatehi, H., "Seismic isolation retrofit of the 
US Court of Appeals Building", Pl-OC. Seminar on Seismic Isolation, 
Passive Energy Dissipation :md Active Control, Applied Technology Council 
Report ATC-17-1, 1992, pp. 185-195. 

8. Honeck, W., Walters, M., Sattary, V. and RodIer, R., "The seismic 
isolation of the Oakland City Hall", Proc. Seminar on Seismic Isolation, 
Passive Energy Dissipation and Active Control, Applied Technology Council 
Report ATC-17-1, 1992, pp. 221-232. 



C-19 

Research and Development of a Sliding Isolation System 

Maria Q. Peog 
Assistant Professor 

Department of Civil and Environmental Engineering 
University of California. Irvine 

Irvine, CA 92715, USA 

ABSTRACT 

A sliding isolation system bas been developed and studied. This system is 
composed of sliding bearings with relatively high friction coefficient (20% in high 
velocity range) and rubber devices with both restoring and stopper functions. The 
seismic response characteristics of a bridge model with and without the sliding isolation 
systems were studied using the shaking table in the Public Works Research Institute. 
Ministry of Consauction, Japan. A numerical model that can be efficiently used for the 
analysis and numerical simulation of the seismic response of isolated bridges is proposed. 
The experimental and numerical simulation study demonstrates the effectiveness of the 
sliding isolation system for protecting bridges from eanbquakes, even when a bridge has 
flexible piers. 

INTRODUCTION 

In order to study dynamic characteristics of sliding-isolated bridges. a sliding 
isolation system. composed of sliding bearings and rubber restoring force devices was 
developed and tested on • shaking table with a bridp model in PWRI, IS a joint research 
project between National Center for Earthquake Engineering Research (NCEER), USA, 
and PWRl This bridge model was designed by the Japanese standard specification for 
bridges and the bridge girder is supported by two flexible piers. This model was 
previously used for the shaking table test of the isolation systems with lead rubber 
bearings (LRBs) and high damping rubber bearings (HDRs)l). Several earthquake 
records and design earthquakes with different intensities and frequency contents were 
used as inp'.!t motions in the test. Unfortunately it was not possible to use the input 
motions with large intensities due to the displlCClllcot limitation of the shaking table. 
Therefore the behavior of the bridges under such large intensity earthquakes was 
analyzed by numerical simulation. Such numerical simulation makes use of the dynamic 
characteristics of the sliding system identified by an identification test performed prior to 
the shaking table test and confirmed by the shaking table test carried out at the level of 
earthquake intensity that the table was able to tolerate. 

To be able to numerically simulate with satisfactory accuracy the response of 
actual bridges equipped with sliding isolation systems is also impatant for tbe design of 
bridges with such isolation systems. In this respect, M. Constantinou proposed an 
analytical procedure usiog Y.K. Wen's modeI2). The model provides a convenient 
analytical tool to solve relatively simple problema. However, for the design of more 
complicated bridges such U I continuous bridge supported by multiple piers with sliding 
systems, a simpler model is much more preferable for computational ease. For this 
purpose, a simple numerical model based OIl the direct intesration method is proposed 
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and utilized throughout this paper. The model is idealized in terms of an explicit 
mathematical expression3 & 4). instead of the usual algorithm that describes the stick-slip 
model of sliding. The accuracy of the numerical procedure is confIrmed by the 
comparison of results between the shaking table test and the numerical simulation 
performed on the bridge model. The advantages of the sliding isolation system is 
demonstrated here not only by the shaking table test but also by means of numerical 
simulation. 

LOADING TEST AND SHAKING TABLE TEST 

Experimental Setup 

The bridge model used in the shaking table test is shown in Fig. I. The bridge 
span. the pier height. and the deck weight are 6.Om. 2.5m. and 390 kN respectively. The 
fundamental natural period of the bridge is 0.48 seconds when the girder is supported by 
piers through a fixed bearing on one end and a roller bearing on the other. 

The sliding type isolation system developed by NCEER 3) is equipped on the 
bridge. Two sliding bearings and a rub~er restoring device were installed on each pier 
with the rubber device located in the middle of two sliding bearings. In total. therefore, 
four sliding bearings and two rubber restoring devices were used for the model. 

As shown in Fig. 2, the sliding bearing consists of a stainless steel plate attached 
to the deck and a circular Teflon plate (diameter = 10 em) fDeed on the pier through a 
bearing plate. The bearing plate has a semi-spherical surface which can rotate freely 
from the pier deformation to keep the Teflon plate in horizontal and in perfect contact 
with the steel plate. A load cell is installed between the bearing and the pier to measure 
the vertical load on the bearing. The pressure on the sliding surface of the Teflon plate is 
evaluated as 12.4 MPa. 

Figure 3 shows a typical relationship between the friction coeffIcient and the 
sliding displacement observed during a loading test carried out prior to the shaking test. 
Figure 4 illustrates the relationship between the friction coefficient and the sliding 
velocity during the shaking table test using the Kaihoku earthquake record. The friction 
coefficient increases as the sliding velocity increases. The solid line in the figure 
indicates the approximation formula proposed by M. Constantinou et al3). The average 
friction coefficient at low velocity range and high velocity range of the bearing were 
foune' ~o be 8% and 20% respectively. 

Figure 5 depicts the rubber restoring force device. which consists of a rubber 
block and an anchor bar. Figure 6 indicates the force-displacement relationship of the 
rubber restoring force device obtained from a loading test. The device works as a 
horizontal spring within a small displacement range. and serves as a displacement 
restrainer when the displacement approaches a certain limit. However, the device did not 
reach the limiting displacement during the present shaking table test. The natural period 
evaluated from the weight of the deck (390 kN) and the stiffness of the device (1.32 
kN/cm) is 2.44 seconds. 

Two earthquake records (Kaihoku and Hachirougata) and two artificial design 
motions (Japanese Levelland level 2 earthquake motions on ground condition II - stiff 
soil) were used in the test. As shown in their response spectra in Fig. 7, these motions 
have different intensities and frequency contents. Due to the limited displacement 
capacity of the shaking table. however. it was not possible to use the earthquake motions 
with large intensities for the shaking table test. Therefore. the Hachirougata and Level 2 
motions were used after scaling them down linearly by a factor of approximately 1/2 to 
1(3 respectively. The shaking was applied only in the longitudinal direction. 
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Test Results 

Table 1 lists the maximum values of the normalized shear force, deck 
acceleration, bearing displacement and permanent displacement of the model bridge 
under different earthquake motions. Permanent displacements were observed only under 
the Kaihoku and Hacrurougata motions. Maximum response except for the permanent 
displacement occurred under the Kaihoku 0.544g input motion. Figure 8 plots a typical 
set of time histories of various responses and the force-displacement relationship of the 
isolation system under the Kaihoku U.S44g motion. The ma.;~ir:1um deck acceleration is 
0.244g which is much smaller than the table acceleration (0.544g) due to the isolation 
effect. The pier acceleration reaches a maximum value of 1.158g because of the pier 
reaction to the initiation of sliding, but this does not affect the pier shear force. In fact the 
corresponding shear force normalized by the deck weight is only 0.254 which is almost 
equal to the normalized inertia force of the deck. The maximum sliding displacement is 
3.43 em, but the permanent displacement in this case is almost zero. The maximum 
permanent displacement of 0.379 em occurred under the Kaihoku 0.184g motion. 

Figure 9 shows the maximum values of the pier acceleration, deck acceleration, 
normalized shear force of the pier, and bearing displacement as functions of the 
maximum table acceleration. The pier acceleration and bearing displacement become 
larger as the table acceleration increases. However, the deck acceleration and normalized 
shear force of the pier remain constants at their respective maximum values beyond the 
table acceleration of 0.2g, regardless of the increase of table acceleration. This is the 
unique and significant advantage of the sliding base isolation system as applied to 
bridges. The maximum deck acceleration is 0.22g corr~i'onding to the friction force 
plus the restoring force. 

NUMERICAL SIMULATION 

Analytical Model 

The analytical model depicted in Fig. 10 is used to simulate the shaking table test. 
The discontinuous function sgn(ud) in the governing equations of motion (I) and (2) is 
replaced by the analytical expression (3)4) for approximation, 

mil (z + u, + ud) + CdUd + k4ud = -sgn{ud )pmdg 

m,(i+u,)+c,u, +k,u, -C4Ud -kdud =sgn(u4)J..lmdg 

(1) 

(2) 

where z is the ground acceleration (table acceleration), u,is the displacement of pier 

relative to ground, ud is the displacement of deck relative to pier (bearing displacement), 
and }J is the friction coeffICient. 

( ') l-exp(-oo,,) 
sg" u = 

d 1 +exp{-&d) 
(3) 

where 6 is a parameter to define the shape of the function sgn(ud) in approximation (4.0 
sec/cm is used in this analysis). 

The friction coefficient }J is evaluated in Sq. (4) as a function of the sliding velocity 

Ud • 
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(4) 

where a is a parameter defming the relationship between the friction coeffieient and 
sliding velocity as shown in Fig. 4 (0.2 sec/cm in this analysis), JJ_ is the friction 

coefficient in low velocity range (8% in this analysis, and JJ ..... is the friction coefficient 
in bigh velocity range (20% in this analysis). 

Simulation Result:; 

Newmark's (3 method is used in the dynamic response simulation. Figure 11 
compares the tim~ histories obtained from the simulation and the test. These time 
histories represent sliding displacement and deck acceleration, together with the force­
displacement relationship of the isolation system under the Kaihoku and Hachirougata 
ground motions. In both cases, the simulation and the test produced almost the same 
peak response values and similar time histories. Table 2 compares these peak response 
values. It ~ important to observe that both peak deck acceleration and peak bearing 
displacement are very similar. since this means that the proposed analytical model 
represented by Eqs. (1) - (4) can be reliably used in evaluating the maximum values of 
the key response quantities, thus it is useful in the design procedure of bridges with 
sliding isolation systems. 

CONCLUSIONS 

The following observations were made through the experimental and analytical study 
of a sliding-isolated bridge. 
I) The deck acceleration and pier force of the bridse isolated by the sliding system is 

limited to constant values regardless of intensities of input ground acceleration. 
even when the deck is supported by flexible piers. Therefore the advantage of 
sliding isolation system is demonstrated. 

2) There was practically no residual displacement in the sliding isolation system 
after each earthquake. 

3) An analytical method based on the direct integration procedure using the 
continuous mathematical formula representing sliding behavior is proposed and 
utilized. The accuracy of this procedure is confumed through the comparison 
between experimental results and analytical simulation. 
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Figure 7 Resoponse spectra of input motions 

Table 1 Maximum responses of model bridge 
during shake table test 

Table Normalizec:j Deck Bearing Permanent 
Input Molio~ ~cceleratior Shear i'eeeleratio Displacement Displacement 

(g) Force (g) (em) (em) 
0.087 0.116 0.126 0.J20 O.on 
0.184 0.208 0.203 0.546 .k':,0;3l92L 
0.183 0.178 0.190 0.600 0.242 
0.255 0.230 0.217 1.041 0.150 
0.250 0.207 0.212 0.970 0.044 

Kaihoku 0.432 0.254 0.220 2.636 0.214 
0.428 0.245 0.216 2.74J 0.060 
0.426 ... ~:.:. 0.217 2.780 O.OSS 
0.489 0.247 0.218 3.027 0.091 
0.543 0.248 0.220 3.341 0.065 
0.544 :: .. ~ .o.2:Sf;; ..... ,i'. &.274' . ~( .... ~42S)'.: 0'()()3 

0.043 0.056 0.065 0.040 0.008 
Hachirougau 0.084 0.120 0.130 0.095 0.006 

0.115 0.156 0.161 0.241 0.036 
0.135 0.181 0.181 0.487 0.105 

Levell 0.078 0.152 0.158 0.lS1 -
Ground 0.121 0.185 0.187 0,345 -

Condition IT 0.120 0.152 0.166 0.338 -
Level 2 0.180 0.215 0.206 1.035 -
Ground 0.270 0.231 0.207 1.326 -

Condition II 0.265 0.223 0.216 1.286 -
0.261 0.222 0.214 1.502 -
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Ie d : Non-linear spring of the sliding bearing 

FilUre 10 Simulation model 
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Table 1 Comparison of simulation results 
with test results 

Deck Bearinl 
Table Acceleration Displacement 

!Acceleratior <I> (cm) 
(g) Test Simulation Simulaaion Test Simulation Simulation 

Resulls Results Tesl Results Results Test 
0.087 0.126 0.116 t'i:,:.«ft;\>· 0.120 0.057 ~N~' 
0.184 0.203 0.202 O.~ 0.546 0.389 0.71 
0.183 0.190 0.202 1.06 0.600 0.392 0.65 
0.155 0.217 0.210 0.97 1.041 1.086 J.()4 

0.2S0 0.212 0.210 0.99 0.970 1.083 1.)2 

O.43'l 0.220 0.221 1.00 2.636 2.782 1.06 
0.428 0.216 0.221 1.02 2.741 2.801 1.02 
0.426 0.217 0.221 1.02 2.780 2.rn 1.00 
0.489 0.218 0.226 1.03 3.027 3.311 1.09 
0.543 0.220 0.230 1.0S 3.341 3.733 1.12 
O~ 0.224 0.230 1.02 3.415 3.754 1.10 
0.043 O.06S 0.064- 0.98 0.040 O.OSI 1.28 
0.084 0.130 0.133 1.02 0.095 0.130 ff9.::~Q.: 
0.115 0.161 0.16S 1.03 0.241 0.249 1.03 
0.135 0.181 0.191 1.06 0.487 0.544 1.12 
0.078 0.lS8 0.156 0.99 0.151 0.145 0.96 
0.121 0.187 0.202 1.08 0.345 0.450 1.30 
0.120 0.166 0.201 Jif\;::e.;t'\ 0.338 0.458 1.36 
0.180 0.206 0.208 1.01 1.035 0.923 0.89 
0.270 0.207 0.211 1.02 1.326 1,.S416 1.17 
0.265 0.216 0.211 0.98 1.286 I.", l.21 
tl.261 0.214 0.211 0.99 U02 1.317 1.01 

Averqe 1.02 Averqe LOS 
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UPLlCA'l'IOR OF SEISKIC lSOLP.'l'IOR FOR IIBW BUILDDGS 
- DPBlUBNCB Df 'fIIZ c:omrn or LOS MGWlS -

Y. HENRY HUANG, PE. ALEXANDER G. TARICS, Ph.D. SE. 

Los Angeles, California Belvedere, California 

Ba8e isolation has been proven to be an effective means of mitigating 
earthquake induced hazard to buildings. Many new and existing buildings in 
the United States have used the system. Records from the most recent January 
17, 1994, Northridge earthquake again showed the beneficial effect of base 
isolation on buildings in the Los Angeles area. Although the shake was not 
strong enough in these bUl.ldings to test the ultimate performance of the 
bearing, record8 show a significant reduction of ground accelerations in the8e 
buildings. 

Four facilities owned by the County of Los Angeles used seiSmiC isolation 
technology. The authors of this paper have been involved in the planning and 
review of these projects. Lessons learned are sWllllarized to aS8ist future 
projects that may con8ider using the seismiC isolaticn technology. 188ues 
that affected the application of the isolation technology in the United States 
are discussed. 

In the County of Los Angeles, the four buildings which have used seismic 
isolation technology are: 

county Fire Command and Control Facility 
County MLK/Drew Medical Center Trauma Center 
County Emergency Operation Center 
County/USC Medical Center Diagnostic and Treatment Building 

The location of these new buildings and the epicenter of the January 17, 
1994, Northridge earthquake are shown on Figure 1. BasiC information about 
these facilities is shown in Table 1_ 
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Table 1 

Total floor 
area 

No. of 
Levels 

Structure 
type 

Structural 
consultant 

Isolation 
consultant 

Geotechnical 
consultant 

Peer review 
panel 

Bearing type 
and supplier 
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Base Isolated Facilities Owned by County of Los Angeles 

Los Angeles 
County Fire 
c: end and 
Control 
Facility(rccr) 

30,000 sf. 

2 

Steel braced 
frame 

Flour Daniel 

Flour Daniel 

Woodward/Clyde 
Consultants 

James Kelly 
and others 

High damping 
rubber with 
ultimate 
restrain chain 
by Fy£e 
Associates 

Loa Angele. 
County 
Emergency 
Operation 
Center(EOC) 

30,Ou;; sf. 

2 

Steel braced 
frame 

Daniel Mann 
Johnson 
Mendenhall 
(DHJM) 

DMJM 

Law/Crandall 

Bill Holmes, 
James Beck, 
Charles 
Kircher 

High datnping 
rubber by 
Bridgestone 

Los Angele. 
County 
NLlt/Drew Ned. 
center TraUIIIII 
Buildin; 

150,000 sf. 

6 above 
grade, one 
below grade 

Steel braced 
frame above 
grade, 
concrete 
shear wall 
below grade 

John A. 
Martin and 
Associates 
(JAMA) 

Base 
Isolation 
Consultant 
(BIC) 

Law/Crandall 

Tom Anderson, 
Roland 
Sharpe, 
Charles 
Kircher, 
George 
Linkletter 

High dampl.ng 
rubber by 
Dynamic 
Isolation 
System 

Lo. Angel.e. 
County/USC 
Ned. center 
Diacp1o.tic 
and 'rnatmant 
Bvil.ding 

500,000 sf. 

split levels 
6 and 7 

Steel 
ordinary 
moment frame 

KPFF 

KPFF 

Dames and 
Moore 

Alex Tarics, 
James Kelly, 
Bob Bachman, 
and Charles 
Kircher 
• (County 
consultant) 

High Damping 
Rubber by 
BTR/Silver 
Stone 
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Table 1 (cont.): Base Isolated Facilities 

Bearing 
fabricater 

No. of 
bearings 

Gross Size 
of bean.ngs 

MCE desiqn 
displacement 
Building 
separation 

Design base 
shear (HeEl 
Current 
status 

Lo. AIlqal.ea Lo. Angele. 
County rize County 
C, -net aad ... rgency 
Control Operation 
racility(POCr) Center(BOC) 

Dynamic 
rubber, 
Athens, Texas 

32 

IS" sq. x 14"8 
w/4.5"+ hole 
9.6" 

No constraint 
(chain engage 
at IS") 
.1Sg 

Completed in 
1989 

Bridgestone, 
Yokohama, 
Japan 

28 

616mm + x 
341.8mm H 
15.7" 

16" 

.40g 

To be 
completed in 
September 
1994 

Owned by County 
Loa AnC)ele. 
County 
NLK/Dzew IIIKI. 

of Los Angeles 
Loa AIl~l.ea 
County/USC 
Ned. Center 

Center 'rra,.. 
BUil.d.iDg 

Furon, Athens 
Texas 

70 bearings 
+ 12 sliders 

24" 

.30g 

To be 
completed in 
1995 

Diacp10atic 
and'l'zeat..nt 
Building 
BTRI Andrew, 
England 

155 (l15x39". 
+ 40x44".) 

39". x 19"H + 
44". x 19"8 
20" 

20" 

.24g 

Complete 
design in 
June 30, 1994 
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COHSIDERATIONS IN '1'HE PLAHNINC PRASE 

The cons~deratl.on of USlng ~solatlon technology start.ed at the planning 
stage. A feasibil~ty study ~s generally the f~rst step in the dec~s~on making 
process. This study should present all relevant facts about the se~smic 

isolation technology and ~ts potential impact on the project. Included in the 
feasibility study should be an implementation plan. Th~s plan should deta~l 
all the elements and sequences to be followed for the work. With this 
information, the owner could then dec;ide how base isolation could benefit a 
specific project. 

re.s1bility Study 

l~e feasib~lty study needs to address the follow~ng general issues; cost of 
design, test and construct~on, design and construction schedule, confidence 
level of the owner and architect. In addition, the area seism~city, bu~lding 

configuration, available space on the site, etc., should also be addressed. 
The following 11st identifies elements of a complete feasibilty study; 

1. General considerations 

• Building location and area seismicity 
• Regulations or Codes applicable to project 
• Function of the facility 
• Preliminary building configuration and potential change in the bu~lding 

configuration 
• Estimate impact to project budget 
• Estimate impact to construction schedule 
• Availability of stand-alone utilities sources and space for storage 
• Availability of suppliers and testing facilities 

2. Detailed considerations 

Advantages and disadvantages of using the isolation system should be 
compared. Any comparison should not only compare fixed base structure vs. 
isolated structure. It needs to be recognized that the current Building Code 
in California requires different levels of design ground force for isolated 
buildings. Therefore. at least two fix~d base schemes should be considered 
for any study. One is a fixed base building designed to building code. The 
other is the same fixed base building designed to meet the isolation code 
proviSions, using generally higher ground motion. This difference should be 
recognized between fixed base and isolated structure. The following is a list 
of items to be addressed; 

Disadvantages of using base isolation; 

• Cost of additional site work including excavation of the pit, retaining 
wall around building, etc. and access for observing the isolators 

• Cost of implementing the isolation system including desiqn. procurement, 
test and construct~on 

• Cost of the first floor structure 
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• Cost of providing secure source of utilities such as water, power, and 
communications equipment, and flexible connections for continued operation 
of the building. 

• May have to modify the building configuration to eliminate excessive 
to'::"sion 

• Longer design time and additional coordination efforts 
• Longer plan check time b}' regulatory agencies 

Advantages of using base isolation: 

• Life-cycle cost savings considering that the building will experience an 
appropriate number of different level earthquakes during its expected life 
time 

• Bigher level protection of building, contents, occupants and the assurance 
of conti~ued operation of the building over its life after both maior and 
minor earthquakes 

• Cost of anch~~age and support of non-structural will be lower. 
• Lower superstructure framing cost 

The life-cycle cost analysis is the most important factor in the study and 
requires thorough understanding of building operation. 

3. Conclusions including life-cycle cost COmparisons and recommendations 

Finally, a conclusion should be made focusing on the life-cycle CObt 
comparisons. 

~l..an~.tioft Plan 

An implementation plan should also be part of the fensibility study. After 
the deciSion to use base isolation was made by the owner, the implen:ent.ation 
plan prov~des the elements and procedures to complete the project. This plan 
should include the following: 

• Determination of the design ground motion 
• Stat ic or dynamic analysis: Current building codes used in California 

allow static analysis for regularly shaped buildings 
• Selection of a special consultant with base isolat~on expertise and 

experience 
• Selection of a Peer Review Panel: 

Direct experience 
Xnowledge of various systems 
Xnowledge of owners obJective for the facility 
Communication skill 

• Selection of isolation system: 
Comparison of different systems: 

Stiffness 
Sensitivity to uncertainties aSSOCiated with the prediction of design 
ground motion 
Sensitivity to wind induced vibrat~on 
Sensitivity to ambient ground borne vertical vibration 
Past performance record of the proposee elastomeric compound or 
compounds 
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Past performance record of the fabricator 
Impact of base isolator stiffness on the design of superstructure 
Proprietary or gener~c system 

• Procurement process: 
Competitive bidding or single source procurement 

• Fabrication quality assurance 
Prototype test and Production test 

• Maintenance 
Test of selected bearings after major events 

• Instrumentat~on 

To gain information on base ~solator performance in earthquakes 

ADDI'l'IOIQU. COIfSIDDA'l'IOIfS 

P.rfo~ce expectation. 

The structural engineers should inform owners and architects about the 
potential consequences or hazards associated with many of the decisions they 
make, including their dependence on the Uniform Building Code (UBC) . Owners 
and architects should be informed that the UBC prov~sions for fixed base 
building is to protect the life safety of the occupants. The provisions for 
the base isolation design offer not only better life safety protection but 
protection of the loose contents of the buildings as well. Consequently base 
isolati~n will significantly increase the possibility of continuing operation 
of the buildings. Lessons learned from the 1994 Northridge earthquake 
revealed that most people underest imate the damage caused by earthquakes. 
Although many buildings did not suffer major structural damage, costs of 
clearing, business disruption, repairing, etc. far exceeded expectation. 

It was reported [Los Angeles Times, January 20, 1994] that ~2,600 hospital 
beds werp. lost in the recent Northridge earthquake, not because buildings 
collapsed, this happened also, but because of the ~melt downw of the 
mechanical/electrical systems: water mains burst, lines carrying oxygen into 
hospital broke, elevators went out along with power supplies, auxiliary 
generators failed, ... w There was also similar experience around San Francisco 
area after the 1~B9 Loma Prieta earthquake. 

Function is the most important reason for building a building. The 
architect should be educated about the philosophy of resistinq earthquake 
forces before he starts to design a buildinq. Only if the architect, the 
structural engineer, and the owner, working together as a team, re<!lching a 
consensus to reduce earthquake damage and preserve the ability of the building 
to function, can a facility reach its optimum performance. 

Building configuration is an important factor affecting the earthquake 
performance of a building. In the United States, structural engineers 
generally act as consultants to the architect, who is the primary consultant 
to the owner. Very often in the facility planning stage, the focus is on the 
functions and the rather subjective aesthetic aspect of the buildinq. The 
input of the structural consultant at this stage is limi.ted. Building 
configuration is qenerally determined before earthquake reSistance is 
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considered. The building configuration is very important to base isolated 
buildings because it significant 1y affects the performance of the building 
during earthquakes. 

Ron-atructural el-.nta 

These are parts of the building that receive their support from the 
structure and are attached to the structure. The exterior skin of the 
building. windows, parapets. elevators, certal.n stairs. the space dividing 
interior partition walls, suspended ceilings, mechanical and electrical 
equipment. ventilating pipes, ducts and wiring. etc. 

In convent- lnal design/construction practice, structural engineers focus 
more on the performance of the structural systems, and less on non-structural 
elements. In the US, structural engineers input to the arrangement and 
support of non-structural elements is limited. In addition, many anchorage 
and support systems for non-structural elements are only outlined on the 
design drawings and are spec1fied as design/supply/constructio~ packages to be 
furnished by the contractor. Because most construction projects require 
competitive bidding, the design architect/engineer cannot possibly provide 
details of installation for all bidders who provide different type equipment 
or systems. Therefore, it should be required that the construction inspection 
of all non-structural elements be performed by professionals knowledgeable 
about seismic resistant design. 

Gue •• tiJlate of deaign .arthquAke force 

1. Uncertainty in ground motion assessment: 

Ground motion design crit.erion 15 one of the most important factors and 
controversial issue in base lsolation design. 

Current state-of-art ground motion determination is using the probabilistic 
method rather than the deterministic method. Whether one method provides 
better data than the other is beyond the purpose of this paper. Cons1dering 
the relatively short history of this branch of science and the few facts we 
know about earthquakes, it is important to understand the degree of 
uncertainty associated with ground mot1on prediction. It should be realized 
that although the methodology used in either method is scientific. tl.e input 
could be highly speculative. Therefore, the structural eng1neering profession 
should use its judgment in utilizing these data for design applications. 

2. Analysis procedures: 

The current Building Code requires time history analysis for the design of 
base isolated buildings. The analytical process is very time consuming to say 
the least. Consider~ng the high uncertainty of the given ground motion, we 
question if such procedure, that provides more precisl.on than accuracy, is 
justified. Any simplification of the analYSis procedure, taking into account 
the uncertainty of the ground motion assessment, will encourage more engineers 
and owners to consider base isolation technology. 

It was recently revealed that tHere are many previously unknown hidden 
thrust faults underneath the Los Angles area. These hidden faults are capable 
of generating higher earthquake forces than previously predicted. Previous 
seismic research focused on slip-strike faults that could be identified with 
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surface ruptures. It wa5 5uggested that a uniform response spectrum be 
prepared for areas such as the San Fernando valley and the Los Angele5 basin. 
Such a spectrum could be a useful tool for evaluating survivabillty and 
potential damage level of existing build~ngs at different locations. It could 
also be used as the ba515 for the planning of an upgrading program for 
eXlst~ng buildings. 

CONCLUSIONS 

Se15mic isolation technology offers much higher degree of earthquake 
protection than conventlonal fixed base bUlldinqs. As many building owner:;; 
now demanding higher level of protection, the technology will gain more 
strength in the future. More tests will establish additional confidence and 
may Simplify the de5ign and selection process. 
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Testing of Natural Rubber Isolation Bearings for UNIDO Demonstration 
Building at Shantou City, P.R. China 

James M. Kelly 
Professor of Civil Engineering 

Earthquake Engineering Research Center 
University of California at Berkeley 

Berkeley. California 

SUMMARY 

An eight-story housing block has been built in Shantou City, Guangdong Province, P.R. China 
using a natural rubber multi-layer isolation system. The purpose of this project is to demonstrate 
the application of this technology to public housing in developing countries. A number of such 
demonstration buildings are completed or under construction around the world using this innova­
tive seismic-resistant design approach. The design and testing of the isolators for this project were 
carried out with partial support from the United Nations Industrial Development Organization. 
This paper describes in detail the types of elastomeric bearings used to isolate the demonstration 
building in Shantou City and the test series conducted at the Earthquake Engineering Research 
Center of the University of California at Berkeley to determine the characteristics of these elaste­
meric bearings. 

INTRODUCTION 

The application of base isolation technology to aeate earthquake-resistant structures is a radi­
eal departure from the traditional approaches used by structural engineers. In conventional fixed­
base design, strengthening a structural system to provide superior seismic performance leads to a 
stiffer structure which attracts more force to Ihe structure and its contents; a fixed-base building 
tends to amplify the ground motion. To minimize this amplification. the structural system must 
either be extremely rigid or incorporate high levels of damping. At best, rigidity leads to the con­
tents of the building experiencing the ground accelerations which still may be too high for sensi­
tive internal equipment and contents. Incorporating high levels of damping in a structural system 
means either damage to the system in the event of a major earthquake or designing an expensive 
structural form to mitigate this damage. 

When a building is built on an isolation system. it should have a fundamental frequency that is 
lower than both its fixed-base frequency and the dominant frequencies of the ground motion. The 
first mode of the isolated structure then involves defcnnation only in the isolation system, the 
structure above being almost rigid. The higher modes which produce deformation in the structure 
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One demonstration project under !his program is a base-isolated apartment dwelling in Shan­
tou City, Guangdong Province. P.R. China. Completed in 1994. this building is the first rubber 
base-isolated building in China. The purpose of this report is to evaluate the mechanical proper­
ties of the high-damping natural rubber bearings used in this project. 

DEMONSTRATION PROJECT IN SHANTOU, CITY, P.R. CHINA 

The UNIDO demonstration project in P.R. China involves the construction of two eight-story 
housing blocks in Guangdong Province, an earthquake-prone area of southern China. Two identi­
cal and adjacent buildings were built in the coastal city of Shantou, formerly called Swatou. One 
building is of conventional fixed-base construction and the other is base-isolated using high­
damping natural rubber isolators. The design, testing and manufacture of the isolators was funded 
by MRPRA from a grant provided by UNIDO. The demonstration project is a joint effort by 
MRPRA, EERC and Nanyang University, Singapore. 

The demonstration building is the first building in China to use elastomeric bearings and is 
intended to be an example of this new method of earthquake-resistant design. The success of this 
project is crucial for the widespread use of base isolation technology in developing countries. 
Because there is a large demand for housing in highly seismic regions of China. this project aims 
to provide safe and affordable housing. 

The design of the fixed-base building complied with the current Chinese earthquake-resistant 
design codes. According to this code. the Standard Design Earthquake (SOE) is an earthquake 
with a 10% probability of being exceeded in 50 years, and the performance of the building should 
be evaluated for what is equivalent to a Maximum Capable Earthquake (MCE) defined as the 
standard earthquake scaled by a factor of 2, representing 2'1D probability of being exceeded in 50 
years. 

The isolation system for the building was designed to have a damping ratio of 10% with a 
periro of 2.0 sec. which differs significantly from the 0.5 sec fundamental period of the fixed-base 
frame structure. Under the SOB. the superstructure has to remain elastic and the resulting dis­
placement is 120 mm (4.72 in). Under the MCE. the building should perform without failure and 
the resulting maximum displacement is 240 mm (9.45 in). See Ref. [2] for details. 

The eight-story reinforced concrete building structure is supported by 22 columns with a plan 
dimension of 29 m x 16 m (88.4 ft x 48.8 ft). According to the column load distribution, one set of 
bearinp supports a mean column load of 954 leN (214 kips) and another set ofbearinp carries a 
mean column load of 1490 leN (335 kips). The two types of bearings are designed to have the 
same dimensions; this is achieved by using two different rubber compounds with different shear 
moduli. One bearing is located under each column, except for the heaviest column which is sup­
ported by two bearings comprised of the softer compound. The connection between the bearing 
and the structure is done using recess plates. A 20 mm- (0.79 in.) thick plate with a hole the diam­
eter of the bearing is bolted to the foundation plate and the bearing sits within this hole. There is 
an identical recess plate with the same configuration at the top of the bearing. 
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SHANTOU/HUME TEST BEARINGS 

The bearings used in the demonstration building in Shantou are comprised of two different 
types of rubber compound; type I is a soft compound and type n is a hard compound. The two dif­
ferent types of bearings have the same dimensions but different properties in order to be able to 
accommodate the variation of the column loads. These high-damping natural rubber compounds 
were developed by MRPRA for this project and are filled with carbon black, thus they have a sig­
nificantly lower shear modulus, yet retain the lost factor and the elongation to break. The high­
damping characteristics of the rubber resulted in low-cost, lighter and more stable bearings. even 
under low vertical pressure. 

The type I bearings are made of a soft compound with 0.50 MPa (72.52 psi) shear modulus at 
100% strain. while the type II bearings are made of a hard compound with 0.79 MPa (114.58 psi) 
shear modulus at 100% strain. The bearings are circular with a shape factor, S = +/4(, where + is 
the diameter of the bearing and t is the thickness of individual rubber layer. Here S=1O is kept 
moderate so that the vertical frequencies of the bearings are low 

The dimensions of the test bearings. which were manufactured by Hume Industries of Kuala 
Lumpur, Malaysia under the supervision of Dr. C.T. Loo to MRPRA specifications, are shown in 
Fig. 1. The bearings consist of 8 layers of 15 mm- (0.59 in.) thick rubber with 7 steel shims, 3 
mm- (0.12 in.) thick. There are two end plates, 20 mm- (0.79 in.) thick, whbh are covered with a 
layer of 4.5 mm- (0.18 in.) thick rubber for a total height of 190 mm (7.48 in). The shim diameter 
is 580 mm (22.83 in.) and there is a 10 mm (0.39 in.) of vertical cover for a total diameter of 600 
mm (23.62 in.). There is a concentric guide pin, 50 mm (1.97 in.) in diameter, which was used as 
an aid in manufacturing the bearings and which was removed and the hole sealed later with the 
same rubber as in the rest of the bearing. 

The connection between the bearings and the structure is shown in Fig. 1. lWo recess plates 
were used to restrain the slip between the bearuigs and the structure. The recessed steel plates are 
762 sq. mm (30 sq. in.), and 20 mm- (0.79 in.) thick, and were attached to the structure by eight 
bolts, 25.4 mm (1 in.) in diameter. The gap between the recess plates and the bearing was 3 mm 
(0.12 in.). During the experiment the recess plates were split into two, however, in the actual 
structure the recess plates were not split. 

TEST FACllXI'IES 

The testing program was carried out on a bearing test machine at the Earthquake Simulator 
Laboratory at EERC and is described as follows. 

aearin, Test Machine 

The bearing test machine is shown in Fig. 2. The test machine is capable of subjecting four 
bearings to simultaneous vertical and horizontal dynamic loading. The test machine is mounted 
on an elevated concrete base block and consists of three main parts: a base platen that supports 
two vertical actuators. a middle part that houses the horizontal actuators, and the upper loading 
beam that distributes the load from the: vertical actuators to the bearings. 
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Two test bearings (soft and. hard) w~e placed between the horizontal actuator housings and 
the base platen and the other two bearings (soft and hard) were placed between the horizontal 
actuator housings and the upper loading beam. Each bearing type was placed on one side of the 
testing machine, one above the other. During testing, the bearings were loaded to the required ver­
tical load and then the testing machine was locked so that when one type of bearings was tested 
horizontally. the other set of bearings only carried axial load. Under this configuration. each hori­
zontal actuator developed a maximum dynamic load of 667 kN (150 kips) in extension and 534 
kN (120 kips) in retraction. The maximum displacement was ±477 mm (18 in.) (i.e., 914 mm (36 
in.)/ stroke). The servo-valve on the horizontal actuator has a capacity of 5 gpm for loads l~ss than 
178 kN (40 kips) and 3 gpm for higher load levels. 

The vertical load was applied through the upper loading beam which distributed the forces 
from the vertical actuators to the test bearings. Each vertical actuator, including the weight of the 
upper loading beam. has a maximum capacity of 3180 kN (715 kips) in compression and 4195 kN 
(943 kips) in tension. The servo-valve on the vertical actuator has a capacity of 25 gpm. The 
spaces to accommodate the test bearings can be lifted up to 508 mm (20 in.). The size of the ped­
estal plate is 965 mm (38 in.) square. 

Instrumentation 

A total of fourteen channels of data were recorded for the HumclShantou bearing tests using 
the double-bearirtg test configuration. Table 1 shows the list of the channels used in the experi­
ment. The loads applied by the hydraulic actuators were measured by pre-calibrated load cells. 
and linear potentiometers were used to measure the corresponding displacements. 

The compression load on the bearings was calculated by averaging the measured forces from 
two vertical actuators. It was assumed that both bearings (top and bottom) were under the same 
vertical load. The vertical actuators were under force control in order to keep a constant vertical 
load test independent of the displacement of the horizontal actuators. The differential displace­
ment between the two vertical actuators was maintained at zero. 

It was assumed that the top and bottom bearings would perfonn identically. thus the horizontal 
force was the average of the measured forces. and the differential displacement between the two 
horizontal actuators was maintained at zero. In general. to apply constant vertical loads to the test 
bearings. the horizontal actuators are under displacement control. Four direct current differential 
transfonners (DCDTs) were used to measure the vertical displacement of d'le top bearing at the 
level of the upper loading beam to ensure that the loading beam was kept horizontal. One lineae 
potentiometer. used as a back-up infonnation channel. was located at the back of the horizontal 
actuator. One extra channel was used to register time. 

Data ACQl1isition and Control System 

The Automatic Testing System (ATS) software package was used for data acquisition and con­
trol of the actuators. The software runs on a personal computer under Microsoft window environ­
ment. The software can control simultaneously up to four actuators and record sixteen channels of 
data with the additional capability of channel calibration and real-time display of the data. A spe­
cial module in the ATS was developed for conducting this bearing test to control twe, independent 



vertical actuators and horizontal actuators. The sampling rate of the data was 200 data/sec. 

TEST PROGRAM 

Horizontal Testa 

Bach pair of two.arings was subjected to an identical test program but with different levels of 
vertical pressure. T",·,) sequences of horizontal displac:ement cycles were imposed on each pair of 
bearings. Each sequence included three cycles of displacement at each level of strain as follows: 

Sequence 1: ±5%. ±25%. ±50%. ±75%. ±100%. ±150% 

Sequence 2: ±200%. ±250% 

Sequence I was repeated under the nominal vertical pressure. The second round of Sequence 1 
was done immediately after the end of the first round of Sequence 1. Sequence 2 was carried out 
when the bearings were checked to insure that the two test programs of Sequence 1 had been com­
pleted without damage to the bearings. The constant velocity tests were carried out at the rate of 5 
mm (0.2 in.)/sec. 

Roll-Out Tests 

After the dynamic test sequence was completed. the soft compound bearing was loaded mono­
tonically at the same rate of S mm (0.2 in.)/sec to roll-out. Roll-out was assumed to be reached 
when the contact area between the bearing and the structure was less than 50% of the total areh of 
the bearing. At this stage. the test was stopped even though the bearing did not lost its capability 
to carry more load. The complete test program is shown in Tables 2 and 3. 

TEST RESULTS 

D.ynamic P£owlies in Horizontal Sbear 

The effective stiffness and the equivalent viscous damping are the characteristics of most inter­
est to be determined from the dynamic tests. The effective stiffness was computed from the secant 
measured from peak-ta-peak in each hysteresis loop. The equivalent viscous damping was com­
puted using the formula in Ref. [3]. 

The strain at the design earthquake level was specified to be 100%. The effective stiffness for 
the soft compound type I bearing under the design pressure was 87% of the nominal value for the 
first cycle. and reached 83% at the third cycle. However. at 100% strain level, the effective stiff­
ness for the hard compound type II bearing was 116% of the nominal value and reached 110% at 
the third cycle. The combination of the variation of the effective stitInesl!: of both compounds 
maintained the nominal horizontal natural frequency at 0.55 Hz.). 

The horizontal force-displacement hysteresis loops for type I bearing with two vertical pres­
sures are plotted for 5.64 MPa (818 psi) and 0.69 MPa (100 psi) in Figs. 3 and 4. respectively. The 
horizontal fortc-displacement hysteresis bop for the type II bearing with 5.64 MPa (818 psi) ver­
tical pressure is shown in Fig. 5. As the strain increased. the hysteresis loops changed from being 
quite elliptical to being elongated with parallel sides and strong hardening. However. the strong 
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hardening only occurred when the pressure was large enough to keep the bearing in place to pro­
hibit any occurrence of up-lift. 

The damping factor at the nominal vertical pressure and at the nominal design strain level of 
100% was 7.5% for the type I bearing and 10% for the type n bearing. This is comparable with 
the nominal design damping factor of 10%. These damping factors decreased slightly in the 
higher strain levels up to the strain hardening strain level. The damping factors quoted are based 
on modeling the bearings as elastic and linear viscous clements. This model predicts that the 
energy dissipation is quadratic in displacement (see Ref. [3]) and that the effective stiffness is 
independent of the displacement. However. as shown in Figs. 6 and 7. the energy dissipation is 
not quadrabc but varies roughly as displacement to the power 1.65. while the effective stiffness 
increases at the higher strains; both factors act to reduce the damping factor. The most important 
aspect of the bearing behavior is that the energy dissipation continues to increase for the higher 
levels of strain for type I bearing and for type n bearing. The hardening of the elastomers would 
eliminate the possibility of resonance response. 

Since the effective stiffness of the type I bearing is lower than the nominal value. the effective 
shear modulus derived from the effective shear stiffness was 93% of the nominal value. However. 
the effective shear modulus for the type D bearing was 124% of the nominal value. Thus the 
effective shear m-:.dulus decreased for higher strain levels until strain hardening occurred when 
the strain level WC::llt beyond 200%. 

Influence of Axial Pressure on the Dynamic Properties 

The nominal pressure on the bearings used for the Shantou demonstration building was 3.61 
MPa (524 psi) for the type I bearings and 5.64 MPa (818 psi) for the type n bearings. The average 
pressure generally used for the elastomeric bearings are in the range of 5 to 7 MPa (700 to 1000 
psi). The bearings have a moderate shape factor of 10 and a low height-to-width ratio of 0.2 so 
that the stability and the dynamic properties would not be sensitive to vertical load. 

The dynamic tests for the type I bearings were carried out at four levels of vertical pressure, 
0.69,3.61. 7.23 and 10.98 MPa (100. 524. 1048 and 1572 psi). The tests for the type D bearings 
were carried out at three levels of vertical pressure, 0.69, 5.64 and 10.34 MPa (100, 818 and 1500 
psi). The bearing stiffness at the various peak strains were computed using peak-to-peak measure­
ments in the resulting hysteresis loops. The stiffnesses are shown in Fig. 6 for the type I bearings. 
and in Fig. 7 for the type n bearings. 1be stiffnesses of the type I bearings for a strain less than 
150% with 0.69 MPa (100 psi) vertical pressure and pre-maximum displacement test with nomi­
nal vertical pressure are higher, but the effect is small and it can be ignored; above 150% strain the 
effect of the pressure is very small. The stiffnesses of the type n bearings are almost constant fO(' 
the various pressures. 

The pressure has a very definite effect on the damping. The enclosed area of the hysteresis 
loops fO(' fixed-strain increases with increasing pressure leading to higher damping factors. The 
damping factors fO(' each pressure level and each peak strain level are computed using the formula 
developed in Ref. [3] and are shown in Fig. 6 for the type I bearing and in Pig. 7 fO(' the type D 
bearing. The damping factors for the type I bearing vary very little if the pressure is at nominal 
value or less. However, if the pressure is double or triple the nominal value, the damping factor 
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increases by SO% to 100% for all strain ranges. The type n bearings, in general, had higher damp­
ing factors; the damping factor also increased under higher pressure and varied very little over the 
strain range of 100% to 200%. The fact that the damping factor varied in the range from 7% to 
12% for the soft compound and from 10% to 12% for the hard compound for the strain up to 
200% would encourage the production and the use of high-damping natural rubber to isolate 
structures. 

Roll-Out Test Results 

The connection between the bearing and the structure was done by using recess plates. Roll­
out is defined when the contact area between bearing and the structure becomes less than half of 
the area of the bearing, even though the horizontal shear stiffness remains positive. 

Roll-out tests for the type I compound were carried out at a nominal pressure of 3.61 MPa (524 
psi). The test was stopped at a strain level of 368% (17.4 in.). At this stage. the horizontal force 
was 523 kN (128.7 kips) and the tangent stiffness was positive, namely, the bearing was still capa­
ble of carrying additional loading. At an axial pressure of 0.17 MPa (25 psi), the test was stopped 
at a strain level of 182% (8.6 in.); the horizontal force was 136 kN (30.5 kips) and the tangent 
stiffness was also positive. The shear force-displacement path was independent of the axial pres­
sure, as shown in Fig. 8, where shear force-displacement curves from both roll-out tests were plot­
ted using the same scale. It is expected that the bearing will exhibit similar behavior in a structure. 

Roll-out tests for the type n hard compound could not be carried out because at small axial 
pressure, i.e., 0.69 MPa (100 psi). the bearing started to experience up-lift and at a nominal pres­
sure of 818 psi (5.64 MPa). the machine force capacity of 667 kN (150 kips) shear force was only 
enough to bring the strain level to 220%. 

CONCLUSIONS 

The test results indicate that the isolators have a very large inherent margin of safety and have 
been conservatively designed and reliably manufactured by Hume-Malaysia. The result- attest to 
the high quality of both the design and manufacturing processes. 

The best estimate of the maximum displacement demand on the isolators under Maximum 
Capable Earthquake loading is 240 mm (9.45 in.) or 20<Yfo strain. The tests have shown that the 
soft compound isolators can reach displacements of 440 mm (17.4 in.) corresponding to 368% 
shear strain. The hard compound isolators were tested to a displacement of 264 mm (10.4 in.) and 
220% shear strain. These are the displacements at the maximum capacity of the test mllC'~:ine and 
there is good reason to assume that the maximum strain can be larger than this. The design of the 
isolator is such that the width-to-height ratio is very large and buckling for such isolators, even at 
large horizontal shear, is not important. Roll-out is also unlikely to be significant for these large 
ftat isolators since roll-out would require a large increase in the gap between the top and bottom 
connection plates, which while possible in the test machine, is highly unlikely in the actual build­
ing. 

The fest results show that the horizontal stiffness of the isolators is unaffected by the level of 
vertical load. but the damping can be substantially increased by increasing the vertical load. 



At strains that exceed the design level strains. the ela~tomer exhibits a strain hardening effect 
This will have the effect of reducing the displacements if an earthquake of unanticipated level 
occurs. At the highest level of cyclic shear strain. the maximum shear stres~ for the soft com­
pound is 1.41 MPa (205 psi) and for the hard compound is 2.55 MPa (370 psi). The design pres­
sure of the soft compound bearings is 3.61 MPa (524 psi) and for the hard compound is 5.64 MPa 
(818 psi). The ratio of these maximum shear stresses to t~e design pressures are 0.39 for the soft 
compound and 0.45 for the hard compound. In a beyond-design-basis earthquake. these would 
represent the base shear to which the superstructure would be subjected. The type of superstruc­
ture used for this building is such that significant yielding would be expected in the lateral force 
resisting system at these levels of base shear. or. a softening of the system. increasing the energy 
dissipation in the frame and increasing the period of the superstrucrure. Consequently, the super­
structure will absorb a larger fraction of the overall displacement than it would if it remained elas­
tic and stiff. This will reduce the displacement demand on the bearings. assuring that in the case 
of an earthquake of unanticipated magnitude. the bearings will not be the weak link in the overall 
structural system. 
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Table 1: Channels used in Hume-Shantou Bearing Tests 

ChaDMi Name V.its Raarks 

1 TIME Seccads 

2 HDISPI lDclJes wire poIentiameter 

3 HDISP2 IDcbes wire pocentiameter 

4 HLOADI Kips load cell 

5 HLOAD2 Kips load cell 

6 Vl.DISP IDches wire pocentiometer 

7 V2.DISP IDcbes wire poteDtiometer 

8 VI.LOAD Kips loadceU 

9 V2.LOAD Kips loadceU 

10 dcdtvSE IDches IXDT 

Jl dcdtvSW 1Dcbes IXDT 

12 dcdtvNE 1Dcbes IXDT 

13 dcdtvNW IDcbes IXDT 

14 Baclwpwp 1Dcbes wire potentiometer 
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Table 2: Soft (Type I) Pair Bearing Test Sequence 

Axial Test 
Test Test Pressure VeIoclt.Y Duration 

Filename Type Name (psi) (in/sec.) (min.) Remarks 
940124.01 pre-MD saw550 524 0.20 5 5.25.50% strain 
940124.02 pre-MD saw 75 524 0.20 5 75% shear strain 
940124.03 pre·MD slwlOO 524 0.20 6 100% shear strain 
940124.04 pre-MD slw150 524 0.20 85 150% shear strain 
f--~~~ ~~---- --~- -------- -- -- --~ 1-- -------

940124.05 post-MD sIw550 524 0.20 5 5.25.50% strain 
940124.06 post-MD saw 75 524 0.20 5 75% shear strain 
940124.07 post-MD slwlOO 524 0.20 6 100% shear strain 
940124.08 post-MD sIwI50 524 0.20 8.5 lSOOk shear strain 

~~-~--~ -~-~-- --~----- f---~-~ ------ ~ - - --~ ~~~--~-.-

940125.01 Horiz. 5Iw550 100 0.20 S 5.25.50% strain 
940125.02 Horiz. saw 75 100 0.20 5 75% shear strain 
940125.03 Horiz. slwlOO 100 0.20 6 100% shear strain 
940125.04 Hmz. sIwI50 100 0.20 8.5 150% shear strain 
~~~-~~-- - -- f--- - --~--

940125.05 Horiz. saw550 1048 0.20 5 5.25.50% strain 
940125.06 Horiz. saw7S ItJ48 0.20 5 75% shear strain 
940125.07 Horiz. saw 100 1048 0.20 6 100% shear strain 
940125.08 Horiz. saw 150 1048 0.20 8.5 150% shear strain 

- - -------1----- ---- -- -~ '----------
940125.09 Horiz. saw5SO 1572 0.20 5 5.25.50% strain 
940125.10 Horiz. saw 75 1572 0.20 S 75% shear strain 
940125.11 Horiz. sawloo 1572 0.20 6 100% shear straiD 
940125.12 Horiz. sawlSO 1572 0.20 85 150% sbear strain 

-~ 

940125.13 Horiz. saw200 818 0.20 11 200% shear strain 
940125.14 Horiz. saw2S0 818 0.20 13.5 ~"strain 
940125.15 Horiz. saw200 100 0.20 11 200% sbear strain 
940125.16 Horiz. uw250 100 0.20 13.5 ~ sbear slrain 
940125.17 Horiz. uw200 1048 0.20 II 200% sbear strain 
940125.18 Horiz. uw250 1')48 0.20 13.5 ~ shear strain 
940125.19 Horiz. uw200 1572 0.20 11 200% shear strain 
940125.20 Horiz. uw250 1572 0.20 13.5 ~ sbeR slrain 

f---

940125.21 Horiz. saw250 80 0.20 13.5 ~ sbear straiD 
940125.22 ·'Roll-out" mODfail 524 0.20 1.7 ~ sbear s!rain 
940127.01 "Roll-out" mODfail 25 0.20 l.i 182'" sbear strain 
940127.02 Horiz. sawlSO 524 0.20 13.5 150% sbear IIrIiD 



Ydenamr 
940114.01 

940114.02 

940114.03 

940114.04 
------

940114.05 

940114.06 

940114.07 

940 114.<lI 
r-

940114.09 

940114.10 

940114.11 
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Table 3: Hard (Type In Pair Bearing Test Sequence 

1at 
Type 

pre-MD 

pre-MD 

pre-MD 

pre-MD 

post-MD 

post-MD 

post.Ml) 

post·~ 
---

Honz. 

Horiz. 

Horiz. 

Axial 'Iftt 
1St Pressure Vdodty Duration 

Name (PSi) (ialsec.) (min.) Remarb 

saw5SO 818 0.20 5 5.25.50% strain 

saw 75 818 0.20 5 75% shear strain 

saw 100 818 020 6 100% shear strain 

sawlSO 81S 020 8.5 150% sbeu strain 
f--------+----+------- ----------+---------1 

saw5SO 818 020 5 5.25.50% strain 

saw 75 81S 0.20 5 75% shear strain 

saw 100 818 0.20 6 100% sbeu strain 

saw ISO 81S 0.20 8.5 150% shear strain 
-~---:--+-----~-~--,---:--:---+-~- -----+-------'-

saw550 100 0.20 5 5.25.50% strain 

saw 75 100 0.20 5 

saw 100 100 0.20 6 

75% shear strain 

100% shear strain 

940114.12 Horiz saw 150 100 0.20 8.5 150% shear strain 
- ----f-- ------ir--------I 

94011801 Horiz. Slw5SO 1500 020 5 5.25.50% strain 

94011s.;J Horiz. SlW 75 1500 0.20 5 75% shear strain 
940118.03 Horiz. Slwloo 1500 020 6 100% shear strain 

~1~.04 _Horiz. __ L- SI",150_ ~~_ 0.20 8.5 15O%shearstrain 

940118.05 Horiz. Slw200 8:8 0.20 11 200% shear strain 

: ~120.0IIJt~~J _-~a~250 -C_8-f~ J-Q20r-13:r~ 250% Sbear strain __ 

940120.02 Horiz. Slw200 100 0.20 11 200% shear strain 

r~h~-:~~t~:~-~~- =-~~~5~ -=~-~-
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Figure 5: Hysteresis Loops at llO% Shear Strain 
(Peak Load Limited) for Hard Com­
pound Bearing at 818 psi 
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SUMMARY 

Seismic isolation of nuclear and non-nuclear indus~rial facilities 
in the U. S. is sununarized in the paper. The U. S. Advanced Liquid 
Metal Reactor (ALMR) uses seismic isolation to facilitate plant 
standardization and to enhance seismic safety. Recent developments 
in the ALMR seismic isolation qualification program are sununarized. 
Seismic isolation of individual components is very beneficial in 
situations where existing components and their supports have to be 
requalified for higher seismic loads. By using seismic isolation, it 
may be possible to avoid expensive retrofitting of the supporting 
facility and the foundation. Such an example is the isolation of 
solid rocket motor segments at Vandenberg Air Force Base in 
California. In the design of large tanks, hydrodynamic loads can be 
substantially reduced by isolating the tanks resulting in 
simplifications in the tank design and its supports. 

INTRODUCTION 

It has long been recognized that power plant vessels, computers, 
sensitive equipment, and tanks typically found in industrial 
facilities are more vulnerable to earthquake damage than buildings. 
During the Northridge Earthquake there was significant damage 
attributed to failure of contents such as tanks and pipes. Seismic 
isolatior. is a practical approach for providing seismic protection 
for such systems and components. This is demonstrated in this paper 
by reviewing several examples of seismic isolation where the primary 
purpose of using isolation was the protection of components. 

SEISMIC ISOLATION OF ADVANCED NUCLEAR REACTORS 

Several countries have initiated programs to develop seismic 
isolation systems for nuclear applications [1] and [2]. In the U.S. 
the Department of Energy (DOE) sponsored Advanced Liquid Metal 
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Reactor (ALMR) has adopted seismic isolation to simplify the design, 
to enhance safety margins, and to support the development of a 
standardized design for the majority of the available u.s. reactor 
sites. The nuclear island is being designed for a safe shutdown 
earthquake (SSE) with a maximum horizontal and vertical acceleration 
(PGA) of O. 5g. Detailed seismic analyses of the ALMR have been 
performed and the results reported elsewhere [3]. The ALMR isolated 
structural configuration consists of a stiff rectangular steel-con­
crete box structure which supports the reactor vessel, the contain­
ment dome and the reactor vessel auxiliary cooling system stacks. 
The total isolated weight is about 23,000 tons and is supported on 66 
high damping rubber bearings, see Fig. 1. The horizontal isolation 
frequency is 0.7 Hz, ana the vert ieal frequency is greater than 20 
Hz. 

. -( 

Fig. 1. ALMR Seismic Isolation Bearing 

A qualification program for the ALMR seismic isolation system was 
established to demonstrate that all seis~ic design and safety 
requ~reme.1ts are met. The key categories ,'!re bearing tests, both 
scaled and full-size, bearing environmenLal tests, and seismic 
isolation system tests (4). To date a larg€ number of bearing tests 
have been performed and the results reported elsewhere [1]. 

A system test program was initiated in 1994. The earthquake 
simulator at the Earthquake Engineering Research center (EERC)of the 
University of California at Berkeley will be used. The model ',;ill be 
representative of the ALMR system layout and weight distribution, 
mounted on several 1/4 and 1/8 scale bearings (Fig. 2). The tests 
will verify the system response under various loading conditions, 
verify analysis tools, demonstrate that the system has sufficient 
margin beyond SSE, and evaluate system response post rupture of one 
or more bearings. 

TO validate the response for different level earthquakes two 
bearing sizes will be utilized. Performance level tests wi:" 1 be 
conducted to verify the ALMR response characteristics for a range of 
dynamiC loading conditions. The effects of coupling between 
horizontal and torsional components, and vertical and rocking 
components will be investigated at design level strains. OEcillators 
with frequencies corresponding to the scaled frequencies of 
significant components of the ALMR will be located on the isolated 
platform and also for comparison, directly on the shake table. Four 
1/4-scale isolators will be used for these tests. Margin tests will 
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follow the performance test using the same model this time supported 
on eight LIB-scale bearings. Smaller bearings will be used to 
achieve maximum displacements in the bearings consistent with the 
capability of the test facility. Bearing displacements near failure 
will be achieved. It is also considered to perform the tests with 
one or more pre-failed bearings if bearing failure cannot be induced 
on the table. 

prior to the shake table tests a large number of 114 and liS-scale 
bearings will be tested. These bearings are currently being procured 
from two different vendors. These tests will determine scaling 
effects, the mechanical characteristics of the bearings. their large­
strain response, and their failure modes. The true liS-scale 
bearings will have individual rubber layer thicknesses of about 1 mm. 
While these layers are very thin, such sizes are not unprecedented. 
Ishida [5J has reported on tests of l/lS-scale bearings with layer 
thicknesses as thir: as 0.6 mm. To determine the effects of true 
scaling of the rubber layers on the mechanical properties of the 
bearings and demonstrate that the properties are not influenced by 
the properties of the bonding agent when the layer thicknesses are 
very small an additional set of bearings will be procured and tested. 
These will be of the same size as the LIB-scale bearings. but will 
differ in the number of rubber layers and the indiv~dual layer 
thicknesses. However the total rubber thickness will be maintained. 

," ........... ----_ .. -_ ......... -.---- ... ----- --_ ....... -_ ..... __ ......... .. 

. , 
L_ .. _ ............... _ ........ _ ...................... ____ ... __ ._ • 

~ added mass 

..... ---- surJport structure 

... _-_ .... -_ .. -
~-- ... - ... ----- ~ added mass 

_ +-- plane of isolation 

~ 
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Fig. 2. ALMR Shake Table model 
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SEISMIC ISOLATION OF COMPONENTS 

The benefits of individual component isolation were recognized 
early on leading to the isolation of 230 kV circuit breakers in 
Southern California [6]. This preceded application of seismic 
isolation in buildings. This was followed by shake table tests at 
EERC, which clearly demonstrated the benefits of seismic isolation of 
large power plant components [7) as well as light secondary systems 
(8) . More recent applications of component isolation include the 
1500 tons Mark II Detector at the Stanford Linear Accelerator Center 
which is part of the Linear Collider isolated using four lead-rubber 
bearings [9]. Also Fragile art objects at The J. Paul Getty Museum 
in Malibu, California have been isolated using a sliding isolation 
device [10]. 

Rai&~d floor systems are widely used around the world in computer 
rooms anci clean room facilities. Most electrical or mechanical 
equipment are rigidly secured to the floor or are supported on wheels 
that are locked from movement. In Japan, it is now common practice 
to isolate raised floor systems. Several different systems have been 
developed and applied by major construction companies [11]. To date, 
isolated raised floor systems have not been implemented in the USA. 
A number of shake table tests have been performed on floor isolation 
systems developed by IBM at Stanford University [12] and at LERC 
[13]. In the latter tests, the isolation system consisted of 
elastomeric bearings with Teflon elements sliding on polished 
stainless steel plates. Restoring force was provided by a steel­
laminated elastomeric bearing. The tests demonstrated that the 
isolation system is effective in limiting forces transferred to 
equipment supported on the floor. 

Pacific Gas and Electric Company (PG&E) has investigated seismic 
isolaticn of non-safety-related equipment at the Diablo Canyon Plant 
in California. A situation arose in which it was necessary to 
provide a back-up emergency system in the event of a major 
malfunction of the main turbine generator exciter in the turbine 
building. The exciter is not a safety-related piece of equipment, 
but is needed for the electric power generation. One solution that 
was considered was the use of two existing mobile exciters which 
would be placed in the Turbine building to replace the malfunctioning 
exciter until it could be repaired and put back in service. The 
mobile exciters consist of transformers and switch gear mounted on a 
truck t~ailer, each weighing about 32 tons. PG&E needed to 
demonstrate that the mobile exciters could not fail during the 
design-basis earthquake in such a manner as to compromise other 
nearby sefety-related structures. Calculations showed that the 
exciters would exert large seismic reaction forces; as a result: (1) 
strengthening of the truck trailers and equipment anchorages would 
be required, (2) an excessively large mounting skid would be 
required, and (3) the number of foundation bolts would be excessive. 
These modifications were undesirable because it would lengthen the 
installation time of the mobile exciters, increasing the duration of 
a forced outage. An alternate approach using seismic isolation was 
developed in which four high-damping rubber bearings were used to 



support each trailer. 
bearings were procured. 
tested at EERC. 

C~I 

The l.solation frequency was 1.0 Hz. Eight 
A ninth additional bearing was extensively 

No specific design codes or regulations exist for seismic 
isolation of components. In general, most of the guidelines 
developed for seismic isolation of buildings are applicable. For 
most components, the isolated weight is relatively small, and only 
four isolators are used. This means that there is less redundancy in 
the design of the isolators requiring high quality isolators with 
minimum variation in properties. If the load per b.:!aring is less 
than 5 tons, it becomes impractical to use conventional elastomeric 
bearings, and other types of isolators have to be used. Another 
~mplementation difference is that components are not always supported 
at ground level. For these cases, it is necessary to modify the 
design earthquake to incorporate any building amplifications. 
Furthermore, the vertical component of the earthquake and the 
building floor flexibility should be accounted for in the design. 
Finally, the effect of moderate earthquakes should be considered in 
the design and selection of the isolation system used for equipment, 
even though it is not required ~y existing building codes. 

Seismic Isolation of Titan IV Solid Rocket Motor Upgrade Segments 

Another novel application of seismic isolation was the isolation 
of solid rocket motor upgrades (SRMU). SRMUs will help increase the 
payload of Titan IV launch vehicles (LV) to be used to send payloads 
into space from Vandenberg Air Force Base (VAFB), California. Each 
Titan LV consists of a liquid-fueled core vehicle, and two strap-on 
Each SRMU is divided into three segments: Aft, Center, and Forward, 
see Table 1. Before launch, the SRMU segments will be stored and 
checked in an existing facility near the launch site. This facility 
required modifications for SRMU handling. Because VAFB is located in 
a seismically active region, there was concern that personnel could 
be endangered due to movement or failure of SRMU segments during an 
earthquake. Several 

conventional design concepts to restrain the SRMU segments were 
evaluated, including cigidly attaching the bases of the segments to 
their foundations, and using existing steel access platform stands to 
provide lateral support for the SRMUs. It was concluded that the 
Forward segments, which are lighter than the other segments could be 
supported rigidly at the base without requiring major additional 
modifications to the supports. However, for the Aft and Center seg­
ments the implementation of rigid foundations would have required the 
excavation of the existing foundation slab and installation of new 
foundations underneath the ~egments' support stands. Use of existing 
steel access platforms to restrain the SRMU segments would have re­
quired considerable facility structural modifications. This would 
have imposed severe operational constraints due to the need to 
install and remove bracing during placement and removal of a segment 
from a stand. The above modifications would also have required an 
extended construction period and thus would not have been compatible 
with program objectives. Seismic isolation was therefore selected 
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for the Aft and Center Segments. This minimized the requirement for 
major modifications to the existing foundations and structures. 

Table 1 Properties of SRMU Segments 

Segment Type MaximUm Hei;,ht Weight Fixed-Base Frequency 
(m) (tons) (Hz) 

jAft (with Nozzle) 15.5 167 4.8 
iCenter 10.4 144 6.1 
Forward 5.2 67 25 

The site is relatively stiff, and consists of engineered fill 
underlain by sfiale with an average shear wave velocity of 730 m/s. A 
site specific spectrum was developed for this site which had a peak 
ground acceleration of 0.6 g. This spectrum is compared with the 
SEAOC/uBC spectrum for a Zone 4, Sl site in Fig. 3. No near-field 
effer:ts had to be considered. The SRMUs are supported at grade on 
foundations separated from the building founaation. The ground 
spectrum was used directly as input. The design was governed by the 
SEAOC spectrum and the static displacement formula. 

The SRMU segments to be housed in the processing facility may be 
located either in designated storage areas or moved to the build-Up 
areas where they are checked before assembly. Isolation bearings are 
used in both 3reas to isolate the Aft and Center segments indi­
vidually, since the total number of segments at any given time housed 
in t~e facility is not fixed. Each segment is supported on an 
isolated steel stand resting on four bearings. Additionally, the 
frame used to move the Aft and Center segments inside the facility 
(rotating fixture), will be parked on isolated concrete tables if 
processing requires that the segments remain on the rotating fixture 
for more than 24 hours. 

Four high damping rubber bearings were used to support each stand. 
To simplify the procurement, testing and installation of the 
bearings, it was decided that only 0ne size be used for all isolated 
SRMU configurations. The important deSign requirements were that the 
selected bearing type be effective in isolating moderate as well as 
large earthquakes and that it would have a self-centering capability. 
The majority of seismic isolators used in buildings in the USA have 
been designed with only the ~bign earthquake as an important design 
consideration. Usually, the effect of a moderate close-by earthquake 
is not considered since it does not control the design. The 
resulting isolation systems, whether they are high damping rubber 
bearings, or rubber bearings with hysteretic damping, tend to be 
stiff at low strains. Thus, during small or moderate earthquakes, 
buildings supported on these systems would not necessarily behave as 
isclated structures and the base response would be amplified by the 
structure. This has been observed and documented in a study of the 
measured response of isolated structures in the USA [14). 

Recent developments of new rubber compounds have made it possible 
to deSign isolators which are effective during moderate earthquakes 
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by selecting isolators with lower stiffness at small shear strains. 
For example, high damping elastomeric compounds with lower shear 
moduli have been developed. These compounds ar~ more appropriate for 
isolating components and buildings founded on soft sites where it is 
preferable to lengt.hen the isolation period from 2 to 3 [15). In 
Japan, a lead rubber bearing with a stepped plug has been developed 
and used for the same reason [16). Other efforts in the u. s. to 
develop high damping rubber bearings which are effective both for 
moderate earthquakes as well as large earthquakes are underway [17]. 
Shake table tests at EERC in which the same model was tested on 
elastomeric bearings with different moduli confirmed that the softer 
bearings were more effective in isolating lower level earthquakes 
[18) • 

For this project, a new softer high damping rubber compound was 
developed by the bearing manufacturer. The shear modulus and damping 
characteristics of this compound are comparpd with a more 
conventional compound in Figures 4 and 5. The use of this softer 
compound will insure better response during small earthquakes, at the 
same time results in a bearing conL.guration with a larger diameter 
to height ratio, enhancing stability during large earthquakes. 

The selected bearing design had a diameter of 38 cm, and a total 
height of 25.4 cm. The rubber stack consisted of 23 layers with a 
thickness of 6.4 mm. A total of 3 prototypes and 64 production 
bearings were made. The isolation frequencies were 0.52 Hz for the 
Aft segment and 0.56 Hz for the Center Segment at the design 
displacement. The bearings were bolted to the foundation and the 
SRMU support frame. The total maximum displacements for the Aft and 
Center segments were 22.4 cm and 20 cm resp0ctively. Fig. 6 shows a 
schematic of the isolated Center and Aft segments in the storage 
area. 
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SEISMIC ISOLATION OF TANKS 

Tanks have not performed well during recent earthquakes. Both 
conc~ete and steel tanks were seriously damaged during the 
Northridge Earthquake. One way to avoid damage to tanks is the 
strength approach, whereby the tank and its supports are designed 
such that yielding is minimized. Another approach is to use 
seismic isolation to considerably reduce hydrodynamic loads. 
Shake table tests were carried out at EERC which compared the 
response of isolated tanks versus fixed tanks (19). It was shown 
that seismic isolation drastically reduced impulsive dynamic 
pressure exerted by the fluid on the tank walls. It was also 
shown that even though sloshing frequencies were close to the 
isolation frequencies, the reduction in the impulsive componer:t 
was much more significant than the increase in convecti~e 
component. 

Seismic isolation has been and will be used to isolate various 
tank configurations. An emergency water tank at the DOW Chemical 
Company in Pittsburg, California and an ammonia storage tank in 
Calvert City, Kentucky were isolated using FPS isolators (20). 
Calculations have shown that the seismic forces are reduced by 60 
percent during a severe earthquake. More recently, Cygna 
Consulting Engineers have developed designs to seismically 
upgrade large elevated water tanks in Seattle, Washington using 
high damping rubber isolators (21). The tanks have a 3.78 
million liter capacity. The isolation bearings will be placed at 
the foot of the existing column underneath an annular concrete 
base slab tying the base of the superstructure. TwentY-'one 
isolators will be used. Dynamic analysis results showed that the 
interstory drift and base shear in the tanks were reduced by 2 
and 3 times. A cost analysis was also performed showing that 
seismic isolation was 62 percent less costly than conventional 
upgrading. 
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Another type of tank with increasing applications around the world 
is used for storing Liquefied Natural Gas (LNG). These tanks are 
very large and have capacities around 150,000 m~. These tanks pause 
a great risk :r they fail during aD earthquake. A review of LNG 
projects which may be isolated was given in [22]. The results of a 
study to determine the benefits of iso!ating large LNG tanks are 
summarized below. The tankb consi~ted of a free-standing steel tank 
which contained the LNG, insulation, and a concrete tank encasing and 
protecting the inner tank. The inner tank wall was supported by a 
concrete ring beam that slid to relieve thermal stresses. The tank 
outside diameter is approximately 58 m and is about 43 m high. A 
schematic of the tank is shown in Fig. 7. The total weight of the 
tank when full was about 67,000 tons. Both inner and outer tanks 
were supported on a common concrete mat. Usually, such tanks are 
supported by a group of closely spaced short columns to allow air to 
circulate beneath the tanks. Seismic isolators were placed between 
the column tops and the tank-base to reduce seismic loads on the 
tank, and to relieve horizontal loads on the co~~~s resulting from 
thermal contraction of the base slab. 
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Fig. 7. Schematic of Isolated LNG Tank 

The tanks were modeled using a lumped mass stick model. 
Hydrodynamic effect~ were represented using Housner's analog [23). 
The isolators were represented as equivalent springs. A damping of 10 
percent was assumed for the iso:ators. Soil-structure interaction 
effects were represented as equivalent springs and dampers attached 
to the lower foundation. Soil damping (radiation damping) was 
limited to 20 percent. Composite modal damping was computed by the 
strain energy approach. The design earthquake was represented as a 
Newmark-Hall response spectrum scaled to a peak horizontal ground 
acceleration of 0.2 g. The horizontal input was scaled by 2/3 in the 
vertical direction. The isolation freq~ency was selected as 0.45 Hz. 
The maximum horizontal displacement was computed to be 11.7 cm. The 
overturning moments (M), shear forces ~V), and axial forces (P) at 
the base of the two tanks are GLlmmarized in Table 2. 

The benefits of isolating the tank can be clearly seen in the 
table above. For example, the overturning moment and base shear at 
the base of the steel tank are reduced by more than six folds. An 
important observation is that the lateral response is insensitive to 
SSI effects. In general, when evaluating the response of isolated 
structures on most sites, 55! effects can be neglected or simply 
represented by springs and dampers. This is one of the benefits of 
using seismic isolation; making it unnecessary to perform elaborate 
55I analyses normally required for most critical structures, Since 
the tank is not isolated in the vertical direction, SSI effects can 
be important and should be considered. As can be seen in the above 
table, the axial loads are higher when 55I effects are included due 
to a dominant vertical foundation mode. 
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7abl€ 2 3u~,ary of Tank Se~smic Respcnse 

Cilse Concretc- Tank Steel Tank 
M \" P M V P 

r~on-m) (ton) (ton) (ton-m) (ton) (ton) 
No lsoiatl.on, No SSI 220,050 :!" • 900 10,100 196,925 4":,100 650 
No Isolatl.on, Ihth 5S! 188,650 1"',900 11,000 20~,150 48,10, ":,000 
Wlth Isolatl.on, No SSt 34,350 4.600 l:,OOD 30,-:lO -;,600 2,~00 

Wnh ISslatlon, WHh 55l 35,100 4,600 11,400 30,64 J "7,600 1,-00 •• 
Ar. important aspect of the inne:r tank desl.gn is to avoid tne use 

of ancho~ straps to minimize the welded dttachre~nts to the cryogenic 
steel. The mechanism of tJ.nk uplift is complex and not comFletely 
understood. To describe it fully. the eff~cts of large displa:ements 
yielding of the base plate, merrbra:-.e forc(;s in tile base, phdSE; 

relationship between the horizcatal and vertical components and the 
effect of these parameters on the period of the sy;"tem need to be 
cons.:.dered. To simplify the uplift evaluation, t.he recommendations 
of the Arr,erican Petroleum lnstit-ute 1241 were follu·,,'ed. The 
resistance tc... shell overturr.inq provided by the weight of the tank, 
wL ' can be estimated using the following equation: 

where, 'b is the b0ttom plate thickne'Ss in ir.ches, F",is the Yl.eld 
strength in psi, G is the specific gravity of fluid, and i: is the 
fluid depth in ft. Using the formula gives a resistance capacity of 
11.7 kip/ft (17.1 ton/mi. The maximul'" overturnir,g tension per unit 
length a'· s"uning an inner tank dial"'eter of 54 m, is 5.7 kip/ft (8.3 
to::/m). The resistance capacity exceeds the demand by a factor of 2. 
The demand without isolation is 1-:.5 kip/ft (~5. 6 ton/m) exceeding 
the capacity by 1.5 times. Thus, by isolating the tank, the use of 
anchor straps can be avoid~d. 

A parametric study was performed to determine the optimum siz~ and 
number of isolation bearings used and the concrete support column 
spacing. The minimum spacing was controlled by maintenance 
considerati~ns. The total volun,e of the bearings to be used was 
constant and was a function of the isolated weight, isolation 
frequency, and design displacement. If the total cost of the 
isol'ltors per un~t volume was assU'":1ed to be constant, then bearing 
size was not an importallt parameteI" when seeking an optimum design. 
The additional cost to test and install a larger number of small 
bear~n~s was not accounted for in this study. The Iemaining material 
costs were the concrete bas. slab and the columns. The stuny 
indicated that the concrete volume could be reduced b)" using" more 
closely spaced small bearings. Although the column concrete volume 
increased, this was more than offf~t ty reductions in the concrete 
slab thickness. This study also assumed that the use of a stepped 
slab, which is th~cker at the tank ~311/s1ab connection, was 
practical. If a uniform thickr.E.sS slab was preferred, then the 
columns Should be spr~ad as far as possible. 
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CONCLUSIONS 

In general, the rules de'J'eloped for the design of isolators for 
buildings are also applicable to components. However, in 
applications where only four isolators are used, it is important tC' 
specify more comprehensive quality assurance tests than normally 
required in building applications. One test useful in uncovering 
manufacturing defects in elastomeri:::: isolators wo~ld be to perform 
shear tests ioiith minimum axial load. Tighter acceptance tolerances 
should he specified to minimize pLoperty variations between bearings. 
Although the acceptance of this technology for isolation of 
components and tanks has been slower than in buildings, future 
applicat~ons should increase as owners of industrial facilities 
realize that conventional seismic design techniques may not be 
adequate in protecting sensit.i.ve ecr..:ipn:ent and tanks. The devel­
opment of new is')lation techniques including softer elastomers and 
low friction rollers would make it easier to isolate lighter 
components and possibly further lengthen the isolation period to 
further reduce seismic forces and or to use seismic isolation on soft 
s~tes with fundamental periods between one and two seconds. 
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Appendix D 

List of Base-Isolated Buildings 

in P.R. China 



L
is

t o
f 

B
as

e·
ls

ol
at

ed
 B

ui
ld

in
gs

 in
 P

.R
. C

hi
na

 

Ty
pe

 o
f 

C
it

yl
 

S
iz

e 
of

 
H

ei
gh

t 
T

ot
al

 
S

up
er

st
ru

ct
ur

e 
Is

ol
at

io
n 

n
at

e 
N

o.
 

S
to

ri
es

 
fl

oo
r 

B
ui

ld
in

g 
P

ro
vi

nc
e 

pl
an

 (
m

) 
(m

) 
A

re
a 

(m
2 ) 

Ty
pe

 
S

ys
te

m
 

C
om

pl
et

ed
 

1 
D

w
el

li
ng

 
H

ua
pi

ng
. 

4)
(4

 
5 

1 
16

 
A

do
be

 w
al

l 
S

an
d 

la
ye

r 
19

75
 

Y
un

na
n 

2 
D

w
el

li
ng

 
X

ic
ha

ng
. 

4>
<5

 
6 

1 
20

 
T

am
pe

d 
w

al
l 

S
an

d 
la

ye
r 

19
75

 
S

ic
hu

an
 

3 
W

ei
gh

t b
ri

dg
e 

A
ny

an
g.

 
3)

(4
 

6 
1 

12
 

B
ri

ck
 w

al
l 

S
an

d 
la

ye
r 

19
80

 
D

w
el

li
ng

 
H

en
an

 
Ii'

 
4 

D
w

el
li

ng
 &

. S
Q

 
B

ei
ji

ng
 

7)
(2

5 
15

 
4 

70
0 

B
ri

ck
 w

al
l. 

R
C

 
S

an
d 

la
ye

r 
19

81
 

I 

N
 

ob
s.

 c
en

te
r 

flo
or

 

5 
E

qu
ip

m
en

t b
ui

ld
in

g 
H

as
hi

. 
8x

24
 

12
 

3 
57

6 
B

ri
ck

 w
al

l. 
R

C
 

S
an

d 
la

ye
r 

19
83

 
X

in
ji

an
g 

flo
or

 

6 
D

w
el

li
ng

 
X

ic
ha

ng
. 

12
x2

8 
21

 
6 

20
16

 
B

ri
ck

 w
al

l. 
R

C
 

G
ra

ph
it

e 
19

85
 

S
ic

hu
an

 
flo

or
 

&
.l

im
e 

m
or

ta
r 

7 
D

w
el

li
ng

 
D

ar
li

. 
12

><
24

 
20

 
6 

17
28

 
B

ri
ck

 w
al

l.
 R

C
 

S
li

de
 s

te
el

 
19

92
 

Y
un

na
n 

flo
or

 
pi

ec
e 

8 
D

w
el

li
ng

 
X

ia
n.

 
14

><
28

 
26

 
8 

31
36

 
B

ri
ck

 w
al

l. 
R

C
 

S
li

de
 s

te
el

 
19

93
 

X
an

sh
i 

flo
or

 
pi

ec
e 

9 
D

w
el

li
ng

 &
. s

ho
ps

 
X

ia
n.

 
16

x2
2 

20
 

6 
21

12
 

B
n

ck
 w

al
l. 

R
C

 
S

li
de

 s
te

el
 

19
93

 
X

an
sh

i 
flo

or
 

pi
ec

e 
-

-
-
-
-

-
-
-

-
-
-
-
-

-
-

-
-
-
-
-
-

-
-

-
-
-
-
-
-

~
-
-
-



T
yp

e 
o

f 
C

it
yl

 
S

iz
e 

o
f 

H
ei

gh
t 

T
ot

al
 

S
up

er
st

ru
ct

ur
e 

Is
ol

at
io

n 
D

at
e 

N
o.

 
S

to
ri

es
 

F
lo

or
 

B
ui

ld
in

g 
P

ro
vi

nc
e 

pl
an

 (
m

) 
(m

) 
A

re
a 

(m
2 ) 

Ty
pe

 
S

ys
te

m
 

C
om

pl
et

ed
 

10
 

D
w

el
li

ng
 &

 s
ho

ps
 

S
ha

nt
ou

, 
13

x2
6 

27
 

8 
27

04
 

R
C

 f
ra

m
e 

R
ub

be
r 

19
93

 
G

ua
ng

do
ng

 
be

ar
in

g 

11
 

D
w

el
li

ng
 &

 r
es

ta
u-

A
ny

an
g,

 
10

><
36

 
19

 
6 

21
60

 
R

C
 f

ra
m

e 
(I

 st
-

R
ub

be
r 

U
nd

er
 c

on
-

ra
nt

 
H

en
an

 
2n

d 
ft

.)
 

be
ar

in
g 

st
ru

ct
io

n 
B

ri
ck

 w
al

l 
(3

rd
-

6t
h 

ft.
) 

12
 

In
du

st
ri

al
 f

ac
il

it
y 

X
ic

ha
ng

, 
1

0
0

4
 

20
 

5 
19

20
 

R
C

 f
ra

m
e 

R
ub

be
r 

U
nd

er
 c

on
-

S
ic

hu
an

 
be

ar
in

g 
st

ru
ct

io
n 

13
 

D
w

el
li

ng
 &

 s
to

ps
 

X
ic

ha
ng

. 
19

x3
3 

24
 

6 
37

62
 

B
ri

ck
 w

al
l 
&

 
R

ub
be

r 
U

nd
er

 c
on

-
S

ic
hu

an
 

R
C

R
o

o
r 

be
ar

in
g 

st
ru

ct
io

n -
-

14
 

D
w

el
li

ng
 

X
ic

ha
ng

. 
16

x3
0 

2
0

 
6 

28
80

 
B

ri
ck

 w
al

l 
R

ub
be

r 
U

nd
er

 c
on

-
S

ic
hu

an
 

be
ar

in
g 

st
ru

ct
io

n 
I I 

)'
 .... 

15
 

D
w

el
li

ng
 

X
ic

ha
ng

, 
16

x3
0 

2
0

 
6 

28
80

 
B

ri
ck

 w
al

l 
R

ub
be

r 
U

nd
er

 c
on

-

I 
S

ic
hu

an
 

be
ar

in
g 

st
ru

ct
io

n 

16
 

D
w

el
li

ng
 

X
ic

ha
ng

, 
16

x3
0 

20
 

6 
28

80
 

B
ri

ck
 w

al
l 

R
ub

be
r 

U
nd

er
 c

on
-

S
ic

hu
an

 
be

ar
in

g 
st

ru
ct

io
n 

17
 

D
w

el
li

ng
 

X
ic

ha
ng

, 
16

x3
0 

2
0

 
6 

28
80

 
B

ri
ck

 w
al

l 
R

ub
be

r 
U

nd
er

 c
on

-
S

ic
hu

an
 

be
ar

in
g 

st
ru

ct
io

n 

18
 

S
tu

de
nt

 d
or

m
it

or
y 

G
ua

ng
zh

ou
 

14
)(

42
 

23
 

7 
41

16
 

R
C

 f
ra

m
e 

R
ub

be
r 

U
nd

er
 c

on
-

G
ua

ng
do

ng
 

be
ar

in
g 

st
ru

ct
io

n 

19
 

D
w

el
li

ng
 &

 o
ff

ic
e 

D
U

'li
, 

14
)(

43
 

2
6

 
8 

48
16

 
R

C
fr

am
e 

R
ub

be
r 

U
nd

er
 c

on
-

bu
il

di
ng

 
Y

un
na

n 
be

ar
in

g 
st

ru
ct

io
n 

~
-

_
.
_

-
-
-
-
-
-
-

-
-



E-\ 

EARTHQtlAKE ENGINEERING RESEARCH CENTER REPORT SERIES 

EERC reports are available from Ih~ National Information Service for E:lnhGuake Engineering (NISEE) and from :he National Technical Info,. 
malion Service (NTIS). Numb.:" in pa,enlh""" a,c Acc<",on Numbcro a"igncd by thc National Technical Informallon Service; lhese are 
followed by a price code Conlact NTIS. 5285 Pon Royal Road. Sprlngfleld Virginia. 22161 for more ,"formalion. Repons ""ilboul Acces· 
Slon Numbers were nOI available from NTIS 31 the lime of !,rlnllng. For a curren! complete list of EERC rcpons (from EERC 67·1) and 
availablilY information. please contacl l:niversily of California. EERC. NISEE. I ~Ol South 46th Street. Richmond. Cah~omla 94804-4698. 

UCBIEERC·8610 I 

UCBIEERC·86f02 

UCB/EERC·861U3 

UCB/EERC·86/04 

UCB/EERC·86105 

UCBfEERC .'6106 

UCB/EERC·86107 

UCB/EERC·86108 

UCBfEERC·86109 

UCBfEERC·86/10 

UCBfEERC·86111 

UCBfEERC·S6I12 

VC81EERC·87/0 I 

UC8IEERC.87f02 

UCBIEERC·87103 

UCBIEERC·87f04 

UCB/EERC·87f05 

UCBIEERC-87106 

UCBfEERC·87107 

UCBIEERC·87f08 

UCBfEERC·87109 

UCBfEERC·87110 

UCBfEERC·87/11 

UCBfEERC·87112 

VCBlEERC-87fIJ 

UCBIEERC-87114 

"A Study of Seismically Re,istant Eccentrically B •• < ·1 Sted Frame Systems." by Kasal. K and Popov. E.P .. January 
1ge6. (PB87 124 178/AS)A14 

"De'ign Problems in SOIl Llquefacllon," by Seed. H 8 . Feb'Uar) 198b. (PB87 124 1861AS)A03. 

"Implicollnn, of Recenl EarthGuakes and Research on Eanhquake·ReslStant De,ign and Conslruction of Building~." by 
Berttro. V V . March 1986. IPBS7 124 194JAS)AO~ 

"The U~e of Load Dcpend~nt Vectors for Dynallllc and Eanhquake Analyses." by Leger. P .. Wilson. E.L. and Clough. 
RW. March 1986. (PbS7 1!4 202fAS)A12 

"Two Beam-To·Column Web Conn".lIons." by Tsal. K .c. and PoI''''' E P. April 1986. (PB87 124 30IfAS)A04. 

"Determination of Penetrallon Resistance for Coarse·Gramed Soil' u,inllth~ Becker Hammer Drill.· by Hardrr. LF. and 
Seed. H B. May 1986. (PB87 124 2101AS)A07 

"A Mathematical Model fOI Predicting the Nonlinear Response of Unrcinforced Masonry Walls to In·PI~M Earthquake 
Excitations." by Mengi. Y lnd McNlyen. H D .. May 1986. (PB87 124 780fAS)A06 

"The 19 Septembe' 1985 MeXICO Eanhquake BUIlding 8eha'·,or." by Benero. V.V .. July 1986. 

"EACD·3D: A Computer Program for Th,ee·Dimcn'lOnal Eanhquake Analysis of Concrete Dams." by Fok. K.·L .• Hall. 
J F. and Chopra. AX. July 1986. (PB87 124 22S/AS)A08 

Eanhquake SimulatIOn Te,ts and A'"""iated Stud,es of a 03·Scale Model of a Six·Sto<y Co .... entriclllly Braced Steel 
Structure." by Uang. C ·M. and Bcnero. \' V .. De"ember 198&. (pBS7 163 564fAS)A 17. 

"Mechanical Characterisllc, of Base Isol.llon Bearings for a Bridge Deck Model Te~t: by Kelly. J.M .. Buckle. I.G and 
Koh. c..G. November 1987. (pB90 262 (68)11.04 

"Effects of Axial Lo.d on Ela,tomenc I,olation Bearings," hy Koh. C·G and Kelly. J.M. November 1987. PB88· 
17901~(A06) 

"The FPS Earthqu"ke Re,mrng Sy .. em E'perinnen •• 1 Report." by Zayas. V.A .• Low. S.S. and Mahin. S.A .. JUDe 1987. 
(PB8H 170 287)A06 

"Eanhquake Simulator Tests and Associated Studies of • 0.3-Scalc Model of a Six·Story Eccentrically Braced Sleel 
Structure." by Whittaker. A .. Uang. C.·M and Benero. V. V .• July 1987. (PB88 166 707/AS)AI8 

"A Displacement Control and Uplift Restraint DevlCC for Base· Isolated Structure~: by Kelly. J 1'01 .• Griffith. M.C and 
Ai;;en. ID. April 1987. (PB88 169 9H)A04 

"Earthquake Simulator Testing of a Combined Shding Bearinll and Rubber Bearing l.olatlon System." by Kelly. J.M. 
and Chalhouh. MS. DelCmb.:r 1990. PB92·19296ZIA09) 

"Three· DimenSIonal Inelastic Analy", of Reinforced Concrete Frame-Wall Structures," by Moazzami. S. and Benero. 
V V . May 1987. (PBS8 169 ~86/AS)A08. 

"ExperimenlS on Ecccnltlcall~ Braced Frames with Composite Floors," by RKIeS. J. and Popov. E .• June 1987. (PB88 
173 067fAS)AI4 

"Dynamic Analysis of Sei.mic~lIy Resistant Eccentrically Braced Frames: hy Riele •. J. and Popo~. E .• June 1987. 
(P088 173075IAS)AI6. 

"Undrained Cyclic Triaxial Teslinl of Gravels·The Effect of Membrane Compliancc.- by Evans. M.D. and Seed. H.B .. 
July 1987. (PB88 173 257)A 19. 

"Hybrid Solution Techniques for Generalized Pseudo· Dynamic Testing." by Thewalt. C. and Mahin. S.A .• Jul)' 1987. 
(PB 88 179 (07);\07 

"Ulhmale Beha.io. of Butt Welded Splices In Heavy Rolled Steel Sections: b)' Bruneau. M .. Mahin. S.A. and Popov. 
E.P. Sertembcr 1987. (PB90 2~4 28~)A07 

"Residual Strength of Sand from Dam Failures in the Chilean Eanhquake of March 3. 19H5: by De Alba. P .. Seed. 
H.B .• Retamal. E .nd Seed. R.B. September 1987. (PB88 174 3211;\S)"03. 

"Inelastic Seismic Re'JlOnl>l: of SUIKture. with M .... or Stiffness Eccenlricitics in Plan." by Bnuneau. M. and Mahin. 
SA. September 1987. {pB90 262 650/AS)AI4. 

"CSTRUCT: An Interactive Computer En~i.onment for the Desiln and Analysis of Earthquake Resistallt Steel Struc· 
ture.,'· by Auslin. M.A .• Mahin. S.A. and PiSler. K.S .. Seplember 1987. (P888 173 339/AS)A06. 

"Experimental Study 01 Reinforced Concrete Columns Subjected to Multi-Axial Loadin,: by Low. S.S. and Moe\Ilc. 
JP. Sepfember /987. (PB88 174 )471AS)A07 



E·3 

UCBIEERC·891O~ "Imrilcallons of Slle Efkw. In Ihe Me~ico 01) Eanhqualc of Sel'l 19. 1985 for Earthquaite·Resi5lml Design Criteria 
in the San Fr~ncl"o 8ay Are~ of C~"fornla:' b) Seed. H 8 ~nd Sun. J I. March 1989. (PB91 2293691AS)A07 

UCBIEERC·891U4 "~"hquake Anal)<I< and Re'pon<e of Inlake·Oullel To .... er<." b) GO)lI!. A and Chopra. A K. July 1989. (PB91 229 
~8"'ASI.<\I'i 

lJCBIEERC·8910S "The 198~ Chile Earlhquake An E'.aluallon or Siructural Re'!ulremcnr. (or Bearin~ Wall Building •. " b) Wallace. J W 
and Moehle. J P. Jul) 19~9. IP891 ~18 (KI8/ASIAI~ 

UCBIEERC-89/06 "Effecr. of Spallal Va"alion .,' Gruund Mallon, on '-"rg" Muillpl)'-Supported Sirociures," by Hao. H. July 1989. (p891 
~~9 161/AS)A08 

lJCBIEERC-89/o7 "EADAP· Enhanced Ar.:h Dam Anal,sis Program User" Manual: b) Ghanaal. Y. and Clough, R.W .• Augusl 1989. 
(PB91 212 S~2)A06 

UCBIb~RC-89108 "~elSmlc Performance of Sicel Momenl Frame'!' Pla,ncall) o.:"gned by Le.tSl Squ:IRs Slress Fields: by Ohi. K. and 
Mahin,S A .. Augusl 19~9. (PB91 ~12 597)A05 

lJCBIEERC-89/09 "Feasibilily and Performance Slud,,:s on Impro\lng Ihe Earthquake: R,,<iSlanee of New and E"'ling Building. Using !he 
Froelloll Pendulum S)<I"In." h) Za),<. \' . Lo ... S . Mahin. S A and Bozzo. L.. Jul)' 1989. (P892 143 (64)AI4 

lJCBIEERC-89J 10 "Mea,uremcnl anJ EI,llllnal.on of \kmbrane Comphance EIl':cl, In L'ndraln"d Tna"al Te"ing: b) Nicholson. P G . 
Seed. R 8 and An ... ar. H. Scpl"lIlbcr 191IY. IPB9~ 1~'1 ~II."SIAI' 

UCB/EERC·89111 "SIalic Till Beha\lor \11 lnan.:t..,red C~"ndncal Tanks." b) Lau. O.T and Clough, R W, Seplember 1989. (P892 143 
IWh ... IO 

UCBIEERC·8911~ "AD .... P·~H A Cumpul"r Pro~rJI11 lor :-';onhnear Earlhquak< Analysis of Concrele Arch Dams: by Fen\'es. G.L, 
MOJlahedl, Sand Reln.«. R B . Sq""'lIbcr 1989. IPB9~ 139 ''701IAS)A07 

UCB/EERC-89113 "Mechanics of l.ow Shape Faclor Ela.lomenc Se"mlc Isolallo, Bearing': by Aiken. 1 D .. Kelly. JM. and Tajirian. 
F F, No'ember 1989. (P89~ 139 73~AS)A09 

UCBIEERC-89114 "p"'I,mmary Report on the S(,.o,oI01.1Ic31 ano Engmeering "'<pcc" of 1M October 17. 1989 Sanla Cruz (Lo ..... ~ta) 

Earthquake: by EERe. Oclober 1989, (PB92 :39 68~AS)A(),j 

lJCBIEERC-89115 "Expenmenlal Sludlc< of a Single Slo.) Slee! SlruCiure Tesled .. Ith Fixed, Semi-Rigid and Flexible (,;onnections: "y 
Nader, M N. and AManeh·A.1, A . Augusl 1989, (P8~ i ~~9 21I1AS)AI0. 

lJCBIEERC-8911t:. -Collapse of the C)' pre,,, Streel \'laducl as a Resull ,.( the wma Prlela Earthquake:' by Nims, O.K., Miranda. E., 
Aikcn. 1 D, Whlllaker. A Sand Benero. \' V, !'oIo\'ember 1989. (PB91 217 93~fAS)AO~. 

UCBfEERC·90101 'Mechanics of High·Sh,pe FaCior Ela<lo",en(' S""nue I-olallon Bearings." b) Kelly, JM, Aiken. I D. and Tajirian. 
F F. M",ch 1990 

UCBIEERC·9OI02 "Ja\ld', Parada, The InlluclI(e of Preform on Ihe ~toJe. 11f Vibrallng Beam .. : by Kelly, JM .. Sackman, J.L. a:.d 
Ja~ld. A .. Ma) 1990. (PB91 217 94~/"'S)AO~ 

UCB'EERC-9OI03 "EartlM,uake Simulalor TeMlng and Analyllcal Sludies of T .. ., EnergY·Absorbing SY5lem.< for Multistory SUUCtures: by 
Aiken.I.D. and Kelly, JM., Oclober 1990. (PB92 19~ 988)A13 

UCBlEERC·90/04 "Unassigned: by Una"Mgn~d 1990 

UCBIEERC-9OIOS "Prclimmar) Report on the Princlp;l1 Geolechnlcal AspeelS of the Oclobcr 17, 1989 lorna Prieta Earthquake: by Seed. 
R.B., DICkenson. SE, Riemer. M F , Bray. J.n , Sllar. !II. """chell. J K. Idn .... I.M. Kayen. R.E. Kropp. A .• Harder, 
L E. Jr and Po,"c •. MS. April 1990. (p8 19~ 970lA08 

UCBIEERC·90ft)6 "Mode" of Crilical Re~,on' on Rconlon:ed Coocrct.: Frank:' L.:nd.:r Sc .. mic Exc.tations," by Zulfiqar. N. and Fihppou. 
Fe. Ma) 1990 

UCBIEERC-9OI07 "A Untfled Earthquake·ReslStant Dcsl&n Method for Sleel Frames Using ARMA Models: by Takewaki. I .• Cl>nle. J.P .• 
Mahto, S.A and PI<ler. K S ,june 19JO. PBQ!·I 929471 A06I 

UCBlEERC-9OIOS "Soli Condirions and E.1nhqua~c Hazard Mlull/lOn In me Manna Ol5lricl of San FranciSCO: by Mitchell. J.K .. Mawod_ 
T. Kayen. R E and Seed. R 9. Ma~ 1990. IPB 193 267/ASI."04 

UCBIEERC-9OI09 "Influence of the Eanhquake Ground Motion Process and StruclUral Properties 011 Response Characteristics of Simple 
Struttu",,: by Conte, J P. P"ler. K S and Mahin. SA. July 1990. (PB92 143 (64)AI5. 

UCBIEERC-9OI10 "Expcrimenul Te.ltng of Ihe R""",,nl·Friellon 83.5. 1501 .. 1I0Il System," by CluII.. P.W. and Kelly. J.M .• July 1990. 
(PB9! 14~ 072)A08 

UCBIEERC·9OI11 "SeismiC Hazard Anal~Sls Impro\ed Models, Uncrrtaintics and Scnsilivitics: by Araya. R. and ~ Kiurepiaa. A. 
March 1988, PR92·19~010(A08) 

UCBIEERC-9OI12 "EfTcclS of TorSion on the Llocar and Nonlioc:ll SeismiC Response of Slructures: by Sabral, H and Bcrtero. V.V. 
Seplcmber 1989. (P892 19) OO~AS)"I~ 

UCB/EERC·9OI13 "The Etreels of TCCluntc l\.Io>emc:n.< on Sire,,,,, and Deformations in EartII Embankments: by Bray. J. D., Seed. R. B. 
and Seed. H. B, Seplembcr 1989, PB9~-192996(AI8) 

UCBIEERC·9OI14 "Inelaslle Seismic Re.ponsc of One-Slory, Asymmelnc-Plan Syst"nu: by Goel. R.K. and Chopra. A.K .• 0I:10ber 1990. 
(PB93 114 767)AII 



UCBIEERC-9OIIS "Dynamic Crac~ Propaaation A Model for Near-Field Ground Motion." by Seyyedian. H. and Kelly. J.M .• 1990. 

UCIllEERC-9OI16 "Sen.ilivi!), of Lonll-Period Respon5e Spectra to System Initial Conditions: by Bluqucz. R .• Ventura. C. and Kelly. 
J.M .. I990. 

UCBlEERC-9OI17 "Behavior of Peak Values and Specual Ordinates of Ncar-Source Strong Oround-Modon over a Dense Amy." by Niazi. 
M .. June 1990. (PB93 114 833)A07 

UCBIEERC-9OI18 "Mllerial CharacterIzation of Elastomers used ill Eanhquilke Base lsolalion: by Papo!.oha. K.D. and Kelly. J.M .• 1990, 
PB94-190063( A08). 

UCBlEERC-90/19 ·Cyclic Behavior of Steel Top-and·Bollom Plate Moment Connections: by HatriOiI. J.D. and Astue/t·AsI. A .. Aup" 
1990. (PS91 229 2601ASIAOS 

UCBIEERC·9OI20 "Seismic Response E\'alu'lIon of .n Instrumented Si. Slory Steel Build.n • ." by Shen. J.-H and Astaneh-Asi. A .. 
December 1990. (P891 229294IAS)A04. 

UCBIEERC·90121 "ObservatIons and Implicallons of Tests on the Cypress Street Viaduct Tesl Structure." by Bolio. M .• Mahin. S.A .• 
Moehle. J.P .. Stephen, R M and Qi. X. Decembe: 1990. (PB93 114 775)A 13. 

UCBtF:ERC·91101 "E'perimenlal E-a\uation of Niliool fOf Energy D"sip'lion on Structures." by Nims. O.K.. Sasaki. K.K. and Kelly. J.M .. 
1991. 

UCBJBERC·91102 "Displacement Desilln Approach for Reinforced Concrete Slruclures Subjected to Earthquakes." by Qi. X. and Moehle. 
J.P .. January 1991. (P893 114 S69IA5)A09. 

UCBIEERC·91103 "A Long-Period Isolation System Using Low·Modulus Hiih·Dampinl Isolators for Nuclear Facilities al Soft-Soil Siles." 
by Kel:y. J.M .. March 1991. (PB93 114 S77IAS)AIO. 

UCBIEERC·91104 "Dynamic and Failure Charlleleri,lic, o( Bridlleslone lsolalion Bearing~: by Kelly. I.M .• April 1991. (PB93 114 
~28)AOS 

UCBIEERC·91IOS "Ba5e Slidinll Response of Concrete GravilY Dam. 10 Eonhquues: by Chopra, A.K. and Zhang. L .. May ~991. (PB9~ 
114 544fAS)AOS 

UCBfEERC·91106 "Compulallon of Sp~lIall~ Varymg Ground MOlion and Foundatlon·Rock Impedance Matnces for Seismic AnalysiS of 
Arch Dams: by Zhang. l. and Chopra. A.K .• May 1991. (PB93 114 825)AO" 

UCBJBERC-91107 "Eslimation of Se .. mic Source Proce .... U"Dg Strong Motion Amy Dala: by Chiou. S.·J.. July 1991. (PB93 114 
SSIfAS)A08. 

UCBIEERC-91108 "A Response Spe.:trum Method for Mulliple-Suppon SeISmic E.cilalion.: by Der Kiurellhian. A. and Neuenhofer. A .• 
AuguS! 1991. (PB9) 114 536)A04 

UCBfEERC·91109 "A Preliminary Sludyon Energ) D'''ipalinll Cladding·\o-Frame Connection: by Cohen. J.M and Powell. G.H .. Sep­
tember 1991. (PB93 114 ~ 10)A05 

UCBIEERC-9If10 "Evalualion of SeismIC Per(ormaace of a Ten-Story RC Buildin& Dunnglhe WhInier Nano"" Eanhquakc: by MirandL 
E. and Oenero. V V. Oclober 1991, (PB93 114 183)A06. 

UCBfEERC-91f11 "SeismIC Performance of an I."ru,ne.led SIX,Slory Sled Building." by Anderwn. J.C. and Benero. V.V .. November 
1991. (PB93 114 8(9)A07 

UCBIEERC-91f12 "Performanc.: of hnplm'ed Ground Dunng the Lorna Prieta Earthquake." by Mitchell, 1K. and Wentz. Jr. FJ. October 
1991. (PB93 114 791)A06 

UCBIEERC·91f!3 "Shaking Table· Slrucluro Inleraction." by Rlnawi. A.M. and Clough. R.W .. October 1991. (PB93 114 917)AI3. 

UCBIEERC-91114 -CYCliC Rcspome of RC Beam·Column knee Joints: Test and Retrofil." by Muzoni. 5 .• Moehle. J.P. and TllewaU. C.R .. 
Oclaber 1991. (PB93 120 217)A03. 

UCBIEERC-91fIS "Desi,n Guidelines (or Ductility and Dri(t Limi ••. Review o( Stale·o(·!hc·Pral:lice and Slale-of·Ihc·An in Ductili!)' and 
Drifl·Bued Eanhquakc.Re.istant Dc,ign of BUIldings," by Benero. V.V .• Anderson. J.C .. Krawinkler. H.. Miranda. E. 
and The CUREc and The KaJima Research Team~. July 1991. (PB93 120 269)A08. 

UCBIEERC·9If16 "Evaluation of the ~i,m'c ""rfOC1'ilance of' Thirty-Story RC Building." by Anderson. J.e .• Miranda. E .• Benero. V.V . 
• nd TIle Kajirna Project R~search Team. July 1991. (PB9) 114 84IJA 12. 

UCBIEERC-9 III 7 .. A Flbc:r Beam-Column EI~m~nl for Seismic R~sponse Analy .. ~ of ReInforced Concrcle 5lruclures: by Taucer. F .. 
Spacone. E. and FiIi ppou. Fe.. December 1991. tPB94 111 629A5)A07. 

UC81EERC·91118 "Inve'"galion "f Ihe S'''II'''' Response: of • Lightly·Damped TOfS!onally-Coupled Buildinll." by Boroschek. R. anJ 
Mahm. S.A. December 1991. (PB9~ 120 ~3~)An. 

UCBIEERC-92101 "Sludies of a 49·Sloty In"rumenled Sl~el Slru~lure Shaken During the Lorna Priela Eanhquake: by Chen. c.oC .• 
8onowltz. D. and Aslaneh-A,I, A .. February 1992. (PB93 221 778)A08. 

UCBtEERC·92102 "Response 01 the DUlIlbanon Bridge In the Loma Prieta Eanhquakc." by Fenves. QL.. Ftlippou. FC. and Sze. D.T .. 
January 1992. (PB93 120 3191A09 

UCBlEERC.!l2IOJ "Model~ for Nonltncar Eanhquakc Analysi. o( Brick Masonry 8uildilll': by Menli. Y • McNlven. H.D. and Tanrikulu. 
A K. Marth 1992. (PB93 120 29~IA08. 

UCBIEERC·92104 "Shear Sirengih and Defo .... ablhly of RC Bnd,le Column. SubjCCled 10 InelastiC Cyel" DisplaccmenlS," by Aschheim. 
M. and Moehle. J P .. March 1992. (PB93 120 327)A06 



UCB/EERC-92J05 

UCBIEERC-92106 

UCBIEERC-92/07 

UCBIEERC-92J08 

UCBIEERC-92109 

UCBIEERC-9211O 

UCBIEERC-92.11 

UCBIEERC-92112 

UCBIEERC-92113 

UCBIEERC-92114 

UCBIEERC-~2115 

UCBIEERC-92116 

UCBIEERC -92117 

UCB/EERC-921IS 

UCBIEERC-93101 

UCBIEERC-Q3102 

UCBIEERC-93103 

UCBIEERC-93104 

UCBIEERC-93105 

UCBlEERC-\l3106 

UCBIEERC-\l3107 

UCBlEERC-\l3/08 

UCBIEERC-93/<l9 

UCBIEERC-9JII0 

UCBIEERC-93111 

UCBlEERC-93112 

UCBlEERC-93113 

UCBlEERC-94101 

UCBlEERC-94102 

UCBlEERC-94.'03 

E-S 

"Parameter Study of Joint Opening Effects on EarthqUOlke Re5pon<e of Arch Dam5." by Fen\'cs. G.L .• MOjlahedi. S. and 
Reimer. R.B .. April 1992. (PBIIl 120301).0.04 

"SeISmic Beha\'lor and Dc<lgn of Semi-RigId Sleel Frame .... by Nader. M.N. and AUaneh-Asl. A .• May 1992. PR9)· 
211760\ .0.17). 

"A BC3m Elemenl for Sei,mlc Dam~ge AAalysis." by' Spacone. E. CIampI. V and F.lippou. F.C . ',UJUSI 11192. (PBIIS· 
1112126).0.06 

"Nonlinear Stat·, and Dynallllc Analysi. of Reinforced Concrete Subas'embla,e,'- by Filippou. F.e.. D·Ambn ... A. and 
I" •. .\. AUl:u'l 1992. PB'I~·11I217~(A09) 

"Euluation of Code Acc.dental-Tor"oA Provision, Using Earthquake Rccords from Three Nominally Symmetric-Plan 
Building':' h~ Dc la L1era. J.e. and Chopra . .o.K. September 1'1112. (PB94 117611).0.08. 

"Slotted Bolted Connection Energy Di .. ipator • ." b)' Grillorian. CEo Yanll. T.·S and Popov. E.P .. Jul)' 1992. (PBII2 
120285).0.0) 

"Mechanical Characlensltcs of Neoprene Isolation Beann,s." by Kelly. I.M. and Quiroz. E. Au,ust 1992. (PBII3 221 
7211).0.07. 

"Application of a "bss Dampln, Sy'tem to Bndie Struct·Jres." by Ha~,awa. K and Kelly. J.M .. Au,ust 1992. (PBII) 
121 786).0.06 

"Earthquake EnJineering Re,earch at Berkeley. 1992." by EERC. October 1992. PBII3-2B709(A 10) 

"Earthquake R"k and In,urance:' by Bnlhn~r. DR .• October 1"92. (PB93 223352).0.03. 

"A Fncllon \1a-. Damper for Vlbrallon Conlrol." by In.udi. J.A. and Kelly. J.M .. October 1992. (PB93 221 745).0.04. 

"Tall Reinforced Concrete BUIlding, Conceptual Earthquake-Resistant DesIgn MctholoIlY." by Benero. R.D. and Ber· 
tero. V V. December 1992. (PBII3 221 611~)AI2. 

"Performance of Tall Buddlngs DurinJ the 1985 Mexico Earthquakes," by Teran·Gilmore. A. and BCI1ero. V.V .. 
December 1992. (PBII) 2:'1 737).0.11 

"Dynamic Analy ... of Nonlinear Structures using State-Space Formulation and Partitioned Inte,ralion Sci, :mes. - by 
Inaudi.IA and De la Llera. J C. December 1992. (pB94 1177021.0.51/.05 

"Sctsmtc Performance of an Instrumented Six·Story Relnforced·Concrete Building." by Andenon. J.C. and Bertero. 
V.V .• 1993 

-Evaluation of an Acti.e Vari.ble·Damping-StfUCturc." by Polak. E .• Mcckrr. G .. Yamada. K and Kunia. N . 1993. 
(pB1I3 221 711 ).0.05 

-An Experimental Stud) of Flat-Plate Struclure, under Vertical .nd Lueral Loads." by Hwang. S.-H. and Moehle. J.P .. 
Februar) 19113. (PBtU 1576901AS)AI3. 

"!'ei.mic Performance of a 30-Story Building located 011 Soft Soil and Desi,ned According to UBC 1991: by Teran· 
Gilmore. A. and Benero. '1.V .• 1993. (PB9) 221 703).0.17. 

"Multiple-Suppon Re.po.,.e Spectrum Analy.i. of the Golden Gate Brid,e." by Nakamura. Y .• Ocr Kiure,hian. A and 
Liu. () . M.y 1993. (PB'I) 221 752)A05. 

"00 tile Analysis of Structures .... illl Viscoelaslic Dampers." by lnaudi. J.A .. Zambrano. A and Kelly. J ..... AUJUII 
1993. PB94-16S867(A06) 

"Earthquake Analy.is and Response of Concrete Gravity Dims Includinll Base Slidin,: by Cllhez. J.W. IIICI feltves. 
G.L.. December 1993. (PB94 157 6S8JAS)AI0. 

"Model for Anchored Remforcing Bars under Seismic Excitations." by "'onti. G .• Spacone. E. and Filippou. F.C .. 
December 1993. PB95· 192 I 83(A05). 

"A Methodology for Design of Vucoc:la..ti.: Dampers In Earthquake-Resistant Structurc5." b)' Abbas. H. and Kelly. J.M .. 
No.ember 1993. PB94-I9007I(AIOl 

"Tuned Ma" Dampe" USing Viscoclasilc Dampers." by 1.laudl. J.A. Lopo:z-Almansa. F. and Kelly. J.M .. December 
1993. 

"Nonlinear Homogeneous Dynamic.1 Syslem .... by In.udi. J.A. and Kelly. J.M. December 1993. 

"Synthesized Stron, Ground Motions for the SeismIC Condilion Assessment of the Easlem Pettion of tile San Fraac:isco 
Bay Brid,e." by Bolt. BA and Gregor. N.J .. December 1993. PB94-16S842(AI0). 

"00 the Anal)'sis of Structures .. ith Enerl)' Di .. ipating Re .. rainls: by Inaudi. J.A., Nims. O.K. ud Kelly. J.M .• 
December 1993. PB94-203619(A07). 

"Preliminary Report on the Seiunological and En,ineering Aspec .. of tile January 17. 1994 Nonhri~e EarIhquaIte,- by 
EERC. January 1994. (PB94 157 6661.0.5).0.05 

"Energy Di~sipation ",ith Sioned Bolted Connections," by Gripan. C.E. and Popov. E.P .• February 1994. PBIU· 
164605 

"The Influcnce or Plate Flcxibilit) on Ihc BlKkhn, laid of E1l151omcric IlOlators," by Kelly. J.M .. Marcil 1994. PB9~· 
1112134(.0.04) 



UCB/EERC -94/04 

UCB/EERC-94/0~ 

UCBIEERC-94/06 

UCBIEERC-94/07 

UCBIEERC·94108 

UCBIEERC·94/09 

UCBIEERC·94110 

VCB/EERC·94/11 

IJCB/EERC-94/1 ~ 

UCB/EERC·9~/OI 

UCBIEERC·95102 

lJCBIEERC·95103 

UCB/EFRC-95/04 

UCB/EERC·95105 

E-6 

''In<lIu Te<l Results from Four Lorna Prieta Eanhquake L"Iucfaction Sites: SPT. CPT. DMT and Shear Wave Velocity: 
b} Milchell. JK. LlJd~e. A.L. Coulinho. R Q. Kayen. R.E .. Seed. R.B . NIShlo. S. and Stokoe II. K.H .. April 1994. 
PB94·190089(A09 ) 

"Se"IDlc Re.pon,e of Sleep !';alural Slopes." by SlIar. N. and Ashford. S A .. May 1994. PB94·203643(AIO). 

"Small·Scale Te<tln8 of a Self.Centenng Fricllon Energ) Di.,ipalOr for Structures," by Nims. D.K and Kelly. J.M . 
Augu<! 1994 

"Acclden.al and Natural TONon In Earthquake Response and De,ign of BUlldlng'.- by De I. L1era. J.e. and Chopra. 
A.K. June 1994. PB94·203627(-\14) 

"Preliminary Report on the Principal Geotechnical Aspec" of t~ January 11. 1994 Northridge Eanhquake: by Siewan. 
IP. Bray. J D .. Seed. R.B and Silar. N. June 1994. PB942036~5(AI2) 

··Performance of S.eel BUlldmg Struc.ures Dunn, the Nonhndgc Eanhquake." by Benero. V. V. Anderson. J C. and 
Kra .. lAkier. H. Augu .. 191;4. PB'.I5·11202~( A 10, 

"\lanu.1 for Men,h,n De"t!n of H,gh ... y Bridges Min"") of Construction. Japan." by Sugna. H. and Mahin. S .. 
.-\ugu<l 1'J94. PB9~·ln IOO( AOX) 

··Earthqua~e Anal)", and Re'p<1ns" of T",o·Le,d VladuclS." b) Singh. S P and Fenv.,. G.L. October 1994. (A09). 

··Re'pon...: of Ihe 'Oonh",e,' ConneclOr In .he lande .. and Big Bear Eanhquakes:' by Fen\e,. GL. and Desroches. R .. 
D~c~mb<!r 1994. PR95-1920(} Ii AOH) 

'·S~"mol"tlcal and En~lncenng A<pce., of the 199~ H)ot!oken·:".nbu Eanh4~ \:e." b> EERC. June 1995. 

·The ,\lIcnuallon of Strong Ground \Iolion D"placemen'." by Gregor. ~ J . June 1995 

"CpgradlOg Bnd~~ OUlrigger Knee Join. S) srems." b) Slojadino\lc. Band Thew.h. C.R .. June 1995. 

"Earthquake Hazard Reduction In Histoncal Buildings l"IOg SeISmic Isolation." by Garenkl. M .. June 1995. 

"FIOal Repon on the Inlernollon.1 Worbhop on Ihe Cse of Rubber·Based Bcarings for the Eanhquake Protection of 
BUilding:· b)' Kell~. J M. May 1995. 


