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This report presents the results of a workshop which addressed both American and
Japanese developments in earthquake protective systems for bridges. Also explored
was the potential for future cooperation between the two countries in the design and
application of intelligent systems for the protection of bridges. The volume includes
thirty-four technical papers and two state-of-the-art reports. Six of the technical
papers concern passive bridge protection systems. such as various types of base
isolation bearings, damping devices and sliding isolation systems. Seven papers treat
hybrid protective systems, including active mass drivers, variable stiffness control, and
the use of electrorheological fluids for variable dampers. A variety of design issues
and examples, such as the critical loads of elastomeric bearings, the design of a Menshil'1
bridge on soft soil, the st"ismic rehabilitation of the Golden Gate Bridge. CALTRANS's
analytical procedures for oase isolated bridges. etc, ;'Ire the focus of another thirteen
papers. Eight additional papers review the results of a variety of experimental test
programs and field observations. An appendix provides an outline of the workshop
program, a list of participants, etc •
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NCEER. its sponsors, nor any person acting on their behalf:

d. makes any warranty, express or implied. with respect to the
uSt' o( any information, apparatus, method, or proces!o
disclosed in this report or that such use may not infringe upon
privately owned rights; or

b. assumes any liabilities of whatsoever kind with respect to the
use of, or the damage resultmg (rom the use of, any informa
tion, apparatus, method or process disclosed in this report.

Any opinions, findings. and conclusions or recommendations
expressed in this publication are those of the author(s) and do
not nt>Cessarily reflect the views of the National Science rounda
tion, the National Institute of Standards and Technology, the
Federal Highway Administration of the U.S. Department of Trans
portation, or other sponsors.



1
1111111111 111.---

III 1111111111111111111111111111
PB34-1358_1_5__

Proceedings
oftbe

Third U.S. - Japan Worksbop on
Eartbquake Protective Systems for Bridges

Held in
Berkeley, California
January 24-25, 1994

Technical Report NCEER-94-0009

Edited by I. Buckle l and I. Friedland2

March 31,1994

NCEER Task Nwnber l06-F-5.1.1

NSF Award Number BCS 94-03743

National 1nstitute of Standards and Technology

and

FHWA Contract Number DTF H61-92-C-00106

I Deputy Director, National Center for Earthquake Engineering Research
2 Assistant Director for Bridges and Highways, National Center for Earthquake Engineering

Research

NATIONAL CENTER FOR EARTHQUAKE ENGINEERING RESEARCH
State University of New York at Buffalo
Red Jacket Quadrangle, Buffalo, NY 14261



BACKGROUND

This report presents the Proceedings of the Third U.S.-Japan Workshop on Earthquake
Protective Systems for Bridges, which was held in Berke-ley, California on January 24 and 25,
1994. The workshop addressed current developments in both the United States and Japan, and
explored the potential for future cooperation in the design and application of intelligent
systems for the protection of bridges from earthquake effects.

The first U.S.-Japan Workshop on Earthquake Protective Systems for Bridges was orgaruzcd
by the National Center for Earthquake Engineering Research (NCEER) and was held in
Buffalo, New York, on September 4 and 5, 1991. Held under the auspices of Task Conuninee
G on "Passive, Active, and Hybrid Control Systems" (since renamed as "Structural Control
and Intelligent Materials Systems") in cooperation with Task Comminee J on "Wind and
Earthquake Engineering for Transportation Systems" of the UJNR Panel on Wind and Seismic
Effects, it was attended by 35 Japanese and 28 U.S. participants. This first workshop
provided a forum for discussions and the exchange of technology on a wide range of topics
including the state-of-practice in seismic isolation hardware, testing of seismically isolated
bridges and components, active control and hybrid systems, design issues and applications,
long span bridges, seismic retrofit, and new construction. The workshop Proceedings have
been published as NCEER Technical Report 92-{)()()4. In conjunction with the workshop, the
Japanese participants undertook an extensive study tour of isolated bridges in the United
States. Eleven bridges in six states (Missouri, Illinois. New York, New Jersey, Pennsylvania,
and California) were visited over a period of six days.

One significant result of this first workshop was the desire to formalize the exchange of
information, in order to allow both countries to cooperate in the development of, and benefit
from, advances in the technology of earthquake protective systems.

A second workshop was therefore organized by the Public Works Research Institute (PWRI) of
the Japan Ministry of Construction. It was held in Tsukuba, Japan, on December 7 and 8,
1992, and was attended by 93 Japanese, 13 U.S., and 1 New Zealand participants. This
meeting continued the discussions and presentations made al the first workshop in the areas of
isolation hardware and testing, active control and hybrid systems, seismic retrofit and new
design issues. It also expanded the discussions into new areas including movement joint
design, displacement restraint devices, and the durability of isolation hardware in the field.
This workshop was also held under the auspices of Task Conuninees G and J of the UJNR
Panel on Wind and Seismic Effects. The Proceedings of this workshop were published by
PWRI Technical Report No. 3196 in 1993.
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THE THIRD U.S.-JAPAN WORKSHOP ON EARTHQUAKE PROTECTIVE SYSTEMS

Due to the continued advancement in earthquake protective systems technology and a high
level of interest in both the U.S. and Japan, a third workshop was organized by NCEER in
cooperatIon with PWRI, and again held under the auspices of Task Committees G and J of the
UJNR Panel on Wind and Seismic Effects. The workshop was attended by 45 U.S. and 32
Japanese participants. In addition, one participant each from New Zealand and Canada, and
two from Taiwan, also attended. U.S, financial sponsorship for the workshop was provided
by the National Science Foundation. the National Institute of Standards and Technology, and
the Federal Highway Administration of the U.S. Department of Transportation. The Public
Works Research Institute of the Japan Ministry of Construction organized the Japan side of the
meeting.

The third workshop consisted of presentations and discussions of 14 U.S. and 18 Japanese
papers with a focus on research and the application (If technology. rather than state-of-the-art
reviews. The papers covered a wide range of topics including seismic isolation hardware.
testing of;,solated bridges and components. active control and hybrid systems. design issues
and applic,'1tions. long span bridges. seismic retrofitting, and new construction. Of continuing
interest b the difference in philosophy between "menshin" design in Japan and seismic
isolation as pra:ticed in the United States. Participants also showed great interest in hybrid
and active syst:ems for bridges, as well as special applications of passive systems; e.g .• the
design of very long bridges on soft soils.

The workshop was held the week following the January 17. 1994, Northridge (California)
earthquake. Many of the workshop participants were concerned with the impact of the
earthquake on the region in and around the city of Los Angeles inclUding, but not limited to.
the performance of various seismically-isolated buildings and bridges in the region. This
earthquake. along with the Lorna Prieta eanhquake of 1989 and the Kushiro-oki and Hokaido
Nansei-oki earthquakes of 1993. demonstrated the fragility of existing urban infrastructure and
its importance to public commerce and regional economies. The participants recognized these
issues and agreed that further research efforts should be directed towards the developmem of
new intelligent systems and protective measures. It was agreed that the future emphasis should
be placed on a systems approach to studying the transportation infrastructure and should
include consideration of not only safety but also performance. maintenance. and operational
efficiency.

A study tour of seismically isolated bridges in the San Francisco Bay area was undertaken by
both the U.S. and Japanese participants on Saturday and Sunday. January 22 and 23, 1994.
This tour was perfonned jointly with participants from the Second U.S.-Japan Workshop on
Seismic Retrofit of Bridges. which was organized by the University of California at Berkeley
and was held on January 20 and 21. 1994. at the same location. A number of the Japanese
participants also visited areas damaged by the Northridge earthquake both prior to and
immediately after the Protective Systems workshop.
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RESOLUTIONS

The participants agreed that the workshop was successful and that it led to a greater
understanding of many of the issues involved in earthquake protective systems for bridges.
While much information has already been developed on these important issues, the participants
agreed that many problems remain unresolved and that additional research and studies are still
needed.

The participants suggested that increased cooperation between the U.S. and Japan would be
beneficial to both countries for improving the technology and the state-of-practice for
earthquake protective systems. As a result, four resolutions were developed and approved
during the meeting, as follows:

1. There are many topics of common interest related to the development and
implementation of earthquake protective systems for bridges. It is therefore
resolved that continued cooperation between researchers and bridge engineers in
both countries be actively encouraged. The free exchange of research and
design experience, in both the laboratory and field, will facilitate the
advancement of this technology and its practical implementation in both
countries.

2. In view of the success of this workshop, the importance of this technology, and
the rapidly advancing state-of-the-art, it is resolved that the Fourth U.S.-Japan
Workshop on Earthquake Protective Systems for Bridges be held in two years in
Japan.

3. It is resolved that in the intermediate year, specialist group meetings be
arranged to focus on single topics, such as design details, practical
implementation issues related to hybrid control, comparative performance of
different hardware, and so on. As a consequence, the meetings are expected to
adopt a working fonnat in order to facilitate the exchange of design details and
philosophies.

4. It is resolved that the fourth workshop be oriented towards research and
application rather than state-of-the-art reviews. Topics to be covered should
include: (1) innovative protective systems; (2) design methoos for seismically
isolated/menshin bridges; (3) full-scale verification of performance; and (4)
comparative design examples. As passive protective systems have begun to be
implemented in both countries, increased emphasis on active and hybrid systems
and on the use of smart and high-performance structural materials and systems
will be made in this workshop.
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MENSHIN DESIGN OF HIGHWAY BRIDGES IN JAPAN

Kazuhiko Kawashima I ) and Shigeki Unjoh 2 )

1) Head, Earthquake Engineering Division, Public Works Research Institute, Ministry of
Construction, Tsukuba Science City, Japan

2) Senior Research Engineer, ditto

ABSTRACT

This paper presents the back ground of seismic isolation of highway bridges in Japan. The
Menshin Design which emphasis to reduce deck response by increasing energy dissipating
capability and to distribute seismic lateral force of deck to as many substructures as
possible is presented. Design guidelines for the Menshin Design and its implementation are
described. A new joint research program on Development of New Materials and Passive
and Active Control of Long-span Bridges is introduced.

INTRODUCTION

The technology for reducing bridge response has been adopted for long time in Japan (Ref.
1). It has been used from short and medium size bridges to long span bridges. Viscous
damper is one of the most typical examples of such technologies (Refs. 2 and 3). It has
been successfully adopted to distribute the lateral force to several substructures. The
viscous damper provides a resistive force when subjected to a high-velocity motion such
as the one encountered during an earthquake, while it does not offer the resistive force to
low-velocity motion such as the deck motion caused by temperature change. Hence, by
providing the viscous damper the seismic lateral force can be more evenly canied by many
columns without constraining deck elongation and shrinkage due to temperature change.

The SU Damper is also an outoome of technical development for reducing bridge response
(Ref. 4). It consists of friction bearing and prestressed strand connecting columns and a
deck. By adjusting the prestressing of the strand, natural period of the deck is controlled.
The strand also prevents the excessive relative displacement of the deck. The friction
bearing dissipates the energy so as to inaease the damping of the bridge.

Various dampers have also been developed for long span bridges. A special type of
vane-damper was adopted to Higashi Kobe Bridge (Ref. 5) and Tsurumi Fairway Bridge

1-3



(cable stayed bridges). A device to control the natural period and to increase energy
dissipation was adopted at Hituishi - lwaguro bridge (cable stayed bridge) of the
Honshu-Shikoku Bridge (Ref. 6).

Base isolation (Refs. 7-10) has been highlighted in Japan as a new technology to reduce
seismic response of structures. Special interest was due to the fact the energy dissipation is
made by bearings and that compact rumiNted rubber bearing such as LRB is available.
Various high damping robber bearings (HDR) have also been developed. Although various
dampers have been successfully adopted for long time as describe above, it requires to
install dampers in addition to bearings. Maintenance of dampers requires some special
attention in addition to the usual maintenance. Some space on the pier crest is also
occupied by the dampers. It is good from such maintenance and space point of view to
adopt the compact type of bearings with energy dissipating capability such as LRB and
HDR. Furthermore, it matches with the trend that rubber bearings should be more used.
Existing steel bearings cause problem due to corrosion.

One more important motivation to adopt the seismic isolation is that it becomes possible to
construct multi-span continuous bridges. The expansion joints cause vibration and noise
pollution, and are not comfortable to drivers. They need to be replaced frequently, and this
often causes traffic congestion. Therefore although simply supported girder bridges 'Jr two
and three span continuos girder bridges have been frequently constructed, such trend needs
to be changed. Super multi -span continuous bridges with as long continuos deck as
possible are required. For such purpose, LRB and HDR are effective. Because the lateral
stiffness of LRB and HDR is smal~ it absorbs the deck elongation and shrinkage due to
temperature change.

Based on those considerations, the seismic isolation is considered promising for highway
bridges. However, there are various unique environmental and natural conditions that the
occurrence of an earthquake with magnitude over 8 is much frequent and the ground is
generally much softer in Japan as compared with in New Zealand, U.s.A. and Italy where
many seismic isolated bridges have been constructed, specific researches and technical
developments are required in Japan. Based on such technical development, the Menshin
Design which is slightly different with the seismic isolation was developed, and is being
adopted.

This paper describes the history of the technical development in seismic isolation of
highway bridges, and the state of the art of the Menshin Design and its implementation.

PAST TECHNICAL DEVELOPMENT FOR SEISMIC ISOLATION
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Guidelines for Seismic Isolation Design of Highway Bridges

For studying the application of seismic isolation to highway bridges, a committee chaired by
Professor Tsuneo Katayama, University of Tokyo, was formed through 1986 to 1989 at the
Technology Research Center for National Land Development, which was the first major
activity to study the seismic isolation of highway bridgel:l in Japan. Three programs were
studied in the committee, i.e., 1) survey of seismic isolation devices which can be used for
highway bridges, 2) study on the key points of the seismic isolation design of highway
bridges, and 3) trial designs of seismic isolated highway bridges. As the final
accomplishments of the three year study, "Guidelines for Seismic Isolation Design of
Highway Bridges" was published in 1989 (Ref. 11).

Pilot Construction Program of Menshin Bridges

Five highway bridges were constructed as a pilot program under the supervision of the
Ministry of Construction to verify the effectiveness and performance of the seismic isolation
(Ref. 1). A working group was formulated in the Ministry of Construction to supervise the
design and construction. Because the Menshin Design was being developed by the Joint
Research which will be described later, it was adopted in the design. Miyagawa Bridge in
Shizuoka-ken was completed in March 15, 1991 as the first Menshin highway bridge in
Japan (Ref. 12).

Joint Research on Menshin Bridges between PWRl and 28 Companies

A three-year joint research program on the Menshin Design of Highway Bridges
was made between Public Works Research Institute and twenty eight companies since July
1989. The goal of the program was to develop the Menshin Design method and the new
Menshin devices for highway bridges. Table 1 shows the research items and the
contribution of each organization.

There were four research topics in the joint program:

l)Development of new Menshin devices
The Menshin devices for highway bridges need to be compact and weather-proof since
they are installed at narrow pier crests exposed to weathering condition. Ten new
devices in total were developed in the program. Among them, 4 high damping rubber
bearings (lIDR) (Ref. 13), 2 sliding Menshin devices with HDR (Ref. 14), and a roller
Menshin device with HDR (Ref. 15) seem promising for application. All Menshin
devices developed were tested with use of the dynamic loading system at PWRI under
the same loading conditions developed in the program (Ref. 16).

1-5



2)Development of expansion joints and restrainers
A knock-off mechanism at an abutment to reduce the impact force induced by the
collision between a deck and an abutment (Ref. 17), and a finger expansion joint which
is distinguished from the regular finger joints by the transverse movement (Ref. 18),
were developed. A special restrainer which absorbs the energy and allows the deck to
move in two lateral directions was developed (Ref. 19).

3)Development of Menshin Design method
Taking into account the high seismic activity and the soft soil condition, the Menshin
Design method was developed as will be described later.

4)Application of Menshin design
It was found that the Menshin Design can be effectively used to construct
super-multi-span continuous bridges with deck length of 1 km (Ref. 20). Connection
of existing simple supported girders to reduce the number of expansion joints, and
retrofitting of existing bridges to increase the seismic safety by using Menshin Design
were studied (Ref. 21).

The final accomplishment of the program was complied in March 1992 as the " Manual of
Menshin Design of Highway Bridges" (Refs. 22 and 23).

MENSHIN DESIGN

Although the elongation of natural period and the increase of energy dissipation capability of
a structure are key factors in seismic isolation, the elongation of fundamental natural period
is not easily achieved for bridges in Japan from various reasons.

First reason is the soft soil condition. Because most of the populated areas are located on
alluvial fan deposits, soils are very weak. Second reason is the high seismicity
accompanying earthquakes with magnitude over 8 (Ref. 24). Large earthquakes in
magnitude produce a ground motion predominant in 10111 period (Ref. 25). Reflecting these
environmental and natural conditions, the conservative lateral Corce coefficients as shown in
FilL 1 and 2 have been adopted in seismic design of highway bridges (Ref. 26).

Third reason is difficulty to widen the clearance between decks, and between the deck and
abutment. The increase of natural period produces a large relative displacement between
the deck and the substructures, and requires special expansion joints which absorb large
relative displacement. From the demand of driving comfort, maintenance problems and
noise and vibration pollution, EVery efforts are now directed to reduce the clearance at
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expansion joints. Because even regular expansion joints currently used cause considerable
problem, the increase of gap clearance can not be incorporated.

Fourth reason is the evaluation on collision developed either between abutment and deck or
between adjacent decks. When enough clearance is not provided, collision would take place.
In fact, collision took place in the past earthquakes (Ref. 'J:l). It is known from these past
experiences that collision did not cause critical structural problems although expansion
joints were often badly damaged (Ref. 28 and 29). On the contrary, collision dissipates
energy. From experiment and analysis, it is effective to constrain the deck response by
collision at small deck displacement (Ref. 30). From these reasons, it is superior not to
provide a large gap so as to allow the large relative displacement of deck. A little bit larger
gap than the normal gap.

Based on these considerations, it seems preferable not to intentionally increase natural
period and not to widen the gap clearance at joints. Instead of intentional increase of natural
period, combination of increase of energy dissipating capability and distribution of seismic
lateral force to as many substructures as possible is preferred in highway bridges. It may be
effective to adjust the natural period of bridges so as to avoid the resonance with ground
motion. This is an extension of the existing seismic design approach which has been
adopted in highway bridge in Japan. The design concept in which bridges are designed
taking advantage of the increase of energy dissipating capability and the distribution of
seismic lateral force is proposed to be referred as "Menshin Design(St&)" (Refs. 22 and 1).

Followings are the basic principles of Menshin Design for highway bridges with ordinary
span length:

1) Seismic lateral fon;e should be distributed to as many substructures as possible. The
seismic lateral seismic force should be reduced by increasing the energy dissipating
capability with use of Menshin bearings.

2) The natural period of bridges should be not be forcibly elongated, but adjusted so as
to avoid the resonance with a ground motion.

3) Gap at expansion joints should not be so widened.

4) The Menshin Design should be adopted only at the site with stable soil behavior. The
site wlnerable to soil liquefaction and other type of failure should be avoided.

5) The Menshin Design is encourqed to construct super-multi-sJl8ll continuous
bridges.
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MENSHIN DESIGN METHOD

Manual of Mel18hin Design

The Manual for Menshin Design of Highway Bridges was developed as the final
accomplishment of the 3 year joint research program between the Public Works Research
Institute and 28 companies (Ref. 22). Although this is not the mandate specifications, it is
recommended to consider the basic requirements of the Manual in addition to the Design
Specifications of Highway Bridges (Ref. 26). The Manual consists of 9 chapters and 10
appendices. The table of contents is presented in the appendix.

The mandate specification for Menshin Design is being formulated at the Menshin Design
Working Group, the Seismic Design Subcommittee of the Bridge Committee, Japan Road
Association, based on the Manual of Menshin Design of Highway Bridges. Because seismic
perfonnance of Menshin bridges has not yet fully confirmed through seismic experience in
the past earthquakes, at the design seismic lateral force is not allowed to reduce from the
value specified by the !>f'<)1gJl Specifications of Highway Bridges. Since various data are
being accumulated on th,~ seismic perfonnance of the Menshin bridges. it is expected to
reduce the seismic lateral force in the new specifications.

Idealization

In Menshin Design, bridges are designed by following the standard static design method
(static frame analysis). Precise evaluation of seismic safety is made by the dynamic
response analysis. In such analysis, the Menshin devices are idealized by as a set of
equivalent linear springs. Equivalent stiffness and the equivalent damping ratio of the
isolator and damper are the major parameters used in the analysis. In the static frame
analysis, natural period of the bridge can be computed for each seismic design structural
unit as :

T=2.01,J"i (1)

fw.·u. 2

a= (2)
fw.·u.

where
T : natural period (sec)
w,: dead weight (tfIm) of the seismic design structural unit (superstructure and

substructure above the ground surface assumed in seismic design) at point "i"
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U I : lateral displacement (m) developed in the seismic design structural unit at point
",... when subjected to W I in the direction considered in design

Damping ratio of the bridge is computed as

(3)

where
h : modal damping ratio of bridge
h Bl : damping ratio of i-th damper
h PI : damping ratio of i-th pier/abutment
h 1'./ : damping ratio of i-th foundation associated with tnmslational movement
h 1'1 / : damping ratio of i-th foundation associated with rotation
K P f : equivalent stiffness of i-th pier/abutment
h F. f : translational stiffness of i - th foundation
KF I I : rotational stiffness of i- th foundation
UBI : design displacement of i-th menshin device
H : height from the bottom of pier to the gravity center of deck

Eq.(3) gives the approximate estimation of the damping ratio of a bridge. When mode
shapes are computed. the modal damping ratio may be computed as

"~tj) rJ .h } . k J' tP / J

h = J= 1 (4)
q,I'K'r!J,

where
tP I J : mode vector of j-th structural component for i-th mode
h J : damping ratio ofj-th structural component
k J : stiffness matrix ofj-th structural component
q, IT: mode vector of bridge for i-th mode
K : stiffness matrix of bridge.

Table 2 shows the damping ratio recommended for structural component Eqs.(3) and (4).

Desiln Force
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(5)

(6)

(7)

Menshin devices are designed by the seismic coefficient method (SCM) and the bearing
capacity method (HeM). The allowable stress approach is adopted in the seismic coefficient
method, while the bearing capacity approach is adopted in l'le bearing capacity method,
Bridges are designed by the seismic coefficient method, and then the ductility of reinforced
concrete piers is checked by the bearing capacity method.

In the seismic roefficient method, the design lateral force coefficient is given as

k~=C2·CG·Cl"cT·cE·kho~O.1

C r" C E~O.8

where
C z : modification factor for zone (refer to Fig. 3)
C G : modification factor for ground condition (refer to Table 3)
c, : modification factor for importance (refer to Table 4)
C T : modification factor for structural response (refer to Table 5)
C E : modification factor for energy dissipation capability (refer to Table 6)
k h 0 : standard design horizontal seismic coefficient (=0.2)

The modification factors c z, C G, c, and C T are specified in the Design
Specifications of Highway Bridges (Ref. 26). The modification factor C E takes a value
shown in Table 6 depending on the modal damping ratio of the bridge in the fundamental
mode. The design lateral force is reduced as large as 20%.

In the bearing capacity method, the lateral force coefficient khc and the equivalent lateral
force coefficient khe are given as

k - k he

h.- ,J2fl-l

k he = C 2' C " C R' C p;' k hco;;:O.3
where

c z : modification factor for zone (refer to Fig. 3)
C I : modification factor for importance (refer to Table 4)
C R : modification factor for structural response (refer to Table 7)
C p; : modification factor for energy dissipation capability (refer to Table 8)
k h cO: standard lateral force coefficient for bearina capacity method (=1.0)
f.l : allowable ductility factor of reinforced concrete piers

The modification factors c z, C I , and C R are specified in the Seismic Design
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Specifications of Highway Bridges. The modification factor C E depends on the modal
damping ratio of the bridge, and takes a value of Table 8. The design force is reduced as
large as 30%.

Design of Isolaton and Energy Dissipators

In design of isolators and energy dissipators, the design displacement of menshin device
U B ,the equivalent stiffness K B and the equivalent damping ratio h B of the Menshin

device are the key factors.

The design displacement of Menshin device U B is evaluated as

R,,·W u
(S.C.Method)UB=

K B

R,,<"W u
(B.C.Method)UB=

K B

(8)

(9)

: lateral force coefficient by Eq.(5)
: lateral force coefficient by Eq.(7)

: equivalent stiffness (Wm) of Menshin device
: weight of the superstructure (to supported by the Menshin device

Requirements for Dynamic and Static Load

Various requirements for the devices against static load and dynamic load are desaibed in
the Manual. It is unique that precise loading test procedures for both dynamic and static
loads are described in the Manual. Some of the important requirements for dYJW1lic load is
as:

1) Menshin devices have to be designed and fabricated so that their equivalent stiffness
RB and equivalent damping ratio h. be within ± 20Cll of the design values.

2) Menshin devices have to be stable against 50 cycles of hannonic loading with design
displacement of UB given by Eq.(9).

3) Deck should return to the rest position even after it was subjected to a large
earthquake. The residual displacement U B R developed in menshin devices after it is
smoothly released from the deformed displacement of given by Eq.(9) needs to
satisfy.
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(10)

4) The equivalent stiffness and the equivalent damping ratio of menshin devices need to

be stable against the change of load condition at normal time, change of natural
environment such as the temperature change and earthquake-induced cyclic loading.
Stability has to be examined for 1) cyclic loading associated with the elongation and
shrinkage of deck due to temperature change and traffic load, 2) effect of loading
hysteresis, 3) variation of vertical loading, 4) effect of loading rate,S) effect of
pre-deformation due to creep and shrinkage, 6) direction of excitation, and 7) change
of the equivalent stiffncS& and the equivalent damping ratio depending on the
temperature change.

('n the other hand, major requirements for static load include :
1) Materials and mechanism of the menshin d~vi<:es need to give credit to long tenn

use. They need to be stable against the daily and annual cyclic elongation and
shrinkage of deck due to the temperature change.

2) The menshin devices need to be stable against local shear strain. Check of the local
shear strain needs to be made in accordance with the Design Guidelines of Bearings
(Ref. 35).

3) In the rubber-type menshin devices, the creep of rubber which would be developed
for the life time of bridges in vertical direction due to the dead weight of
superstructure needs not to exceed 5% of the total thickness of rubber.

4) The equivalent stiffness of menshin device at -10"C need not to exceed 1.5 time the
equivalent stiffness at 40"C .

IMPLEMENTATION OF MENSHIN DESIGS

Table 9 shows the directory of Menshin bridges which were completed or are under
construction. TI1ere are over 30 bridges under design and planning stage. It should be noted
that as descn'be above because the seismic lateral force is not aUowed at this stage to
reduce from the value specified in the Design Specifications of Highway Bridges, some
bridges which merely adopted Menshin bearinas are included in Table 9. From the same
reason, Menshin bearings have been adopted for most of existing bridges as a tool which
enables to make simply supported girders continuous. Although the seismic retrofit was not
the official reason for adopting the Menshin bearings, the seismic retrofit effect is of course
expected in addition to make the deck continuous.
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The Road Bureau of the Ministry of Construction compiled in June 1993 a technical
development program which is required to challenge toward 21 century (Ref. 34). Seventy
four technologies were identified as essential, and the further development of the Menshin
Design is included as a technology required to mitigate road environment Obviously
effectiveness of constructing super-multi-span bridges to reduce noise and vibration
pollution is highly expected in the Menshin Design. The Ministry of Construction is now
intending to effectively use the Menshin Design technology which enables to construct
super-multiple-continuous bridges which are advantageous for road environment and
enough seismic safety.

Typical implementation of the Menshin Design is as follows. The first Menshin bridge in
Japan is Miyagawa Bridge as shown in PhotOi 1 and 2, Shizuoka-ken. It was completed in
March 1991. A series of forced excitation tests using an eccentric mass-shaker and
quick-release hydraulic jacks were conducted as shown in PbotOi 1 and 2 to verify the
design. Strong motion observation has been made since the completion, and an analysis of
the first data was made (Ref. 31).

Photo 3 shows Varna-age Bridge in Tochigi-ken <Ref.32). This was the first Menshin
bridges utilizing high damping rubber bearings. Superstructure is of 6 - span
post-tensioning prestresa«'1J concrete box girder with deck length of 246.3m. Forced
excitation tests using an eccentric mass-shaker and quick-release hydraulic jacks were
made.

Photo 4 shows On - netoh Bridge on National Highway No.44 in Hokkaido. this bridge
experienced a significant shaking during the Kushiro-oki Earthquake in January 1993. The
peak acceleration of about J60 cmtsec 2 was induced on the ground surface near the bridge.
No damage was developed due to the earthquake. The relative displacement at the bearings
in longitudinal direction was only 2 to 2.5 em. This earthquake provided as important data
on the response of a Menshin bridge in cold area. Because temperature dependence of LRB
was precisely investigated in laboratory (Ref. 33), a precise analysis is expected.

Photos 5 and 6 show Higashi-ohgi-shirna Vladuct with 9-span continuous prestressed
concrete girder on Metropolitan Expressway and Matsuno-harna VUlduct with 4-span
continuous steel box girder on Hanshin Expressway, respectively. The forced excitation
tests were also made for these bridges and the dynamic characteristics of Menshin bridges
were investigated.

A unique application of Menslin Design is the O-hito Viaduct which is under construction
in Shizuoka-ken as a part of the 1m Crossing Highway. The bridge is of 29-span
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continuous prestressed concrete girder with deck length of 125m.

Menshin design has been applied for the jointless system and seismic strengthening of
existing simply-supported girder bridges. Photo 7 shows the replacement of existing steel
bearings by LRB.

A NEW JOINT RESEARCH PROGRAM ON SEISMIC CONTROL
OF LONG-SPAN BRIDGES

A new three-year joint research program on "Development of Seismic Control Systems of
Long-Span Bridges" was initiated from October 1993. This research is being made jointly
between the Public Works Research Institute, Public Works Research Center and 19
companies. The Public Works Research Center is a foundation belonging to the Public
Works Research Institute.

This research is directed to develop a new passive and active control technologies and to
use intelligent materials for long-span bridges. As the post Honshu-Shikoku Bridge
Project. new bridge construction with center span length over 2 Ian is being considered. In
the technical development program of the Road Bureau of the Ministry of Construction,
development of seismic design method for long-span bridge is included as one of the 74
key technologies. Passive and active control technologies for new types of structures are
the key issue. The joint research is intended to support this technical development

The research program includes the following three topics.

1) Development of New Materials and Passive and Active Control
It is intended to effectively use new materials such as super low-yield strength metals,
super plastic rubbers, super high damping rubbers and rheological fluid. They may be
used to produce energy dissipators for various purpose. Intelligent dampers, a tuned
liquid damper and an intelligent knock-off device are to be developed.

2) Development of New Control Design Method
Depending on new materials and passive and active control developed in I), new
controlling methods need to be developed. At.:curate evaluation method of damping of
structure which use new materials and controlling devices, and optimum control points
are to be investigated.

3) Application to Bridges
Various application of the new materials and controllina systems can be considered.
Application of the controlling systems to substructures, high piers, suspended slabs,
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cable stayed bridges and suspension bridges are studied. Application of active control of
bridges during construction stage is promising.

Table 10 shows the research objectives and the contribution of each organization. The 19
companies include material makers, bearing supports fabricators, consulting engineering
companies, steel bridge fabricators and general contractors.

CONCLUDING REMARKS

Seismic isolation expanded the freedom of design and construction practice of highway
bridges. It has been used as a tool to construct super-multi-span continuous bridges,
curved and skewed bridges capable to move in two horizontal directions and seismic
strengthening. Data on bridge response through forced excitation tests, shaking table tests,
loading tests of energy dissipators and isolators, strong motion observation and seismic
excitation are being accumulated. It was very important that On-netoh bridge located cloSt;
to the fault of Kushiro -oki Earthquake in January 1993 behaved quite well. Through the
analysis of those data, the seismic response of Menshin bridges is being verified.

Implementation of the Menshin Design is being maCe throughout the country. The Menshin
Design was applied to 15 new bridges and 8 existing bridges. A number of bridges are
being designed. and planned.

A new three-year joint research was initiated among PWRI, PWRC and 19 companies to
develop new materials and passive and active control systems for long- span bridges. New
innovative materials and systems are studied in the program. It is expected to develop new
materials, dampers, controlling algorithm and application.
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Table 2 Damping Ratio Recommended for Structural Components

Structural Components Steel Concrete

Super Structures 0.02-0.03 0.03-0.05

Menshin Device Damping Ratio
--

Pier/Columns 0.03-0.05 0.05-0.1

Footing 0.1-0.3

Table 3 Modification Factor for Ground Condition C G

Ground Group I I n m
CG 0.8 I 1.0 1.2

Table 4 Modification Factor for Importance C I

Group Cr Definition

1st class 1.0 Bridges on expressway (limited access highways),
general national road and principal prefectural
road. I~rtant bridges on general prefectural
road an municipal road.

2nd class 0.8 Other than the above

Table 5 Modification Factor for Structural Response C T

Ground Group Structural Response Coefficient CT

Group I T<~1 o. l:iii T < lsI 1.1<TcT=2.69 /3li:l.OO CT=l. CT= .33T- 2/ 3

Group U T<~~ O. 2:iii T < !55 1.3<T
c T=2. 15 /3 Ii: I. 00 CT=l. CT= 1. 49T-2/3

--
Group m T<~~ O.34:iii T ~. 5 l.y<TCT=l.OO 3li:l.oo cT=I. CT= •64T- 2/3
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Table 6 Modification Factor for Modal Damping Ratio of Bridge C E

(Seismic Coefficient Method)

Damping Ratio h Modification Factor CE

h <0.1 1.0

h ii:0.1 0.9

Table 7 Modification Factor for Structural Response C R

Ground Group Structural Response Coefficient CR
_._---

Group I T:ii 1. 4 1.4<T
CR=O. 7 CR=0.876T- z/ 3

~

Group n
CR=l~~)93~O. 7 O.18:iiT\\.6 l·r<TCR=O.

!
CR= .16T- z/ 3

Group m T<~W O. 29:ii T ~. 0 2.~<T
C R=1.15 3~O.7 C R=l. C R= .59T- z

l'3

Table 8 Modification Factor for Modal damping Ratio of Bridge C E

(Bearing Capacity Method)

Damping Ratio h Modification Factor CE

h<O.1 1.0

O. 1:ii h <0. 12 0.9

O. 12:ii h <0. 15 0.8

0.15=- h 0.7
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Table 9 Directory of Menshin Bridges in Japan
(a) New Constructions

Bridae Location Deck Administrator Year
Super-Stru..-tur'e Type~~~_Length Constructed

~.

Onnewh Hokbido 102.2m Hokkaido 1993 4-Sffi Continuous I LRB
BOOte Deft10pment Stee Plate Girder

Bureau

Nap'oopwa Akita 97m Nosbiro Under 3-S~ Continuous LRB
BndRe Construction Construction Stee Plate Girder

Office. MOC (1993)------t - ~--

Maruki-bashi Iware 92.5m Iwate-ken
1
1992 3-SpIn Continuous LRB

Bri~ Prestressed Concrete
Box Girder

--
Yarna-age TodUei 250m Tochigi-ken 1993 6-SpIn Continuous HDR
Bridae I I Prestressed Concrete

, jBol[ Girder
--

Mi~wa Shizuoka 110m ShimoJra- ken 1991 '3-~ Continuous
I
LRB

Bridle _j Stee ~ Girder
,

O-hiw Shizuoka 125m ShimoJra-ken Under 129-SpIn Continuous LRB
Viaduct Coostruetion Prestiased Ccmcrete

Slab
-

Hirao Yamaguchi 350m Yamquchi-ken Under 5-Span Continuous HDR
Bridge Construction Prestressed Concrete

_1(1993) Box Girder

Uehara Nagoya 65m Nqoya City 11991 ~ Continuous LRB
Bridie Plate Girder

Route #12 Tokyo l36.6m MetropoliWl 1991 6-Span Continuous LRB
Inten:hange

~~~.
Prestressed Concrete

Bridae Slab

Bay Shore Tokyo 417.6m Metropolitan Under j9-SpIn Continuous um
Route

~~~.
Construction Prestnaed Ccmcrete
(1994) Box Girder

--
Matsunohama Osaka 21L5m Hansbin Under ~ Contin\KJWl LRB
Bridee =wa

y Constnlction Box Girder ,
. Corp.

bumisano Osaka 318m Hmabin Under tesn Continuous LRB
Bridae ~~c:~.

Construction Box Girder

TrIDI Tokyo Tokyo 910m Trans Tokyo Under II-SpIn Continuous HDR
Bay Bay Hishway Constnldion •Steel Box Girder

Corp. (1994)

TrIDI Tokyo Tokyo 800m Trans Tokyo Under 10-Ss-n Continuous LRB
Bay Bay Hi,hway Construction Steel Box Girder

Corp. (1994)

Karaaki Fukushima 76.95m Soma~ 1991 2-Spm Cantinuoua IIDR
Bridae PoWler y Prestreued Concrete

Ltd. Box Girder

Note) LRB: Load Rubber Be.ariJJI, HDR: HiIb Dampiq Rubber Bearine
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(b) Existing Bridges

Bridge Locatioo Deck Administrator Year ISS T IBearing
Length Constructed I uper- ~ure__ype jType ___

Komatsukawa Tokyo 120m Metropolitan I Under I Interconnectioo oC
I
LRB

Route E~ressway ~truction Si~y-Su~ed
Pu lie Corp. Gi r (3- pans) :

Komatsukawa Tokyo 120m
Me_~~

Interconnection oe----rr.RB-
Route E~way Construction Si~-Su~rted I

Pu ie Corp. Gi (3- pans) .

Route #6 Tokyo 80m Metropolitan 1992 Ilnteroonneeti~-;- ---tLRB--
E~ressway Si~-Su~rted I

pUie~ Gi (4- pans) 1--- ~--
Route #6 Tokyo 80m Metropolitm 1992 Interoonnectioo oe LRB

E~ressway Simply-Su~rted I
Pu ie Corp. Girder (4-. pans)

i---
Route #6 Tokyo 80m Metropolitu 1992 Interconnection oC ILRB

E~way Si~-Su= I
Pu lie Corp.

G; (4- -> .1- -----
Moriguchi Osaka 90m Hanshin 1991 Interoonnectioo d LRB
Route E~way Sim y-Su rted

Pu lie Corp. Gi~ (2:G'-Spans)

Moriguchi Osaka 90m Hanshin 1991 lnterconnectioo oC LRB
Route E~way Si~-S~Pu lie Corp. Gi (2 -Spans)

---

Sakai Route Osaka 89.5m Hanshin 1993 lnteroonnectioo oC LRB
E~way Si~-Su=
Pu ic Corp. iGi (4- pans)
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Photo 1 Miyagawa Bridge (Shizuoka-ken)

Photo 2 LRB used for Miyaaawa Bridge
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Photo 3 Varna-age Bridge (Tochigi-ken)

Photo" On-netoh Bridge <Hokkaido Development Bureau)
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Photo 5 Higashi-ohgi-shima Viaduct (Metropolitan Expressway)

Photo 6 Matsuno-hama Viaduct <Hanshin Expressway)
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(8) Removal of Existing Bearings

(b) Set-up of LRB

Photo 7 Jointless System of Existinl BridJes (JIaDshin Expressway)
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SEISMIC ISOLAll0N OF BRIDGES IN mE U.S.A.

Dr. Ronald L Mayes·

Seismic isolation is an alternative strategy for protecting bridges from earthquake damage.
It focuses on the demand side of the equation - reducing seismic forces with the goal of
limiting them to the elastic capacity of new or existing structures, thereby minimizing or
avoiding inelastic deformation and damage to the foundation and columns. In addition to
reducing the seismic forces, the unique bilinear force-deflection characteristics of seismic
isolation systems also permit the engineer to control - within limits - the distribution of
lateral loads.

The paper will provide an overview of the new AASHTO seismic-design requirements, the
force-redistribution concept, and the benefits of seismic isolation in retrofit applications. A
summary of the key features of the almost 50 U.S. bridge applications to date will also be
provided.

INTRODUCTION

Prior to the Lorna Prieta earthquake of October 17, 1989, awareness of seismic risk outside
of California seemed to be increasing. Further impetus was provided in 1990 when the
AASHTO Bridge Committee adopted the 1983 Guide Specifications as Standard (AASHTO,
1991) and approved a llew Guide Specifications for Seismic Isolation Design (Mayes, et aI.,
1992).

Since 1990, seismic isolation has gained rapid acceptance in low and moderate seismic zones.
There are several reasons for this. First, the seismic load case is often eliminated as a
governing load case in low-to-moderate seismic zones. Second, besides lowering the overall
seismic force on the structure, isolation design makes it possible to distribute the seismic and
nonseismic lateral forces among the substructures in a way that benefits the global design
(Mayes et aI., 1991). In new construction, this capability can be. a source of significant cost
savings in foundations. In retrofit situations, it may facilitate the reduction of the lateral
forces to levels within the elastic capacities of the weaker existing substructures and
foundations, thus avoiding costly strengthening of these components, while solving the other
two seismic-retrofit problems, i.e., vulnerable bearings and inadequate girder support lengths.
Third, AASHTO's adoption of the Guide Specifications for Seismic Isolation Design has fiJled
a void in the code which often served as an impediment to the implementation of seismic
isolation in bridges.

The basic concepts and applications of seismic isolation to U.S. bridges can be found in the
references by Buckle et aI., 1986, 1987 and 1990; Kelly and Jones, 1991; Mayes et aI., 1992;

• President, Dynamic Isolation Systems, Inc., 2855 Telegraph Avenue, Suite 410,
Berkeley, California 94705
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and Dynamic Isolation Systems, 1992. The concept of lateral force distribution can be found
in Mayes et al., 1991, and O'Connor and Mayes, 1992.

AASHTO CODE REQUIREMENTS

One of the major impediments to the implementation of seismic isolation has been the lack
of code requirements. With liability issues being a major concern to design professionals in
today's litigious society, many firms have been unwilling to use the technology without the
protection of professionally-acceptable code provisions. Thus, the October 1990 adoption
of Seismic Isolation Design Requirements by AASlITO (AASHTO, 1991; Mayes et a1.,
1992) was a key step forward in the more-widespread use of seismic isolation.

Seismic isolation provides a significant reduction in the elastic seismic forces the bridge must
resist when compared to conventional fixed-base design (Buckle et aI., 1986, 1989, 1990).
As a consequence, there are 2 possible design philosophies that can be used and both are
included in the AASHTO Guide Specifications. The first is to take advantage of the reduced
forces and provide the most economical bridge design. This option utilizes the same
Response Modification Factors (R-Factors) as the recently adopted AASHTO Standard
Specifications and, thus, provides the same level of seismic safety as conventional design.
The advantage of this design option is that if seismic forces are goveming the design of the
bridge, cost savings up to approximately 10% of the total bridge cost can be realized
(Billings, 1985; Thorkildsen, 1991; O'Connor and Mayes, 1992).

The second design option is to provide a bridge with much better seismic-performance
characteristics than that of a conventional design using the AASHTO Standard
Specifications. The intent of this design option it to eliminate or significantly reduce damage
(inelastic deformation) to the substructure and abutments. In this case, an R-Factor in the
range of 1 to 1.5 will ensure essentially elastic response by eliminating the ductility demand
on the substructure. In bridges, this design option can generally be achieved for similar or
less cost than a conventional design.

FORCE-DISTRIBl.TION CHARACTERISTICS

The primary purpose of seismic isolation bearings is to provide a significant reduction in
earthquake forces. A second, but equally important design option, is to control the
distnbution of not only the seismic forces but other lateral loads as well (Mayes et aI., 1991).
The bilinear force-detlection characteristics of seismic isolation bearings provides some
alternate design options for the resistance of lateral-load effects due to wind, braking,
centrifugal, and seismic loads.

There are distinct changes that occur in the response of a bridge that incorporates seismic
isolation bearings (O'Connor and Mayes, 1992). In an isolated bridge, elastic restraint is
provided in both the longitudinal and transverse directions at each support. The distnbution
of lateral loads is then a function of the bilinear force-deOection characteristics of the
isolation bearings, unless the columns are very fleXible, in which case the combined stiffness
of the bearings and columns will control the distnbution of lateral loads.
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APPLICATIONS

There are now over 60 bridges in the U.S. that are either complete or under construction.
Table 1 provides a summary of the key features of each of the projects. The table does not
include the details of two additional bridges: one in Oregon using the FIP system and the
other in Indiana using the Eradiquake system. Detailed examples of cost savings on new
construction can be found in Thorkildsen, 1991, and O'Connor and Mayes, 1992. For
seismic retrofit, there are 3 global alternatives available to a designer:

• Increase ductility and/or capacity of columns, such that the combination is
sufficient to resist the demand. This is the conventional approach.

• Decrease demand and/or increase capacity until capacity exceeds the demand.
This is the isolation approach.

• Get as much capacity and/or ductility and/or demand reduction as practical
and accept the risk. This means some damage in a future event will occur.
but this risk may be judged to be acceptable, from an economic viewpoint.

Seismic isolation, when applicable, is an attractive alternative since replacement of
vulnerable rocker/roller bearings with isolation bearings may prevent column- and
foundation-strengthening work to be performed. To date, about 50% of the U.S. seismic
isolation applications are retrofit projects.
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TABLE 1: SEISMICALLY ISOLATED BRIDGES IN NORTH AMERICA

Structure I Year Geomet1'7
Equlv. Deslp

SupentnKture T,pe Remarks
Spectrum

1. SaalaAu an.r Leneth - 1010' (308 ID) ATCA - 0.41 3 - 180' (55 m) IilDplc apan ReplacemeDt 0( vulDenble Iteel bearinp
Bridp 13 apalla, max apan ISO' (55 m) Soil Profile Type II throuih Inma; 10 ateel prder rcducccl eladic forc:a to Ie\oda within \be
(&rojil) appmlCb spa. elaltic c:apa.:ity of \be ctialiII, UlllCrete
1984 waD pien aDd eenaiD \I'\IU aaemben tbat

were lMf'Itl'eUa1.

2 Sierra PoIDt L.enatb - 616' (188 m) Caltrano A - 0.6& Looaitudinal Iteel plate 3' diameter, 2.5' taU c:oIUIIIlIa were
o-rbe8lI Width - 117' (36 m) o • 10' alluvium &inJen; IRIIIVeI1e &leel plale protCdCd by reducinl elaItic aeiamic
(&rojil) 10 aimple apella, IIWL &pIID 100' Jirder beIIt c:apa forea, by • factor of 6, to IeYeIa well
1984 (31 m) within their dulic c:aplCity.

3. Malay..... lLnith - 256' (78 m) Caltrana A - 05, 2 . 12B' (39 m) aimplc span RepIac:etDeol ()( VU1Denblc IteeI bearinp
VeblcleM..- Width - 32' (10 m) 10 • SO' alluvium aleel 1broulh pIale Jirdc~ eliminated tbe poceolial for Ibear failure
BricIp 2 equal aill'plc apaM aleel Door beamI, coocrete ill \be coIWD1la of tbe 2<01uma beDl with
(&rofilJ 58" ikew deck infill waU. Forces 011 tbe taU abut_nlS
1987 ~ abo redua!Cl.

4. Eel RIver BricIp Length - 606' (185 m) Caltrana A - 05g 2 . 300' (92 m) a1ee1 through Replacement 0( vulnerable ateel bearings
(ktrofilJ Width - u,' (8 m) > ISO' alluvium tl\lU simple apaM provided protection for Ihe nonduclile
1987 2 equal limplc IpaM wall picn.

5. AU-Amerlcall Length - 410' (12.5 m) Caltrana A - 0.6g Continuous aled p~le lirden UK or isolalion on tile lupcntrllCtun:
CaDalBridp Width - 41' (13 m) > ISO' alluvium (replacinl rOl1llcr lteel ded. replacement eliminated the need to
(Retrojil) 3 c:ontinuoUi IpaDS U\IIIC) replace the columns and foundations or
1988 Itrenltben lhem under waler.

6. SemD Creek Length - 394' (120 m) AASHTO A - 0.21 ~n conlinuoua alecl pille ~rall ICiamic force input _ reduced
BricIp Widlh - 40' (12 m) Soil ProCile Type III ,irdcn by a ClClor of 3, and tbe iIolation desi,n
(New) Max. lpan IS4' (47 m) redistributed much of tbe lateral aeismic
1990 Slilht horizontal CUlVlItUn: and nonseiamK: lorca from the wall pien

and piled foundations to tbe abut~ls.

7. ToO Plaza R..... ungth - 176' (54 m) AASHTO A - O.le '76' (54 m) simple span Some overall seismic benefit, pilla

BrIdte Width varica, 150' to 210' Soil Prome Type II composite Ilcel plale girder transverse thermal capability of isoIalion
(New) (46 m to 64 m) bearings on Iuch il very wide bridae was
1990 Single lpan an important CODIidention.

8. n- SIotoch Lenlth - 320' (98 m) AASHTO A - O,2g 3-span continuous riveled An isolation dcsien fOClAinl 011

BrIdp Widlh - 58' (18 m) Soil Profile Type III !laUnched Itcel plate eirden redistribution of Iatenl forces away from
(Retrofit) 3 spans, max. lpan 140' (43 m) tbe faxed pier made it pouible to
1990 38" skew ICCOIIIpliah seismic uperade by replacin,

tbe bearings.

9. UMSLC..... Dual Structura (oac per track) AASHTO A • 0.1, ).span cootinUOUl baundlcd (Sec S8 1-1701EB 1·70)
BrIdp L.enath - 286' (87 m) Soil Profile Type 1 c:oncrete boil Jirdet
(New) 3 lpana, max. lpan 100' (31 m)
1991

10. SfIrlaIdaIe Dual Slruc:turca (oac per track) AASHTO A • 0,11 3-span CODtinUOUl bauncbcd (Sec S8 1·"0£8 1-70)
BricIp lLnath - 221' (67 m) Soil ProJile 1)'pc 1 (QIQ'Cte baI Jirdet
(New) 3 spana, max. apan 85' (26 m)
1991 31· skew

11. IWap 26 8ddIe Dual SlnIc:Iura (one per track) AASHTO A • O.le "-span conlinUOUl baunchcd (Sec S8 1·1701£B \·70)
(New) L.enatb - 292' (89 ID) Soil Profile l)'pc 1 (QIQ'Cte baI Jirdet
1991 .. spana, max. span 81' (2S m)

50" skew

12- NB 1.110 8ddIe Dual SInIc:Iucc:a (oac per lIxk) AASHTO A • O.le 2-spaa cooliDlIOUa Ited baI (See 58 1·17OIEB 1·70)
(New) L.en,tb - 288' (88 m) Soil Profile Type 1 Jirder I1IIItcd by sbort simple
1991 .. spans. max. span 114' (35 m) span sted belt pnlcn
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13. W.. sereel l.cnlth - 172' (52 m) AASHTO A • 0.191 4 simple...,- &led beam RcptacaI YUlPcnblc lied beariap in 2

Ower..- Widtb • 33' (10 m) Soil Profile Type III 1U1ICl_ a:nter apua 0Ya'~ lraIDc IaDel to
(&rojilJ 4 spans, IDU. span 54.5' (17 m) prevenl CIOIIaI* IDd rcIicYe rorca on
1991 enler pier.

14. PetI-k Dual Struellll"l:l AASHTO A • 0.12& Three c:oalinUOlla sleel pIale boIatioo dcsip RdIlCCd CNCn11 aei&mlC:
IUftr ..... Lcncth • 854' (260 m) Soil Profile Type II pnIer unia. or 2, 3, aDd 3 rORle input aod mitiplCld di&pariry in pier
(NewJ ~~Ib· 6)'(19m) spaaa ltilI_ by redi&tributiDIlateraI rorta.
1991 8 spans, mu. &paD 123' (38 m)

Slipl horizontal c:urvaturc

15. Ge..rR..... Dual Strudures (ooe per track) AASHTO A • 0.11 Equal CODtinUOU unita; one (See 58 1·J701EB 1-70)

Bt1dee Lenllb • 832' (254 m) Soil Profile Type 1 lanceDt, one CW\'QJ; each 410'
(NewJ 8 span&, aw. span 115' (35 m) (127 m) Jon.. 4..pan bauached
1991 roncrete 1IOK &iJ'der

16. EaaCam,. Dual Structures (one per track) AASHTO A • 0.11 4-span contiDlIOIIa baunchcd (See S8 J.J 701EB 1.70)

DrtYe ..... Lenllh - 417' (127 m) Soil Profile Type I COIICI'ete 1IOK prder
(New) 4 spaOl, max. span 114' (35 m)
1991 Slilbt horizoIltal ClmIaturc

17. 5B (.(7WEB 1.70 Dual StruCluRS (one per track) AASHTO A - 0.11 Span 1: 120' (37 m) simple 1IoIatioo dcaip Cacilitaled distribulion or
Bt1dee Lenlth • 910' (278 m) Soil Profile Type I IjlIUl &ted baK Jirder; Spam 2· Ionlillldinal rorta amoollhe
(New) Width. 12' (4 m) per track 4: 280' (85 m) 3-Ipan subsUIIClura ror optimum economy wbile
1991 7 SpaOl, max. span 196' (60 m) coalinUOUS ballDChed coocrete providina some leWnic benefil.

Panially curved 1IOK prder; Spans 5·7: 510'
(ISO m) 3-spaa conlinuous
curved steel boli: pRIer

18. c..:he River Lenglb - 280' (85 m) AASHTO A - 021 ~$panCllIItlnuou steel plate Seismic isolaliOll/foree-~istribution

BrWp Width - 35' (11 m) Sod Profile Type III lirden desiln enabled R:·use or the eldstinl pier
(Retrojill 3 apans, max. apan 108' (33 m) in this supenlnJCture replacement project.
1991 21' skew

19. W"'hlUftr Dual Struclllrea AASHTO A - 0.11 7....n colllinllOUllleel plale boIation desip maximized seilmic
BrIcIp Lenllh - 880' (268 m) Soil Profile Type 11 ,irden protection It Icul Cll&I ror the
(NftffJ VVidlh - 41'(13m) ham:uerbead _II~ IDe! piled
1991 7 span&, aw. spin 150' (46 m) roondationa.

20. Roy....6........ Dual Structures AASHTO A - 0.141 4....n conlinuo.'\ steel plate boIalion reduced cweraU aei&mic roree
(N_) Len.th - 356' (109 m) 5011 Profile Type III lirder inpllt and milipted di5pariry in pier
1991 Widlb - 46' (14 m) lIilTnc:ua by Rdistribulinllalenl rorces.

4 apans, IIIaL span 96' (29 m)
26° skew

21. LKe,V,M_ l.cn"h - 1128' (344 m) AASHTO A • 0.25, 3-span CXXIlinllOlll CXXIClete ball: Seismic iIoIIlion saved the CIistinI~
Brtdp.W.. ~~tb - ,,. (17 m) Soil Profile Type II ciJ'den; J.Ipu CllIIlinllOUl deck aDd rOllRdlliolla, lbua avoidina the~ to

"'....-cia 8 spans, IIIaL spin IllS' ('9 m) an-; simple span tied ard. ",pIaoe the wboIe &lrudUl'e.

(Rarojil) (similar lied arch ..... al _

1992 end Il1o R:IJOCiIICld)

22- 0.. R1wer Brtdp Dual Slnldlll"l:l AASHTO J.Ipu CXXIIinUOtD lied pIale boIation desian aeIected 10 lake Idvanaaae
(New) Lcncth - 462' (141 m) C11lqoryA &irden or roree Rdillributioa ud low

1992 VVidtb - 37' (11 m) main_feallSRll.
3 spans, IDU. span 180' (55 m)

23. c....... Lcnctb - 1005' (307 m) AASHTO A • 0.291 8-span CXXIIinUOtD posI. boIalioa desiIII resulted in a Del UYinp
e-aor W~tb • 36' (11 m) Soil Profile Type III latIioocd CIlDCfttC lrapcoidal of S4OO,ooo (1~) clue 10 Rdllaiotl in
(New) 8 span&, IDU. span 1~' (.n m) 1IOK prda foundation size ud ..w procect the
1992 12.5" Horizotttal ewve throup tapered sinpe llOIutIIli beals from d1mace

llO" omtral aqle in an eartbqua~

24. 8..bIoae IUftr Lcnctb - 1000' (30S m) AASHTO A • 0.1, 4..... COlIlinUOtD oomposile boIatioa desiIII reduced cweraII seismic
Brtdp Width - 86' (26 m) Soil Profile Type II steel plate prden force mplll aDd IlIitiplCld diaparity in pier
(New) 4 spans, tDalL span 280' (85 m) 1lilT-.
1992
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25. OlDpom.-_ 1..eIIItb - 25I' (77 m) AASKTO A. 0.10s l-apaD coatiJluoua &led plate Seiamic lorca weft reducal by a ractor of
Illftr ..... Width - 31' 9 m) Sot! Profile Type IJ1 PnIen 2.$ aDd lbeD rediatribulCd 10 IDiDimize IlIc
(Retmfi.) 3equal ...... t.::.,;a OD tbe piaL
1992 45" aUw

26. r-IdeDCe Dual structun:l AASHTO A • 032& 2 lkel plate &inter limple 2-'-1 criteria callilll for lef'liccability
VIadIlCl Lcnatb - 1290' (393 m) Soil Profile Type IJ1 spaDI aDd 2 3-apu continllOUl after aD A _ 0.161~l aDd DO wllaple
(RetmJis) Widlb - 45' (14 m) hauDChcd steel pIale ,irder in an A - 0.32& neDl. IaoIalion _ the
1992 8 lpaas, malt. lpan 210' (64 m) unib IXl&t-effIJttiYe lollnioll, aDd tbe Viaduct will

remain II aeJVia: after tbe bi,ber level
eIIent.

27. (.aD BdeIe- Dual StructUml AASHTO A - 0.37, Simple apall, compo&i\e Ileel boIalion aDd (orce·redislribution dailll
B764EA W Lenl'b - 40' (135 m) Soil Profile Type I plate ,irdcn or rolled bcalll& reduced ICiamK fOl'CCl \0 within tile
(RnroJis) Widtb - 43' (13 m) elaatic capacity ofille 3 COlumn belllI lad
1992 6 apena, malt. lpan 101' (31 m) DlJ:ipted lhe diaparity ill pier ltiffJICIICI.

SllIbt borizonlll curvature Simple lpatli wen: tied tOlC'bel to make
supcnlruclure respolld _ I diapllracm.

28. CarIooa IIML LenCtb - ~53' (47 m) Callnns A - 0.7, Simple IfIlIIllDulli-<:e1l concrele IIolalion dai&n reduced tile elaatic force
Bridp Widlh - varies 49' to 57' 80 . ISO ft. alllnium IxK ,irdcr ~mcient to 0.45 «(actor of3 from peak),
(New) (IS m to 17 m) • dcsipl advaDlIae for the WlIl1abutmenu.
1992 Siocle SpaD

45" lkew

29. ~R.Jyer Lell,th - 874' (267 m) AASHTO A • 0.15, 6-lpllll <XXItilllM>\lS steel plate 1Io111lan lad (ocu-rcdiatribution dcsi&1I
Bridp Width - 52' (16 m) Soil Profile Type III ,irden resulted in I net IlViDp of SI60,OOO.~)
(New) 6 lpallS, max. span 156' (48 m) (4%) in lhe CM:DII ClOU oftbe bridae due
1992 to reduction in lbe size of !be "fJXed" pier

Ind tbe number of pilei.

30. Relocalcd NH Len,th - 170' (SZ m) AASHTO A • O.IS, :Z·span COIIlinUOUS sleel plate Seismic forces were reduced by • f.ctor of
Rle. 15 oyer NH Widlh • 76' (23 m) Soil Profile Type I ,irdcrs 4.S and tbell redislributed to funber
Rle. 101 2 equal spans reduce the rorces on the 34' hi&h WlJII
(New) 16" aUw abutmenls.
1992

31. US 51 Oftr Len,lh - 371' (113 m) AAStITO A • 0.25, 3 . 121' (37 m) simple apan Seismic (orces were reduced by a laCIer of

MIDorSlM&b Width - 47' (14 m) Soil Profile 1'}pc II ~treacd coacrete I-tirdel'l 3,S .ad tb!:ll redistnbuted to minilDlzr tbe
(NnIJ) 3 equal apallI with continuous deck forces on tbe piers.
1992 4.5" skew

32. Pop_51. EM& Lenl'h • 856' (261 m) AASHTO A • 0.12& 2 dual steel plate ,irder uoili Isolation u a seismic uperade was
Appl'NCb Bridp Width varies 112' to 16.5' Soil Profile Type III (S·apen coatinuousand I implemenled by chance order to an
'011-8005 (34 m to SOm) simple span); IUpported 011 existin& rehabilitation COIIlrKt.
(/boJis) 6 ...na. lIW. span 161' (49 m) D1ulti-aliUDIII or ....11 pieR;
1992 piled foundatioaa

33. Cedar IUftr Dual Slrudun:l AASHTO A • 0.25, 4.....a coatillllOUllleel plate lIolation used for initial ecoaomy Ind
Bridp Lenllh • S21' (159 m) Soil Protile Type II Jirders _urance of aeroicnbility .fta- an
(New) Width qlies r.: to 86' eanhquake.
1992 (22m to 26 m)

4 apena. lIW. .... 196' (60 m)
HorizoIllal CUrYC

34. MlliaS&nel LeD&tb - 96' (29 m) AASHTO A. 0.17 2-1Jl111 coatilluous alec I t>c.Jma RepIacu badly deterionled aimplc-span...... Width. 52' (16 m) Soil Proti\e 1)pc I with cooc:retc dcdt IUpcmnldurc. boIatioD reduced acilmic
(RnrofU) 2 equal ..... forces ~ I fIc:tor pater thaa 4, IJId was
1993 lbe mo&t economic:al aoIulioa, CIIIIblilll reo

11K oIlbe CIClIler pier.

3.5. AIIrora l.eaI'h - 201' (61 m) AASHTO A • 0.19 CoDtmllOlll ate:d beams wilh SciImic uppadc pan 01 aeaerat
~ Width - 48' (15 m) Soil Profile Type 1II cooc:retc cla::t. IdIabililltion JX'OJC!CL IaoIalioa nllIuced...... 3 apua. lIW. IpUl 86' (26 m) forces by a fIc:tor 011, aDd dalp _
(1boJis) I·~ adjusted to lllinimiIe (oms 011 piaL
1993 ScbeduJed (or fu11.-le 1eIliD& by SUNY

Buffalo.
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36. ,........,.ser..t Dual SInIc:tUl'Ca AASHTO A - 0.18 Simple spaD aleeI bcaIDI Part 01 tbe Nn'PA widalina pmjcct.
o..r,.. Lenlth - 204' (62 m) SOlI Profile Type " IUppotliJII CXlIICI'ele deck. /solatioa cbooea to s--
(Rarojil) Width - 85' and j: 130' (26 m serviceability or (acility after a INmIC
1993 and:4O m) C"oIent.

3 spans, IIIaL SpaD 73' (22 m)
3600' (1098 m) radila curve

37. BrWp_r Lcnatb - 4~' (139 m) AASHTO A - 0.11 COllllnUOUI _Ided steel plate Deaiped (or heavy coal-baulin, ~hlClca.
Ceuay RoIId ) Width - 66' (20 m) Soil Profile Type II Jirden with concrete deck. /solalioa dcsip .... the IIIOIl economical
(New) S spaRl, mu. lpan 100' (3\ m) overall 101ution and ensures serviceability
1993 93% II'lIde aner • aeilmic eveDI.

38. BunanI 8rIdF • LeDllh - 1080' (329 m) AASIITO .... - 0.2, Side spans are IImpie IpaD /solalioa reduced seiaauc (orte demand by
M.... S..... Width - 43' (13 m) Soil Profile Type I decl: lroues. CeDter span is a a (;octor o( 4 10 \evell Wilhin lbe capacity
(&tra/il) S simple SpalU, IlIIl. SpaD 294' Pratt Ihroop lruaa or lhe cnahng ,u h5trucull''S.
1993 (90 m)

39. '-...by SIReI Dual SIRlctures AASI-ITO Simple·span sleel beams Part of the Nnl'A widcnlRl project.
o.e".. I06.M Len,th - 204' «62 m) A - 0.18 supponina concrete deck Isoblioa ChOKO to JUll'llnl«
(Retrojil} Widlh • 85' aDd :t: 130' (26 m Soil Profile Type II seniceabilily of cacilil)' .ner a seismic
1993 aDd 40 m) eYenl.

3 spana, aw. span 73' (22 m)
, 3600' (1098 m) radius cur"~

40. Wesl "./'It RIver Length - 612' (187 m) , .\ASHTO A = .l.I, Coolinuola welded sled piaIe De$i~ned (or lleavy alIl.hauling vehicles.
BrWte Widlh • 66' (20 m) Soil Profile Type II girders willi concrele deck. laoblion dcsi'll was the 11I061 economical
(New) 3.4% Cl'llde ovenlllOlulioII and el\SUrel Kl'Viceablhty
1994 after a leismic evenl.

41. Solllh IIoaloll Lenlth ~ 1940' (592 m) AASHTO A - 017 Concrete deck supported by oolalion dcaip was m051 eml effective
Bypua VladllCl Width - vatic=; 32' 10 60' Soil Prolile Type III 120' limple span wilh 3 &Iaball)'. S<:rviceabilily after a leismic
(N~) (10 m 10 18 11\) Il'Ipezoidal sleel box Jirde~, eYenl is ensured f.:Jr Ihis impol1ll1l1
1994 11 spana, mall. SpaR 200' pllII 1820' lO-apin continuoIII lelment of lhe Cenlral Anel)' Project

(61 m) unit Wilh 2 curved ll'llpczoid.al
ReYerv c:ulVlllure alee! box lird.:rs

42. Poplar Slnel OWlI Slruet:lra AASHTO A • 0.12 l-, 4· and 5-span CORlinuoll$. Repbca c:xisiioc maiD line llrucilire.
Eal Appruc:b, Lenllh - 2992' (913 m) Soil Pl'\.>liIe Type III OIrved sleel plale lirder IInill IsoLaIion proYideilhe aervicc.ability - nOl

R.......'B Widlh - varies 33' 10 43' just survival deaulnded by Ihis crilic:ally.
(New) (10 m 10 13 m) imporuRt fOiJ\e a(ler a lNmic: C\'CIlt.

1~ 24 spana, lOU. SpaD 138'
(42 m)
CuMd panially

O. Mohawlt~r Dual Slructures AASHTO A - 0.19 MaiD Hpin lIoit is hauDclled. Major rehabilitalion and IlreIIIlheninl....... Lenllh - 1000' «30S m) SOil Profile 1')pe II rMlC'll lied pIale Jirden. projec:I~h inc:hMka aciamic IIPJ1'l1de.
(RetroM Widlh • S6' (17 m) Approac:h unill are simple /solatioa dc:sip II\'Oided ClO5lI)'
1994 9 spaRl, IIIaL span 21S' (66 m) span riYeled llee! pIale Jirden "renalbeD.inl 0{ 4XlIumna aDd foundalions

Cutved, skewed orrollcd~ and will keep \be llnIdurea in ICl'Vice
afler an canhqllalle.

«. CoanJI Brtdae 011I1 SlnIc:tures AASHTOA - 0.19 4-span CXlIIlinuous, eurved, Replac:nlenl or oriJinalllnlC1ure.
(New) LeoJlh - 733' (224 m) Soil Prome 1yPe II hauDChed, weldelt lied pIale bobIlioa _ llIOIl _ical <Wel'llil
1994 Widlh - S6' (17 m) Sirden wir h OOOCf'eIC deck. deaip aDd will tccp \be IlnIC1Ilre1 in

4 ~JI&llI. max. span 274' (84 m) aervice after an earthquake.

4S. Qwe............. Lcnllh • II/ll AASHTO A • 0.211 Hip level~ 3-spIn Sei&mic fon:a rcdlKlal by a factor 0{ I..5.
8dtlet Widlb • ilia Soil Profile 1yPe I coalinllOllc, bauncbcd, aleel fOl'l% dillribulioa (.-..on ead pien.
(lbojit) 3 sr .na. max. spao oJa IMIC-Jirden. 2-Jirder ayalem
1994 wilh~hcamI_.-

46. Ate...., LcnJlb - 2470' (7S3 m) Callrana A - 0.51 Sinp a~ double deck Yiaduc:l. Compla lCilmic retrofil. Iaolalioe
Inlen:..... Widlh - varia 34' 10 68' 10' lO 80' alluvillm RIC baI JinSen end colllmna. bearinp \lied al e:auiD bents to obtaio
(&frojit) (10 m 10 21 m). aw. span lOS' 7 COlltillllO\ll uniu. specifIC lon:e-defleclioa dwat:ttrislia.
1994 (32 m)

Partially amoed
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47. S.up_k IUftr Dual StnIClUI'CI AASI-lTO A • 0.16 3 CIXltinllOU&, steel plale· New, widaled aupcralNCtW'e rqUca old
Bridp I...mItb • 1210' (369 m) Soil Profile Type II IiJ*r units of 3. 4 and 3 spana simple spa... JlIOPOICd by COIIU'XIor.
(Rarofil) Wldlh • 59' (18 m) ColI of mDOYiD,lcad painl from aislin,
1994 10 spans, max. span 129' supenlnlClure WU prohibilive. IIolaIioa

(39 m) and roett·rafislribulioa daip enabled
11K of csisti"l piers aDd foundaliocl&.

48- CIuWI.t·Iloc_ Lmalh - 479' (146 m) AASI-lTO A - 0.13 ~n, IXHllinuous, curval, IIolalioa daip prcwidecI eYCIl dialribulioo
R.... _FItP Width. 47' (14 m) Soil Profile Type III IlCcI pLalc·Jirden of IaICral forca UIIOIl& the aubatnlctura
310 .. spans, mu. span 148' (45 m) and mulli-dircctioaal rapooK 10 Ialem
(Nftt!) 5° horizontal cuJVe forca oa the curwd aupeRtnlCtlll'e.
1994 Otcrall toeWnic fceu _ redllCCd by a

!'.actor pala' !baD 2-

49. Cia,. Fe", Leneth • 1713' (~22 m) AASI-lTO A - 0.1, S.n, OOIllinuoua lI«k IlUII, Wldaun, aad lCismic uPJTllk. Seiamic

Bridae Widlh - 126' (38 m) Soil Profl1c: Type I llauDChc:d al cenler 2 pien forca mtllCCid by a factoc" 0( 2-
(Retrofit) 5 "",os, max. span 448'
1995 (137 m)

3% arade
50. NepoDllellUwr Len,lh - 1188' (36Z m) AASI-lTO 1\ • 0.15 Simple·span, Sled Ihroulh· Global deiln based 01\ aeismic iIolaliOll.

Bridae Widlh - 35' (11 m) Soil Profile Type III prden, double· track ball...led Seismic forca _rr rrduced by a factor of

(NtfW) 10 equal spans dl:ck 2
1994

51. PIDe Hill a.... ungth • 241' (74 m) Al\SI-ITO A • 0.15 2-span, conlinuollS. sleel pLate· ~nll seismic faras wen: rrdUttd by a
over Everell Widlh - 39' (12 m) Soil Profile Type I Jirden r.ac10C" of apptm. 2.S aDd -.-c lhen
Turnpike 2 spans. max. span 123' rediStributed to bvor Inc abutments
(N_) (38 m) dilhlly.
1994 33· skew

~2. Wu.on Avenue Lenllh - 156' (48 m) AASI-lTO A • 0.181 Slcc:1 beams, 3 simple spam Pan of Ille N.lTI'A wideninl project.
Overwo- Widlh - 60' (18 m) Soil Profile 'I'ype I IsolaIion chooen 10 ,uaranlce
I05.79S0 3-spans, max. span SO' serviceability of facility afler a Ie~mic

(RerroJil) (24 m) C'\'ent.
1994 Skewed

53. ConnU N_ark Lenllb • 306' (93 m) AASInO A" 0.18& SIcc:1 p\;lte-lirders, 4 simple Part or Ihe NrrPA widenin, project.
8raDc:b OweJP-M Widlh .. 85' (26 m) Soil Profile 'I'ype II spans Isolalion chOlen 10 ,uaranlce
El06.57 4 spans, max. span 120' serviceability or facility afler a seismic
(Rerrojil) (37 m) event.
1994 Slighl skew II. curve

54. Wlboa Aveaue Lcnltb • 156' (48 m) AASHTO A • 0.18& Sled beall1S, 3 simple spans Put of the NITPA widenin, projcc:l.
Owe....... Widlh - 71' (22 m) Soil Profile Type I IIolalioa c:hoIm to pamstce:
EI05.19SO 3 spans, m.u. span ~I' Ia'Yicabilil)' of facilil)' afla' a seismic
(RetroJil) (25 m) evenl.
1994 SkeMd

SS. 1lc1Gca1e4 f,NSO un'lb • 1485' ~4S3 m) AASI-lTO A • 0.18& Sleel plate·,irden, continuous Part of lbe NITPA WidcDin, projcc:l.
Owerwo- Width - 47 (14 m) Soil Profile: 1yPe II units or 5 and 4 spana Isolalion cboIcD to paraDtce:
EI06.264 9 spans. max. span 190' aerv:.::abilil)' of racilil)' aCla' a seismic
(N_) (S8m) event.
1994

56. M__ C..k Dual SlnIClura AASHTO A - 0.15, 3 sieple spans; steel plalC- Sc:islIIic upp-acle. FOIlla reduced by a

BrIdac Lcnllb - 2101' (61 m) Soil Profile Type II airtkr centa' spall; rolled beam factor 0( 3.
(Retrofit) Widlh - 56' (17 m) aide IJlIlII
1994 3 spalll, ... apaD 104'

(32 m)

57. CoIcIw*r Cnek Lenllb - 492' (150 as) AASHTO A - 0.55, J..pao CXllltinlMD lied pille· Sciamic fOllla reduced by a raaor paler
.ridee N.. u Widlh - l ' (10 m) Soil Profile Type I prdcn than 6. FOIlla miDimil.ed al abul_1s-
(N_) 3 spans. __ span 190'

1994 (58 m)
Curwd, 4.5% ,l1Mk
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Structure I Y.,. GeoIDdr1
EquI". DesIp Su......lnlcture 1)pe R...uSpectnua

58. r-ac.... 1.cD&lII • '10' (156 ID) AASIITO A • 0.5'1 :Hpu CXlIItiDuoua aleel p1a1e SeiImic (_ recluccd by a~ veal"
IIrWp Ne. 14 Widlb • 34' (10 ID) Soil Profile Type I Iirdcn IlIan 6. Fon:a llliDilDiud al abullllCl1la.
(New} 3 IIJUII, lUll. apaa m
1994 (70 ID)

Curwd, 7" J1'ade
S9. Ie"". Cr.II Dual Slnlctura AASHTO A • 0.181 CaltiDuoua~I p1aIC-sirdeft. scapd~. New aupcnllllc:lllI'C

IIrWp 1.cD&lII • 1017' (310 ID) Soil Profile Type II lIIIila 01 3, 4. 3 and 3 apaDa oa CIi&&ia& auba&nlctwa. 0wnIJ lCialDlC
(RdmJlt} Wldlb • ~'(211D) (on:c nduced by a Claor 01 3, lblll
1995 Illlfl&Dl, max. span 120' mabliD& \IIC 01 aistina coIU1D1II.

(37 ID)

60. Poplar SCnd Lenclh • 3080' (939 Ill) AASHTO A - 0.12& ~, ... &oil S-.paD, o>lllinuoua, RcpIaoca ClIiatinl lII&iD line IU'\ICIurc.
r-a~... Widlb • .no 33' 10 0' Soil Profile Type III C\IIWld steel plate-tinier UBilS IIoLalioa ptDYida Ille ICIVic:eabilily.......,C (10 aI to 13 aI) dcmaDdcd by lhiI ailialUy IlDpc,runl
(New) 28 &p&III, max. span 138' route after a aeilmic: C\'CIII.
1995 (42 aI)

Panially all'Wd

61. c....uN... LellJlh - 413' (126 m) AASHTO A - O.tlle Sleel ~ms. 6 ,.imple &paIlS pan 01 tile NJTI'A wideninc project.
....... o..r.- Width - 73' (22 III) Sri, Profile Type I IIoLatioa choaea to parantee
WIK.57 (; ~D&, IILIlL span 97' (30 Ill) ItI'Yiocabilily 01 r.c:i1ity after a Kismic
(RItrofil) SUwrd CYCIlt.

1~
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APPUCATION OF BASE ISOLATION BEARINGS
FOR LATERAL FORCE DISTRIBUTION

by Tettumasa Takaku I, Teruo Kimishima 2,
Shiniehi Izuma 2, and Kazuo Endou 3

l Bridge Construction and Engineeritlg Department, NKK Corporation,
Tsurumi-ku, Yokohama, Japan

2 Engineering Design Department, japan Casting Co., ltd.,
Kawasaki-ku, Kawasaki, japan

3 The Yokohama Rubber Co., Ltd., Hiratsuka, Kanagawa. japan

ABSTRACT

In multi-span continuous bridges, problems of (1) the distribution of seismic
forces and (2) large movements due to temperature are significant. An effective
method for distributing seismic forces is to join the superstructure and substructure
by a hinge connection, which distributes lateral seismic force to multiple
substructures. The NKK Group (comprising the NKK Corporation, japan Casting Co.,
Ltd., and the Yokohama Rubber Co., Ltd.) developed a roller-type base isolation
bearing and extended the technology to bearings for lateral force distribution. Two
types of bearings were developed: a roller type and a laminated rubber type. The
roller bearing is suitable for bridges that are subjected to large bearing forces and
movements. The laminated rubber bearings are sUitable for medium span bridges
because of their simple construction. Trial design of the roller type was carried out
to study structural details and mechanical properties. The laminated rub~r type
bearing was applied to a highway bridge modification for making existing simple
span bridges continuous. The result of this work is reported in this paper. In
addition, property tests of high-damping rubber were carried out to clarify any
differences ~tween large-lot production for construction and small-lot production
for experimental work. These test results are also described in this report.

INTRODUcnON

Recent demands in the construction of multi-span continuous highway bridges
have focused on: 1) no joints and 2) a maintenance-free flat road surface. These
bridges are more earthquake-resistant because of their greater redundancy than
simple supported span bridges. The distribution of lateral forces in multi-span
continuous bridges is crucial for substructures to avoid the concentration of seismic
forces at a single fixed point; otherwise, a single substructure with fixed conditions
would become extremely large in size. The lateral forces are commonly distributed to
the substructures using rubber bearings. The lateral stiffness of the rubber bearing
can be easily determineJ to transmit the seismic forces to each substructure in
proportion to its resistive capacity. If movements become larger, such as in case of
long spans, roUer-type bearings become more useful than rubber bearings. The
Inertial force distributed to pier I of the continuous girder shown in Fig. 1 is
determined by Eq. (3):

tKm- 1 .__ (tf/cm) (1)

I
IKs

'Ell
IKm

Hl.l)eeKmi

I
+ -

IKp

(em)

(tf)
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where,
&!: displacement of the superstructure due to earthquake (em)
H: inertial force (tf)
Ks: shear stiffness of the bearing for lateral force distribution (tf/cm)
Kp: shear stiffness of the substructure (tf/cm)
Km: combined shear stiffness of the bearing for lateral force distribution

and substructure (tflcm)

ROLLER-TIPE AND LAMINATED RUBBER TYPE BEARING
FOR LATERAL FORCE DISTRIBUTION

Roller-type bearin~ for lateral force distribution
The roller-type bearing for lateral force distribution was an improvement of

the roller-type base isolation bearing that was published in the proceedings of the
First U.S.-Japan Workshop on Earthquake Protective Systems for Bridges. Fig. 2
shows the construction of the bearing. Ordinary bearing functions, such as the
bearing for vertical force, are prOVided by a roller with high hardness, a~ has been
used in many highway bridges. For distribution of the inertial force to the
substructure, the bearing uses the shear stiffness of the restoring rubber.
Chloroprene synthetic rubber (CR), natural rubber (NR), and high-damping rubber
can be used for the restoring rubber.
Features:
(a) The shear stiffness can be set regardless of the vertical force. Therefore, the
distribution of inertial force to the substructures can be easily adjusted.
(b) Super-high vertical forces can also be accommodated.
(c) The use of high-damping rubber as the restoring rubber results in a bearing that
can provide damping.

Laminated rubber type bearin~ for lateral force distribution
The bearing functions, such as bearing for vertiral force and absorption of

superstructure deflection, are prOVided by laminated rubber. The bearing uses the
shear stiffness of laminated rubber to distribute inertial force to the substructures.
The bearing can be moved in all directions. The general construction of , bearing
is shown in Fig. 3. Chloroprene synthetic rubber (CR), natural rubber ,.• R). and
high-damping rubber can be used for restoring rubber. This type of bearing is used
for lateral force distribution, which is most common in Japan at present. These
bearings have been increasingly used not only for newly-built bridges, but also for
work connecting existing simple span bridges. They distribute the inertial force as a
continuous bridge and improve seismic safety and running properties.
Features:
(a) Bearing construction is simple.
(b) Low to high vertical forces can be accommodated.
(c) The bearing can move in all directions.

TRIAL DESIGN OF ROLLER-TYPE BEARING ROR LATERAL FORCE
DISTRIBUTION

Based upon a bridge model, trial design was carried out to determine whether
the developed roller-type bearing for lateral force distribution can be used for the
superstructure and substructure in an actual bridge. Also, the displacement and
dimensional changes of the restoring rubber due to an earthquake were quantified.

Bridge model

2-4



Bea~lng for
Iatera I force
distribution

Pier

PI Pi -2

Restoring rubber

Laminated rubber

Fig.l Multi-span Continuous Uridge for distr:hution of seismic forces

fig.Z Roller-type bearing for latera! f<Jrec distribution

fig.3 Laminated rubber-type bearing for laterel force distribution
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332000

150000

P3
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Fig.4 Generel view of a proto-type bridge for trial design
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Table I Reactions for design of roller-type bearing
(t f)

PI P Z P3 P4
total

Gl G2 GI G2 GI G2 GI G2

Reac ti on due
to dead load 133 134 776 720 780 715 122 120 3500

Total react ion
264 276 1207 1140 12 15 I! 30 242 240 5714

Table 2 Behavior of roller-tYP0 bearings

~
Lateral displacement s0ismic inertia force

due to earthquake

P 1. P 4 ± 1 4 6 mm 3 3 t f

P 2. P 3 ± 1 4 6 mm I 85 t f

Table 3 Dimensions of roller-type bearings

r

~
D E F G H

P 1. P 4 370 370 830 1150 5~5

P 2. P 3 700 700 1800 2280 1100
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Teble 4 Dimensions of HDR used for roller-type bearing

A

Hign dampIng rubber (HDR>

~ A B C

PI. P 4 660 234 108

P 2. P 3 17 40 498 108

Table 5 Design conditions of laminated rubber-type bearing

Total react ion 4 O. 4 tf

Reaction due to dead load 20. 2 tf

Up lift 2. I tf

Design lateral force coefficeint o. 2 5

'" 20r 20~~E
u

*""-.....
au ".ll II heQc

" 15 o 15
II

C> ...,
(/I III

:J c::

:l
110
CU 10 10

0 a
~ E
t- tl!

I'll 0
Ql
r:
(JI 5 5

20015010050
OL.-__-"L.-__.....I"--__---'"--__--I__

o
o

Shear Stral n 7' ('J06)

Fig.S Shear aodulus and damping ratio of a high damping rubber(HVR)
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The model bridge has three continuous steel deck-type box girders. Fig. 4
shows a schematic of the bridge.
Design conditions of bridge:

Bridge grade: first class bridge
Span length: 332m
Width: 10.8m
Skew angle: 90°
Bridge type: 3 continuous steel deck-type box girder bridge
Design load: TL-20
Temperature change: ±2SOC
Design lateral force coefficient: 0.25
Substructure

PI, P4: footing foundation
P2, P3: pile foundation
Weight of superstructure: 3500 tf
Total inertial force: 875 tf

Trial desian
One type of bearing was used for PI and P4, and another type was used for P2

and P3. The design was madt: to distribute the inertial force in proportion to the dead
load of each bearing. Table 1 gives the dead load of the bearings.

(l) Restoring rubber
High-damping rubber was used as the restoring rubber material. This rubber

was developed under the "joint Research Program for Developing Menshin Systems
for Highway Bridges." and the details were published in the Proceedings from the
First U.S.-japan Workshop on Earthquake Prc~ective Systems for Bridges. Fig. 5
shows the shear modulus and effective damping ratio for the high-damping rubber.
As shown in Fig. 5, the shear modulus of high-damping rubber varies with the shear
strain. Therefore, the restoring rubber was ~esigned by setting the shear modulus to
be 8kgf/cm2, assuming the shear strain of the rubber to be 135%.

(2) Size of bearing and restoring rubber
The design was made using established design conditions. The calculated

bearing is given in Table 2, the size of the bearing in Table 3, and the size of the
restorL"1g rubber in Table 4.

(3) Results
The size of the trial-designed bearing permitted it to be set smoothly between

the superstructure and substructure. The height of the bearing was nearly the same
as that of the standard Toller bearing. The displacement of the superstructure due to
earthquakes did not reach a level that could cause problems in designing the
expansion joints.

APPUCATION OF LAMINATED RUBBER-TYPE BEARING TO TIlE EXISTUNG
BRIDGES FOR LATERAL FORCE DISTIUBUTION

Qutline of air4er conneetina work for the Senkawa Yiadycts
The Senkawa Viaducts, completed in 1976. on the Chuo (Central) Expressway of

the japan Highway Public Corporation have a total length of 1282m. The viaducts are
composed of about 70 units of simple composite I-girders. simple non-eomposite 1
girders. and cantilever type Rhamen RC piers for each vertical line.

In this work, six simple composite I-girders were connected into a continuous
bridge to eliminate expansion joints. which are the main sources of noise and
vibration. The bearings were .10t .. Menshin design due to the restriction on bearing
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Fig. 6 General view of the Senka~a viaducts
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Fig. 7 Laminated rubber-type bearing used at the Senkawa Viaducts
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Photo 1 Senka~a viaductS

Photo Z Bearings being

renewed at site

Photo 3 Bearings assembled

at yard
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height but were made by the lateral force distribution method, with reference to the
"Manuals for Menshin Design for Highway Bridges (draft)."

Both movable and fixed existing bearings were line bearings. Jacking up was
performed on both movable and fixed sides of one pier at the same time. and the
existing bearings were replaced with laminated rubber bearings for lateral force
distribution.

Photo 1 shows a part of the viaduct, Photo 2 shows the bearing being renewed
at site. A schematic view of the viaducts is shown in Fig. 6.
Design conditions of bridge:

Bridge grade: first class bridge
Width: 805m x 2
Span length: 6 x 16.5m
Skew angle: 90°
Bridge tyPe: 6-continuous composite H-type bridge
Design load: TL-20
Temperature change: ±30OC
Design lateral force coefficient: 0.25

Desiin of laminated rubber type bearing for lateral force distributiop
Since the bearings were designed by the lateral force distribution method,

reduction in seismic forces was not considered. Actually, however, reduction in
seismic forces can be exPected because high-damping rubber is used.

The bearing has a simple construction in which steel plates are arranged over
and under the high-damping rubber. A total of 112 sets of bearings were produced.

Table 5 gives the design conditions for the bearings, Fig. 7 shows their
constmction, and Photo 3 shows the bearing assembly.

PROPERTIES TESTS OF ffiGH-DAMPING RUBBER BEARING

Outlipe of test
Twenty high-damping rubber bearings were produced along with the large lot

of bearings for the Senkawa Viaducts. These were subjected to lateral loading,
endurance, and low rate loading tests to determine whether the physical properties
obtained in small experimental lots can be reproduced. The facilities for refining
and rolling rubber sometimes differs between small experimental lots and large
mass-production lots. In this case, a difference in the physical properties due to a
simple difference in the mixing conditions of the rubber was postulated. The tests
were carried out to confirm this and, at the same time. to investigate variations in
physical properties, which could not be investigated during the development stage.
The high-damping rubber used was developed under the Joint Research Program
between PWRl (Public Works Research Institute, the Ministry of Construction) and 28
private firms. Its basic physical propenies are given in Table 6. Figure 8 and Photo
4 show the shape of the model, and Photo 5 shows the status of the tests. The
experimental results obtained were almost as expected, and the physical properties
obtained at the development stage were reproduced. Details of thl;; tests are described
below.

Test method

(1) Lateral loading test
A lateral loading test was used to investigate the variations in shear stiffness.

Table 7 gives the test conditions. The effective stiffness (shear modulus) and the
effective damping ratio were determined from the relationship between the lateral
reaction and lateral displacement. The test was performed under the two conditions
of ±50% and ±l0096 shear strain because of the capacity of the testing machine.
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(2) Endurance test
Fifty-cycle endurance tests were performed at ±lOO% shear strain on four

models to investigate the change of shear stiffness and the presence of flaws. The
"Manuals for Menshin Design for Highway Bridges (draft)" states that the test should
be performed at ±l 50% shear strain. However, the test was actually performed at
±lOO% shear strain because of the capacity of the testing machint'o The detailed test
conditions are given in Table i.

(3) Low rate loading test
A slow loading test was carried out on two models in accordance with the

extrapolation method in the "Manuals for Menshin Design for Highway Bridges
(draft)." The loading test of ±SO% shear strain was performed under four vibration
frequencies in the range of O.OOIHz to O.SHz. The rela~ionship between strain
velocity and shear modulus was determined, and the normal slow-speed physical
properties were estimated by extrapolation from this relationship. The detailed test
conditions are given in Table 7.

Test resylts

( 1) Lateral loading test

(a) Figs. 9 shows an example of the hyster~sis curves obtained from 10 cycles of
continuous loading at ±SO% and ±lOO% shear str:1in, respectively. The shear stiffness
tends to decrease due to cyclic loading but is stab!~ after the thi.rd cycle.

(b) Table 8 gives a comparison of the effective stiffness and the effective damping
ratio determined from the third-wave hystel _:.is curve to the target value determined
from experimental results obtained by the joint research carried out by PWRI and
the private firms. This table indicates that the results obtained were nearly as
expected. Fig. 10,11 shows the frequency distribution of 20 characteristic physical
properties.

(c) Summary
This test confirmed that the shear stiffness of the high-damping rubber

bearing used in the actual ~')ridges is in good agreement with the characteristic
physical properties obtained <.lOJring the development stage. The range of spring
constant variations is slightly high. being t8% when the mean value was set to be 1.0.
We hope to reduce this value to ±5%.

(2) Endurance test

(a) Fifty cycles of continuous loading were applied at ±100% shear strain, and no
abnormality was found on the model. An example hysteresls curve in this test is
shown in Fig. 12.

(b) Fig. 13.14 shows the relationship between the number of cycles and the shear
modulus and damping ratio obtained from the hysteresis curve.

(c) Summary
The shear modulus and damping ratio tend to gradually decrease with

Increasing numbers of cycles. Taking the mean value at four to ten cycles as 1, the
decreasing ratios of the shear modulus and damping ratio at the fiftieth cycle are 0.92
and 0.90. respectively. This is in good agreement with the value obtained in the
develop~ent stage. The tests confirmed that even If SO cydes of continuous loading
are apphed, no abnormality is found on the model.

(3) Low rate loading test
2-13
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Table 6 Summary of rhysical rrornllCs 0;' IIDR

Tensile strength 210Kgf 'em'

Elongation 680%

Tensile stress at 100% strain 20 OK g r. em'

Hardness (I RHD) 68

Table 7 Testillg method for laminated high damplng rubber bearings used

at the Senka~a viaducts

LatlJral loading tcst Endurance lesl Lo" rate loading test

Specimens No.1 - 20 \0. I - 4 \0. 1 "'- 2

Axi a I load 20. 2 t I' 20. 2 t f 20.2 t f

Shear 5t rain :!.. 50%, -" 100% . 100 ~/() 50 %.-

frequency (Hz) o. 5 O. 5 0 001. O. 01. O. I. O. 5

Loading cycle Eac h 10 cycles 50 eye 1es Eaeh 3 cycles

Temperature 20°C 20 "C 20T

Teble 8 Results of lateral loading test

Shear strain 50% Shear s t ra in 100%

Effect i ve Effective damping Effective Effective damping
stiffness keq ratio heQ 51 i ffness kCQ ratioheq

Target 2505 Kgf!em 16.4% 1800Kgf/cm 14.0%

Average 2436.9(0.97) 16.60.0J> 1777.0(0.99) 13.9 (0.99)

-'"::s...
v Range 22H. 6-2518.0 15.3-16.9 1629.8-1919.9 13.5-14.5<

(0.91-1.05) (0.99-1. 03) (091-1.07) (0.96-1. 04)

Notes I. Target is detenined by proto-type test

2. () expresses [ Actual/Target]
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(a) Fig. 15 shows an example hysteresis curve obtained when the vibration
frequency at ±SO% shear strain is changed.

(b) Fig. 16 shows the relationship between the strain velocity and the shear modulus
obtained from the hysteresis curve of the third cyde.

(c) Summary
As was found during development, the shear modulus tends to decrease as the

frequency decreases. The decreasing ratio is also in good agreement with the value
obtained in the development stage. The relationship between shear modulus Gs and
strain velocity r is expressed by Eq. (4).

Gs= 4.92jO.I864+ 7.8 (4)
Thus, Gs of 8.Skgflcm2 can be obtained by extrapolating the static physical

properties at a normal strain rate of 2.3 x 10-S/sec (= 50%/6 hours). This shear
modulus is about 40% lower than that for a strain velocity of 3sec (= lSO%/(l/4sec»
during an earthquake. This value is in good agreement with the value obtained in
the development stage.

The results of the lateral loading test on the high-damping rubber bearing
confirmed that the bearings produced in a high volume lot provide almost the same
performance as those produced in a small experimental lot.

CONCLUSIONS

(1) Recent bridges reflect a change from simple girders to multi-span continuous
girders. The reasons for this change are I) improvement in the running property,
2) reduction in noise and vibration, and 3) improvement in maintenance due to
jointless construction.

(2) Problems of the multi-span continuous bridge are 1) distribution of seismic forces
and 2) large movements due to temperature. The use of bearings designed using part
of the Menshin bearing functions for lateral force distribution are effective in
solving these problems.

(3) Roller-type bearings for lateral force distribution are suitable for bridges that
are subjected to large bearing forces and large movements. On the other hand,
laminated rubber-type bearings for lateral force distribution are suitable for
medium span bridges because of their simple construction that takes advantage of
the properties of the rubber.

(4) Laminated rubber bearings were used for the Senkawa Viaducts connecting work.
As a result. their effectiveness was verified.

(5) Property tests of high-damping rubber were carried out. The results confirmed
that bearings produced in a high volume lot provide almost the same performance as
those produced in a small experimental lot.
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ABSTRACT

A shaking table test was performed for a model bridge isolated by a sliding
system at PWRI (Public Works Research Institute), Ministry of Construction, Japan,
under the joint research project between NCEER (National Center for Earthquake
Engineering Research) and PWRI. This pa.per describes the results of experimental
testing and related numerical studies both for the tested model bridge and an actual bride.
The model bridge used for the shaking table test has flexible piers and was previously
used for testing the base isolation perforr.1ance of lead rubber bearings (LRB) and high
damping rubber bearings (HDR). A numerical model that can be efficiently used for the
analysis and numerical simulation of the seismic response of the bridge isolated by a
sliding system is proposed and utilized. The shaking table testing and numerical
simulation study demonstrate the effectiveness of the sliding isolation system for
protecting bridges with flexible piers from earthquakes, especially large earthquakes.

INTRODUCTION

A shaking table test of a bridge model, designed by the Japanese standard
specification for bridges, was conducted at PWRI, Japan, in the Fall of 1993. The sliding
isolation system used here is composed of sliding bearings with relatively high friction
coefficient (20% in high velocity range) and rubber rcatorina force devices. The same
bridge model, also with the same flexible piers, was previously used for the shaking table
test of the isolation systems with LRB and HDR1). Several earthquake records and
design earthquakes with different intensities and frequency contents were used as input
motions in the test. Unfortunately it was not possible to use the input motions with large
intensities due to the displacement 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 sbakina table test
and confirmed by the sbalting table test carried out at the level of earthquake intensity
that the table was able to tolerate.
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To be able to numerically simulate with satisfactory accuracy the response of
actual bridges equipped with sliding isolation systems is also important for the design of
bridges with such isolation systems. In this respect. M. Constantinou proposed an
analytical procedure using Y.K. Wen's model2), The model provides a convenient
analytical tool to solve relatively simple problems. However, for the design of more
complicated bridges such as a 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 on the direct integration method is proposed
and utilized throughout this paper. The model is idealized in terms of an explicit
mathematical expression3), 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 effectiveness of the sliding isolation system is demonstrated here not only by
the shaking table test but also by means of numerical simulation performed on the model
bridge as well as on an actual bridge.

SHAKING TABLE TEST

Experimental Setup

A simple girder bridge model with two flexible piers was used in this test as
shown in Fig. I. The bridge span, the pier height, and the deck weight are 6.Om, 205m,
and 390 leN 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 NCEER3) is used in this test.
Two sliding bearings and a rubber 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) fixed 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 MFa.

Figure 3 shows a typical relationship between the friction coefficient and the
sliding displacement observed during an parameter identification 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 a13). The
average friction coefficient at low velocity range and high velocity range of the bearing
were found to 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 :be force-displacement relationship of the
rubber restoring force device obtained from the identifICation test. The device works as a
horizontal spring within a small displacement range, and serves as I displacement
restrainer when the displacement approaches a certain limit. However, the device did not
reach the limiting disp~mentduring the present shaking table test. The natural period
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evaluated from the weight of the deck (390 leN) and the stiffness of the device (1.32
leN/em) is 2.44 seconds.

Two earthquake records (Kaihoku and Hachirougata) and two artificial design
motions (Japanese Level I and 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 tt.e 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.

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 Haehirougata 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 0.544g motion. The maximum deck acceleration is
0.244g which is much smaller than the table acceleration (O.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 cm 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
~hear 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 corresponding to the friction force
plus the restoring force.

SIMULATlON OF SHAKING TABLE TESTS

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 (1) and (2) is
replaced by the analytical expression (3)4) for approximation,

m.. (z + up +ud) +CdUd+ kdud =-sgn(ud)J.lmdg

mpCZ +iip)+ c,u, +kpup -caud -kdud = sgn(ud)JJmdg

2-Z5

(1)

(2)



where z is the around acceleration (table acceleration), upis the displacement of pier

relative to around, utJ i.s the displacement of deck relative to pier (bearing displacement),
and J1. is the friction coefficient.

(3)

where l5 is a parameter to define the shape of the function sgn(utJ ) in approximation (4.0
sec/em is used in this analysis).

The friction coefficient J1. is evaluated in Eq. (4) as a function of the sliding velocity

(4)

where a is a parameter defming the relationship between the friction coefficient and
sliding velocity as shown in Pig. 4 (0.2 sec/em in this analysis), J1.a.x is the friction

coefficient in low velocity range (8% in this analysis, and J1.u is the friction coefficient
in high velocity range (20% in this analysis).

Simulation Results

Newmark's f3 method is used in the dynamic response simulation. Figure 11
compares the time 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
around motions. In both cases, the simulation and the test produced alnwst the same
peak response values and similar time histories. Table 2 compares these peak response
values. It is 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.

SIMULATION OF ACTUAL BRIDGE

Bridge Model

Response of bridges to large earthquakes are analyzed through the numerical
simulation. The Miyagawa bridge is the fmt isoleted bridge in Japan. This bridge is
base-isolated with LRB and is chosen for this study. The simulated response of this
bridge hypothetically equipped with the sliding system is compared with that of the same
bridge as isolated by LRB. Foe this numerical simulation. the characteristics of LRB are
evaluated from the available experimental dataS). On the other hand. the characteristics
of the sliding system are so assumed that they produce a large isolation effect with a
limited bearing displacement under Level 2 motion.

The Miyagawa bridge has two flexible piers and two abutments. Hence, for
accurate analysis, two piers should be considered in the analytical model. In the current
analysis. however, the one pier model shown in Fig. 10 was used to evaluate the
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fundamental characteristics of the bridge under a design earthquake. This simplified
model is believed to produce the result with good accuracy.

The characteristics of the pier and the deck are defined based on the data of
Miyagawa bridge5) as follows:

Deck weight 4910 leN
Pier weight 1117 leN
Pier stiffness 1382 leN/em
Pier damping 2%
The fundamental period when the bearing is fixed is evaluated as 0.41 seconds.
The same Teflon and stainless steel plates as used in the shaking table test are

used in the model. The friction coefficient is defined as 8% at low velocity range and
20% at high velocity range. The stiffness of the rubber restoring force device is chosen
so as to obtain the natural period of 1.5 seconds after sliding.

Levelland Level 2 design motions on ground condition II are used in this
analysis. The pier is assumed to be linear in this analysis even for the Level 2 motion.

For comparison, the behavior of the bridge isolated with LRB is also simulated.
The post-yielding stiffness of LRB is selected so as to have the natural period of 1.0
second. The yield force normalized by the deck weight is equal to 12%.

Simulation Results

Table 3 and Fig. 12 compare the simulation results for the bridge isolated by
sliding bearings with those for the bridge not isolated. For Levell motion, the deck
acceleration and the deck displacement relative to the ground for the isolated bridge are
respectively smaller than those for the bridge not isolated. For Level 2 motion, the deck
acceleration for the isolated bridge is smaller than that of the not isolated bridge. but the
deck displacement relative to the ground for the isolated bridge is larger than that for the
bridge not isolated.

Also, in Table 3 and Fig. 12, comparisons are made between the simulation
results for the bridges isolated by sliding bearings and by LRB. For Level 1 motion, the
deck acceleration of the bridge with the sliding system is a little larger than that with the
LRB system. However, the bearing displacement of the bridge with the sliding system is
smaller than that of the bridge with LRB system.

For more intensive Level 2 motion, tile situation is reversed: The bearing
displacement of the bridge with the sliding system is a little larger than that of the bridge
with the LRB system, but more importantly, the deck acceleration of the bridge isolated
by the sliding system is 80% of that isolated by LRB.

Additional analysis including the comparison of the isolation performance
between the sliding system and HDR system is currently under way and its results will be
published as they become available.

CONCLUSIONS

A shaking table test and analytical study of bridges with sliding isolation systems have
been performed. The following observations are made.
1) The deck acceleration of the bridge isolated by the sliding system is limited to a

constant value regardless of input acceleration, even when the deck is supported
by flexible piers.

2) An analytical methol based on the direct integration procedure using the
continuous mathemateal formula representing sliding behavior is proposed and
utilized. The 8CCur8f;y of this procedure is conflJlJ1ed through the comparison
between experimental results and analytical simulation.
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3) Numerical simulation of an actual bridge shows better isolation performance in
terms of deck response acceleration of the sliding system than that of the LRB
system under large earthquakes.
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Table 1 Maximum responses of model bridge
during shake table test

Table NormaJizec Deck Bearing Permanent

Input Motion Acceleration Shear ~eceleratlo Displacement DI,plaeement

(g) Force (g) (em) (em)

0.087 0.116 0.126 0.120 0.077

0.184 0.208 0.203 0.546 0.379

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 0254 0.220 2.636 0.214

0.428 0245 0.216 2.741 0.060

0.426 0.254 0.217 2.780 0.055

0.489 0.247 0.218 3.027 0.091

0.543 0.248 0.220 3.341 0.065

0.544 0.254 0.224 3.425 0.003

0.043 0.056 0.065 0.040 0.008

Hachirougau 0.084 0.120 0.130 0095 0.006

0.115 0.156 0.161 0.241 0.036

0.135 0.181 0.181 0.487 0.105

Level 1 0.078 0.152 0.158 0.151 --
Ground 0.121 0.185 0.187 0.345 --

Condition II 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 --

2-32



Deek acceleration
max=O.lHg

Pier acceleralion
max;1.1S8g

~ ~:~-l-----'--~1M~rI~~~ f
~ I~~ ·It JJE" .• ~~r-
.. -0.2 t V'~'"- • " "

~ -0.31 ...
::: -04 +i-.....----r---.--.----,--.,---,--+\

-4 -J -2 0 2 J 4

Buring displacement (em)

so

Figure 8 Response of base-isolated bridge witb sliding system
(Input motion : Kaihoku 0.544g)

2-33



Kaiho~ u mOlion

Hachirougata molion
len'( 1 molion

Lenl 2 motion
A
"

•

4 -~~---~~-~~

~ 3.5 ~ , ~
~ • 1

~ 3 L ,]

c:: 2.5 L •

~ E j
i. 2 f 1

~ 1.5 ~ , ~l
"5 ';- ~... j

&S 05 1 'g' 1
o ~~v~-,--._~__.......L~._ ..._", ~_. ... _."-----"'-1

o 0.1 0,2 0.3 04 0.5 0.6
T~blc acceleration (g)

• • •
-i
1.

1
j
1

of~~ ~ L~__ ·~,_L.~ .••.~.1
o 0.1 0.2 0.3 0.4 0.5 0.6

Tbale acceleration (~)

~ 0.25 ~.

~ i
>2 02

S t
..!:! 0.15 .-.
t:
<)

~ 01 r
Ji ~O
00.05 r

i
1

t • '-l
j
1

i.--;

J
j

!?•

0.3 t

1: r
.2!l 025 ~.-... ,... :J ,

:;..-" 0.2
'0 ~
u"=£ 0; 5 _.

..E"
~.~ 0 1
1 "i ~

rn~005~G.- -1

= 0 L_~_~_._L.~_~~_J
a 0.' 0,2 0.3 0.4 0.5 0.6

Table accelerauon \g)

1 4
~

i

•1.2 ~ .' • J

B
,

L:I , ;
1

_.
g -c:

~
,

.S!
;;; 0.8

t~ C>
OJ

,
0.6 ~ .....

-:1<)

"U 1

"
, • !

"- 0.4 , 1" •0:
,

-" 60"
j

0.2 :. -.
.,:),

~j0 L~ ! I!

0 0.1 0.2 0.3 0.4 0.5 0.6
Table acceleration (g)

Figure 9 Maximum response of model bridge

I",la"on ~'.~~Ck
ir~C

,,"emp,,,l i§2;~ ·
//

m p : Mass.:>f pier
m d : Mass of deck
k. p : Linear spring of pier
k 4 : Linear spring of isolation system
c : Dashpot of pier
c ; Dashpot of isolation system

4
k : Non-linear spring of the sliding bearing

Figure 10 Simulation model
2-34



-. -) 2 - I 0 2)

Bearing displacemenI Icm)

'0 IS 20 25 30

Time (sec)

(1) Tesl resulls

(a) Input motion

Time (secl

(2) Simulalion resulls

Kaihoku O.544g

10 15 20 25 JO 35 40 .5 50 55 60 65 70 75 0
Time (sec)

(1) Test results

E -.....- ""., .-..... o.
~

~ ~

c.,.
0' I'" ".= "

.. "0::1 Cl ... 00 ;: '._ .&l
\ I-

--c 01 \ -, r-o ..
'~) ~..c .- I.: -; -02

'C E -I 0 -OS 00 OS 10

"
.... 0 Bearing displacemenl (em)ex c

10 15 <0 25 JO 35 40 45 50 55 60 65 70 7$

Time (sec)

(2) Si mul.lion rcsull.

(b) Input motion : Hachirougata O.13Sg

Figure 11 Results or simulation

2-35



Table 2 Comparison of simulation results
with test results

Deck I Beanng

Table Acceleration Displacement

Input Motion!Acceleratior (g) (cm)

(g) Test Simulation Simulation Test Simulallon Simulallon

Results R~sults Test Results Results Test

0.087 0.126 0116 0.92 0.120 0.057 0.48
0.184 0.203 0.202 099 0.546 0.389 0.71

0.183 0.190 0.202 1.06 0.600 0.392 065

0.255 0.217 0.210 0.97 1.041 1.086 104

0.250 0.212 0.210 0.99 0.970 1.083 112

KaJhoku 0.432 0.220 0.221 1.00 2.636 2.782 1.06

0.428 0.216 0.221 102 2.741 2.801 102

0.426 0.217 0.221 1.02 2.780 2.777 1.00

0.489 0.218 0.226 103 3.027 3.311 1.09

0.543 0.220 0.230 1.05 3.341 3.733 1.12

0.544 0224 0.230 1.02 3.425 3.754 1.10

0.043 0.065 0.064 098 0040 0.051 1.28

Hachirougatll 0.084 0.130 0.133 1.02 0.095 0130 1.37
0.115 0.161 0.165 103 0.241 0.249 1.03
0.135 0.181 0.191 1.06 0.487 0.544 1.12

Levell 0.078 0.158 0.156 0.99 0.151 0.145 0.96

Ground 0.121 0.187 0.202 1.08 0.345 0.450 1.30

Condition II 0.120 0.166 0.201 1.21 0.338 0.458 1.36

Level 2 0.180 0.206 0.208 101 1.035 0.923 0.89

Ground 0.270 0.207 0.211 1.02 1.326 1546 1.17

Condition II 0.265 0.216 0.211 0.98 1.286 1.555 l.21

0.261 0.214 0.211 0.99 LS02 LS17 1.01

Average 1.02 Average 105
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Table 3 Simulation results of actual bridge

Deek Bearmg Deck

Input Motion Acceleratior Displacemen Relauve
(g) (em) Displacement

(em)

Non- Isolated 0.484 2.12
Sliding System 0190 0.31 0.92

Levell ;0.393) (0..+3 )
-

LRB 0.184 1.50 204

(0.380) (0.96)

Non-Isolated 1.945 8.51

Sliding System 0.393 10.83 J2.36

Level 2 lO.202) (1,45 )

LRB 0.505 9.97 11.91

(0.260) (lAO)
) mdleates the raUo versus the value ot non-Isolated bndge

·0 6 +---.--.-----.,r---,..--r--+
.15 10 5 0 5 10 15

Bearina displacement (em)
10 5 0 5 10 '$

Bearina displat:enlenl (em)
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DEVELOPMENT OF NEW TYPE DAMPER

FOR CABLE STAYEO BRIDGE

MasahikoKITAZAWA
01

, Jiro ISEKI"2, and Ikuo SI-llMODA"2

o. Kobe Construction Division, Hanshin Expressway Public Corp. Kobe, Japan

"2 Technical Div. 2, Oiles Corporation, Tokyo, Japan

ABSTRACT

Presented are development of a new type damper and its application for a long span cable

stayed bridge in Japan. Vane type damper was developed and the dynamic characteristics obtained

through dynamic loading tests were presented. It was found that the perfonnance of the damper

is obtained as demanded, and when applied for a long span cable stayed bridge with a long

natural period, the displacement of the bridge caused by eanhquake decreases as required.

INTRODUcnON

Among several supporting systems for cable stayed bridge in the longitudinal direction "all

free" system, where the main girder is supported by towers via cables, gives the bridge a longer

natural period in the longitudinal direction and therefore reduces eanhquake forces to the towers

and foundations considerably. 1bc longitudinal displacement of girder, however, becomes quite

large, which might cause several unfavorable effects to the bridge at tile time of an earthquake.

1bcrefore installation of some kind of energy dissipating system is needed.

At the consllUCbon of the Higashi-Kobe Bridge with center span of 485m as shown in

Fig.t, adopting "all free" system, the vane type damper is developed and installed between girder

and piers to sufficiently decrease relative displacement at eanhquake.

DEVELOPMENT OF VANE DAMPER

Outline of Vane Damper

Fig. 2 and Photo t show a design plan and a view of Vane Damper.

1bc model is designed so that the maximum damping force be 1801f at the maximum relative

velocity of lOOcm/sec. Maximum relative displacement of damper is ±9Ocm. When lhe damper

acts. oil in the drum passes from one oompartment to the other through an orifICe in the partition,

generating the difference of the oil pressure between two compartments in the drum. 'The
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difference of the oil pressure produces the damping force, which is Iheorctically proportional to

the square of oil flow velocity. This means damping face to be proportional to the square of the

velocity "f motion.

Dynamic Loading Tests on the Ill-scale Model of Vane Damper

Photo 2 shows the set-up of the dynamic loading tests on the 1/2-scale model.

The tests were conducted with different movement velocities up to 5Ocm/scc, different

displacement up to 25cm and with different orifice sizes. TIle loading was assumed as hannonic

and repeated by 5 cycles for each testing case.

Fig.3 shows the relation between the damping face and movement velocity obtained from

dynamic loading tests. It was found that the damping force is controlled as demanded through

conttolling the orifice size from outside of damper and agree with theoretical value well.

APPLICAnON OF TI-IE VANE DAMPER FOR

A LONG SPAN CABLE STAYEO BRIDGE

Outline of me Higashi-Kobe Bridge

The Higashi-Kobe Bridge is a tJm:c-span cable-stayed bridge 885 meters long. Its center

span of 485 meters will make it one of the longest cable stayed bridges in the world. It has

double decks, the upper and lower roadways having three lanes each. The featW'Cs of the bridge

can be summarize as follows:

· Center span length -- 485m

· Width of bridge -- 13.5m (3 lanes for upper and lower decks)

• Main girder -- 9m high Wmen truss with no vertical chords

· Tower -- H-shaped tower with 146.5m high columns and curved cross beams tied at

relatively low positions

Seismic Design

1be design acceleration response specuum was provided with a relatively large safcty

margin in the long period rangc. This is because the Higashi-Kobe bridge has an unprecedented

long natural period of 4.4 sec. in the longitudinal sway mode oscillation. The design spectrum

range around the natural period plays a critical role in detennining the structure response to

earthquake. Fig. 4 shows the design response spectrum determined after several studies.

The design acceleration at 4.4 sec. which corresponds to the natural period of longitudinal

oscillation of the bridge becomes 120 gal, which is nearly 1/3 of that in conventional bridges in
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Japan. At the design of the damper, an earthquake 1.4 times stronger than that for the seismic

design of bridge is assumed. U sing the characteristics of the vane damper, non-linear time

history earthquake response analysis was conducted using 1.4 times stronger earthquake wave.

The results are given in Table 1 and can be summarized as follows.

(1) If an earthquake 1.4 stronger than the design spectrum occurs on the bridge without the

dampers (Sb'UCtural damping ratio of 1% is assumed), the displacement of the girder will be 72 X

1.4 =102 em. This will be over critical displacement of 74 em at which the tower may cause

buckling.

(2) When dampers are installed, the girder displacement will be reduced to 64 em, which is in the

range of the design displacement of 61 em. 11us is below the critical displacement for the tower

to buckle. In this case, equivalenr damping constant due to the damper is calculated to be

approximately 6% based on the displacement response.

Verification of Dynamic Behavior of the Bridge by Shaking Table tests

1be appropriateness of the method adopted to evaluate the bridge response to the earthquake

and the effectiveness of the damper were confmned by vibration rests using a three-dimensional

l/l~scale elastic model. The model was made of steel satisfying the similarity of stiffness and

weight. The natural frequency and marie shapes of the model in several low modes agreed well

with the analytically predicted ones. The structural damping of the model without the damper is

adjusted to 1- 2%, reflecting fairly light damping of a large flexible structure. An

electro-magnetic damper is attached to the girder of the model to substitute the vane-type oil

damper.

Modified long-period predominant and short-period predominant earthquake recorders were

used for input earthquake ground motion. Results are shown in Table 2. All values are

convened to the prototype for comparison. Displacement response due to the shon period

predominant earthquake (El Centro NS. 1940) record is found to be much less than the design

values.

Displacement response at the top of the tower due to the long period predominant

earthquake motion without the damper is observed to be nearly equal to the design values.

However, the energy dissipation of the damper suppressed the response fairly well to the design

values. Close agreement of the experimental and numerically calculated results verifies both

methods.
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CONCLUSIONS

The dynamic characteristics and applicability of the vane damper developed for reducing

seismic response of long span cable-stayed bridge arc experimentally and analytically studied.

According to me above investigation, the following conclusions may be deduced. Based on

the dynamic loading tests of the vane damper. the relation between velocity and damping force is

obtained as designed. and the effectiveness of the damper on the whole bridge structure were

confmned by dynamic tests and eanhquake response analysis.
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Photo 1 The Vane-type oil damper showing the Vane

Photo 2 Dynamic loading tests on the damper of 1/2 scale model
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Table 1 Effect of Vane-type Damper on Girder displacement

Relative Maximum

Earthquake level Damping Girder Response Damper
Constant displacement Velocity Reaction

(%) (em) (cnYsec) (kN)

2* 61 - -
whole structure

design level 1 72 -
(1.0EO)

2 61 98 -
girderstopping device 1 102 231 .
design levele (1.4EQ) 1+6.2** 64 99 3620

Remarks: • Values marked with * were obtained using the design
spectrum

- Damping constant mal1<.ed with ** indicates damping of
the whole structure plus damping due to the damper

Table 2 Maximum displacement response
obtained from shaking table tests

Input Earthquake
Input Along long'l Axis

No Damper With Damper

Izu-oki Ea. 64.0 50.0
(synthesized) (53.9)

long Period
Chiba-oki Ea. 63.0 52.0

(corrected) (51.6)

short period EI Centro ea. 18.5 17.0

Design Value 60.4 -by Response spectra

N.B. - Viscous damping coefficient of 2% is assumed for
cases without damper

- Values ( ) are those calculated from tima history
response analysis

2-46



EXPERIMENTAL STUDY OF A CLASS OF BRIDGE SLIDING SEISMIC
ISOLAnON SYSTEMS
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S Okamoto
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ABSTRACT

In 1991, the University at Buffalo and Taisei Corporation began a collaborative
research program on the experimental study of advanced sliding seismic isolation
systems for bridges. The project had the objectives of producing and
experimentally verifYing a class of sliding isolation systems by modifying arid/or
adapting existing technology. Particular emphasis was given to the adaptation and
use of aerospace and military hardware. Furthermore, the project included the
study of established sliding isolation systems such as the Friction Pendulum (or
FPS) system (1] which has been used in a number of building and ctr.er, but not
bridg~, applications in the United States, and the lubricated sliding
bearing/hysteretic steel damper system used in a large number of bridges in Italy
[2].

This paper presents a description of the experimental program and
representative results.

INTRODUCTION

A significant number of bridges are seismically isolated in various parts of the world. The
total length of isolated bridge deck exceeds 200 km, of which nearly 1SO km are located in Italy
and supported by some form of sliding system. Applications ofbridge seismic isolation systems in
the u.s. have been primarily with lead-rubber bearings, and few with sliding bearings Currently,
56 isolated bridges in the U.S. of total deck length exceeding I I km, arc completed, or they are in
the construction or in the design stage. Interestingly, only 8 of these bridges are located in
California [3]. Japan recently moved towards a cautious implementation of modem isolation
systems in bridges, having previously used an early form of a sliding bearing-viscous damper
isolation system in over 100 bridges of the Shinkansen [4,5). So far the application is restricted to
only longitudinal isolation ..sing elastomeric systems.

Despite the wide implementation of sliding isolation systems in bridges, the authors are
aware of only one previous evaluation of sliding systems by large scale shake table testing [6].
Furthermore, a number of sliding isolation systems have been implemented in buildings but not
evaluated for bridge application, while other systems have been proposed but not experimentally
evaluated. The experimental study reported in this paper has been conducted in order to evaluate
these sliding isolation systems. For this purpose, a 160 kN, quarter length scale bridge model was
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utilized. The bridge model featured flexible piers and it could be configured to resemble either a
non-isolated multiple-span bridge. or single- , two- and multiple-span isolated bridges

The tested isolated systems included three ditTerent types
(a) Systems consisting of flat sliding bearings and restoring force de\ices in the form of rubber

springs, wire rope springs and tluid stitlness/damping de\ices,
(b) Spherically shaped (or FPS) sliding bearings. and
(c) Lubricated sliding bearings with yielding steel dampers

All systems were configured tor areas of strong seismic loading such as California and
Japan All were characterized by significant energy absorption capability However. the design
criteria were different in the three basic types In systems type (a), the design criteria were to
reduce the transmission of force to the bridge substructure while restricting bearing displacements
to less than 200 mm (8 in) in prototype scale In systems type (b) arid (c). the design criteria \\ere
to minimize the transmission of force to the bridge substructure without restricting the bearing
displacements.

This paper presents results for the non-isolated and isolated bridge in only the
multiple-span configuration. that is, a bridge deck st:pporteo' by two flexible piers Furthermore,
results for only one of the tested isolation system::onfigurations of each of the three basic types
are presented. The interested reader is referred to the reports of Constantinou [7] and Tsopelas
[8] for more results and details of the testing

BRIDGE MODEL AND ISOLATION SYSTEM

The bridge model is shown in Figure I. At quarter length scale. it had a clear span of 4 8
m (15 7 feet), height of 253 m (8 3 feet) and lotal weight of 1608 kI\' (36 kips) The deck itself
weighted 143 kN (32 kips) Each pier consisted of two steel square lube columns with top made
of a channel section The columns transferred the gravity load to the o\'erhangs of the concrete
extension of the shake table at a point located 0 57 m (I 87 feet) beyond the edge of the shake
table. This resulted in significant vertical motion of the two o\Oerhangs. which increased the
severity of testing.

In its non-isolated configuration. that is with the deck pinned to the flexible piers. the
bridge had a fundamental period of 0 26 secs (or 0 52 secs in prototype scale) and damping ralio
in the range of 0.04 to 0.08 of critical. The damping was result of hysteretic action. not in the
columns of the model. but in the overhangs of the concrete extension Thus while the columns
remained elastic, the pier system displayed realistic hysteretic action

A total of 25 isolation system and bridge configurations were tested Of these. three
configurations are described In this paper All three had both piers flexible as shown in Figure I
The isolation systems were
(a) A system consisting of four flat sliding bearings (unfilled PTFE-stainless steel interfac
with coefficient of friction at high velocity of sliding fm.., = 0 150 Restoring force was developed
by two rubber springs. each of which provided an effective stiffness 112 3 kN/m (064 kiplin) at
displacement of 35 mm (1.38 in) Beyond this displacement, the devices exhibited increased
stiffness and acted as displacement restrainers They had a maximum displacement capacity of 50
mm (2 in) The effective period of the isolation system at displacements below the limit of35 mm
(1.38 in) was 1.60 sees (or 3.20 secs in prototype scale)
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In a number of tests the isolation system was enhanced by four linear viscous fluid
dampers with displacement capacity of 50 mm (2 in) and combined damping constant equal to
61.7 kN-sim (0352 kip-s1in) The dampers were identical to those reported in [9] and provided a
damping ratio to the isolation system of nearly 54% of critical at the temperature of 25 T The
damping ratio was estimated from experimental results to be at 41 % of critical at the temperature
of 50°C and at 78% of critical at the temperature of 0 QC
(b) A system consisti:;g of four spherical sliding (or FPS) bearings with a radius of curvature
equal to 5588 mm (22 in) and coefficient offriction fm&, = 0 120 The bearings were constructed
of polished stainless steel and PTFE-composites. The bearings had displacement capacity of 88 9
mm (3.5 in). The period of the isolation system was 1.50 secs (or 30 secs in prototype scale)
(c) A system consisting of four lubricated flat PTFE-stainless steel bearings. each equipped
with two mild steel E-shaped dampers Friction in the bearings was about 0 01 to 0 02 The mild
steel dampers were detailed to fully yield at a displacement of 5 mm and force of 3 5 kN (0 79
kips) or 0.2 times the deck weight The system lacked restoring force capability The bearings
successfully sustained during testing about 50 cycles of displacement with amplitude exceeding 50
mm (2 in), for which the maximum strain in the steel was approximately equal to 0 03 and the
global ductility was equal to 10.

Various components of the tested isolation systems are shown in Figure 2. The rubber
springs were installed with thel:- cuter steel cylinder connected to the pier and their inner steel
cylinder connected to the deck by a run-through rod Spring action developed by extension of the
radial rubber elements.

2-49



,
_!DID S1ttL ...." ._

- "" II ""__-
......-- 311m... ----I

I__ft_ ......... ('-1

(a)

II
,..
,..

II

n(n
~.

I ,(b)

(c)

r..... I.
L~+---fW----- .......---tf+---'

I---- ...-~ (d)

FIGURE 2: ELEMENTS OF I~OLATION SYSTEMS (a) FLAT SLIDING BEARING (b)
RUBBER SPRING (c) FPS BEARING (d) LUBRICATED SLIDING BEARING
WITH E-SHAPED STEEL DAMPERS

2-50



EXPERIMENTAL RESt; LTS

A total of 643 earthquake simulation tests were performed using 24 recorded and artificial
motions Herein only a representative portion of the obtained test results is presented Table I
lists some of the earthquake motions and their characteristics In certain tests these motions were
combined with their vertical counterparts The response spectra of the Japanest: Level 2 bridge
design motions are shown in Figure 3 The difficulties in achieving effective seismic isolation for
these motions are apparent For example. the spectrum for Ground Condition 3 (deep
cohesionless soil) extends to a period of 2 sees with a spectral value of 19 To obtain effective
isolation it is required that the period is shifted to a value beyond 3 sees. \', hich for typical light
weight bridges is only possible with sliding systems

TABLE I EARTHQUAKE MOTIONS USED IN TEST PROGRAM AJ\oTI
CHARACTERISTICS IN PROTOTYPE SCALE

Notation Record Peak Peak Peak
Acc Vel. Dis.
(8) (mm/sec) (mm)

El CentroSOOE Imperial Valley. May 18 1940. Component SOOE 034 J34~ 1087

Taft N21E Kern County. July 21,1952. Component N21E o 16 1572 671

Pacoima S16E San Fernando, February 9, 1971. Component 516E 1 17 11323 3653

Pacoima S74W San Fernando. February 9.1971. Component 574E 1.08 5682 1082

Hachinohe N-S Tokachi. Japan, May 16, 1968 Hachinohe. Comp N-S 023 357 I 1189

JP. L2GI Artificial Compatible with Japanese Level 2 Gr Cond 1 037 864 0 5260

IP L2G2 Artificial Compatible with Japanese Level 2 Gr Cond 2 043 9980 5270

JPL2G3 Artificial Compatible with Japanese Level 2 Gr Cond 3 045 11210 7000

CalTrans A2 ArtComp. with CalTrans 06g 80'-150'Alluvium Spect 060 8364 2829

CalTrans 53 Art Comp with CalTrans 06g 10'-80'Alluvium Spect 060 7780 4389

CalTrans R3 Art. Comp with CalTrans 0 6g Rock Spect 060 571 0 3424

Table 2 presents the recorded response of the non-isolated bridge. In this case all
earthquake motions were reduced to only a portion of their actual intensity (eg El Centro SOOE
25% indicates a motion with approximately 1/4 the intensity of the actual motion - see Table I)
We observe that for these weak motions, with peak acceleration not exceeding 0 12g, the bridge
substructure is subjected to considerable forces. which are in the range of 0.2 to 035 times the
bridge weight.

Table 3 presents the recorded re::.ponse of the isolated bridge with the sliding
bearing-rubber restoring force device system. Only the response in strong seismic excitation is
presented. Concentrating first on the system without fluid dampers, we observe that in the
strongest motions (ie. the Japanese Level 2 and Pacoima S16E) the isolation system develops
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TABLE 2: RECORDED RESPONSE OF NON-ISOLATED BRIDGE PIER DRIFT
RATIO = PIER DRIFT / PIER HEIGHT (=1290 mm).

Excitation Peak Pier Drift Ratio Peak Pier Shear Force /
(%) Carried Weight

E1 Centro SOOE 25% 0.381 0271

Taft N21E 75% 0.385 0278

Pacoima S74W 13% 0.346 0214

Pacoima S16E 13% 0275 0186

Hachinohe NS 50% 0311 0198

JP. L2 GI 25% 0301 0181

JP. L2 G2 25% 0.365 0.225

JP. L2 G3 25% 0.497 0283

CalTrans R3 20010 0.389 0.234

CalTrans 53 20% 0.565 0.345

CalTrans A2 20% 0.475 0298

2-52



large enough displacements to engage the displacement restrainer This results in large
substructure forces Elimination of this event is accomplished with the introduction of fluid
dampers This enhanced isolation system could sustain the severe long period Japanese Level 2
bridge design motions with bearing displacements less than 200 mm (8 in) and substructure forces
of 0 33 to 0 :18 times the weight In this respect we note that current Japanese bridge design
procedures [10] require that bridge piers are designed for a lateral force not less than 03 times
the weight, even when seismic isolation and pier ductility are utilized for reduction of forces

TABLE 3 RECORDED RESPONSE OF ISOLATED
BEARING-RUBBER RESTORING FORCE
SYSTEM (COEFFICIENT OF FRICTION
PROTOTYPE SCALE=32 sees)

BRIDGE WITH SLIDING
DEVICE-HelD DA.~1PER

fm.., :: 0 ISO, PERIOD ~

Excitation Peak 1 Permanent 1 Peak Pier Peak Pier Fluid
Bearing Displ. Bearing Displ. Drift Ratio Shear Foree / Dampers

(mm) (mm) (%) Carried Weight (No)

EI Centro SOOE 200% 1032 56 0340 0265 0

2 EI Centro 500E+\/ 200% 1056 40 0360 0275 G

Taft N21 E 400% 1308 64 0350 0267 0

2 Taft N2IE+V 400% 1128 6.8 0360 0271 0

Hachinohe NS 300% 1444 8.8 0360 0273 0

Pacoima S74W 100% 1460 148 0.390 0306 0

Pacoima S 16E 75% 1844 72 0570 0448 0

JP L2 Gl 100% 2340 352 0550 0509 0

JP L2 G2 75% 1380 9.6 0330 0240 0

JP L2 G3 75% 1288 36 0320 0263 0

CalTrans R3 100% 1080 18.8 0360 0291 0

CalTrans 53 100% 154.0 40 0430 0331 0

CalTrans A2 100% 178.0 348 0430 0331 0

EI Centro SOOE 200% 944 20 0.440 0356 4

Pacoima S 16E 100% 176.8 2.8 0.560 0461 4

JP. L2 G1 100% 158.8 56 0.420 0.332 4

JP. L2 G2 100% 1548 2.0 0.450 0375 4

JP L2 G3 100% 1892 10.0 0.440 0360 4

CalTrans A2 100% 1308 304 0420 0337 4

1In prototype scale

1Combined horizontal and vertical motion
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Vivid illustration of the effectiveness of tluid dampers is presented in Figure 4 The top
two figures present the isolation system hysteresis loop and pier hysteresis loop of the system
without fluid dampers in the Japanese Level 2. Ground Condition I mOl ion The use of fluid
dampers in the same motion reduced bearing displacements and substructure forces by nearlv
35%. Moreover, the peak response of the system with tluid dampers In the Ground Condition 2
and 3 motions is nearly the same as that in Ground Condition I motion This demonstrates a
marked insensitivity of the response of the combined sliding-viscous damper system to the
frequency content of these long period motions "cry interesting\. this significant improvement
in the behavior of the system was accomplished with the use vf four dampers wllh a combined
weight of 40 N (9 Ib), whereas the bridge weight was 160800 ~ (36000 Ibs)

For excitations less severe than the Japanese Level 2 motions, the isolation system without
fluid dampers provided a considerable degree of protection While maintaining displacements
below the limit of 200 mm (8 in), the system allowed the development of substructure forces
which were comparable to those of the non-isolated bridge (see Table 2), except that the
excitation was abolJt five times stronger

An example is provided in Figure 5 which shows the response of the isolated bridge in the
simulated CalTrans A2 motion (100% level) and the response of the non-isolated bridge in the
same motion at only 20% of full level. Evidently, the substructure response is nearly the same.
whereas the input differs by a factor of five

Table 4 presents the recorded response of the isolated bridge with the FPS system This
system at10rds a better degree of isolatiC'n than the previous system. which is characterized by
more ability to dissipate energy than the FPS system This better isolation capabilit\ of the FPS
system is produced at the expense of larger bearing displacements, which for the Japanese Level ~

motions are about 350 mm (i4 in) However for the motions which are representative of
California, the demand for displacement is less while the bridge substructure forces are about 0 25
times the bridge weight.

A very interesting observation made during the testing of the FPS system was the
exceptional stability of the frictional properties of the bearings Figure 6 shows recorded
force-displacement loops of the FPS bearings in identification tests conducted on the shake table
The bearings underwent five cycles of harmonic motion of 0 4 Hz frequency and 75 mm
amplitude The peak velocity of sliding was 188 mm/s One test was conducted priol to seismic
testing. The other identical test was conducted after 58 seismic tests it may be observed that the
loops prior and following the S8 seismic tests are identical The friction coefficient remained
unchanged after at least 30 cycles at approximately the displacement capacity of the bearings and
over 100 cycles at lower displacement.

The results for both the FPS and sliding bearing-rubber device-fluid damper systems
demonstrate a very small effect of the vertical ground motion Furthermore, both systems
resulted in permanent displacements. which were not cumulative That is, in none of the tests in
Tables 3 and 4 the bridge was re-centered prior to each test Rather, the isolation systems h!ld the
tendency to re-center themselves on initial movement
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TABLE 4' RECORDED RESPONSE OF ISOLATED BRIDGE WITH FPS SYSTEM
(COEFFICIENT OF FRICTION fm,,-, = °120, PERIOD IN PROTOTYPE
SCALE= 3.0 sees)

Excitation Peak I Permanent 1 Peak Pier Peak Pier
Bearing Displ Bearing Displ Drift Ratio Shear Force I

(mm) (mm) (%) Carried Weight

El Centro SOOE 200% 127.6 180 0270 0194

2 El Centro SOOE+V 200% 126.8 17.6 NA J 0199

Taft N21E 400% 220.0 40.4 0.300 0.203

2 Taft N21 E+V 400% 2160 384 NA J 0204

Hachinohe NS 300% 2680 768 0.400 0283

Pacoima S74W 100% 1744 128 0.310 0218

Pacoima S16E 100% 361.6 396 0450 0287

JP. L2 Gl 100% 311.6 19.2 0430 0265

JP L2 G2 100% 232.8 45.6 0.370 0261

JP L2 G3 85% 339.2 62.0 0360 0247

CalTrans R3 100% 1168 84 0.340 0212

CalTrans S3 100% 1264 28.0 0.370 0238

CalTrans A1 1000!o 270.8 26.0 0.390 0.265

1In prototype scale

2Combined horizontal and vertical motion 3 Instrument affected by vertical motion

Table 5 presents results for the isolated bridge with lubricated sliding bearings and
E-shaped steel dampers. Tests were conducted with seismic input of lower intensity than the
other systems because permanent displacements were large and cumulative This was the result of
the system's inability to provide re-centering force Nevertheless, the system sustained a large
number of cycles at peak strain of about 0.03 in the steel dampers and transferred forces to the
substructure which were only marginally larger than the yield force of the system It appears that
this system may provide effective isolation in areas of infrequent and moderate seismic excitation

The FPS and sliding bearing-rubber restoring force device isolation systems were very
effective in strong seismic excitation. Actually, they have been configured for effectiveness in
motions such as the Japanese Level 2 and CalTrans motions. Nevertheless, they proved to be also
effective in weak excitation, such as the Japanese Level I motions. This service-type of loading
has peak ground acceleration of about 0 12g, for which bridges in Japan must remain elastic.
Figure 7 compares pier force-drift loops of the non-isolated and isolated (with highest friction)
bridges recorded in tests with these motions. Evidently, the piers of the isolated bridge remain
elastic and respond with a marked insensitivity to the significantly different content in frequency
of the three motions. In contrast, the non-isolated bridge shows sensitivity and apparently
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undergoes inelastic deformations Interestingly the isolated bridge with friction coefficient at high
velocity of sliding frna.' == 0 150 provides a degree of isolation even when the peak ground
acceleration is less than fm" g. The reason for this behavior is the velocity dependency of the
coefficient of friction At low velocity of sliding the bearings mobilize a friction coefficient much
less than fm." , thus enabling them to provide some isolation in weak excitation

TABLES RECORDED RESPONSE OF ISOLATED BRIDGE WITH LUBRICATED
SLIDING BEARINGS AND E-SHAPED DAMPERS (YIELD FORCE = 020 x
WEIGHT)

Excitation Peak 1 Permanent 1 Peak Pier Peak Pier
Bearing Displ. Bearing DispL Drift Ratio Shear F()rce /

(mm) (mrn) (%) Carried Wei~ht

2 Taft N21 E 400% 235.2 1228 NA NA

EI Centro SOOE IS0% 108.8 108.8 0320 0.227

Taft N21 E 200% 176.4 1168 0300 0197

Hachinohe NS 100% 166.8 1180 0.290 0.194

JP. L2 Gt 50% 202.8 99.6 0.320 0.209

!P. L2 G2 50% 99.6* 80 0.310 0210

JP L2 G3 50% 136.0 192 0320 0213

JP. L2 G3 75% 2224 88 0350 0231

1In prototype scale

2 Combined horizontal and vertical motion * Initial displacement

CONCLUSIONS

Sliding isolation systems, such as the FPS and sliding bearing-rubber restoring force
device-fluid damper systems, may be configured for high effectiveness in strong seismic
excitation. Specifically, these systems may be designed for all soil conditions in Japan to deliver
bridge substructure forces at the minimum code design level while allowing bearing displacements
of less than 200 mm (8 in). These systems have been experimentally shown to be also effective in
weak seismic excitation.

The tested lubricating bearing-steel damper isolation system, which found numerous
applications in Italy, was found to be effective in infrequent and moderate eal1hquakes While the
system successfully sustained a large number of cycles of motion and maintained the substructure
forces at about its yield force level, it developed large and cumulative permanent displacements
This was the result of its lack of restoring force capability
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ABSTRACT
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Basi, Dynamic Properties and Recovery Characteristics of High Damping
Rubber Bearing was estimated by dynamic shear tests using full size bearing.
First, basic bearing properties at an initial state were evaluated and com
pared with the design value. The test bearing was then vertically loaded and
performance tested at intervals of 1 , 13 , 44 and 73 days. This procedure
resulted in a quantitative evaluation of the Recovery Characteristics and
proved that the expression of bearing properties cunently being used for
designing bearing, accurately predicts the recovery characteristics of the
beari ng.

INTRODUCTION

High damping rubber bearings (HDR) have been used for many bridges and
buildings, and are recognized as one of the most popular MENSHIN devices
(Refs. 1,2), One of the characteristics of HDR is dependency of its dynamic
properties to its load history. When HDR experiences high strains , the
stiffness will be degradated(reduced) in the smaller strain levels. This is
also known as "scragging". However, as time passes, the stiffness and damp
ing ratio gradually recover. This phenomenon is known as the "Recovery"
Characteristics of HDR (Ref. 3),
These two factors, "load-history dependence" and "recovery", must be con
sidered adequately when designing with HDR. Although there has been much
research published about load-history dependency , recovery of HDR has
never been studied quantitatively. In design of HDR , we have proposed
polinomial expressions of shear modulus (G) and equivalent damping ratio
(heq) as functions of shear strain. These polynomial expressions were
developed from scale model test results and assumed the recovery value
was equal to aver age value of G and heq befor e and after a hi gh shear
strain experience. (Refs.1 and 2)
In order to confirm the accuracy of these expressions, an experimental
study of the recovery characteristics of HDR (by dynamic tests) was per
formed after several time intervals using a full scale bearing.
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TEST BEARING

The HDR test bearing for this study is shown in Fig.l. The bearing has 23
layers of 3.8 mm thick rubber and 22 steel shims (.f 2.2 mm thick The shim
diameter is 435 mm and outer surface of bearing is covered with synthetic
rubber for protection. The bearing is large enough to be used as actual isola
tion bearing. Its designed performance is as follows;

App I i cat i on Load Range W
Horizontal Stiffness Kh at 100\ shear strain
Equivalent Damping Ratio Heq
Vertical Stiffness KV

90.0 (tfl to 150.0 (to

1.38 (tf/cm)
around 15.0 ('X.)

1770 (tf/cm)

The rubber compound used in this bearing is KL401. This compound has a shear
modul us val ue(G) in the mi ddle of the Bri dgestone seri es of hi gh dampi ng

compounds.
Fundamental mechanical properties of the compound are as follows;

Hardness
Elongation at Break
Tens i I e Strength
Modulus at 25'X.

Hd 67t5
Eb ~650 ('X.)

Tb ~100 (kgf/cmzl
tof,.,.: 12.0±2 0 (kgf/cm z )

*by JIS K 6301

Flg.1 Test Bearing
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TEST FACILITIES

1. Dynamic Test Machine

The test machine consisted of onell) horizontal actuator which can develop a
max.dynamic load of 20.O<tf) with a max.stroke of 300.O<mm) . and oneCl)
vertical actuator which has a max compression of lOO.O<tf) and max.tension of
30.0(tf). (See Fig.2 and Table.n.

2. Pressure Device

In order to reproduce actual condition, the test bearing was vertically loaded
by the pressure device shown in Fig.3. The hydraulic jack applied a load of
91.5Ctf) resulting in a face pressure around p = 65.O<kgflcm 2 ).

Load cell

I.

Test Bearin

5405

Fig.2 Dynamic Test Machine

TfDT bl 1 P rfa e e ormance 0 ,ynamlc est Machine
Vertlesl Direction Horizontal Direction

DyMlmics Compression 100tt DYMlmlc ±20tf
Tenllon 30tf

Stroke ±100mm Stroke ±300mm
"'X Velocity 3.14cm/••c "'X Velocity 62.8cm/.ec
Frequency O.01-5Hz Frequency O.01-5Hz
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H draullc Jack

Test Bearln

*- ..:::Oc.:,.7-"-O:::...O J

to

Flg.3 Pressure Device

TEST PROGRAM

Test was caried out by following procedure;

1. In order to estimate dynamic properties at initial state, the
beari ng was sub jected to the hori zontal cycli c loadi ng test at 6
levels shear strain ;i.e. 10%,30\,50'0,100\,150'0 and 200%, The vertical
load was set at 91.5<tf), Three cycles, at a frequency of 0.5Hz were
performed in rapid succession at each strain level except 200\.
Because of dynamic loading capacity, testing at 200% was carried
out at 0.2Hz. The series was then repeated imediately without time
interval. The first series is called "STEP-I" and the second "STEP
2".
2. After the initial properties were evaluated in STEP-l and STEP
2, the bearing was set in a Pressure Device (as mentioned in 3.2)
and vertically loaded for the required number of days The
bearing was then removed from the device and horizontally tested
as before. The change o~ properties were then established. When
the test was completed, the bearing was again put under vertical
load. This prosedure was repeated after intervals of 1 ,13,44 and
73 days <STEP-3 to STEP-6).

DETERMINATION OF DYNAMIC PROPERTIES

The dynamic horizontal properties of a bearing is represented as stuar
modulus <G) and equivalent damping ratio <heq). For this study, they are
calculated by following equations;
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Table2 Test Condition

~. Shear Strain Frequency Cycle Temperature
TEST y.e%) feHz) C·) (q

10( 8.7mm) 0.50 3 27.0
30( 26.2mm) 0.50 3 27.0

<STEP1 :.,,-<STEP6> 50( 43.7mm) 0.50 3 24.5
1OD( 87.4mm) 0.50 3 24.7
150(131.1mm) 0.50 3 24.0
200(174.8mm) 0.20 3 15.0

1.Vertical Pressure 65kgf/cm2 (91.5tf)
2.Type of Wave Sine WIVe

--
<STEP1 >Pre·200%
<STEP2>Just aftercSTEP1:. : Post·200%
<STEP3>1 Day alter<STEP2>
cSTEP4>13 Days aftercSTEP3>
cSTEP5>44 Days after<STEP4:.
cSTEP6>73 Days .ftercSTEPS>

Kh

heQ

F( x ma x) - F( XII in)

xma x - xmin

Wd
21t 'Kh'xmax 2

G
Kh·hr
Aef

where , Kh
hr
Aef
xmax,xmin
Fexmax) ,Fexmin):
Wd

effective horizontal stiffness
total rubber height
effective supporting area(area of inner shim)
maximum or minimum displacement of loop
horizontal load at xmax or xmin
energy dissipated in one cycle

TEST RESULTS

1. Horizontal Dynamic Properties at Initial State

The relationship between shear stressC r) and shear strain( r) of STEP-l and
STEP-2 for all cycles are shown in Fig.4 and Fig.5. Since the restoring
force of the bearing exceeded the dynamic capacity of actuator, the
maximum strain of 1st and 2nd loop at each strain level did not reach the
desired strain level. However in 3rd loops.the strain amplitude almost
reached to the target value. Additionally in Fig.4 . the peak of loops at
200\ strain was cut off and was plotted as flat line. This is because the
restoring force exceeded the capacity of the horizontal actuator_
These figures show tYPical load-history dependent characteristics of HDR.
The Hysterisys loops in STEP-l shows sharp. higher peak values,whereas
STEP-2 is more rounded with lower peaks.
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Flg.5 Restoring Force Characteristics Post·20001o<STEP2>

Photo.l shows the test bearing under the dynamic loading test.

Fig.6 compares the shear modulus (G) and equivalent damping ratio (heq)
data from STEP-l and STEP-Z. The designed value is also plotted for com
parison. It is indicated that just after a high slrain load cycle, HDR
will exhiht deterioration in shear modulus,especially in the small strain
level. Heq also shows an increase in STEP-2(after high strain), but the dif
ference is much smaller than that observed for G. The design value of G
and heq is therefore determined as average value of pre-200\ strain and
post-200\. This corresponds to STEP-l and STEP-, in this tes~.
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Flg.6 Horizontal Properties at Initial State

The design value of G and heq was comfirmed by dynamic test results previ
ously caried out on scaled model bearing with a diameter of 150 to 200 mm.
Large size bearing had never been tested dynamically before. These scale
tests therefore provide important proof of the dynamic properties of full
size bearing. The good agreement betloleen test results and design value
are shown in Fig.6. Full size bearings. which were previously tested stat
icaly, have therefore been shown to have the dynamic properties as de
si gned.
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Photo.1 HDR under Dynamic Test

2. Evaluation of Recovery

Dynamic restoting force characteristics after 13 days intervals<STEP-6) are
shown in Fig.7. Compared with those of STEP-l and STEP-2 <rig.4 and Fig.Sl.
it is clear that restoring force has recovered to a valu~ above STEP-2.
r.ut below the level of STEP-I. Fig.8 compares the s~.ear modulus (G) and
equivalent damping ratio (heq) calculated from 3rd cycles of each "traln
for S'!"EP-I to STEP-6. As can be seen, after STEP-Z. G guradually increasp.d,
wher~as heq slightly decreased with time. rig.9-1, Fig.9-2 show the change
of G and heq from STEP-l to STEP-6. The values are calculated from 1st and
3rd cycles of 50%.10(''' and 200% shear strain. Digital values are also listed
on Table 3. Here. the recovery ratio of STEP-2 o~ both G and heq was
adopted ir; order to i r.vestigate the phenomenon. The recovery ratio shows
maximum value after ! day intervaHSTEP-3), Therefore. recovery occures
"fast" immediately after initial loading, then gradually reduces its rate
as time passes. Compared with G. the recovery of heq is small from STEP-2
through STEP-6. This result indicates that the dissipated energy<Wd) in
crease slightly with time. While recovery is still progressing slowly after
73 days interval. it is believed that recovery will be negligible after 100
days.

3. Verification of Design Expressions for G & heq

Fig.lO shows comparison between average value of G and heq for STEP-l .
STEP-2 and STEP-6 (13 days interval). Although there are some differences
in small strain level. a good agreement is recognized.
This result indicates that the average value of before and after high
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Table3 Recovery Characteristics at Y t=50,1 00,200%
(1 ) y ,=50%(1.rget Strain y ,)

cSTEP. Cycle Shear Strsln Shear Modulus Damping Rltlo

DIYs y(%) G(kgflcm') G/G(STEP2) heq(%) heq/heq(sTEP2)

STEP1 1st 38.5 22.34 1.93 16.90 0.111
InlUsl 3rd 48.1 18.42 1.80 16.85 0.110

STEP2 1at 41.1 11.59 1.00 18.49 1.00
0 3rd 48.3 10.24 1.00 18.79 1.00

STEP3 1st 40.9 13.18 1.14 17.57 0.95
1 3rd '8.1 11.66 1.14 17.90 0.95

STEP4 1st 40.9 13.59 1.17 16.91 0.9t
13 3rd 48.1 11.99 1.17 17.20 0.92

STEPS 1st 41.4 14.24 1.23 16.36 0.8a
4. 3rd 48.1 12.66 1.2' 16.50 0.81

STEP6 1st 41.7 14.46 1.25 16.32 0.88
73 3rd 48.1 12.lI5 1.26 16.60 0.88

(2) y ,=100%(Target Strain y,)

cSTEP~ Cycle Shear Strain Shear Modulus Damping Rltlo

Days y (%) G(kgf/cml ) G'u,STEP2) heq(%) heq/heq(STEP2)

STEP1 1st 70.9 15.09 1.81 17.66 0.93

Inltlll 3rd 94.4 11.84 1.64 17.45 0.89

STEP2 1st 80.3 8.34 1.00 19.08 1.00

0 3rd 97.2 7.23 1.00 19.53 1.00

STEP3 1st 78.8 9.52 1.14 18.52 0.97
1 3rd 96.7 7.99 1.11 18.72 0.96

STEP4 1st 78.6 9.79 1.17 17.85 0.84

13 3rd 96.7 8.44 1.17 18.10 0.93

STEPS 1st 79.9 10.06 1.21 17.41 0.91

4. 3rd 97.0 8.75 1.21 17.39 0.89

STEP6 1st 78.6 10.32 1.24 17.37 0.111

73 3rd 97.0 8.67 1.20 17.56 0.90

(3)y t=200%(1Irg8t Strain y ,)

cSTEP~ Cycle Sheer Strain Shaar Modulus Damping Ratio
Days y(%) G(kgflcm') G/G(STEP2) heq(%) heq/heq(sTEP2)

STEP1 1s' 157.4 7.94 1.29 17.12 1.04
tnltlal 3rd 174.5 7.26 1.18 17.25 1.13

STEP2 1st 178.1 6.17 1.00 16.49 1.00
0 3rd 195.8 6.14 1.00 15.25 1.00

STEP3 1st 173.8 6.69 1.08 16.85 1.02
1 3rd 192.3 6.411 1.06 15.96 1.05

STEP. tst 173.0 &.78 1.10 16.50 1.00
13 3rd 191.6 6.51 1.06 15.82 1.04

STEPS 1st 172.3 7.10 1.15 16.14 0.88
4. 3rd 110.1 5.63 1.0a 15.7a 1.03

STEPt 1st 172.7 6.70 1.09 16.30 0.81
73 3,d 188.' 6.66 1.08 1&.01 1.05
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shear strain (ie:200%) gives a good approximation of the recovery effect
The accuracy of design expressions for G and heq is therefore verified.
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CONCLUSIONS

1. Recovery characteristics of High Damping Rubber Bearing was estimated
over a 73 days interval. Shear modulus (G) and equivalent damping ratio
(heq) were recovered to design level equal to the average of the values
"before" and "after" high shear strain (ZOO%) experience. The validity of
desi gn expressi on for G and heq that has been used in the past was veri
fied by these results.
2. After high shear strain (200%) experience, shear modulus gradually in
crease, whereas equivalent damping ratio slightly decrease with time.
Recovery ratio shows maximum value after 1 day interval and minimum after
73 days interval. This results indicate that recovery occurs "fast" immedi
ately after initial loading, then gradually reduces its rate as time passes.
It is predicted that recovery will be almost finished after 100 days.
3. Dynamic properties of full scale HDR were cc,n.firmed. There were a good
agreement with desi gn val ue.
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Abstract

The effects of pier uplift on sliding isolated highway bridges are studied for
a synunelrical two-span continuous deck bridge. The seismic excitation
uses the 1940 EI Centro earthquake ground motion with a scaled peak
ground acceleration 0.6Og, which is comparable to the CalTrans bridge
design spectra of O.60g acceleration for rock. Pier uplift is found to
enhance the effectiveness of sliding isolation for a highway bridge,
especially for piers with inadequate lateral strength capacity. Elastic
behavior of the pier is possible, while the seismic performance of a sliding
isolated highway bridge is affected minimally by the pier uplift. These
benefits are achieved with a relatively small amount pier uplifting.

Introduction

The application of seismic isolation significantly improves the seismic
performance of highway bridges during a severe earthquake, as earthquake energy is
more reliably absorbed by energy dissipation mechanisms which are incorporated in the
seismic isolation systems, rather than by the structural components, usually the piers.
Hence, elastic behavior of piers under a severe earthquake may be achieved. Also. since
the distribution of seismic lateral forces between the piers and abutments is easily
controlled, the shear forces in the piers can be reduced greatly.

Besides applications for new highway bridges, seismic isolation has been shown
to be a competitive alternative in retrofitting existing bridges that were designed and
built before the implementation of modem seismic codes. The seismic deficiency
commonly exhibited in these bridges is that the pier lacks adequate lateral load
resistance and has very limited ductility. By using seismic isolation bearings. either
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lead-rubber bearings with a low yield lead plug or Teflon sliding bearings with low
friction. at the top of piers with inadequate strength. the shear forces developed may be
below the capacity of these seismically deficient piers. However. there is a fundamental
assumption for the calculated lateral demand, i.e., the pier base is assumed to be fixed
into the foundation, which is questionable because the required uplift resistance
capacity may be well below the demand for the existing bridges and the pier might lift
off from the foundation. Though remedies, such as footing tiedowns, extended
footings. cast-in-drilled-hole piles and drilled piers, can be applied to make up the
deficiencies. it has been reported that they are among the most difficult tasks in retrofit
projects (Jackson 1993).

While the uplift resistance capacity seems highly desirable. an approach
dramatically different from this conventional practice was suggested in the 70's for the
seismic design of the South Rangitikci Bridge in the New Zealand (Beck and Skinner
1974; Skinner, Robinson and McVerry 1993). It was believed that pier uplift not only
eliminated the strict requirement of anchorage of the pier, but also made the elastic
behavior of the pier possible. It was also found that energy dissipation devices were
needed for reducing both the deck displacement and the amount of u;>lift. However. the
fact that the activation of the energy dissipation devices was possible only after the
uplift occurred seems to be a limitation of such practice.

For seismic isolated bridges. especially using sliding bearings, energy dissipation
will occur long before. as well as after. pier uplift Consequently. the seismic isolation
first reduces the uplift force; then. as the uplift force builds up to cause the pier to lift
off from the foundation, the inherent energy dissipation mechanism continues its
function.

Hence. the assumption of the pier fIXed to the foundation is eliminated in this
study. Effects of pier uplift on seismic performance of sliding isolated highway bridges.
as compared with that of a fixed pier, are examined. The model for the highway bridge
is a symmetrical two span continuous deck bridge, which is consistent with a reported
study for 10ngitudina1 seismic perfonnance of a sliding isolated highway bridge with a
fixed pier by Kartoum et aI. (1992). The seismic excitation uses the 1940 EI Centro
earthquake ground motion with a scaled peak ground acceleration (PGA) 0.6Og. which
is comparable to the CaITrans bridge design spectra of O.60g acceleration for rock.

Model 01 Highway Bridge

A symmettical two span continuous deck bridge is shown in Figure Ill. and the
corresponding analytical model is shown in Figure Ib. Sliding bearings with a lower
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coefficient of friction are inserted between lhe top of the pier and the bottom of the
deck. The other sliding bearings, with a larger coefficient of sliding friction and with re
centering devices, are located at abutment supports. The capacity of the re-cenlering
devices is represented by a parameter Th• The flexibility of the pier is described by a
nominal period of the pier Tp- Both parameters are defined consistent with the study of
Kartoum et al. (1992).

continuous deck bridge

/
slidings bearings
with lower friction

(a) ~;-

sliding bearings & re-centering

h

(b)

2/m~ (J -2{)m~

Figure 1. (a) Symmetrical two-span continuous deck bridge; (b) Analytical model

Equations of Motion

The equations of motion for the phase of pier contact with the foundation involve
two variables, up' and ud' Le. the pier displacement and the deck displacement with
respect to the ground. respectively.

ndud +u,)+F! +2F; +2F/ =0

mp(iip+u,)+F. -F/ =0

where,

2-79

(I)

(2)

(3)

(4)

(5)



in which I is the ratio of the weight carried by abutment to the weight of the deck;

11: ,J.!:, are the coefficients of sliding friction. which are approximated by the equation
(Mokha et al. 1988; Constantinou et al. 1990):

(6)

For the bearing at the pier, i=p, f':" =0.070. Df i=O.050, ai=31.50seclm (O.80sec/in),

and ui=u..up ' whereas, for the bearings at the abutments, i=a, t:..,. =0.149, Df i=O.093.

ai=23.G2seclm (O.60sedin), and uj=ud; zp and zJ' two parameters which control the
condition of separation and reattachment of the bearings, can be numerically solved
from the following differential equation (Constantinou et al. 1990).

YZj =uj -O.9zi lui z;I-O.luj z/ (7)

in which y is the shear defonnation of the Teflon pad before sliding. Because of the
small value of this shear defonnation O.0127cm (O.005in), equation (7) is a stiff
differential equation and the numerical integration of the equations of motion n-.quires
a spec ific numerical scheme (Nagarajaiah et al. 1991).

After the pier uplift from Ute foundation, the equations of motion can be written
as

mAii" +ii,)+F! +2Ft" +2F," =0

mp(iip+ ii, +i)+~ -F/ = 0

m,(b 2 +h2 )6+nl,(u, +u,)h -F!h±(mJ +m,J.~b = 0

(8)

(9)

(10)

where. e is the rotation from pier uplift and X is the additional horizontal displacement
at the top of the pier, so that X=h9.

It should be pointed out that the equations of motion for the fixed pier are the
same as those for the phase of pier contact with the foundation. However. inelastic
behavior of the pier is possible under a strong ground motion. The hysteresis of the pier
is accounted for by using a bilinear m\Xlel (Wen, 1976).

Criteria of Pier Uplift
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The pier lifts off from the foundation when the overturning moment generated
from a strong ground motion exceeds the overturning resistance from the gravity loads.
This criterion is expressed by

If;,/h ~(mp +mJgb

or in nonnalized form, if fb =FbImp

b
(X;:;;-

h

Since fb is also related to the pier strength demand ratio g by

(11)

(12)

(13)

(14)

(15)f/ - y{"
b - 1-2/+2ty

f/ represents a shear force which is defined as the portion of the weight carried by the

pier(Kartoum et aI. 1992). Then, the criterion of pier uplift can also be written as

If/I~ ag
b 1-2/+2ty

(16)

Equation (16) implies that the uplifting pier will perfonn elastically, provided that
the pier strength capacity is greater than the minimum uplift resistance supplied solely
by the gravity.

The seismic response of the highway bridge is calculated by nwnerical integration
of equations of motion. The numerical algorithm uses a semi-implicit fourth order
Runge-Kutla scheme which is suitable to solve stiff differential equations.

Eft'eds of Pier Uplift

The effects of pier uplift on the seismic perfonnance of a sliding isolated highway
bridge are investigated as compared to that of the same bridge with a fixed pier. n.i;;
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highway bridge has the foUowing characteristics, cx=O.05, ')'=0.10. Tp=O.4sec. ~p=o.05;

and the re-centering devices incorporated at the abutments result in, Tb=2.0sec.
Possible viscous damping is neglected, i.e. ~,,=O. The pier strength capacity. defined as
a portion of weight the pier carries. is assumed to be 0.10. which represents a pier with
an inadequate lateral capacity in an existing highway bridge.

The maximum response of the highway bridge in tenns of pier strength demand
ratio. the lateral force distribution factor. the deck acceleration, the pier acceleration.
the bearing displacement at abutments, the bearing displacement at pier, and uplift
amount, calculated for the 1940 EI Centro eanhquake ground motion with a scaled
PGA=O.60g. are listed in Table 1 for both fixed piers and uplifting piers, respectively.

Table 1. The maximum response of the sliding isolated highway bridge for
the 1940 El Centro earthquake ground motion with a scaled
PGA=O.60g

fixity f/ load deck pier bearing bearing uplift
of distri. ace. ace. displ.@ displ. amount

pier factor (g) (g) abut @pier cm(in)
cm(in) cm(in)

fixed 0.103 1.95 0.21 0.54 11.53(4.54) 6.40(2.52) 0
uplift 0.078 1.86 0.19 0.51 10.67(4.20) 4.55(1.79) 0.91(0.36)

Figure 2a.b show the pier strength demand ratio time history for a fixed pier and
an uplifting pier respectively. The pier uplift reduces the maximum pier strength
demand from 0.103. in the case of the fixed pier. to 0.078. Since the pier strength
capacity is assumed to be 0.10, the pier is protected from the damage which will occur
for the fixed pier condition.

The distribution of seismic lateral forces between the abutments and thr pier in
this study is examined by a distribution factor which is the ratio of the maximum lateral
force resisted by one abutment to that of the pier. For seismic isolated highway
bridges. this factor is in the range of 1 to 2, depending upon the relative lateral capacity
of the abutment and the pier. For a weak pier, the larger factor will be selected. From
the factors shown in Table 1. it can be concluded that the pier uplift has a minor effect
on the distribution of lateral forces. Also, the effects of pier uplift on the maxinun
act:eleration of the deck and the pier are insignificant
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Figure 2. The pier strength demand ratio time history (a) fiXed pier; (b) uplifting
piers

Figure 3a shows the time history of the bearing displacement at the abutment,
which is also the deck displacement time history. for fixed piers and uplifting piers.
Though the time histories in the fll'st 15 seconds have some difference. the bearing
displacement at the abunnents seems to be affected minimally by pier uplift
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Figure 3. The time history of the bearing displacement (a) at abutment; (b) at pier

Interestingly, by comparison with the time history of the bearing displacemenl at
the pier for fixed piers and uplifting piers. shown in Figure 3b. uplifting piers tend 10

reduce the maximwn bearing displlll:~ment from 6.4Ocm (2.52in) to 4.5Scm (1.19in).
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Effects of T,

It has been demonstrated that the pier strength demand ratio is reduced with
increasing flexibility of the !lier when the pier is flXed into the foundation (Kanoum et
a!. 1992). Figure 4a. shows the pier strength demand ratio with the variation of Tp
from the 0.20 to O.60sec and confmns this reduction for the tixed pier.
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Figure 4. The maximum response with the variation of Tp for uplifting piers and fixed

piers for the 1940 EI Centro earthquake accelerogram with a scaled
POA=O.60g (a) Maximum pier strength demand ratio; (b) Lateral force
distribution factor; (c) Maximum bearing displacement at abutments; (d)
Maximum bearing displacement at pier.

Also. it shows that there is not much variation of the strength demand ratio for
the uplifting pier; the maximum values are obviously less than 0.10. which implies
elastic behavior of the uplifting pier. This is a result of the initial condition for the pier
uplift given by equation (16). During the phase of pier uplift, the sliding bearings
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provide significant energy dissipation mechanisms which highly damp the response of
the uplifting pier. The pier strength demand is no longer developed but bounded around
a value at the instant of initial pier uplift. For this study. this value is 0.075.

Figure 4b,c show the maximum lateral force distribution factor and bearing
displacement at the abutments with the variation of Tp' For both cases the effect of the
flexibility of the pier on the distribution factor and the bearing displacement is
insignificant. However. the effect of pier uplift., as discussed earlier, will reduce the
bearing displacements at the pier. as observed in Figure 4<1.
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Maximum bearing displacement at pier.
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Effect.. of T.

The capacity of the re-centering devices is described by a panuneter T". The
larger the value of T", the weaker the re-centering. For the fixed pier, the effect of T"
on the strength demand ratio of the pier is not important as shown in Figure Sa. This io;
also consistent with the findings of the study by Kartoum et a1 (1992). As explained
earlier, the strength demand of the uplifting pier is controlled by the condition of pier
uplifl. So the re-centering capacity has no effect on the pier strength demand.

However, the stronger the re-centering, the larger the force which must be
resisted by the abutments. This explains the reason that the lateral force distribution
factor decreases with an increase in T" as shown in Figure 5b. Again, the effect of pier
uplift does not change the distribution of lateral forces between the abutments and the
pier.

Figure 5c,d show the maximum bearing displacement at the abutments and at the
pi":!" with the variation of T". While the effect of pier uplift on the maximum bearing
displacement at the pier is beneficial as it leads to the reduction of the maximum values,
such effects on the bearing displacement at the dbuunents are apparently mixed.
However, even so, it is certainly not detrimental.

Behavior of Uplifting Pier

The seismic behavior of the uplifting pier is stable for the 1940 EI Centro
earthq uake ground motion with a scaled PGA=0.60g. as shown by the uplift time
history in Figure 6a. Figure 6b further shows the maximum uplift with the variation of
intensity of the excitation. It is observed thal the maximum uplift amount increases
nearly linearly with an increase of PGA from O.50g. to O.80g; even so. the maximum
uplift is not large enough to be of concerned. The maximwn uplift amount is also
studied with the variation of Tp and Tb• as shown in Figure 6c,d. respectively. It is
observed that the maximum values seems to decrease with increasing flexibilily of the
pier. while the effect of the capacity of re-centering is negligible.

Conclusion

Pier uplift from the foundation enhances the effectiveness of sliding isolation for
highway bridges. The strength demand of the uplifting pier is less than that of the
corresponding fIXed pier, which might exceed the pier strength capacity. The elastic
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uplift time history for PGA=O.60g; (b) Maximum uplift amount with the
variation of intensity; (c) Maximum uplift amount with the variation of Tp,

(d) Maximum uplift amount with the variation of Tb

behavior of the pier with inadequate lateral strength capacity is possible. provided that
the capacity is above the strength demand to initiate pier uplift

The distribution of lateral force between the abutments and the pier using sliding
isolation is weU controlled by the maximum friction of the sliding bearings and will be
affected only slightly by pier uplift The effect of uplift on the bearing displacement
seems to be significant. especially at the pier.

The effects of the flexibility of the pier for the seismic response of highway
bridges seem to be less significant with uplifting piers than that with flXed piers. The
effects of the capacity of the re-eentering is basically the same for both cases.
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The behavior of an uplifting pier is stable in so far as its insensitivity to the
flexibility of the pier and to the capacity of the re-centering. More importantly, the
maximum amount of uplift increases only linearly with the intensity of excitation. For
the maximum credible earthquake, the amollnt of uplift is not large enough to be of
concerned.
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SEISMIC RESPONSE CONTROL OF HIGHWAY BRIDGES
BY VARIABLE STIFFNESS CONTROL
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1) Head, Earthquake Engineering Division, Public Works Research Institute. Ministry of
Construction, Tsukuba Science City, Japan
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ABSTRACT

Presented is a concept of the variable stiffness control to control bridge response
against an earthquake. The proposed concept is to shift the instantaneous natural period of
bridges using the variable dampers by avoiding the resonance with ground motions. The
effectiveness of the variable stiffness control through the analytical simulation is presented.

INTRODUCTION

The authors proposed variable dampers in which the damping coefficient can be
variable dependent on structural response of highway bridges. Various studies including the
applicability and practicability have been made at the Public Works Research Institute. 1) - \I)

Variable stiffness control is an another interesting field of extension of the variable
damper. If one shifts the natural period of structures, the structural response may be
significantly reduced by avoiding the resonance with the ground motion. The variable
stiffness con~_l"()l is to shift the instantaneous natural period of bridges using the variable
dampers.

This paper proposes the concept of the variable stiffness control using the variable
dampers and the effectiveness of the variable stiffness control through the analytical
simulation is presented.

CONCEPT OF VARIABLE STIFFNESS CONTROL

Most of bridges with an usual size have the natural period ranging from 0.3 to 1.5
second, and this natural period range corresponds to the predominant period of
earthquake-induced ground motions. Thus the resonance of the bridge response with the
ground motion tends to be developed during an earthquake. The bri~e response can be
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reduced if the resonance of bridge response with the ground motion is avoided.
Although it is hard to predict the predominant period of ground motion prior to an

earthquake, it can be evaluated time by time during an earthquake. The moving window
analysis may be used for evaluating the instantaneous predominant period of ground motion
T· . The resonance of bridge response with the ground motion may be avoided if the
instantaneous natural period of bridges T be shifted from the instantaneous predominant
period of ground motion T· during an earthquake.

There are various methods to shift the instantaneous natural period of bridges during
an earthquake. Flexibility of bearings may be changed, and active tendonslbracings may be
adopted. If one provides the variable dampers for a bridge which is elastically supported by
rubber bearings, the natural period of the bridge can be varied by changing the damping
coefficient of the variable dampers. If one makes the damping ratio of the variable damper
very large, the variable damper would acts as a damper stopper. On the other hand, if one
makes the damping ratio small, the natural period of the bridge takes the value computed
from the stiffness of the rubber bearings and piers. The variable dampers have various
advantage for controlling the instantaneous natural period of bridges because it is more
stable for long term use than the active tendonslbracing systems.

Fig. 1 shows the principal of the variable stiffness. The natural period of a bridge T
is variable in the range between T I' ,nd T, . The periods T I' represents that when

the damper acts as a damper stopper, it means L'iat the bearing support condition is pinned.
On the other hand, the period T p represents that when the dampers do not work, i.e.,
the bearing support condition is free. If the instantaneous predominant period of ground
motion T· approaches the natural period of the bridge T ,the bridge response becomes
larger by the resonance effect. Therefore, if the natural period of the bridge T can be far
from the predominant period of ground motion T· , the bridge response can be
significantly reduced.

ALGORITHM OF THE VARIABLE STIFFNESS CONTROL

: instantaneous natural period of a bridge at time t I

: instantaneous predominant period of ground motion at Ume t I

: control coefficienta

Fig. 2 shows the algorithm of the variable stiffness control. The instantaneous
predominant period of ground motion T • at time t, is computed by the moving
window Fourier Spectrum. The damping coefficient of variable dampers is varied so that the
instantaneous natural period of the bridge T be shifted to prevent the resonance with the
ground motion.

Although several algorithm can be considered, the period shift is assumed here as
T , .. 1 = aT,· (~l' T I • < T I < ~ 2' T ,. ) (1)

where,
T,
T-
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(2)

/3 1 • /3 2 : on-off coefficient to control
The coefficient a has to be detennined depending on the natural period of the

bridge T and the instantaneous predominant period T· of an ground motion. It is
proposed that a is set as

a {> 1/2 (T· ~ T )
<2 (T·>T)

The coefficient /3 represents the on-off coefficient of the variable stiffness control.
When the instantan\~us predominant period of the ground motion T I • at time t f is
far from the naturcl1 period of the bridge T ,the variable stiffness does not need to work.
Therefore, a certain period range to prevent the resonance is detennined by the coefficient
p .

EARTHQUAKE RESPONSE ANALYSIS METHOD

The equations of motion for a linear multi-degree-of-freedom system with the
variable stiffness control may be written as.. . ..

M X + (.c.+.c.v) X +Kx= - MX 0 (3)
in which M ,.c. and K represent mass, damping and stiffness matrices of tllf' system,
respectively. .x and x 0 denote displacement vector of the system and an earthquake
ground motion, respectively. .G.v denotes a damping matrix of the variable dampers and is
assumed as

(4)

where

£lJv=[_~ -~] (5)

in which £ I j v and n v represent damping matrix of the variable dampers, which are
instatled between the i-th node and the j-th node, and a number of the variable dampers
instatled, respectively. C is the damping coefficient of an each variable damper and is
given according to the control algorithm as shown in Fie. 2.

Although there are various methods to prescribe the damping matrix.G. of the
structure, it is assumed here to be written as Eq.(6) assuming that the damping matrix "
can be diagonalized by the modal matrix.

C=(~)-ldiag[2h *W*]<,~.T}-l (6)

in which, q> denotes a modal matrix of the system and d iag[2 h. w.] denotes a
diagonal matrix with elements of 2 h • w • ( Ie =1,2.3, . . . ; mode number).

Since.c.v is time-varying, Eq.(3) has to be solved by a direct integration method.
According to the above analytical method, a computer program "VSTIFF," which can

analyze earthquake response of a multi-degree-of-freedom system with the variable
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stiffness, was developed.

EFFECTIVENESS OF VARIABLE STIFFNESS CONTROL

To study the effectiveness of the variable stiffness control, a three-span continuous
girder bridge, as shown in Fig. 3, with a span length of 90m is analyzed. The response in
longitudinal direction is considered. The superstructure of the model is supported by elastic
bearings, and four variable dampers with the same characteristics are installed between the
deck and the piers. The weight of the superstructure and spring stiffness of the robber
bearings are assumed as 4,719KN and 6,247KN1m, respectively. The stiffness of piers is
assumed so that the fundamental natural period of the bridge be about 0.5 sec when the
deck support condition is hinged. The stiffness of robber bearings is set so that the
fundamental natural period of bridge be 1.0 sec. The damping ratio of the bridge without
control is assumed as 0.02.

An acceleration ground motion as shown in Fig. .. is used as an input acceleration.
The instantaneous predominant frequency (l/ T • ) of the input acceleration is also shown
in Fig. 4. Because the predominant period of ground motion is about 1 sec, a in Eq.(l)
was assumed as 112.

Fig. 5 shows the dependence of the natural period/damping ratio of the bridge on the
damping coefficient of variable dampers. Fig. 6 shows the corresponding mode shapes of
the bridge. When the damping coefficient C of the variable dampers is 0, the 1st mode is
a rigid vibration mode of the deck in the longitudinal direction and is the most predominant
mode against ground motions. The 2nd mode is the vertical vibration of the deck which
does not contribute the bridge response against the horizontal ground motion. The natural
periods of these modes are 1.0 sec and 0.23 sec, respectively.

If one increases the damping coefficient of the variable dampers, the natural periods
of the 1st and 2nd modes increase. At the damping coefficient C of about 4,200KN'sec/m,
the fundamental natural period of bridge take very large value, because this corresponds to
the critical damping of the structure. Furthennore if one increases the damping coefficient
of the variable dampers, the 1st and 2nd modes become overdamped modes and they do not
contribute the response against a ground motion. However, a new mode as shown in Fig. 5
appears as a predominant mode and the natural period decrease with increase of the
damping coefficient of the variable dampers. The natural period of the mode gradually
approaches 0.45 sec, which is the natural period when the bearing support condition is
pinned, as the damping coefficient of the variable dampers increase.

Fig. 7 shows the control relation between the predominant natural period of the
bridge and the damping coefficient of the variable dampers. Although the period shift may
be made in the damping coefficient range of 0 to over 8,OOOKN·sec/m, it is assumed here
that the period shift be made in the range of damping coefficient Cover 4,200KN·sec/m.

Fig. 8 and Table 1 compares the deck acceleration and displacement of the bridge
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with and without control. The peak displacement and peak acceleration of deck decreases to
17% and 50% of those without control. The bending moment of pier bottom decreases to

52% of the one without control. The peak damping force required fur the four variable
dampers is 761KN x 4=-3,040KN and the peak stroke is 3.1cm.

CONCLUDING REMARKS

The concept of the variable stiffness control to control bridge response against an
earthquake was presented. The effectiveness of the variable stiffness control was studied
through the analytical simulation. It is demonstrated that the peak displacement and peak
acceleration of deck decreases to 17% and 50% of those without control, and that the
bending moment of pier bottom decreases to 52% of the one without control. The peak

damping force required fur the four variable dampers is 761KN x 4=3,040KN and peak
stroke is 3.1cm. The effectiveness of the variable stiffness control is also being studied
through the shaking table tests.

Table 1 Peak Responses

DECK IPIER BOTTOM
f-~'

I ACCEL.
~-

DISP. i BENDING
(em) i (gal) : MOMENT(tfrn)

I------~- +-~--r__
NO CONTROL 33.1 I 1,301 I 3,288

WITH CONTROL
--I

653 J 1,7015.6 I

VD DAMPING FORCE: 77.6 tf
STROKE : 3.1 em
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USE OF HYBRID DAMPERS FOR VIBRATION

CONTROL OF STRUCTURES

F. Gordaninejad1
, A. Rar and H. Wang'

Department of Mechanical Engineering
University of Nevada
Reno, Nevada 89557

ABSTRACT

Thefeasibility ofusing~lectro-Iheological(ER) fluid dampers for vibrationcontrol
of structures was investigated. Prototypes of single- as well as multi-electrode ER
fluid dampers were designed, built and tested to examine their performance under a
forced vibration motion. Bang-bang and linear proportional control algorithms were
employed to control vibration.

In the present work the problem associated with the high voltage requirement of
these type ofdampers was addressed. The designs were modified to reduce the required
activation voltage. These modifications include increasing the electrode surface area
as well as the number of electrodes, which resulted in a uniform and high intensity
electric field inside the dampers. Using manual control, apparent viscosities were
determined for each damper as a function of the applied voltage. Subsequently, these
relations were used in the control algorithms.

The results obtained in the present investigation show that the increase in the
electrode length leads to an increase in the apparent damping coefficient. An increase
of the number of electrodes from 1 to 3 resulted in a sharp increase in the apparent
viscosity. The use of bang-bang control with a three-electrode damper resulted in an
instantaneous decrease of the amplitude of vibration.

INTRODUCTION

Winslow [1] was the first to report the electrorheological (Winslow's) effect. The
rheology of the ER fluids can be changed significantly in a very short period of time
00'" to 10.6 sec) in the presence of an electric field. The resistance of these fluids to
flow increases with the increase in the applied electric field strength, and at relatively
high field strengths the fluid is reported to behave as a jell-like solid [2-7]. The rapid
response ofthe ER fluids to the applied electric field provides many design possibilities
in different engineering disciplines wherein controlled suppression of undesirable

1 Associate Professor

2 Visiting ~istantProfessor

3 Graduate Student 3-15



vibrations is necessary. ER fluid devices can be categorized as those with flxed elec
trodes and those with sliding electrodes [8]. Examples offlxed electrode devices include
automotive suspension dampers, automatic valves and engine mounts. Those with
sliding electrode include dampers, clutches, breaks and robotic devices [9-14]. How
ever, as there can be more than one method of designing these devices, this catego
rization is not too strict. In addition to automotive applications, ER fluid dampers can
potentially be used for the suppression of vibration in civil structures that undergo
seismic and wind excitations. Large-scale civil structures such as bridges under
earthquakes, strong winds and heavy traffic loads need to dissipate the considerable
amount of energy produced due to vibrations and ER fluid devices can playa very
important role in damping out such vibrations.

Among the above mentioned applications, ER fluid dampers [15,16) and fIXed
electrode ER fluid valves [17] have been designed and used in various laboratory tests.
Gordaninejad et a1 [I5] and Haiqing et a1 [18] reported suppression of vibration of a
cantilever beam using ER fluid. Gordaninejad et a1 and Gavin et a1 [I 6] have reported
the prototype development of ER fluid dampers. While both prototypes can be cate
gorized as sliding electrode devices, one uses cylindrical electrodes [15] while the other
uses flat electrodes [16].

The control of undesirable vibration in dynamical systems such as those men
tioned above is a vital task. Currently employed techniques of vibration control in
civil structures are based primarily on passive measures. Some examples include base
isolations, friction and viscoelastic dampers and bracing systems. They offer limited
capability to suppress the vibration of structures, while lacking in controlling motion
under severe dynamic loading. The feasibility of active control systems for large
structures has been demonstrated for certain cases by using variable stiffness devices
(hydraulic and electromagnetic actuators) [19] and active bracing [20,21] in laboratory
testing. Full-scale implementations of some active systems have begun in the U.S.
and Japan [22,23]. The use of hybrid systems [24,25] is more attractive because the
passive system provides a steady dissipation capability while the active system can
control the transient dynamic motion. The active devices mentioned above are often
costly, slow in response, and complicated. Some of the disadvantages of active control
may be eliminated by using ER fluid devices (such as ER fluid dampers) because of
the fast change in the rheology of these materials in the presence of an electric field.

Several control schemes have been developed in recent years that utilize the
above-mentioned property of ER fluids [16,26-29]. Analytical and numerical simu
lations have been done by Leitmann et al using Lyapunov stability theory as well as
fuzzy logic control concept [26,27]. Lyapunov stability theory can be viewed as one
predicted on the minimization ofphase velocity. Control schemes were also developed
on the basis of minimizing the rate of change of the energy of the body. Due to the
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nonlinear characteristic of the ER fluids, Gavin et oJ [16] modeled the control scheme
assuming that a near resonance force is impressed upon the damper and that the
excitation amplitude and the damping are small. An attempt has also been made at
nonlinear modeling of telescopic ER fluid dampers [28]. Considering Coulomb friction
and viscous friction terms separately, it has been shown that the Coulomb friction
term is comparable with the viscous term when the electric field strength ranges
between 1kv/mm to 2 kv/nun [28]. At lower field strengthCoulomb friction isnegligible.
Bang-bang control and instantaneous optimal control algorithms were developed for
hybrid dampers having an active and a passive damping components [29]. Ehrgott et
al [30,31] used a dynamic test device that consists of ER fluid between two coaxial
cylinders. The outer cylinder was connected to the ground while high voltage was
applied to the inner cylinder. This was a moving electrode device where the inner
electrode moves with respect to the fiXed outer electrode. Dynamic properties of ER
fluid were evaluated by subjecting them to oscillating shear strain. Hysteresis plots
for a constant electric field and different frequencies were evaluated and were used to
determine the equivalent viscous damping coefficient [30]. To reduce the vibration of
the structure, pulse control was implemented wherein an out-of-phase force pulse was
applied to the ER damper [31]. A control law has been developed and implemented for
ER fluid dampers to suppress structural vibration [32]. Both numerical simulations
and experimental work have been carried out to evaluate and validate the theoretical
predictions.

In the present investigation, the damping ability ofsmall-scale ER fluid dampers
with one-, two-, three- and fifteen-electrodes were tested. Dampers were used to
suppress the forced vibration of the tip of a cantilever beam. Vibration data were
collected using an accelerometer connected to a data acquisition board through an
amplifier and a band pass filter. The amplitude of acceleration thus obtained was
used to compute the apparent damping coefficient of the dampers as a function of
applied voltage. These functions were subsequently used to implement bang-bang and
linear proportional control algorithms.

EXPERIMENTAL SETUP

Single-, double-, triple- and fit\een-electrode ER fluid dampers were designed
and built in small scale to suppress the forced vibration of the tip of a thin, aluminum,
cantilever beam. The space inbetween the electrodes inside the dampers were filled
with ER fluid. The fluid between the electrodes is electrically stressed by the voltage
applied to the damper usinga 408B Fluke High Voltage PowerSupply. For the dampers
used in this investigation, the electrode surface area and the inter-electrode separation
were different, while their basic construction was the same.
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The performance of all the ER fluid dampers were examined by the experimental
setup illustrated in Figure 1. The dampers were connected to a thin, aluminum,
cantilever beam with a rectangular cross-section. The beam was clamped to an All
American Vibration Fatigue Testing Machine and was shaken at a frequency of 10
Hz. The vibration at the tip of the beam was measured by using an accelerometer.
The signal obtained from the accelerometer was amplified and passed through a 10
Hz band pass filter. The filtered signal was fed into a Keithly Metrabyte (DAS 20)
data acquisition board inside a 486 DX IBM PC.

Using the equation of motion for the present system (consisting of a mass and
damper only) the following expression for the apparent viscosity, c, can be derived

(1)

where r is the ratio of accelerations of the tip of the cantilever beam measured with
and without the damper attached to it. Using the measured values of acceleration the
ratio r can be computed and used to determine the apparent viscosity as a function of
the applied voltage, u. It should be noted, however, that the calculated values of
viscosity consist oftwo parts, a constant zero-field viscosity, Co, and a voltage dependent
part, C", i.e., c=co+c... In all of the results presented belowcy ( =c-co) is plotted as a function
of voltage.

The implemented bang-bang control algorithm uses the above equation to sud
denly reduce the amplitude of acceleration to a specified fraction. The resulting
program measures the value of the acceleration of the tip of the cantilever beam and
reads the user specified fraction to which the measured value to be reduced. The
program, then, computes the product of the user specified fraction and the measured
acceleration and the corresponding voltage to be applied to the damper to achieve such
an attenuation. If the computed voltage is more than the danger level (Le., the
breakdown voltage for the ER fluid damper), an "error message" is displayed and the
maximum safe voltage is applied to the damper. Otherwise, the computed voltage is
applied. The linear control algorithm uses the same expression for c as given in Eq.
(1) and reduces the amplitude of acceleration gradually to the desired level. Here the
voltage is incriminated in small steps.

RESULTS AND DISCUSSION

In the following, the results on the damping of a forced vibration of the tip of a
cantilever beam are presented. For all the experiments, the frequency of vibration
was approximately 10 Hz and the vibrating force was sinusoidal. The length of the
cantilever beam was short enough to consider its motion that of a rigid body. The
following results were obtained using manual control of the voltage applied to the
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dampers as well as using bang-bang control and linear control algorithms. These
results were used to compute the apparent viscosities of the ER fluid at different
applied voltages as detailed above.

Figure 2 shows the normalized amplitude of acceleration,x~ - x",(wYX",.w.o, as a

function of the applied voltage for one-, two-, three- and fif\"..een-electrode dampers.
Such a normalization distributes the data points botween 0 and 1 aJld thus facilitates
comparison. For the fifteen-electrode damper the damping is maximum, while it is
minimum for the one-electrode damper. Apparent viscous coefficients were computed
as detailed above and plotted as a function of the applied voltage (Fig. 3). Again to
facilitate comparison, cu(=c-co) is plotted. It can be seen that the damping coefficient
for the fifteen-electrode damper has the sharpest increase with the applied voltage.
Figures 4 and 5 show the normalized acceleration and the apparent viscosity
respectively of two single-electrode dampers having different elec+,rode surface areas.
The one with the longer electrode and hence greater surface area is showing a better
response toward the applied electric field.

The relationships between the apparent viscosity and the voltage applied to the
dampers obtained in the present investigation were subsequently used in the control
algorithms. Figure 6 shows a typical acceleration-time curve obtained from a
three-electrode damper using a bang-bang controller. The voltage was suddenly
increased from 0 to 3 Kv, three seconds after the initiation of the experiment. As Call

be seen, the amplitude of acceleration has dropped, almost immediately after appli
cation of the voltage, by more than 66%. Figure 7 shows an output obtained from the
same damper with a proportional controller where the applied voltage was increased
gradually in increments proportional to the instantaneous acceleration.

From the above results it can be seen that the damping increases with the increase
in the applied voltage and with the number of electrodes as welI as with the electrode
size in the damper. An increase in the voltage increases the field strength and thus
increases the apparent viscosity. Increase in the number of electrodes increases the
applied field strength by reducing the inter-electrode separation. In addition, it
increases the total surface area of the electrodes that is in contact with the ER fluid
and thereby increases the zero-field viscosity. Increase of the electrode surface area
will have an additional influence on the enhancement of the apparent viscosity, as an
electrode with greater surface area can more uniformly distribute the electric field
throughout the bulk of the ER fluid in the damper and thus make the damping more
effective by activating a greater volume of fluid.
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CONCLUSIONS

In the present investigation, small-scale ER fluid dampers were designed, built
and used to suppress the forced vibration of the tip of a cantilever beam. Emphasis
was given on the design mooification needed to improve the effectiveness of the
dampers. In addition, control algorithms were designed and implemented.

Analysis of the results showed that some of the important parameters to be
considered while designing an effective ER fluid damper are those which maximize
the viSCOUb damping upon application ofan electric field. To increase viscous damping
we may increase the voltage applied to the dampers. However, we can maximize
damping at lower voltages by distributing a high-intensity electric field uniformly
over the entire bulk of the ER fluid. This calls for design changes increasing the
number of electrodes and modifying their sizes.
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ABSTRACT

This paper presents the potential application of electro-rheological (ER) fluid for the
seismic response control of structural systems. Variable damper systems using ER fluid and
the trial design are presented. The applicability of the ER damper for the seismic response
control of structural systems are discussed.

INTRODUCTION

Electro-rheological (ER) fluid is the fluid in which the viscosity is variable depending
on the applied electric field. Although the ER fluid has been studied for a long time, reliable
ER fluid has not developed. The ER fluid which has high applicability for practical use has
recently been developed and the application has begun to be made especially in mechanical
structural systems.

The authors have been studied the variable damper using ER fluid (referred to ER
damper hereinafter). The ER damper has the advantages that the damping characteristics is
variable within a quick response (on the order of milliseconds) to the applied electric field,
and that the mechanical system of ER damper can be simple without complicated valve
systems. Therefore the reliability for practical use may be higher than an usual active
control devices.

To control structural vibI3tion during earthquakes, relatively larger damping force is
required for the ER damper. Therefore, it is a critiat issue to design the practical ER
damper system which can vary a wide range of the damping force. This paper presents the
parametric design study of the ER damper, and the applicability for practical use is
discussed.
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DESIGN OF ER DAMPER

The damping force of the ER damper may be given by the sum of the damping force
developed by the fluid viscosity through an orifice and that developed by ER effects as
shown in Eq.(l). Supposing a cylinder type damper system with an orifice as shown in Fig.
1, which may be suitable for deYeloping a larger damping force, the damping force
developed by the fluid viscosity and the ER effects may be given as Eqs. (2) and (3),
respectively.

F= F v + FE (1)
12· L· A 2. 11

FV= B.R 3 • v (2)

F E = 3· ~. A . T , ( E ) (3)

Where,
F : Total Damping Force developed by ER Damper
F v : Damping Force developed by Fluid Viscosity through Orifice
F B : Damping Force developed by ER Effects
A : Pressure Area of Piston
v : Velocity of Piston
L ,B ,R : Length, Width and Distance of Electrodes
11 : Viscosity of ER F1uid
!" , ( E ) : Shear Stress developed by ER Effects
E : Applied Electric Field Strength

It should be noted here that !" y ( E) is controlled by the applied electric field
strength between the electrodes. Therefore, when E =0 ,i.e., no control, T, (0) =0, on
the other hand, when E = E ... " which is the maximum electric field strength applicable
for the ER damper, maximum shear stress, 1', ( E .... • ) , is developed.

Based on the above theories, the damping force developed by the ER damper against
the steady state loading with a constant displacement may be written in Fie. 2. As
well - known. the damping force developed by the fluid viscosity is dependent on the piston
velocity and it is not controllable. On the other hand, the damping force developed by the
ER effects is not dependent on the loading velocity and is controlled only by the electric
filed strength. In order to control a wide range of the damping force it is required to design
the damping force developed by the fluid viscosity should be as small as possible than that
developed by the ER effects.

APPLICABIUTY OF ER DAMPER
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Assuming that D» D .. , D» H (see Fig. 1) for the simplicity, the pressure
area, A ,and the width of the electrodes, B , can be approximated as A = 1r • D 2/4 and
B = 1r • D . Hence, Eqs. (1) to (3) may be rewritten as

f..-.-= F v + F£=31r·D
3

'7) +31r·D
2

.f' (E)
L L L 4·H 3 4.H y (4)

O~F£~F£rou=31r·D2. (E) (5)
- L - L 4.H f' y

According to Eqs. (4) and (5), the relation between the size of the ER damper and
the maximum damping forces developed by the fluid viscosity and the ER effects can be
illustrated as shown in Fie. 3. The damping forces in Fie. 3 are represented as the force
per unit length of the electrodes. Fig. 3 shows that the larger damping forces can be
developed by increasing the diameter of the piston and length of the electrode, and also by
decreasing the distance between the electrodes. Since the damping force developed by the
fluid viscosity sensitively varies depending on the piston diameter and the distance of the
electrodes, the damping force developed by the. fluid viscosity tends to be larger than that
developed by the ER effects for a larger size of the damper.

Fie. 4 shows the computed damping forces for various sizes of the damper. The
damping forces are computed for the cases of the distance of the electrodes of 1, 2 and
3mm. The viscosity of the ER fluid, 7J , and the maximum shear stress by ER effects,
f'yooa .. , are assumed as 1.5 x 10- 6 kgf'slcm 2 and 1.5 x 10- 2 kgVcm 2 (E=3 kV/mm),
respectively. These values are employed as typical values based on the ER fluid which is
now in practical use. Supposing tt.e damper system with piston diameter of 3OOmm, length
of the electrodes of SOOrnm and distance between the electrodes of 2mm, the maximum
damping force controlled by the ER effects may be 20tf, which is applicable to the seismic
response control of structures.

Since the damping force developed by the fluid viscosity is dependent on the applied
piston velocity, it becomes much larger than that developed by the ER effects in some
loading conditions as fast loading velocity. In order to decrease the damping force developed
by the fluid viscosity, it is made by decreasing the piston diameter or by increasing the
distance of the electrodes, and by increasing length of the electrodes.

DEVELOPMENT OF EXPERIMENTAL ER DAMPER

For the purpose of proving the design method and investigating the effectiveness and
applicability of the ER damper, experimental model of the ER damper as shown in Photo 1
is now being developed. This model is designed so that the maximum damping force
developed by the ER effects be about 4Okgf. The length of the electrode and the distance
between the e:ectrodes is designed as 134rnm and 3mm, respectively. Anhydrous type ER
fluid is used for the model. When the piston velocity is 3OOJmnIsec, the damping force
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developed by the fluid viscosity is about half of that developed by the ER effects.
A wide area of experiments using the model, such as load-displacement relation,

velocity dependency, displacement dependency, temperature dependency, controllability,
etc. is now planning.

CONCLUSIONS

The applicability of the ER damper for the seismic response control of structures is
studied through the trial design of the ER damper. It is showed that the cylinder type
damper with diameter of JOOmrn can develop the required damping force to control the
seismic response of actual structures. The experimental ER damper model is also being
developed and the comprehensive tests will be made in the future.
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Fuzzy Control of Bridge Vibration by Using Variable Dampers
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ABSTRACT

This paper presents an application of fuzzy control theory to variable
dampers for suppressing bridge vibrations. The bridges with long natural
period, such as base-isolated or high-pier ones, may deform with medium or
large displacement in longitudinal direc:tion due to traffic-loadings or
earthquakes. This may affect the serviceability of the bridge or even cause safety
problems. Therefore, the suppression of such vibrations is required.

Installing dampers between bridge deck and bridge abutment is one means to
reduce such vibrations. In this study, the effectiveness of variable dampers
controlled by using fuzzy control theory was investigated. The variable damper
used herein is a viscous oil damper with controllable damping properties. The
fuzzy theory was used to infer the optimum change of the damping of the
variable damper in next time step from the damping level and the damping
force at present. The control algorithm is to fully display the performance of
the variable damper on the condition that the bridge and the variable damper
are mot destroyed. For example, when the input acceleration is small, the
damper is controlled at high damping level so that the damper can produce
relatively large damping force to suppress the bridge vibrations; when the input
acceleration becomes large, the d3mping will be controlled at medium or even
low level in order to keep the damping force lower than a certain desired value
so that the damper and the bridge deck or abutment can be protected from
damage due to the excessively large reaction force of the damper.

A bridge model with an installed variable damper, which locates between the
bridge deck and the bridge abutment, is employed for analytical simulations.
The simulation results show that the variable damper proposed is effective to
suppress the bridge vibrations due to seismic loading prOViding that the rules of
fuzzy control are constructed suitably. It is also found that the variable damper
controlled by fuzzy theory can contribute its damping effect as much as possible
corresponding to various levels of seismic loadings. The fuzzy control theory
is significant to be applied for controlling the damping of the variable damper.
The control rules used in this study is quite SImple. The fuzzy control theory
does not required the system identification and the modelling of the structure,
which often cause problems when using modern control theory. The
simulations show that the fuzzy control theory has high applicability.
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INTRODUCTION

The bridges that have long natural period, such as base-isolated bridges and
bridges having high piers, may have large longitudinal displacement during
earthquake. This requires large size expansion joints, which are costly usually.
On the other h.~~d, the bridges may be easily vibrated by heavy traffic-loadings
and drivers may feel uncomfortable. Such kinds of vibrations cause troubles of
serviceability or even safety and, therefore, are required to be suppressed.

Applications of variable damper to suppress vibrations of buildings have
b~en reported (1 and 2]. Control by using variable dampers, a semi-active
control method, was reported to have some advantages over an active control,
such as, high robustness and low energy consummation. Shinozuka et a1. [3]
and Kawashima i't al. (41 have proposed to use variable dampers for bridge
vibration control. Kawashima et al. (5] have built and tested a lull-size variable
damper, their variable damper is a conventional viscous oil damper with
controllable orifices that is used to electrically control the damping
continuously or intermittently. Several control algorithms for variable
dampers have been proposed \1-4] to provide optimum damping to reduce the
structural response efficiently.

In this study, variable dampers are considered to be installed in between of
bridge abutment and bridge deck to reduce the longitudinal displacement of a
bridgt: deck due to earthquake or traffic~loadings. The reason to use variable
dampers is that the external loadings considered have wide range in magnitude
so a conventional damper that has constant damping coefficient may not be
satisfactory.

The classical control theory and the modern control theory are often used for
active structural control problem. These theories assume that the system
controlled is mathematically defined and the control performance index of the
system can be mathematically described in terms of the parameters of the
system. In the case of the large bridge with a lot of automobiles on it, however,
the system becomes complicated then the identification of the system
parameters is not easy. Also, it is difficult to define the control performance
index in the case that the structure is nonlinear and the external input is
random. So the assumptions of such control theory are hard to be fully
satisfied. This often causes problems, such as unstability and so on. In the
other hand, in the field of the control problem involving to human-being
operation. the fuzzy control theory has been widely applied to deal with the
nonlinear control problems (6]. Recently, the fuzzy control theory haS been
used for active structural control in civil engineering field (7 and 81. This paper
presents an application of the fuzzy control theory for variable damper for
controlling bridge vibration. The feasibility of tuzzy control theory and the
effectiveness of the variable damper are shown by the si:nulations.
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BRIDGE MODEL

The model bridge used for the simulations in this study is a high-pier
highway bridge as shown in Fig 1. The bridge is symmetric and has 3 spans, the
main span is 150m and the two side spans are 85m. Two piers are 70m high.
The bridge is considered to be built over a valley in a mountain area. So the
abutments of such kind of bridge can provide large reaction force. The variable
dampers are considered to be installed between the bridge decks and the
abutments at the two ends to suppress the bridge vibration in longitudinal
direction.

1
85m

E
o,.....

Figure 1 High-pier highway bridge with installed variable damper

Figure 2. Multi-degree-of-freedom bridge model for complex modal analysis

Before investigating ,he effectiveness of the variable damper, it is necessary
to verify the feasibility of the suppression method we considered, because that
the use of the variable damper may cause the changes of the structural mode
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shapes, indicating that the stress distribution in the structural members may
change. The half of the bridge was modelled as a multiple-degree-of-freedom
system because of its symmetrization, a damper was included in the model (Fig.
2). The complex modal analysis [9] of the system was carried out with various
constant damping coefficients of the damper. The mode frequencies, the mode
damping and the mode shapes of the first five modes are shown in Figs. 3-5.

I I I I
5t~ mode- ~

"'LJ

4th mode
- - -

r- .
A 3rd mode

&-
l- .

2nd mode

~ 1st mode.. I - ~-o
0.0 0.2 0.4 0.6 0.8 1.0 1.2

damping of damper/1 st mode damping

15

0.+::
nl
~

>. 10
0
c::
Q)
~

0-
Q)
~-Q) 5

"0
0
E

Fi.gure 3. Mode frequencies of bridge

0.2~~~
0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2
damping of damper/1 st modo damping

1.0

0
0.8:.;::;

nl
~

~ 1st modern
c: • 2nd mode'0.. 0.6
E -~ 3rdmode
nl • 4th mode"0
Q) 0.4

~ 5th mode"0
0
E

Figure 4. Mode dampings of bridge

3-42



The horizontal axes in Figures 3 and 4 are the damping coefficient of the
damper nondimensionalized by the first mode damping of the system. It is
found that, when the damping of the damper increases, the mode frequencies
of the system become low, a little bit for the second to fifth modes and a lot for
the first mode (Fig. 3). The mode damping ratios increase when the damping of
the damper increases, especially, the first mode damping ratio can be large as
100%, i.e., over damping, indicating that the damper installed in the way we
considered can contribute very high damping to the first mode of the bridge
(Fig. 4). Figure 5 shows the mode shapes of the first to the fifth modes of the
bridges. For simplicity, the amplitudes of the complex mode at each node are
plotted. In this example, the damping ratio of the damper is 50% of the first
mode damping of the bridge. The first, third and fifth modes have horizontal
displacement while the second and the fourth do not have at the node

0- ,,,u 0 • :1
,
I

6
I
I

..............
--without damper
- -~ - with damper

1st mode

3rd mod~

5th mode

"'_....- ...~

t

Figure 5. Mode shapes of bridge
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connecting to the damper. The results of complex modal analysis show that the
mode shapes are less affected by the damper installed. Some minor changes can
be found in the case of the fifth mode, but the position where the maximum
displacement occurs does not change. It can be said that the installing variable
dampers in between of the bridge deck and the bridge abutment will not cause
side effects on the stress distribution of the bridge.

The half of the bridge and a variable damper are modelled as a single-degree
of-freedom system as shown in Fig. 6, since the displacement of the bridge deck
in its longitudinal direction is m~inly due to the first mode of

K,C

M

x

M=9,300 (ton)
K=70,OOO (tonf/sec2 )
C=2,200 (tonf/sec)

T=2.3 (sec)
h= 4.3%

'-'~Xg (ground motion)

Figure 6. Single-degree-of-freedom bridge model

Vibration. The first mode mass is about 9,300ton and the first natural period is
2.3sec. The structural damping ratio is about 4.3%. In this study, we consider
that the ground motion at the foundation of the piers and that of the abutment
are the same. So the equation of motion is written as

Mx + Cx + Cvx + Kx ~ - M~ (1)

where Cv = the damping coefficient of the variable damper and ~ = the ground
acceleration. The damping force of the variable damper is

(2)

The total damping ratio of the system, induding the structure and the variable
damper, is

ht = h + hv

where hv =Cv / (2roM), CJ) =the circular natural frequency of the bridge.
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FUZZY CONTROL RULES

The several fuzzy control algorithms have been proposed l7 and 8]. The
discussion in the last chapter showed that the suppression method we proposed
is feasible and effective. From Fig. 6 we know that the better suppression
efficiency can be obtained if the damper with higher damping coefficient of the
variable damper is used. In practice, however, the variable damper, the bridge
deck and the bridge abutment have limitations in their capacities. Too large
reaction force may destroy the members of the bridge or the variable damper
itself if the damping of the variable damper is too high and the external
loadings are strong. In this study, this practical limitation is always taken into
account when we design fuzzy control rules.

The control algorithm we proposed is to fully display the performance of the
variable damper to suppress the bridge vibration under various levels of
external excitations, from low level such as traffic-loadings to high level such as
strong earthquake. The control algorithm can be described as following:

1) The damping coefficient of the variable damper will be set at high level
to be efficient if the damping force of the damper Fd does not exceed a certain
level pre-set according to the capacities of the bridge and the variable damper;

2) The damping coefficient of the variable damper will be reduced to keep
the damping force Fd smaller than the pre-set level, only when the Fd intends to
exceed the pre-set level due to large external excitation. So the bridge deck,
abutment and the variable damper can be protected from damage.

Table 1. Fuzzy control rules

Lihv ............ , ./' .. . . .
NB : NM : ZO : PM : PB. . . .

PB NB NB zo NB NB

ht

- .
" , ~ .. .
: PM NB: ZO : PB . ZO : NB. .:. .. .......... . : ~ : : , .
~ ZO ZO ~ PB ~ PB ~ PB ~ ZO
, ....

Antecedent:

Consequent:

Fuzzy numbers:

Fd & hr
~hv

NB =Negative Big; NM =Negative Medium;
ZO =Zero;
PM = Positive Medium; PB = Positive Big.

The control rules constructed are shown in Table 1. For example:

Rule: IF Fd = PB & ht =PB; 1HEN ~hv =NB means
if Fd is positive big and ht is positive big, then let ~hv be negative big,
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i.e., reduce the damping of the damper sharply;
Rule: IF Fd = PB & h t = 20; THEN ~hv = 20 means

if Fd is positive big and ht is zero, then let .1hv be zero,
Le., keep the damping of the damper unchanged;

Rule: IF Fd =02 & h t =PM; THEN L\hv = PB means
if Fd is zero and h t is positive medium, then let L\hv be positive big,
i.e., increase the damping of the damper sharply;

Rule: ......
Totally 25 rules are constructed.
The max-min-height method [10] is employed for the fuzzy inference. The

antecedent parts of the control are the damping force of the variable damper, Fd
and the total damping ratio of the system, h t• The consequent part is the change
of the damping ratio of the variable damper, .1h\". The membership functions
of the fuzzy numbers, Fct, h t and L\h v are shown in Fig. 7.

1.0

-50% 50%

Figure 7. Membership functions of fuzzy numbers

In the simulation, we used that
PB of L\hv to = 50%;
PB of ht =100%.

The El Centro NS (1940) earthquake waves, with various maximum
accelerations ranged from 50gal to 300gal, were used. The maximum allowable
damping force of the variable damper was set as 300tonf.
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SIMULATION RESULTS

Effectiveness of a variable damper
The seismic response of the bridge model was computed with a time interval

of 0.02sec. The input earthquake El Centro NS (lQ40) wave is shown in Fig. 8.

- 200

<3
~ -200

- 400 '-__---'L----~_---''-- '__ l.._____'

o 10 20 30 40 ~o liME (sec)

Figure 8. Input earthquake wave: EI Centro NS (1940)

The time histories of the response of the bridge under the earthquake with
the maximum acceleration of 100gal are shown in Fig. 9. Without the variable
damper (Fig. 9(a», the bridges have the maximum displacement of 8.2cm in its
longitudinal direction and this is quite large because the structural damping is
quite low. This can be reduced to 3.Scm after the variable damper is installed
(Fig. 9(b». It is shown that the variable damper is significant to suppress the
response of the bridge. During SOsec of the earthquake time, the magnitude of
the earthquake is strong in the first part (about 0-30sec) and becomes weak in
the last part (about 30-S0sec). Corresponding to this change, the variable
damper prOVides low level damping first to reduce the damping force then
gives high level damping at the last part, where the excitation level becomes
small, to suppress the displacement efficiently. The variation of the damping
ratio of the variable damper ranges from about 12% to 100%.

Comparison with a conventional dampp.t having constant damping coefficient
To compare the effectiveness of the variable damper with that of

conventional one that has constant damping coefficient, the simulations were
carried out by using a damper with constant damping ratios of 12% and 100%,
which is the lowest and the highest value of the variable damper, respectively.
The results are shown in Fig. 9(c) and (d). When using the damper with low
damping ratio, i.e., 12%, the damping force is relatively small and the
maximum displacement of the bridge can only be reduced to 6.0cm. While
using the damper with a high damping ratio, Le., 100%, no doubt the response
of the bridge can be suppressed significantly (lower than 1.3cm), however, the
maximum damping force becomes large as 432ton(, which may destroy the
bridge or exceed the capacity of the damper device in practice. By using the
variable damper, it is possible to fully display the performance of the variable
damper corresponding to various acceleration levels of the input.
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Figure 9. (Continued)

Adaptability to various levels of input
The effectiveness of the variable damper was also assessed by computing the

responses of the bridge under the earthquakes with the maximum accelerations
of 50gal, 100gal and 300gal, respectively. As shown in Fig. 10, by using the
variable damper, the maximum displacement of the bridge was reduced from
4.1cm to I.Ocm, from 8.2cm to 3.5cm and from 24.6cm to lO.Ocm, respectively.
When the magnitude of the earthquake is small (Fig. 1O(a», the damping ratio
of the variable damper is kept at high level (even so the maximum damping
force will not exceed the value we set, 300tonf since the input acceleration is
small). The variable damper is quite efficient for this case. When the
magnitude of the earthquake is large (Fig. lO(c», the damping ratio of the
variable damper decreases to avoid the exceeding of the damping force over the
pTe-set level though the efficiency of the damper falls down with some degree
co:nparing with the case of the small magnitude earthquake. For all the three
ca~,es, the damping of the variable damper i:. settled at high damping level at
thl! last parts of the earthquakes because the input acceleration levels there
become low. The simulation r -.Ilts show that the variable damper is adequate
to various magnitudes of earthquakes. Though the suppression efficiency of
the damper is not the same for various magnitude earthquakes, the
performance of the variable damper has been fully displayed.

In the simulation case shown in Fig. 10(c), it can be found that the
maximum damping force exceeds the value we set, 300tonf. This is because that
the response of the damping force depends on not only the damping ratio of the
variable damper but also the acceleration of earthquake. While in this study,
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Figure 10. (Continued)

the effect of the acceleration of earthquake is not considered in the fuzzy control
rules. This should be improved when constructing the fuzzy control rules in
the future. If the variable damper installed has good responsibility, it is also
possible to avoid the exceeding of the damping force by using small time
interval for varying the damping as discussed in the next subsection.

Suitable time interval for varyin& dampin&
The time interval for varying the damping ratio of the variable dampf>T used

in the simulation cases shown in Figs. 9 and 10 is 1/4 of the natural period of
the bridge, 1/4x2.3sec = 0.58sec. It is useful to investigate that how the time

interval, .1.Tv affects the performance of the variable damper. In practice, using
large time interval indicates that the variable damper device is easy to be built
and the energy used for varying the damping can be low. However, too large
time interval may cause problems such as poor responsibility, namely may
cause over large damping force when the excitation becomes large suddenly and
the change of the damping ratio of the variable damper can not follow. The
simulations were carried out by using the time intervals of 1/4, 1/2 and 1 of the
natural period of the bridge, i.e., 0.58sec, 1.16sec and 2.30sec, respectively (Fig.
11), and the maximum input acceleration is 300gal. The simulation results
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Figure 11. Responses using various time intervals for varying damping

show that the time interval ~Tv = 1/4-1/2T is suitable (Fig. l1(a) and (b». It is
too large to use ~Tv = T (Fig. nee»~, because the maximum damping force is
about 1,295tonf, which is much larger than the value we set.
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CONCLUSIONS

CQncludin& remarks
The simulation studies showed that, by using the variable damper, the

longitudinal displacement of the bridge deck can be efficiently reduced so the
sizes of expansion joint devices can be reduced, By varying the damping ratio
of the variable damper, the capacity of the damper can be fully display on the
condition that the damping force, i.e., the reaction force acting on the variable
damper, does not exceed a certain pre-set value.

Fuzzy control theory is feasible to be u ed to control the variable damper
The control algorithm constructed based on common knowledge is simple and
clear, the goal can be easily achieved if proper control !ules are constructed.
Furthermore, the fuzzy control theory does not need the modelling of the
complicated structure and the computation for tht' controller is quite simple
and can be easily carried out by using a simple micro chip. It can be said that the
applicability of the fuzzy I..:mtrol theory is high. In this study, the antecedent
parts of the fuzzy controller are the damping force and the damping ratio of the
variable damper, their allowable values are easily to be determined according to
the capacity of the variable damper.

When using the variable damper, thf: response is reduced and part of the
horizontal seismic force is sheared by the var;able damper, the horizontal shear
force of the piers can also be reduced. So, it is also possible to design a bridge
with low cost.
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Future studies
Fuzzy control theory has been applied to deal with the control problem

involving to the human-being operation. In that case, the control rules are
usually constructed on the knowledge base of operators. In civil engineering
field, however, there is no knowledge base on structural control, the
constructions of fuzzy control rules encounter to difficulties. It is considerable
to construct fuzzy control rules in following approaches: (1) by using try-and
error approach based on experimental data or numerical simulations; (2) by
introducing neural network approach, so called neural fuzzy control theory,
which can learn knowledge and construct control rule.

Though the fuzzy control theory can deal with nonlinear performance index
function of the structural control problem well, its weak point is having low
control accuracy. The combination of the fuzzy control theory and other
conventional control theories, i.e., hybrid control theory, should also be
investigated in the future.
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SUMMARY

General discussions are presented on an instantaneous optimal control of a single degree of
freedom system which is subjected to earthquake ground motion. First, a method of identification
of the dynamic properties of the system which is modeled by a multi-variate ARMA model is
investigated with the responses of the system excited by an active control device. Then, general
modes of an instantaneous optimal prediction control rule are formulated in terms of the identified
components of the coefficient ma.tri~ of the ARMA model and the weights included in the control
performance index.

INTRODUCTION

In the optimal regulator design. control force is traditionally evaluated such that a quadratic
performance index becomes minimum. However, this regulator design can not be directly applied
to civil engineering structures under earthquake excitation or strong wind turbulence force. since
these excitations are not predictable beforehand, and there arise the following critical issues.
(I) Since excitation forces and corresponding responses are unknown beforehand, the control rule
must be a time variant instantaneous optimal control which is relevant to the problems.
(2) Time delay of control force must be avoided that may be attributed to the time required to sense
and 10 gather the information and the computation time for determining the proper action. To
circumvent the delay. prediction of input and responses is necessary in the on-line real time

process.
(3) Structural uncertainties mUlit be taken into account so that the robustness of the control should
be maintained.

Although the classical control procedures are well established within the scope of optimal
regulator problem. instantaneous optimal control remains unsolved for basic malters on system
identification and prediction. and on clarification of mutual relationship of different control rules
that meet with thc above mentioned requirements.

This study addresses itself to the abovcmentioned issues and investigates a singlc degree of
freedom linear system excited by earthquake ground motion and controlled by an actuator installed
on the system. First. the system is represented by an ARMA model and a theoretical formulation is
derived 10 identify the dynamic properties of the system by exciting the system by the
actuator. Then. with the identified ARMA model. togcthcr with an AR representation of
earthquake excitation. response displacement and velocity of the system as well as the earthquake
excitation are predicted in recursive forms 80 that a procedure of identifJealion. prediction and
control is established on the basis of an instantaneous optimal control rule by Yans et al. (Refs
1,2). Finally. a sensitivity analysis is carried out for the effect of identifaeation and prediction

errors on the system control. 3-55



IDENTIFICATION

A multi-variate ARMA model is used to represent a SooF linear system, which is to be
identified with observed responses of the system when excited by an actuator. Since the coefficient
matrices of the ARMA model are theoretically related with physical parameters such as mass,
spring constant and viscous damping coefficient, once they are identified. then all structural
properties are to be identified.

The state vector equation of the SooF system which is subjected to earthquake excitation and
control force may be c:.pressed as

i(I)="X(I)+8[u(I)-m~(I)] (1)
where

xT(I) = [x(I) X(I)]

" =[lm -Jm] B=[-~m]
x( I) : displacement response
x(I) ; velocity response
m ; mass

k : spring constant
c ; viscous damping coefficient
U(I) : conlroHorce
j (I) : earthquake acceleration

Discretization of eq(l) with time interval A leads to the following multi-variate ARMA equation.

Xttl = .Xt + r [lit. - miit] (2)
where k stands for discrete time t=k A..
and

.. :: 1+ AA +Jr
2

,,262+... +A"'l+ ... =[••".121
. r. l14IuJ

r= (I + ~AA+ ~A262+ ... + ~,,'-Il-I+ ...) 86= [~~]

It is proved that eigenvalues A and eigenvector Z of matrix A and eigenvalues A * of matrix
41> are mutually related with following equations (Ref. 3).

A Z=Z A .. Z =Z A• A" =exp (A 6) (3)
So if 41> is identified, matrix A is determined from solving the eigenvalue ploblem of cI). If

vector r is also identified, then matrix B is determined by the following equation.

B=" (.-Irl
r (4)

It is noted that since matrices A and B include physical parameters such as m. k and c, all
necessary properties of the system are determined when A and Bare estimated.

The following stationary stale vector equation (5) and observation vector equation (6) are
fonnulated on which the Kalman filter by Kalman(Ref.4), Kalown et al.(Ref.5), Jazwinski(Ref

.6), and Hoshiya et aI. (Refs 7.8). is applied in order to identify ~ and r .
r.II.12 rl ~l ~ 1111

kt 1=r.II.11 rl ~1 ~ f"11', (5)
and

[
llktl] _ rx, ~ Ut 0 0 0] [. • r ]1 .. W
Xttl - LO 0 0 llkikut II 11 1~I~ £1 k k (6)

It is noted that equation(6) is obtained from eq(2) putting that R.t=O and Wt is a white noise vector.

PREDICTION CON TROL

The following performance index is employed for the instantaneous optimal control on the
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discrete system expressed by eq(2).

Jt =! [XTttlQlttl +n~t + 2 (- mitt) LTPlttl]
where

(7)

L=[?] P= [g 2] Q=[~ ~]
This performance index is basically identical to such an index as proposed by Sato et aI. (Ref. 9)

that includes an additional term of effective input energy in the index of an lJpen-closed loop
control suggested by Yang et a1.{Refs 1,2). In the equation(7). Q. rand P represent respectively
the weighting coefficients to keep the balance of energy distribution among the first term of kinetic
and potential energy. the second term of control force energy and the third term of effective input
energy. The control force may be determined such that the performance index becomes minimum
under a constraint equation(2). So doing, we obtain the following control force consisting.pf feed
back and feed forward terms.

\It =GFBIt +OFF it (8)
and

GFB =-[r+ rTQrrrTQ. {9)
OFF =[r + rTQrrrT[Qr+ pTLl m (10)

Equations(9) and (10) indicate that the feed back gain G..and the feed forward gain G'" may be
evaluated beforehand if the system is identified by the method as described in the preceding
section. However. in order to determine the control force Uk at time t=k~ • we must know the

responses X k and input iit at the stage of t=(k-I)~ ,and they are predicted in the following
manner.

As for X l. we use equation(2) as

It =.It-I + r ['\-1 -mi-Il (11)
The prediction of i. is carried out by modeling the input acceleration by an AR representation

(Ref. 10) as

i. =alit-I +ali-1 + lXJRt-3+ a4i-4+ "t (12)
where v k is a white noise.

The unknown coefficients a I are to be evaluated recursively during the control process by
applying the Kalman filter on the following state vector equation and the observation equation
resp'~vely.

[al az a, a4]T'_1 = [0'1 allXJ a4ft.J (3)
and

It-I =rit-2 1t-3 gt-4 gt-s][al CX1 CX3 ~]T'_l + Vt_1 (14)
where v l·1 is a white noise.

In equation(14), i-I to i-s are already observed at time (k·l) ~, and once a I are identified, i
at time k~ is predicted from equation(l2).

A special case is emphasized in which the mass of the system is a known constant Then.

excitation terms ut-I-4IIi-1 in equation( II) are to be known at time (t-I) ~. Therefore. using them
as the excitation, the remaining parameters k and c may be identified in a manner similar to the
procedure of the preceding section. If this process is integrated into the sequential real time control
a1aorithm. we can deal with a case in which the structural stiffness and damping are time
dependent The adaptive algorithm to determine the control force U k at time k~ based on the

identifICation of the system at time (k-I)~ and on the prediction of X k and Rt is schematically
illustrated in Fia. I. Fig. I shows that at the stage of t=(k-I) ~. the responses X k and input it are
predicted by eq.(ll) and (12), and the feed back gain G .. and the feed forward gain G '" are
determined from the ~ and r which arc identified using thc observations. Therefore, the control
force U l at time k~ arc dctermined from the prediction and identified values.
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The proposed procedure may be alsn. interpreted as an equivalent neural network. model as in
Fig. 2.

1-_-II~l.Jt

Fig. 1. Schematical Procedure of Identification, Prediction and Control

X&.1

Ut.•

...

FiS.2. An Equivalent Neural Network

DIFFERENT CONTROL RULES

If equation (8) is expressed in terms of components, the control force is given by

,= J[jJ-l ? [(rtlt.ll+l1m~1)1Il+(qk.12+qm~)i1
r+ I +m 1

-(ltrl.+ mr11 +an) mi] (15)

This equation indicates that the control force U t consists of the first and second terms
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representing the feed back force. and the third term the feed forward force. It is clear that the

weighting coefficient a which appears in the third term in the numerator regulates the feed
forward gain relatively against the feed back gain of the first and second terms. The weighting
coefficient r for the control force energy that appears in the denominator regulates the magnitude
of the control force. It is also clear that the instantaneous optimal control rule has two degree of

freedom a and r in order to determine the control force.
Introducing a parameter f3 to relate a and r as

a =f3 r I r 1 (16)
different control rules will be discussed in the following paragraphs.

If the third term is dropped out. equation(l5) becomes (a)the closed loop control by Yang (Refs
1,2). whereas if f3 = 0 • it becomes (b)the open-closed loop control proposed again by Yang
(Refs 1.2). The latter case(b) means that the ratio of the feed back gain and the feed forward gain
is fixed. By varying the value of a in equation(15), different control rules are designed which are
namely (c)hybrid feed back and feed forward controls. If /3 = 1 • it indicates that the third term 01
the feed forward control force is always same to the input excitation foree. In this control(d). the
excitation force is perfectly counterbalanced with the feed forward control force and no response
will be expected. So there arises no feed back control force. As r becomes smaller. however. the
value of the feed back gain increases. Finally, if f3 = (r - k r ,t - m r 2

1)/2 r • the feed
forward term of equation(l5) becomes half of the input excitation force. This is (e)a control rule
that counterbalances with half of input force.

PULSE FREQUENCY TRANSFER FUNCTIONS

In order to discuss frequency properties and mutual relationships between different control
rules (a) to (e). pulse frequency transfer functions of response velocity and of control force are

derived against input ~.
They are calculated for a system given in Tablet. Figs.3 to 7 show the pulse frequency

transform functions of response velocity against j. and Figs. 8 to 12 show those of u againstR
where the values of weighting coefficient r in the performance index are used as shown in Table2.

And control (c) employs a =1.0 in the calculation.
Table 2. Values of r for Pulse Frequency Transform Functions

Table l. A SDOF System f

mass (PI) 1.0 (ti'/em)

stiffness (k) 39.478 (t7cm)

MIUra! period (f) 1.0 (sec)

"ampin, coefficient 2.0 (%)

inaemes deClUSes values of r symbols

I 1
1.DOE-6 -.-
S.DOE-4 -0-
1.98E·3 -.-

control force r S.DOE·3 -v-

I 1
9.90E-3 -A-
1.9SE·2 -b,-

3.96E-2 -e-
deacucs inaeascs 1. DOEf. 1 -0-

It is observed that since the closed loop oonb'ol(a) is depentent upon only the state vector X.
the peaks of the frequency tran";"lrm fundions of control force appear around the predominant
frequency(1.0Hz) of the systeml~ig.8). Even if r decreases. control force can not be
counterbalanced with the input force in the aU domain of frequency as indicated by the curve( - •
- lin Fig.8. BUllS for the open-closed loop control(b), when r is very small, control force can be
counterbalanced with the input force in the aU domain of frequency in Fig.9. And consequently the
frequency traDsform funetions of the response velocity becomes zero in Fig.4.
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Curves in the hybrid feed back and feed forward control (c) in Figs 5 and 10 aproach to the
curve of the control(d) when r decreases, and when r satisfies with equation (16), it becomes the
same as control (d). However, as r furthermore decreases, the frequency transform function of
response velocity becomes larger because the control force reaches surplus. On the contrary,
control(d) is always satisfied with equation (16) , and therefore the frequency transform function
of the response velocity is always zero in Fig.6. So feed back control force does not arise.

Figs 7 and 12 indicate that control(e) is always counterbalanced with the half of input force,
and when r decreases, feed-back control force becomes larger and aproaches to control(d).

NUMERICAL ANALYSES

In order to visualize the mutual relationships between different control rules (a) to (e). numerical
analyses are carried out for a system given in Table 1 and excited by an El Centro earthquake-NS
component acceleration record (Table3).

The results are shown in Figs 13 to 18 where maximum values of the control force u, and
maximum response displacement are comparatively given as functions of r . Figs 13 and 14
shows results based on known input and responses whereas all other figures are obtained based
on the prediction of input force. The symbols used are summarized in Table 4.

Table 4. Different Control Rules

Table 3. Input Acceleration Wave

discrete lime (6) 0.02 (sec)

time duration (1) 50.0 (sec)

maximum value (max)
--

341. 7 (gal)

Control Rules Symbols

(a)closed loop by Yang -.-
(b)opeD-clOSed loop by Yan, -.-
(c)hybrid feed back and -O-(a-O.l)

feed forward control
f-----

-"-(a-O.S)

-6-(a-l.O)

-e-(a-2.0)

(d)feed forward control rUled -0-
for l1al.0

(e)feed forward control fixed -0-
for fJ s(rok r I'-m r z')l2r

It is observed that since the closed loop control(a) is dependent upon only the state vector X• ,
it is naturally not influenced loy the prediction errers of input force (compare the curves(-. -) in
Figs 13 and IS, and in Figs 14 and 16). The open-closed loop control(b) approaches to the closed
loop control as r increases. and to the control rule(d) as r decreases (see the curves( - • -». In
the hybrid feed back and feed forward control(c) curves become the open-closed loop rontrol(b)
when r is large, but they approach to the control(d) when r decreases. When r satisfies with r

= a r 2 , this control rule coincides with the control(d). If r furthermore decreases beyond this
critical point, the control wiD diverge. As for the control(d), the response is always zero if no
prediction error is involved. However , if some errors exist in the input prediction, the input
force can not be counterbalanced with the feed forward control force and the difference will be

taken up by the feed back control. The control(e) is always between the open-closed loop control
(b) and the control(d).

Figs 17 and 18 show results in the case that the control device has an upper bound constraint
on the control capability with I5Otf. SO it is observed that the maximum values of the control force
are always less than or equal to lSOtf (see Fig. 17). On the contrary, the maximum values of the
response displacements increases sreater than those in the case of having no constraint on the
control force capacity (compare Fiss 16 and 18). As for the hybrid feed back and feed forward
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control(c), however, the responses caused b) the surplus control force are apt '0 be restrained (see
Fig. 18).
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Figs 19 to 22 show results when we have identification error for the mass. They are obtained
based on the known input in order to observe the effect of only identification error. First, the error
of± SO% of the mass is considered in the analysis. As for the closed-loop coDtrol(a). since the
control forces increase in the case of +50% error, the responses decrease compared to the case of
no prediction erroI(see the curves(-. -) in Figs 13,14 and 19,20). In the case of -50% error,
the responses increase as the control forces decrease(see the curves( - • - ) in Figs 13,14 and
21,22). The critical points of the conlrol(c) where the responses become minimum shift to the left
hand side in the case of +50% error and to the right hand side in the case of·S()II, error (see FiBS
20 and 22). The control(d) and the control(e) are naturally influenced greatly by the identifacation
error for the mass, because the feed forward control force is influenced by the error, even if the
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input acceleration is true.
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Similar analyses are carried out on the effect of identification errors for the spring constant and
the viscous damping coefficient, and it is found that their errors scarct'ly influence the effect of
control. This is mainly due to the fact that these parameters have no connection with the input
force. and furthermore the prediction of the slate vector is not influenced by them as far as the
error is within the range of±50% of the true values.

FIN AL REMARKS

This study is performed by the second author. incorporated with theoretical suggestion by the
first author.
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ABSTRACT

Recently, several hybrid protective systems have been explored for applications to seismic
excited bridge structures. In particular, two types of aseismic hybrid protective systems have been
shown to be quite effective: (i) rubber bearings and variable dampen (or actuators), and (ii) sliding
bearings and actuators. In this paper, control methods are presented for these hybrid protective
systems. The control methods are based on the theory of variable structure system (VSS) or sliding
mode control (SMC). Emphasis is placed on the direct output feedback controllers using only a few
sensors. Sensitivity studies are conducted to evaluate and compare the effectiveness of passive
sliding isolators and hybrid protective systems for reducing the response of seismic-cxcited bridge
structures. Th~ advantages of each protective system are demonstrated by simulation results {or a
wide range' of earthquake intensities.

lNTRODUcnON

Aseismic hybrid protective systems, consisting of a combination of active devices and passive
isolation systems, have been shown to be quite effective for reducing the bridge n:sponse subjected
to strong earthquakes. The ide<l of hybrid systems is to utilize the passive isolation system to reduce
the ground motion transmitted to the bridge girder, whereas the active control devices are used 10
further reduce The bridge response. Variable viscous dampers, in which the damping coefficient
can be adjusted by regulating the opening of the valves for the oil flow, have been developed and
tested by Kawashinta et aI (1991, 1992). A hybrid protective system consisting of rubber bearings
and variable dampers have been demonstrated to be quite effective for protecting seismic-excited
bridge structures (Kawashima et al 1991, 1992, Feng el aJ 1990, Yang, et at 1993a). Structural
control using variable dampers belongs to the category of parametric control and control algorithms
have been investigated for SDOF structures [Feng et al 1990, Yang et al 1993a) and MDOF
structures [Yang et al 1993b].

Another type of hybrid protective system, consisting of frictional-type sliding bearings and
actuators, has been investigated for applications to reduce the response of seismic-excited bridges
by NCEER researchers (Nagarajaiah et al 1992). The sliding bearings, made of the Teflon/stainless
steel plates, allow the girder to slide during strong earthquakes thus reducing the acceleration of
bridge girders. The actuator is used to further reduce not only the bridge response but also the
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sliding displacement of the girder. Shaking table tests for this type of hybrid protective system have
been conducted and excellent performance has been observed. Various algorithms for control of
sliding isolated structures have also been studied by [e.g.• Nagarajaiah et aI 1992. Reinhom et at
1993. Yang et aI 1992. 1993c].

Based on the theory of variable structure system (VSS) or sliding mode control (SMC), control
methods are presented in this paper for applications of aseismic hybrid protective systems described
above for bridge structures. The idea of the theory of sliding mode control CSMC) is to design the
controller to drive the response trajectory into the sliding surface (or switching surface) and
maintain it there. whereas the motion of the structure on the sliding surface is stable. Direct output
feedback controllers using only a few sensors are presented. The performance of the control
methods are demonstrated by simulation results. Parametric studies are conducted to evaluate and
compare the effectiveness of (i) hybrid protective systems, and (ii) a passive sliding isolation system
for reducing tI.e seismic response of bridge structures. The advantages and performance of each
protective system are demonstrated by numerical simulation results for a wide range of earthquake
intensities.

CONTROL OF RUBBER-BEARING ISOLATED BRIDGES

Consider a bridge structure in which rubber bearings and variable dampen are installed
between the girder and piers as shown in Figure lea). The bridge is discretized by an n degree-of
freedom lumped mass system as shown in Figure 1(b). Let ~1(t),t2(t) •... ,fr<t) be the damping
coefficients of r variable dampers installed in the bridge. The capacity of each variable damper is
bounded by a minimum value and a maximum value, i.e., ~imin :sa fj(t) S f irnu with fimill ~ O.
For simplicity of presentation. rubber bearings are assumed to behave linearly. 1be vector equation
of motion of the entire bridge structure subjected to a one-dimensional horizontal ground
acceleration lo(t) can be expressed as

MX(t) + eK(t) + KX(t) .. H*(l) Ut) + '1fo(t) (I)

in wHch X(t) = [xl.x2.....xnl' is an n-vector with Xj(t) being the deformation of the ith element; M.
C and K are (nxn) mass. damping and stiffness matrices, respectively; ': =-[ml'm2.....rnJ' is a mass
vector with mj being the mass at the ith nodal point; and the prime indica;es the transpose of either
a vector or a matrix. In Eq. (1), H*(X) is a (nxr) matrix which is a function of the velocity vector
XCt). and {(t) is a r-dimensional control vector denoting the dar.1ping coefficients of r variable
dampers, i.e., Ht)=[~l(t), ~2(t), .... ~r(t)]'. The vector equation of motion, fAl. (I), can also be
written as

Mi(t) + CX(t) + KX(t) .. HU(t} + '1'o(t) (1)

where H is a (nxr) constant matrix denoting the locations of r variable dampen and U(t) is a r
dimensional control vector U(t)=[ul(t).~(t) .... ,u,(t)]' with

"I(t} .. (,(t)it(t) (3)

in which the ith variable dc.mper is attached to the kth element of the structure. In the state space.
the stale equations for Eqs. (I) and (2) become, respectively,
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t(t) .. AZ(t) + B'(Z)((t) + E(t) (4)

and
t(t) • AZ(t) + BU(t) + E(t) (5)

where Z(t) = [ X(t)', X(O' ]' is a 2n state vector and other matrices are defined appropriately.

Instead of variable dampers, actuators can be installed at the same locations as variable
dampers. In this case, the state equation of motion is given by Eq. (5) with Uj(t) being the active
control force from the ith actuator (controller). Thus, Eq. (5) holds for both cues using either
variable dampers or actuators.

Design of Sliding Surface

The first step in the sliding mode control method is to design the sliding surface (or switching
surface) on which the response is stable. In the design of sliding surface, the external excitation
E(l) is neglected; however, it is taken into account in the design of controllers. Let the r
dimensional sliding surface, S=O, be a linear combination of the state vector

S .. PZ .. 0 (6)

in which P is a (rx2n) matrix to be determined such that the motion on the sliding surface is stable.
The state equation given by Eq. (4) indicates that the coefficient, B·(Z), of the control vector, f(t),
is a function of the stale vector Z(t). The procedures for determining the sliding surface for the
state equation, in which the coefficient of the control vector is a function of the state vector Z, have
been described in (Utkin, 1992). Using the particular functional form of B·(Z) given by Eqs. (I)
and (4), and following the procedures described in (Ulkin, 1992), we find that the resulting regular
form for determining the sliding surface is identical to that for Eq. (5), in which U(t) is considered

E

1
2

E 3 EE E

~ ~ N N..

(a) (b) (c)

Fig.l : Bridge Model; (a) Actual Bridge, (b) Lumped Mass System
and (c) Four-Degree-of-Freedom System

3-67



• <:ontrol vector and B is. constant matrix. Consequently, for the convenience of derivations, Eq.
(5) can be used for the determination of the sliding surface.

One systematic apptOKh for the determination of the P matrix is to convert Eqs. (S) and (6)
into the reaular form as described in (Ulkin, 1992). Then, either the method of LQR or the pole
usignmcnt method can be used to determine the P matrix. In the case of LQR, the sliding surface
is determined by minimizing the objective function

J • foe Z'(r)QZ(r)dr (7)

in which Q is • (2nx2n) positive definite weighting matrix. Details for the design of the sliding
surface P are described in (e.g., Utkin, 1992; Yang, Li, Wu and Young, 1993b, 1994).

Design of Controller Vsina Lywunov Pinlc' Method

To design the controller, the following Lyapunov function is considered

L • O.SS'S • O.SZ'P'PZ

The sufficient condition for the sliding mode to occur is given by

i • s's < 0

(8)

(9)

Substituting S=PZ into Eq. (9), taking the derivative and using both Eqs. (3) and (S), one obtains
r

t • E A,H.z.+I.• - G.)
'-I

(10)

(12)

in which Za+k.i == it is the velocity of the kth element of the structure on which the ith variable
damper is installed as shown by Eq. (3). In Eq. (10), ~ and Gi are the itl! clements of the row
vector X and the column vector 0, respectively,

A .S'(PB) ; G. _(PB)-I P(AZ + E) (11)

where the dimension of both X' and G is r. Pue to the limitation of the capecity of variable
dampers, it is not possible to guarantee the condition i. < 0 for all time t. However, the condition
i.. < 0 is a conservative one. The criterion to be used in the following is to compensate (or reduce)
i.. at every time instant as much as possible, realizing that the original structure without
compensation (or control) is stable.

One possible controller is obtained by minimizing i. in Eq. (10); with the result

{
(... ; if A, :...., > 0

(.(1) - .
~... i if A, ~..., < 0

The controller in Eq. (12) was tint proposed in (Yang, U, Wu and Young 1993b). This is a two
state variable damper in which the damping switches back and forth between the maximum and
minimum values. This type of damper is the simplest to design and it is most reliable. Another
possible controller is the classical slidina mode controller, in the sense that i. is compensated up
to the gain margin ~ > 0, i.e., i. - -tl~ Za+t.il~,
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(13)

(14)

{
(O,/:.... ,)-a,; "1':"+1,>0

(;(t).' ,
(G,I z....,) + a, ; 1/ 1, z.+I" < 0

Since the capacity of variable dampen is limited, the final controller is obtained as

{
e...; if e; ~ e...

(,(t) = e;(I); if (~ < (; (I) < (...

(... ; if (, ' (...
In Eq. (13), overflow may occur for (OJ 'Za+t,j ) if Za+t.i is very small. This situation can be
circumvented by setting t i{t)=~.musign{OiZa+k.i ), for IZa +t,iI < E with ~-mu and E being a large
positive number and a small positive number, respectively. For the two-state controller in Eq. (13),
i. is always compensated (or reduced) up to the capacity of the variable dampen; however, it does
not provide design parameten to be adjusted for the g¢'ormance. The following controller that
possesses the desirable properties is presented. ,!-et ~j{t) E [0, 4fj - ~imu - fimilL.] be a new
control variable that varies from 0 to 4~i' i.e., ~i{t) = ~i - ~imin or ej - ~imin + ~j{t). Then,
Eq.{lO} becomes

,
l • E 1, z..tJ le,<t) - GJ 0, • (G,I z....,) - e...

'·1
Hence, the following controller, ti{t}, will satisfy the condition L<o

- -0, - &, if 1, :....., > 0 G, < 0

G, + &, if 1, :".1., < 0 G, > 0
e;(I) =

4, if 1, :....., < 0 0, < 0

o if 1, z.+I" > 0 0, > 0

(15)

(16)

(17)

in which 0 S ~ S 4fj is a design parameter for i=1,2,... ,r. Finally, due to the capacity
limitations of variable dampers, the controller is obtained as

1

4 e, ; if e,· (t) l 4 (,

(,(t) = (;(t) ; if 0 < (;(t) < 4 (,

o ; V(,·(t) , 0

Similar to the controller in Eq. (13), if IZu+t.d < E, Oi = e-musi&n{OiZu+It.i) should be used in
Eq. (IS) for numerical computations. As observed from Eqs. (16) and (17), the action of variable
dampers is always compensating i.. within its capacity, but the extent of compensation is not as
strong as the lwo-state damper in Eq. (12).

Direct Output feedback

The controllers presented above require a full-state feedback either through measurements
or an observer. A control method using the direct output feedback is presented in the following.
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Let z... be a 2n-dimensional observation (output) vector consisting of m measuted (output) state
variables and zero elements (or those state variables that are not measured. In <Abet words. z.. is
obtained from Z by setting zeros for those variables that are not measured. Then. the sliding
surface can be expressed as

S =HZ =0•
(18)

and the controller can be designed based on Zm rather than the state vector Z. The design of the
sliding surface fI using the method of pole assignment has been described in (Yang. Li, Wu and
Young. 1993b). In a similar manner. three controllen given tn' Eqs. (12) to (14) and (16) to (17)
can be used except that Z and P should be replaced by 2:111 and H. respectively. It is mentioned that
for the method of the direct output feedback, collocated velocity senson are needed. see (Yang, Li,
Wu and Young. 1993b).

Hybrid System Usin!: Rubber Bearjn&s and Actuators

Controllers presented above are for the hybrid system consisting of rubber bearings and
variable dampers. For the hybrid system consisting of rubber bearings and actuators. the stale
equation is given by Eq. (5) with ui(t) being the control force from the ith actuator (or controller).
The design of the sliding surface has been described previously. The design of controllers is
presented as follows. Using the state equation given by Eq. (5). the derivative of the Lyapunov
function given by Eq. (9) becomes

,
i =L AI ( "I - G_ ) (19)

'-1
For i.. < 0, two possible controllers are given in the following [Vang, Li & Wu 1994]

, -

lG_ - 6.H(1 - 10 ) ; if 1. > 0
".(t) ;;;; _ (20)

G_ + 61H(1 -Jo) ; if A_ < 0

(21)

[

G_ - &IH(J - Jo) ; if A, > 0 , G, < 0

",(t) = G, + &,H(} -Jo) ; if A, < 0 • G, > 0
o ; olherwise

in whi~h 6i>O is t~e gain margin and H~j-]j» is a un~t step function. i.e.• H(j-]o>=O for j < 10
and H(J-JO> = 1 for J ~ Jo• In Eq. (20), J=](t)=Z'Q Z is a measure of the system response with
Q* being a positive semi-<iefinite matrix and ]0 is a specified small value. H(J-Jo> is introduced in
Eqs. (20) and (21) to tum off the control force when the system response is reduced to a satisfactory
level.

and

(22)if I",(I) I ~ i ...
if I",(t) I > i ...

A saturated controller. denoted by Uj*(t), is obtained from Eq. (21) by imposing a maximum
control force Uunax' i.e.• . I ",(t) ;"I (t)· u,-sgn[",(t» ;
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where Uimu can be considered a design parameter. Finally. the method of cI.irect output feedback
described in the previous section for variable dampers holds for the present case in which actuators
are used.

CONTROL OF SLIDING-ISOLATED BRIDGES

Instead of rubber-bearing isolators and variable dampers. frictional-type sliding-bearing
isolators and actuators can be installed between the piers and the deck. In this case. the equation
of motion of the bridge deck is given by

ml .fIG + let) = U(I) (23)

in which x•• is the absolute displacement of the bridge deck. and u(t) is the control force from the
actuator. In Eq. (23). f(t) is the frictional force (rom the sliding bearings modeled by [Yang et al
1992]

(24)

where mig - w. is the weight of the bridge deck, 11 is the coefficient of friction and "l(t) is the
hysteretic component given by

YI(t) = D;I {axi - Plxlllvlr-IVI - yillvll
} (25)

In Eq. (25). D is the yield deformation and a. P. "I and n. are parameters defining the
characteristics 01 the hysteresis loop. The coefficient of friction. 11. in the sliding isolation system
may be velocity-dependent. An approximate expression for the frictional coefficient in the sliding
bearings using Teflon/stainless steel was obtained experimentally as [Reinhom et al 1993]

~ ,.. ~. _ ~I e-'"I.tll (16)

where 11m is the coefficient of friction at a large velocity. IAf is the difference between 11m and the
coefficient of friction at a small velocity. and al' is a constant that depends on the surface condition
of the sliding bearings.

Combining the equations of motion for the pier and the equation of motion for the bridge
deck. Eq. (23). one obtains the state equation of motion of the entire bridge

t(t) = AZ(t) - B/(t) + Bu(t) + E(t) (17)

in which the first element, XI.' of Z is the absolute displacement of the bridge deck rather than the
relative displacement XI' i.e.• Z-[xI.' ~ ..... xn• XI.' i 2..... x..l'. In Eq.(27). A and B are suitable
(2nx2n) matrix and 20 vector, respectively. The base shear force of the pier is essentially
contributed by the acceleration of the heavy bridge deck (or girder). Hence. to procect the safety
of the piers. it is important to reduce the acceleration of the bridge deck. Since the lechnique of
sliding mode control is to reduce the state variables, the absolute displacement and velocity of the
deck. XI. and XII' are used as the slate variables instead of the drift and velocity, Xl and i.,

Since the coefficient vector for f(t) and u(t) is identical. i.e" B. the desi&n of the sliding
surface, Eq. (6). can be made in an identical manner as described previously. The controllers can
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be established using the same Lyapunov function given by Eq. (8). The resulting derivative of the
Lyapunov function is given by

t • l(u - G)

in which A and G are scalars defined by

1 - S(PB) ; G .. - (PBr·p(AZ - Bf ~ E) (29)

one possible controller is given by.. [

in which 6 > 0 is the gain margin.

Direct Output Feedback

G - I,H(J - Jo>
G + I,H(J - Jo)

if 1 >0

if 1 <0
(30)

For the method of direct output feedback with the measurement of Xl. and *••,the sliding
surface is expressed as

(31)

(32)

in which PI > 0 is a positive number to guarantee the stability of the motion on the sliding surface.
It follows from Eq. (21) and (30) that the controller becomes

[
-m.Pl:i.1I + jet) - aH(J - Jo>; if 9>0

"(n • --m.p.:i lll + jet) + aH (J - Jo) ; if S < 0

SIMULAnON RESULTS

Bridees Equiwed With Rubber-Bearine IsolatPa

Simulation studies will be carried out for the bridge model considered in (Kawashima et ai,
1992), see Fig. lea). Rubber bearings and variable dampen are installed between the girder and
pien. The elastic stiffness of rubber bearings is designed such that the fundamental period of the
entire bridge is one second. The bridge is modeled as a 9 degree-of-freedom system, as shown in
Fig. 1(b). Due to the symmetry, it can be further reduced to a 4 degree-of-freedom system, as
shown in Fig. l(c). The mass of each nodal point is mj=12.3, 0.408, 0.816 and 0.816 metric:
tons. The damping and stiffness matrices are given in (Kawashima et ai, 1992). For the bridge
without variable dampen, the damping ratio for the fundamental mode is 2". A simulated
earthquake ground acceleration shown in Fig. 2 is used as the input excitation. This input excitation
was simulated such that the response spectra matched the target spectra specified in the Japanese
design specifications for highway bridges (Kawashima et ai, 1992). The maximum and minimum
damping coefficients ofvariable dampers are, respectively, Eimu=S32.3S tonf-slmand fimia-88.72
tonf-s1m. Within SO seconds of the earthquake episode, the maximum response quantities for
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relative deformations between nodal points Xl' XZ' x3' and X4 are shown in column 2 of Table I.
when variable dampers are not installed. Also shown in Table 1 as I la and Vb are the maximum
acceleration (absolute) of the bridge deck and the maximum base shear force of the pier.
respectively.

l 500

C
0 0
~

j -500
0 10 20 30

Time, sec
40 50

Fig.2 : Simulated Earthquake Ground Acceleration

Kawashima et al (1992) proposed a control law based on the response of robber bearings.
xl' as follows. In the range of small displacement resulting from traffic loadings, the girder
displacement should be reduced as much as possible. Hence ~j reduces linearly from fi=fimu. at
xl =0 to fj=fimin at Xl = 1.06cm. In the range of large response under strong earthquakes, a large
damping coefficient is needed to prevent failures. Therefore. ~i increases linearly from ~i=~imin

at Xl =4.23cm to Ei=Eimax at Xl =6.34cm and ~i=Eimax for Xl > 6.34cm. In the response range
of 1.06cm ~ Xl ~ 4.23cm, the energy dissipation is more beneficial and hence ~j-~imin' The
results for the maximum response quantities based on Kawashima's control law are shown in
column (3) of Table 1. Using variable dampers and the direct output feedback, in which only the
drift and velocity of robber bearings, xl(t) and i 1(t), are measured, the sliding surface becomes

S·~~+~·O ~

Table 1 : Maximum Response Quantities of Bridge With Rubber-Bearing Isolaton
oct Oct FBi

Response RB Kawa- Del Del RB RB ACf ACf FB ACT
shima OPO TSD clVD elVD (FS) (OF) ~ (OF)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

XI, em 24.7 5.99 7.03 2.58 5.11 4.99 5,j3 5.85 31.4 8.41

x2, em 3.96 1.68 1.44 1.99 1.59 1.47 1.46 1.93 1.62 0.21

x3, em 3,(11 1.32 1.12 l,jS 1.23 1.15 1.13 1.50 1.29 0.17

x... em 1.25 0.55 0.46 0.63 O.so 0.47 0.46 0.62 0.54 0.07

XIG' pi 1287 S64 471 638 510 478 473 628 394 15

Vb , tonf 168 96 62 87 69 67 63 97 80 14

U, $wI 4()lI, 33$ 53$
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Instead of using the method of pole assignment, we can easily assign the PI value directly.
For the sliding surface to be stable, Pi should be greater than zero. With the two-state: damper
in Eq. (12) and Pi =0.1, the maximum response quantities are presented in column (S) of
Table I. A general trend observed is that the maximum response quantities are not sensitive to PI.
Using the controller given by Eqs. (13) and (14), referred to as the Type I controller, for the direct
output feedback with the sliding surface given by Eq. (33), the corresponding maximum IUPQI\Ie

quantities for PI =0.1 and 61=250 tonf-slm are shown in column (6) of Table 1. We next consider
the controller given by Eqs. (16) and (17), referred to as the Type n controller, for the direct output
feedback with the sliding surface given by Eq. (33). The results for maximum response quantities
are presented in column (7) of Table 1 for PI-O.l, «51=250 tonf-slm, 4 1=100 tonf-slm. It is
observed from Table 1 that both Type I and Type II controllers perform very well. Further, the
control designs presented above are robust with respect to system parametric uncertainties as
evidenced by numerical simulation results. Due to space limitation, these results~ not presented
herein.

Ie)

01lC-"'--~~""' ....................~
0.0 0.2 0.4 0.6 0.8

Peak Ground Acceleration, g

Fig. 3(c): Max. Base Shear Force of Pier

C 300 r-"'--r-~-r---r_....,.

~
• 250

i 200

~ 150!I 100
CD 50
~
~

Fig.3 : Maximum Response Quantities of Bridge Equipped with Passive and Hybrid
Systems; (a) Acc~leration of Girder, (b) Deformation of Rubber Bearing,
and (c) Base shear Force of Pier

Finally, let us consider the use of passive
viscous dampers instead of variable dampers.
The optimal damping coefficient for passive
dampers is obtained by numerical simulations;
with the result, ~=100 tonf-slrn. With such
optimal passive viscous dampers, the maximum
response quantities of the bridge structure are
shown in column (4) of Table 1. It is observed
that the optimal passive dampers are quite
effective in comparison with variable dampers
except that the maximum drift of rubber
bearings, XI' is larger. However, the results
shown in Table 1 are the indication of energy
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Table 2 : Maximum Response Quantities of Bridge
With Passive Sliding-Bearing Isolators

Response Frictional Coefficient

10% 20% 30% 40% 60% 70% 100%

XI' em 75.7 30.8 34.6 31.4 16.8 19.0 12.4

x2' cm 0.57 0.93 1.31 1.64 2.19 2.51 3.51

x3' em 0.46 0.74 1.04 1.29 1.71 1.96 2.7S

x4' em 0.19 0.31 0.43 0.54 0.70 0.81 1.14

ila' gal 100 198 296 394 S90 688 980

Vb' tonf 34.0 49.7 66.S 80.2 105 120 166

dissipation capacity only. These results do not reflect the flexibility that variable dampers possess.
For instance, under traffic loadings (not earthquakes) passive dampers can not effectively reduce
the motion of the bridge deck, because of small damping coefficient. It should be mentioned that
the damping coefficient can be assigned to be ~irnu for all variable dampers when Xl S 1.000m. In
other words, the condition ~i =~imax for Xl S 1.06cm can be incorporated in all the controllers
presented previously to effectively reduce the motion of the bridge deck due to traffic loads.

Another hybrid system is to attach actuators to rubber-bearing isolaton instead of variable
dampen. In principle, actuators are capable of producing damping, stiffness and inertial forces.
Hence, this type of hybrid system is investigated herein. The full-state-feedback conlroller given
by Eq.(21) is used where the weighting matrix Q, Eq.(7), is considered a diagonal matrix with
diagonal elements Qjj=[ 30, 600, 600, 600, I, 1, 1, 1] and Q·=O, 61=0.01 tonf. The maximum
response quantities are presented in column (8) of Table I, where the maximum required control
force U is expressed in terms of the weight of bridge deck WI =mlg. We next use the controller
given by Eqs. (21) and (22) and the direct output feedback with the sliding surface given by
Eq.(33). For ul max =33% WI' 61=0.2 tonf and PI = lOS, the maximum response quantities are
presented in column (9) of Table I. As observed from Table 1. the actuators are u effective u
variable dampers.

To evaluate and compare the effectiveness of aseismic hybrid protedivc systems over a wide
range of earthquake intensities, the design earthquake shown in Fig. 2 is scaled uniformly to
different peale ground accelerations (pGA) to be used as the input excitations. 1be maximum
response quantities for the deformation of rubber bearings, the acceleration of bridge deck (girder),
and the base shear force of the pier are presented as functions of the input peak ground acceleration
in Fig. 3. In Fig. 3, the curve denoted by -RB- represents the results using the passive rubber
bearing isolators alone. The curves indicated by -RB+PO-. -RB+VO-, and -RB+Acr-,
correspond to the results for hybrid systems using, respectively. optimal passive dampen, variable
dampers and actuators. The control laws used for variable dampen and actuators are identical to
the c;ases shown in columns (1) and (8), respectively, of Table 1. It is observed from Fia. 3 that
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the performances of hybrid protective systems using optimal passive viscous dampers, variable
dampers or actuators are almost the same. The disadvantage of using optimal passive dampen for
traffic loads was described previously.

Brid,es Equipped With Slidine-Bearin& Isolators

Instead of rubber-bearing isolators. the frictional-type sliding-bearing isolators are consideml
for the same bridge structure. The frictional coefficient I' of the bearing is given by Eq. (26) in
which I'r=0.05 and ali =0.9 stem. With passive sliding isolators and the eanhqua.ke excitation given
by Fig. 2. the maximum response quantities of the bridge are shown in Table 2 for different
coefficients of friction. P.m' at large velocity. As the frictional coefficient increases. the sliding
displacement, Xl' reduces and the bridge response quantities increase as shown in Table 2. A
comparison between Tables I and 2 indicates that the passive sliding-bearing isolators are more
effective than the passive rubber-bearing isolators for the given excitation, Fig. 2.

The design earthquake in Fig. 2 is scaled to different levels of peak ground acceleration
(pGA) and then used as the input excitations. The maximum acceleration of the girder and the
maximum base shear force of the pier are presented in Fig. 4 as functions of the input peak ground
acceleration (pGA) for different frictional coefficient I'm' In Fig. 4, each curve is indicated by a
frictional coefficient I'm' As observed from Fig. 4(a). the maximum acceleration of the bridge
girder is limited by a maximum value I'mg regardless of the magnitude of the input PGA. This is
due to the fact that the maximum force that can be transmitted from the pier to the girder is mll'm&'
Hence the maximum girder acceleration is JLmI regardless of the magnitude of the earthquake
excitation. This upper bound limit for the girder acceleration is the most significant advantage of
the sliding isolators over the rubber-bearing isolators, in particular, when the design tarthquake is
severe. A comparison between Fig. 4 and Fig. 3 indicates that the passive sliding-bearing isola1Ors
are more effective than the passive rubber-bearing isolators under strong earthquakes. The
performance of the passive sliding-bearing isolators under strong earthquakes is quite remarkable
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even for the coefficient of friction as high as 40%. Of course, for the PGA greater than 0.58, the
stiffness of rubber-bearing isolators should be redesigned to achieve a better performance.
Likewise, variable dampers or actuators can be used to improve the effectiveness of the rubbcr
bearing isolators as shown in Fig. 3.

The effectiveness of the passive slidin8 isolators can further be improved by attachin8
actuators to them. For this type of hybrid protective system, a direct output feedback controller has
been presented in Eq. (32). With the El Centro earthquake sWed to a PGA of 0.4S. and the
coefficient of friction 1£m=40% for the sliding bearings, the maximum response quantities of the
bridge and the maximum required control force are presented in column (11) of Table 1. In this
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case, PI = 1.0 and 8=0.01 tonfare used, Eq. (32). The corresponding maximum response quantities
using only the passive sliding isolators are shown in column (10) of Table 1. A comparison
between columns (10) and (11) of Table 1 indicates that the performance of the ditect output
feedback controller is remarkable. Next we scale the El Centro earthquake to different peak ground
accelerations for the input excitations. The maximum girder acceleration and maximum base shear
force of the pier for I'm=40% are presented in Fig. S. Figure S includes the results using the
passive sliding isolators alone and using the hybrid protective systems (sliding bearings and
actuators). The corresponding results for J.tm =0.1 are presented in Fig. 6. The results praented
in Figs. S and 6 clearly demonstrate that the hybrid protective system is very effective.

CONCLUSION

Based on the theory of variable structure system (VSS) or sliding mode control (SMC),
control methods are presented for applications to aseismic hybrid protective systems for bridge
structures. Simulation results indicate that the performance of the control techniques presented is
quite remarkable. The control methods are applicable to inelastic rubber-bearing isolators, although
the results are not presented due to space limitations.

The effectiveness of hybrid protective systems and passive sliding isolators for reducing the
seismic response of bridge structures has been evaluated by numerical simulations for a wide range
of earthquake intensities. The following observations are obtained from numerical simulation
results.

(a) The passive sliding-bearing isolators are more effective in reducing the bridge response
than the passive rubber-bearing isolators for the peak ground acceleration exceeding 0.2g. This is
because for sliding-bearing isolators. there is an upper bound limit , I/>m g, for the acceleration of
the bridge deck, where "'m is the frictional coefficient of the bearings. Since the base shear force
of the pier is mainly contributed by the acceleration of the bridge deck, the upper bound limit for
the deck acceleration reduces significantly the bridge response under strong earthquakes.

(b) The effectiveness of the passive sliding isolation system for reducing the bridge response
can be improved significantly by installing actuators. The performance of such a hybrid system is
demonstrated to be excellent.

(c) Hybrid systems using rubber bearings and variable dampers or actuators are also
demonstrated to be very effective in reducing the response of seismic-excited bridges.
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SUMMARY

In order to realize a practical control device of active mass driver (AMD) type for high-rise
buildings, we developed a closed-open-loop optimal control algorithm that is derived by
minimizing the sum of the quadratic time-dependent perfonnance index and the seismic energy
inp~t to the structural system.

This new control ~aw provides feasible control algorithms that can easily be implemented in
AMD system and applied to earthquake-excited strUctures. This optimal algorithm is simple
and reliable for on-line control operations because the control force does not depends on the
rigidity of struc.:tural system.

We investigated the effects of two weighting matrices and a parameter expressing the amount of
input seismic ;;nergy to structure in tenns of the control efficiency. This new algorithm was
applied to a model eight-story building to demonstrate the reduction of vibrations caused by
medium eanhquake ground motion.

INTRODUCTION

The problem of earthquake-induced vibration of tall buildings and long-span bridges is of prime
concern to strUctural engineers. Control of such large and flexible structures by making use of
active control forces is a recent area of research in civil engineering. All active control algo
rithms aim to find a feedback control law [I). Classical active control algorithms of strUctures
were applications of optimal regulator theories.

Every regulator problem is convened into a feedback algorithm optimized with respect to a
quadratic performance index that includes product terms between the state and control values
[2). The feedback, therefore, does not include the non-homogeneous teno that is a result of the
earthquake excitation. Furthennore, the perfonnance index is given by the integration of
quadratic evaluation functions over the time interval from 0 to 00. In this case, the duration de-
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(2)

~ned is longer than that of the earthquake and ,consequently, the entire history of the input
excitation must be known in advance in order to calculate the state and control values.

Linear control laws are deriv~ (Oi' open-loop and open-closed loop control schemes; but, the
closed-loop control algorithms an. widely used for earthquake-ex.cited structures. This is the
spedal case in which the control torce is regulated by the response state vector and the Riccati
matrix. It has been pointed out that because external excitation is ignored in the derivation of
the Riccati equation, the closed-loop control law is not truly optimal. If the excitation term is
included in the Riccati equation, its solution requires a priori knowledge of the loading history.
This generally is not possible for excitations such as eanhquakes. To overcome this difficulty
several control algorithms have been proposed; the pole assignment method [3]. the instanta
neous optimal control [4J. and the pulse control [5].

We proposed a new instantaneous closed-open-loop control which takes into account the input
energy due to earthquake ground motion to the structure [6]. A time-dependent performance
index similar to that defined in [4) was used to obtain the control vector. The instantaneous
optimal control algorithms proposed in [4] were classified as open-loop, closed-loop and open
closed-loop controls; but, the control efficiencies were identical because the same performance
index was minimized. This was referred to as Yang's optimal control algorithm. We defined a
new objective function of which minimization results in different efficiencies for the three
control algorithms [6].

We here examine the efficiency of proposed algorithm and give theoretical back ground for the
feedforward term in the control algorithm. In our previous work [6]. we assumed active tendon
controllers which installed in every story unit. Because the realization of this type of control
device is not feasible at present, in the present study, we here apply the developed c1osed-open
loop control algorithm to a model structure of 8-story frame with a control device of active
mass driver type composed of AC servo motor and ball screw driver.

CONTROL ALGORITHM CONSIDERING
INPUT ENERGY TO STRUcruRE

A structure that is idealized by ar n-degree of freedom system is subjected to a one-dimensional

eanhquake ground acceleration j{o. The matrix equation of motion is expressed by

Mi(t) +Ci(t) + Kx(t) =-mXo(t) + Hu(t) (1)

in which, M, C, and K are the mass. damping and stiffness matrices, u the r-dimensional con
trol vector. and H a (2n x r ) matrix specifying the location of active controllers.

The state space descriplion of Eq.(I) is given by

i(t) = Az(t)+ 8u(t) + ~io(t)

in which

(3)

The solution of Eq.(2) is

z(t) = eMlz(t -~)+eN[AI {SueT) + ~Xo(T)Je-A4f dT (4)

in which &is the time interval of integration. Using a trapezoidal approximation for the
integral tenn. z(t)is rewritten
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in which

!!J[ ..)z(t) = D(t -!!J) +- Bu(t) + ~Xo(t)
2

D(t - dt) =eMl
{ z(t - !!J) + ~t [Bu(t - dt) + K';Xo(t - dt)]}

(5)

(6)

The time-dependent perfonnance index}N(t) introducing the seismic energy input to sbUcture
is defined by

} N(t) =LJZT (-r)Qz(-r) +uT(f)Ru(-r) +a{-xT('r)mXo('f)}~-r (7)

As the result of trapezoidal integration of Eq.(7), we obtain
JN(t) =ZT (t)Q z(t) + uT(t)R u(1) - a zT (t)W2XO(t) + E 2 (t - dt) (8)

in which

E 2 (t - .11) =ZT (t - dt)Q Z(l- de) + uT (t - de)R' u(t - de) - a ZT (t - dt)W2XO(t -!!J)

Q =~Q R =~ R (9)

Minimizing the performance index under the constraint of Eq.(5), the optimal control force is

u(t) =_!!J R-1BT(QT + Q)z(t) + a R-IBT~XO(t) (10)
4 2

This control law has the closed-open-loop formula. The feedback tenn, however, is not affC\.:ted
by structural rigidity and the feedforward tenn is in the same phase with input seismic motion.
Note that the Yang's optimal control algorithm [4) is obtained by putting a to be O.

APPLICAnON OF MODAL ANALYSIS

The transfonnation into the generalized coordinate system using the eigen-function expansions
{x} =[4>]{q} (11)

leads to differential equations as follows:

{ti} + [~]{cl} + [O]{q} =-[cJ)t{m}Xo+ [CI>t{H}u(t) (12)

in which {q} is the vector of the modal amplitudes, [cJ)] the matrix of nonnalized mode shapes,

[~] and [0] diagonal matrices with components 2h,mj and (J)/.

Assuming that only a certain number of modes are to be controlled, the modal amplitudes can
be panitioned into controlled mode CI>. and non-eontrolled mode ~, as follows:

[cJ)] = [4>. IcJ),) (13)

The equation of motion of controlled and non-eontrolled modes can be written as

{ii.} +[~.]{q.} +[fl.]{q.} = -[4>J{m}Xo+[~.r {H}u (14)

{ii,} +[,,][cl,} +[0, ]{q,} =-[CI»J {m}Xo+ [cJ),y{H}u (IS)

The control force given by Eq.(lO) could be rewrinen in the following fonn:

U(I) ={F.DHx} + {F.vHi} + F,;(o (16)
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(21)

in which {F'D} and {F,v}are feedback gains for relative displacement and velocity of

structure, F, the feedforward gain for input motion. Substituting Eq.(16) into Eqs.(l4) and
(15), we obtain the following equations for the controlled and non-controlled modes

{iiJ + ([~.l -[cJ».t {H}F.v[4». l){it.} +([O.l - [cJ».t{H}{F.D }[4»,J){q.} =
-([cJ». r {m} + [cJ».r {H}F, )Xo (17)

{q,} + [~,]{q,} +[0, ]{q,} =

-([4>,Y {m} + [cl>,Y{H}fi )Xo + [4>,r{H}{FID }[4>.]{q.} + [4>,r{H}F.v[4».]{ti.} (18)

The second and third tenns of right hand side of Eq.(18) express the control spillover into non
controlled modes caused by the velocity and displacement feedback.

To make clear the effect of feedforward tenn, we examined the case that the control force is
generated by such feedforward tenn as

Substituting Eq.(19) into Eq.(l2), the equation of motion for the; th mode is given by

iii +~iiti +Oiqi =-{'ir{m}XO+{~ir {H}Frto (20)

It is obvious that the feedforward tenn in the control force can offset the excitation renn of; lh
mode if F, is chosen as the right hand side of Eq.(20) becomes zero

F ={,/Hm}
,; ,/

in which ,/ is the first component of vector {'i}'

Although the excitation term becomes zero for the i th mode by using feedforward gain defined
in Eq.(21), it affects the excitation term of other modes and the equation of motion of k th mode
yields

(22)

The participation factor of k th mode changes from {,_THm} to

{.tKm}-~{;iTHm} (23)

This tenn is regarded as the leaking effect of control force to the other mode when i th mode is
perfectly offset.

CONTROL SIGNAL USED IN TIlE MASS DRIVER SYSTEM

The control force generated by a mass driver system placed on the lop floor of the structure is
given by

w=-m.,x~
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in which m" is the mass of the driver and x~ the relative displacement ofdriving mass to the
top floor. The dynamic characteristics of AC servo motor is assumed to be expressed by the fll'St
order delay element as follows:

y' = T x" + i" (25)

in which y' is the control signal of AC servo motor and T time constant.

To define the control signal of AC servo motor as a function of structural response and
the input motion, j~ is eliminated from Eq.(25) by using Eqs.(24) and (16)

y' = -I-({F~}{X} + {F,v Hi} + FI'Xo- m~ i J ) (26)
mJ T

The following relationship is also obtained from Eqs.(24) and (16)

-m~j~={F'DHx}+{F,vHi}+FIXo (27)

Assumption of {F6oIJ={OJ and in.egration of Eq.(25) yield

x.. =- {F,vJ{x}- !L xo (28)
m" mJ

Eliminating ill from Eq.(26) using Eq.(28), the control signal can be written in the following
fonn

y' =- ;" {{F,v J( i +~) + F{Xo + ~o )}

=-;.. {{F,v}[~(q+i)+F,(Xo+?)} (29)

To generate the control signal described above requires the modal displacements and modal ve
locities of control modes. Those modal states can be estimated from the output of sensors at
different location of the building as follows:

{qcl=[~cr{xo}' {tiel = [c1lct {.to} (30)

in which {xo}and {.to} are observed displacement and velocity vectors of the StTuctwe.

APPLICAnON TO A SIMPLE STRucruRE MODEL

To demonstrate the application of the algorithm, a eight-story model building as shown in Fig.1
was used for seismic response control experiment Active mass driver controller was installed
at top floor as shown in Fig. I. The dynamic characteristics of this model structure was
estimated through several shaking table tests. The frequency response curve shown in Fig.2
was obtained by the harmonic excitation test with constant amplitude of 20 cm/sec1 and
sweeping frequency 0 to 15Hz. The identified natural frequency and damping ratio of each
mode is given in Table 1. Calculated frequency response and phase delay curves using
identified dynamic characteristics are shown by full line in Fig.3.

The model building was reduced to a shearing beam model with 8 degree of freedom and was
fixed at the base which was subjected to the seismic motion as shown Fig.4. The mass of each
floor and equivalent stiffness of spring given to each story are listed in Table 2. 1be natural
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(32)

frequencies of this model are also given in Table 2. In general, since the control effect depends
on the characteristics of the external excitations under the same feedback and feedforward
gains, we simulated the input ground motion by a white noise modified with an envelope func-
tion as shown in Fig.5. The peak amplitude of seismic motion were normalized to 10 cm/secz

for the numerical and experimental analyses.

To determine appropriate weighting matrices Q and R. Q is partitioned as follows:

Q=[cal Q12] (31)
Q21 Q22

in which the order of matrices Qij is (8 x 8). Note that the sub-matrices Q1l and Q12 do not con
tribute to the actlve forces because the matrix B which appears in Eq.(3) contains 0 matrix.
Therefore, Qll aad QIZ are designated as zero even though Q must be positive definite symmet
ric matrix. For simplicity. Q21 and Q22 were considered to be equal and we assigned the unit
matrix multiplied by r to R.

The appropriate assignment of the elements of QZ1 and Q22 to achieve maximum control effi
ciency have not been investigated because it requires a two stage optimization technique that is
beyond the scope of the present study. For the case of AMD system installed on the top floor of
a structure, the matrix B becomes a vector in which only the eighth element is non-zero element
with the value I/("'t + mil); In,. and mil being the mass of the top floor and of the driving mass.
Therefore the number of non-zero elements to be able to define independently is eight and the
following fonnula for matrix QZ1 is enough for controlling ate AMD system.

[

:: '12 .. , 'I']
QZ1 ='I'. [0]

'I,
To select appropriate value of q; we examined the control characteristics of algorithm for the
following four cases of 'I; distribution and found that the case 4 gives the most stable control ef
ficiency [7].

Case
1
2
3
4

'II
1000
1000
1000
500

'I.. '15
1000
1000
500
250

The feedback and feedforward gains defined in Eq.(16) are expressed for this model structure as
follows:

{F.D}=- ~({m-IHH}nQI2T+QZI]

{Fw } =-~ ({m-I }{HlrrQz/ + Q22]

(33)
&la.F=-

I 8 r
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The optimal value of aIr to control i th mode vibration is defined by substituting Eq.(2l) into
third equation of Eq.(33)

(34)

The value of aIr to offset the seismic e~citation term of each vibration mode is given in Table
3. The leaking effect of external force from a control mode to other modes is shown in Fig.6.
The participation factor of the k th mode which is defined in Eq.(23) and normalized by the
original participation factor of k th mode ({9; THm} ) is usually larger than 1.0. However. as
shown in the vertical axsis of the figure. the nonnalised participation factor of the first mode of
the first mode control and that of the second mode of the second mode control are eliminated.

Fig.7 shows the time histories of relative displacement at the top floor for both cases. Byex
amining Figs.6 and 7. one observes that the response of top floor is larger in case of the second
mode control than that of the first mode control even though the leaking effect being large for
the case of the first mode control. Because. for this example, the response of the first mode is
predominant, the leakage of the first mode in case of the second mode control causes the larger
response of structure.

When the feedforward algorithm is applied only to control the structural response. the required
maximum stroke and energy of AMD usually exceeds its capacity. Combined use offeedfor
ward and feedback algorithm may overcome this problem. Three cases are investigated using
the structural model taking into account only the first and second vibration modes. In the case
I, only the first mode response is controlled by both feedback and feedforward algorithms. In
the case 2, the first mode is controlled by the feedback and the second mode is controlled by
the feedforward algorithm. The third case reverses the order of control algorithm.

The relationship between the consumed AMD energy and AMD stroke as well as the
response of top floor is shown in Fig.S for three cases which are expressed by symbol, 0. For
the comparison. another two cases are also included in the figure. One is the case that both
modes response are controlled by feedback algorithm (with symbol 4 and the other is the case
that the first mode response is controlled by only feedforward algorithm (with symbol x). The
curve with symbol, 0, starts at the point that optimal control is achieved by the feedforward al
gorithm. From the stand point to keep the AMD stroke within certain limit maintaining the
same control efficiency achieved by feedback algorithm, the result shown in case 3 may be
used to develop practical control device because AMD stroke dose not increase even if the
consumed energy by AMD increases.

The effect of spillover to the second mode is shown in Fig.9 for the case that the fmt mode is
controlled only by the feedback algoridtm. Figure (a) is the frequency transfer function of the
second mode and (b) is the control force of dte first mode. Comparison between the case of the
farst mode control and that of full mode control is shown in Fig. 1O. The broken line is the
former case and full line the latter case. As can be seen in this figure, the spillover effect to the
second mode is very large for the structure model under investigation. The time historyies of
the top floor response for both cases are shown in Fig.1I.

Based on the above mentioned numerical studies, shaking table tests were conducted. The
~onfiguration of instrumentation in the model structure and the schematical representation of
signal processing as well as the flow of control signal are shown in Fig. 12. Fig. 13 shows the
dynamic characteristics of AC servo motor used to generate control force. To detennine the
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value of aIr for the experiments, the relationship between the maximum relative displacement
at the top floor and the value of aIr was calculated based on the numerical simulation as shown
in Fig.14. According to the figure, the optimal value of aIr is 57. This is almost same aIr
value to offset the external excitation of the first mode even though the response of top floor is
superposed the effect of all vibration modes. However the actual value of aIr used for
experiments is 40 because the control system sometimes becomes unstable when the value of
aIr reaches to about ten percent large of its optimal value.

Fig. IS shows the comparison of the control effects due to the differences in the control algo
rithms. In the figure, six cases are plotted. Open circle shows the root mean square
relative velocity response of each floor for the case of uncontrolled structure. There are three
cases for the feedback control algorithm obtained by solving Riccatti equation. One is the case
of direct use of Eqs.(1) and (10) for controlling the structure with all floor response
measurements (symbol MCK). The second is the case of full modal control algorithm (open
triangle). The third (closed triangle) is the case of using algorithm controlling up to the second
modes with three point response measurements (8, 6 and 3 floors).

The results obtained by the proposed control algorithm are shown by lines with the open and
closed squares. The values of aIr are given in the figure. From this figure, the almost same
control performance can be obtained not depending on the control algorithms used. The
relationship between the relative displacement of driving mass to the top floor and
the structural response is shown in Fig.16.

CONCLUDING REMARKS

We have developed a new closed-open-loop active control algorithm which takes into account
the input seismic energy to the structural system. Experiments have been conducted to investi
gated the effidency of the proposed control algorithm using a structural model equipped with an
active mass driver. The principal results and conclusions of the present paper are summarized as
follows.

(I) In order to derive a closed-open-loop control algorithm, the input seismic energy to the
structure was considered for defining the time-dependent performance index. The control force
obtained through performance index taking into account the seismic energy input to the
structure was not affected by structural rigidity and, therefore, this algorithm is simple and
applicable even to the structural system with non-linearity.

(2) The effect of control parameters on the system response are expressed by two independent
variables; one controls the level of feedback, the other reflects the level of input excitation. For
a given strUctural system, we found that there were appropriate control paramet~n to maximize
control efficiencies. In the modal control algorithm, the optimal fecdforward gain to offset the
excitation tenn was derived. The spillover effect in the developed control algorithm was also in
vestigated.

(3) In order to examine the applicability of developed optimal control algorithm to actual strUc
tures, we developed an active mass driver system driven by AC servo motor through a ball
screw. The structural model we treated here is a eight story frame model which was subjected
to series of shaking table tests. The experimental studies revealed that our proposed open-closed
control algorithm performs better control efficiencies than the control algorithms based on the
regulator theory.
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Table I Dynamic characteristics of 8 story building model obtained by experiments.

Mode

T
....tural 1.25 3.72 6.19 8.55 10.47 12 24 13. 42 14.30
Frequency (Hz)

NIlturol 1.25 3.83 8.28 8.51 10.50 12.20
FreQUenCY (Hz)

o.-ing 0.35 0.56 0.56 0.58 o 54 0.52
Ra'lo~l

T : Test Result
I : ldent i heet ion d Ilodal Const ont ir"" I\escnerce Cur""

Table 2 Dynamic characteristics of structure analyzed.

No. Man (kSI) Slill'.ess(ksf/cm)
I 123.1 150.6
2 123.1 245.0
3 123.1 245.0
4 123.1 2f5.0
5 1Z3.1 245.0
6 1Z3.1 245.0
7 J23. J 245.0
8 123. J 245.0

Mode No. EisenvAlae (Hz)
I 1.26
2 3.76
3 6.15
4 8.35
5 10.29
6 lUg
7 13.08
8 13.81

Dampi.s fader of Slrachre(%)
0.268

Table 3aIr value offsel the excitation IemI of each mode.
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Fig. 1 Eight swry building model with
Active Mass Driving (AMD) system.
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EXTENSION OF EQUIVALENT ENERGY METHOD
FOR MENSHIN BRIDGES

IJ-rakashi Hirai and 2)Michio SugimolO

lJ-rakenaka Civil Engineering and Construction Co.,Ltd
2J-rakenaka Corporation

SUMMARY

The objective of this paper is to present a simple method for estimating responses of the menshin
bridg~ subjected to a strong earthquake. TIle basis for seismic design of ordinary highway bridges
under a strong seismic moton is to estimate the capacity for the dUl.1ility of the column. The
response of the system is typically obtained by using the equivalent energy method proposed by
A.S.Veletsos and N.M.Newmark1

) for nonlinear single-mass systems2). A menshin bridge.
however. should be regarded as a double-mass system. Therefore a new method, namely the
"double mass energy method", is developed as an extension of Velestos and Newmark'sequivalent
energy method for estimating the seismic response of the rnenshin bridge. Comparisons of ductility
factors calculated using the new method and more precise analysis indicate that the maximum
response of rnenshin bridges with RC columns is well approximated by the new method.

INTRODUCTION

In their proposed equivalent energy method A. S. Velestos and N. M. Newmark assume that the
maximum strain ~nergy of a single-mass nonlinear spring is equal to that of a linear spring with the

initial stiffness 01 the nonlinear spring. Based on this assumption. the maximum response of the
nonlinear system can be estimaled by using the acceleration response specrum. In the design of
menshin bridges it is necessary to account not only for the nonlinearity of RC columns but, also.
the nonlinearity arising from the the rnenshin bearings. The equivalem energy method which is
applied to the design of an ordinary highway brIdge is, however. inapplicable for the design of a
menshin bridge for the following reasons:

(1) The applicability of the equivalent energy method has not been verified for values of ductility
factor beyond 10 which is typically used in the design of menshin bearings.

(2) Menshin bridges can at best be idealized as double-mass systems and a single-mass models
are inappropriate.

To resolve the ftrst issue. a comparative study of the dynamic responses using the equivalent
energy method and a more precise analytical method is carried out. These comparisons show thai
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(I)

(2)

while Velestos' and Newmark's method is inappropriate a revised procedure ,namely the "single
mass energy method" ,can be devised to be still valid for ductility factors beyond 10.

To solve the second problem, the "double mass energy method", an extension of the "single
mass energy method'" is developed. This new method is based on the maximum strain energies
which are distributed to the elements of a system in the principal vibration mode. The results of this
method were verified by comparisons with results from more exact nonlinear analysis. 1bese
studies confinned the accuracy of the new method for calculating the maximum relative
displacements of the menshin bearing and the RC column which are critical in the design of a
menshin bridge.

EQUIVALENT ENERGY METHOD

Basic Method The equivalent energy method as proposed by A.S.Velestos and N.M.
Newmark considers a single-mass model as shown in Fig. I. It consists of a mass m and a
weightless spring fixed at the base. Two types of resistance-deformation relationship, linear and
nonlinear, are shown in Fig. 2 for the spring. The stiffness of the linear spring is equal to the initial
stiffness of the nonlinear spring. Points B and E denote the maximum relative displacements of the
linear and nonlinear springs, respectively. Velestos and Newmark assumed that the maximum
strain energies described by polygons OAB and OCDE are equal. Based on this assumption, the
foUowing equation can be derived:

~=_J1_

Unmax ~

where U_ and U....u denote the maximum relative displacement of the linear and nonlinear
springs, respectively. The ductility factor p is expressed in the form,

U
J1=-~

Uy

where Ur is the yield displacemnent of the nonlinear spring. Using the equivalent energy method,
the following equation can be evaluated.

(3)

(4)

In the above equation m denotes mass and Q denotes maximum resistant force. S. can be obtained
from the acceralation response spectnJm for natural period T of the single-mass linear spring. The
equivalent energy method has been used for evaluating responses of systems with a bi-linear
defonnation-resistanee relationship as shown in Fig.3. K 1 denotes the initial stiffness of the
bi-linear spring and in the equivalent energy method it is, also, the stiffness of the linear spring. K2

denotes the post-yield stiffness beyond the yield force ~ The maximum strain energy, E, of the
linear spring can be e'.....ressed as

E = 1 (mS.)2
2 Kl

According to the equivalent energy method, the maximwn strain energy of the bi-linear spring is
equal to the maximum strain energy of the linear spring as expressed by Equation (4). Therefore,
the following equation can be obtained for the maximum force, FDIU' of the spring,
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(6)

Fmax = 12E +~~}t (5)
I KI-K2

In the equation Q denotes the characteristic shear strength as shown in Fig. 3. The maximum
relative displacement of the bi-linear spring is given by

U _Fmax -Qd
max -

K2

and the ductility factor. p , by

(7)

(8)

Limit of Apolication In the study of A. S. Velestos and N. M. Newmark. Equation (1) was
validated for ductility factors of 10 or less. Menshin bearings in menshin bridges subjected to
strong earthquakes are typically designed for ductility factors of 10 or more. Therefore, it is
necessary to validate Velestos and Newmark's method for ductility factors in the range of 10 and
higher.

In the verification, a single-mass system as shown in Fig.. is used. Springs with two bilinear
resistance-deformation relationships as depicted in FigA and an idealized hysteresis loop shown in
Fig.5 are used. The weight of the mass is 1032tf. The damping of the system is associated with the
hysterisis loop. Fig. 6 shows the three types of standard ground motions used in highway bridge
design. The acceleration response spectra of the three standard waves are shown in Fig.7. The
amplitude of each wave is magnified accordingly to arrive at the desired range of the ductility
factor.

The maximwn responses from a nonlinear time-history analysis are presented in Table 1 and
Table 2 for bilinear type ] and 2, respectively. In all cases, the maximum ductility factors were
estimated by the equivalent energy method. The maximum strain energy used to estimate the
maximum defonnation of the nonlinear spring is calculated per Equation (4). The maximum
acceleration SI in this equation is evaluated by multiplying the acceleration from the acceleration
response spectrumn corresponding to the natural period of the system by the ampification factor.
The natural period T is calculated from the following equation

T=2Jtf[

where K is the initial stiffness of the bi-linear springs shown in Fig. 4. The maximum force acting
on the spring is evaluated from Equation (5) and the maximum relative displacement of the spring is
calculated from Equation (6). Equation (7) is then used to evaluate the ductility p. The estimated
ductilities are shown in Figs. 8 and 9 for bilinear springs 1 and 2. respectively, comparing with the
corresponding values calculated using a nonlinear time-history method.

It is seen from these figures that the ductilities estimated by the equivalent energy method become
lower than the "true" value for ductilities in the range of 10 and higher. For the case of the wave 1
in Fig.S, the difference between the ductility factors estimated by the equivalent energy method and
by the nonlinear time-history method is greater than 40 %. 1berefore. the equivalent energy method
can not be considered to be applicable for ductilities in the range 10 or higher.
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EXTENSION OF EQUIVALENT ENERGY METHOD

Single Mass Ener~y Method 1be equivalent energy method is seen to be inapplicable for
ductility values of to or higher. The reason why the estimated ductilities are smaller than those
calculated by the more precise nonlinear time-history analysis is most likely the result of
underestimating the maximum strain energy using the equivalent energy method compared to the
value calculated from the more precise analysis.

A new, more accurate method, the "single mass energy method," is presented to estimate the
maximum response of a single mass model with a nonlinear spring. In this new method. the
stiffness of the linear model which is used to estimate the maximum strain energy of the nonlinear
model is not the initial stiffness but the equivalent stiffness for the maximum deformation of the
nonlinear spring. 11te equivalent stiffness K"l is expressed as

(9)

where F.- is the maximum force acting on the nonlinear spring and Unx is the maximum relative
displacement of the nonlinear spring. K"l can be evaluated using an iterative procedure shown by
the flow-chart of Fig. IO. The initial value of K"l in the flowchart can be set as the equivalent
stiffness evaluated from Equation (9) using UrrIIll and F.... estimated by the equivalent energy
method. The natural period T"l is calculated per Equation (8) for K"l at any step in the flowchart of
Fig.IO. The equivalent maximum strain energy of the nonlinear system at any step is evaluated
from Equation (4) by using S. calculated from the acceleration response spectrum at the natural
period Till calculated using K"l instead of K,. The maximum force F".,. acting on the spring and the
maximum relative displacement U.- are calculated from Equations (5) and (6), respectively. The
ductility factor fl. is evaluated per Equation (7) at any step in the flowchart. F11al' Urru and fl. are
estimared • the final step when the difference between the K"l' s at the current and immediately prior
sreps become less than a very small pre-set value.

Verification of Single Mass Energy Method To verify the accuracy of "single mass
energy method", the ductility factors estimated by this method are compared with the respective
values calculaled from the nonlinear time-history analysis using cases similar to those listed in
Table I and Table 2 for the verification of the equivalent energy method. The ductility factors
calculated from the nonlinear time-history analysis and those estimated by the "single mass energy
method" are shown in Figs. I I and 12 for bilnear springs I and 2 shown in Fig. 4, respectively.

Comparing the results shown in Figs. II and 12 with those in Figs. 8 and 9 it is clear that the
ductility factors evaluated by the new method at ductilities 10 or higher are much closer than those
calculated using the equivalem energy method to the values from the more precise nonlinear
time-history analysis. As an example, using the new method for case wave I shown in Fig.12, the
diference in the ductilities is 3.4 at a ductility of 12.2 calculated from the time-history analysis while
it is 5,8 for the equivalent energy method as shown in Figure 9.
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(10)

EXTENSION FOR MENSHIN BRIDGES

In the design of Menshin bridges it is necessary to consider the nonlinearity of both the RC
columns and the bearings, in order to accurately estimate the ductility of the system. Also. in the

dynamic analysis of Menshin bridges they should be idealized as a double-mass spring as it is
necessary to model the system of girders connected to the Menshin bearings in addition to the
system of columns fixed on the ground. Therefore, the "single mass energy method" presented in
the preceding section for a single-mass system is not applicable. To estimate the maximum
response of a Menshin bridge an extension of the "single mass energy method" ,the "double mass
energy method" .is presented in this section.

Double Mass Energy Method This method has been developed to estimate the maximum
response of double mass systems as shown in Fig.13. The model has two masses . m1 and m2 ,
and two nonlinear springs, spring I and spring2, whose deformation-force relationships are shown
in Fig. 14. In this figure. Pyl and Py2 denote the yield force of spring I and spring2. respectively.
K Il and K 21 denote the initial stiffnesses and K 12 and Kn denote the post-yield stiffnesses of
spring1 and spring2. respectively. TIle maxilllum strain energy of each spring is expressed by
Equations (10) and (11).

E1 -1 ((_L -_1 \p2 + -L F2 I
Springl: - 2 K 11 K \2r yl K12 maxi

Spring2: E2 =1 ((_1_ -_1_\p2 +_1_ F2 } (I I)
2 K21 K22r y2 K22 mu2

where FllU1 and F.....2 denote the maximum forces in springI and spring2, respectively. In this new
method, the first mode is assumed to be the primary mode of vibration during a seismic excitation.
Therefore, the distribution of the displacement of the two masses at the time when the displacement
of the upper mass becomes maximum can be approximated by the static defonnation under the
body forces producted by a constant acceleration. Thus. the relationship between F/IIIIll and F/IIIIl2 is
expressed in the following equation

(12)

where (3 is expressed as

(13)

The above assumption implies that the defonnation of each spring reaches a maximum at the same
time. Therefore, the total maximum sb'ain energy of the system. fr. is expressed in the following
equation.

(14)

The maximum response of the system is estimated using the iterative procedure shown in the
flowchart of Fig.IS. The maximwn force acting on spring) is evaluated from the following
equation

Fmaxl =( K12 K22 r{(-L --L)~ 1 +(-L --1._) ~r2ET~} (15)
K + A2K KII KI2 y K21 K'2 y ,

22 .. 12 -
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(17)

(16)

In this equation F... 1 at the present step can be evaluated using Er from the previous "tcp. Then.
Frru2 is calculated from Equation (12). The maximum relative displacement of each spnng can be
evaluated as follows:

u - U + Fmax1 - Pyl
Springl: maltl - yl K)2

Fmax2 - Py2
Spring2: Umalll =U y2 + K

22

The maximum strain energy Er at each step of the iteration other than the initial step is evaluated by
Equation (4) in which the maximum acceleration Sa is calculated at the equivalent natural period of
the springs. The equivalent natural period Tcq of the springs are evaluated from the equivalent
stiffness which in turn are approximated by

S . 1 Keq) =fnw.L (18)pnng : UmaJI1

),ring2: Keq2 =: Fmax2 (19)
Umax2

To calculate ~ maximwn strain energy of the nonlinear double-mass system. an equivalent
single-mass system with mass m'"l and spring stiffness K'"I is assumed. The mass m'"l and spring
stiffness K"I of the equivalent single-mass system are given as follows:

ITIcq =ml + aml

Keq;;: Keql Keq2

Keq2 + PKeql

(20)

(21)

where a is a coefficient in the range of 0< a < I and P is a parameter related to the balance
between the two masses and is evaluated as per Equation (13). The equivalent natural period Teq is
evaluated using the values of I1\q and Koq in equation (8). Sa(T~ and mcq are then used in Equation
(4) to calculate the total strain energy Ey at the current step. The maximum force and deformation of
each spring is estimated at the final step when the difference in Er at the fmal and the immediately
previous step becomes smaller than a pre-set value.

Application for Menshin Bridge To verify the applicability of the "double mass energy
method" for a Menshin bridge subjected to a strong earthquake. the maximum responses calculated
by a nonlinear time-history analysis are compared with the corresponding values estimated using
the new method. The menshin bridge presented here consists of a 210 meter.6 span continuous PC
girder and RC columns. The double~mass model which is an idealization of a part of the menshin
bridge shown in Fig.16 is used in the verification. This pan consists of a single RC column and
IWO bearings connected to the girder. The weight of the upper mass representing the girder is 1032
tf and that of the lower mass representing the column is 244 tf. The deformation-resistance
relationships of the the Menshin bearing and the RC column are shown in Fig.11. The hysteresis
loop of the bearing is assumed to be bi-linear as shown in Fig. 5. On the other hand tile hysteresis
of the RC column is assumed to be hi-linear as shown in Fig. I8. Only hysteretic damping is
considered in the dynamic response analysis. The input seismic motions are the same sWldard
waves shown in Fig. 6 and their amplitudes are appropriarely factored to make bodt springs
nonlinear. The maximum responses of the analysis are tabulated in Table 3 and the spectrums of
acceleration responses at each mass are shown in Fig.19 for three types of the input seismic
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motions. The values used in the comparison are the ductilities of both springs defined as follows:

where

Bearing:

Column:

(22)

(23)

Uby : the yield relative displacement of tre bearing
U...... : tre maximum relative displacement of the bearing
UC'f : the yield relative displacement of the column
Uanu : the maximum relative displacement oftre column.

In the case of the nonlinear time-history analysis these values are calculated from the maximum
relative displacements of both springs which are listed in Table 3. On the other hand for the "double
mass energy method" the maximum relative displacements obtained from Equations (16) and (17)

are used in Equations (22) and (23). In this estimation a was set to 0 and (3 to 1.2 . The ductility
factors obtained from the nonlinear time-history analysis and the "double mass energy method" are
shown in Fig.20.

From the result of the precise response analysis as shown in Fig.19,it appears that first mode is
the primary mode at the girder. Therefore the assumption in the "double mass energy method" is
considered to be appropreate for the rnenshin bridge. The maximum difference between the ductility
factors estimated by the "double mass energy method" and the more precise analysis is 1.3 at tre

analytical ductility of 5.4 for the RC column. As seen in Fig. 20(a) the estimated ductility values
are tightly distributed in the neighborhood of the perfect fit line. Therefore. it appears that the
ductility of the column during a strong eanhquake are well estimated by the "double mass energy
method". On the other hand the maximum difference of the ductility factors of the bearing estimated
using the proposed simple method and the more precise analysis is 4.4 at the analytical ductility
value of 20.8. In addition, the estimated values are consistently lower as is evident in Fig. 2OCb).
Therefore. the new method can be considered to be inapplicable for estimating the maximum
response of the bearing but to be possible to apply the estimated value multiplied by any coefficient
for the design of the menshin bridge.

CONCLUSION

(I) The equivalent energy method proposed by A. S. Veletsos and N. M. Newmark can be
successfully used to estimale the maximum response of a single-mass system with a
nonlinear spring during a seismic exciralion in the range where the ductility factor is less
than 10. However, the enor in the estimation dramatically increases for ductilities beyond
10. 1be maxirnwn strain energy of the nonlinear system using the equivalent energy
method is consistently smaller than the real maximum energy in the higher range of the

ductility factor. It appears that in the higher range, the maximum strain energy should be
estimared by using a linear system not with a hard spring having the initial stiffness of the
nonlinear spring but with a softer spring.

(2) "Single mass energy method" is developed to estimate the maximum response of a
4-9



nonlinear single-mass system in the higher range of the ductility factor. Comparisons with
the results of a nonlinear time-history analysis indicate that the maximum response of the
nonlinear single-mass sysrem is well estimated by the new method in the range of the
ductility factor beyond 10.

(3)" Double mass energy method" is developped to estimate the maximum response of both
masses of a nonlinear double-mass system during a seismic motion. In this method an
assumtion is made that the fIrSt mode is the primary mode of vibration during the seismic
excitation. To verify the applicability of this method for a Menshin bridge. the maximum
responses of a Menshin bridge subjected to a strong eanhquake are evalua1ed by this
method and compared to the maximum responses obtained using a nonlinear time-history
analysis. The comparison indicate that the maximum responses of the nonlinear RC column
are well approximated by the new method.
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Table I Maximum Responses of Nonlinear Response Analysis for Skelton 1

Maximum Maximum Maximum Maximum
Input Acceleration Acceleration Deformation Force of Plasticity
Motion of Input Motion Response Response Spring Factor

(gal) (2al) (em) (to

360 487 23.7 512.5 16.5

300 392 17.5 412.4 12.2

250 317 12.7 334.0 8.8

Wave I 200 249 8.3 262.5 5.8

150 199 5.0 210.0 3.5

100 163 2.7 171.5 1.9

70 147 1.6 154.6 I.l

417 509 25.1 535.7 17.4

350 385 17.1 405.3 11.9

300 304 11.8 320.3 8.2

250 235 7.4 247.9 5.1
Wave 2

200 199 5.0 209.8 3.5

150 177 3.6 186.2 2.5

100 168 3.0 177.4 2.1

50 151 1.9 159.1 1.3

443 511 25.3 538.5 17.6

400 418 19.2 440.7 13.3

350 350 14.8 368.5 10.3

300 302 11.7 317.9 8.1

Wave 3 250 260 9.0 274.1 6.3

200 222 6.5 233.3 4.5

150 189 4.4 199.3 3.1

100 172 3.3 181.1 2.3

50 151 1.9 159.0 1.3
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Table 2 Maximum Responses of Nonlinear Response Analysis for Skelton 2

Maximum Maximum Maximum Maximum
Input Acceleration Acceleration Deformation Force of PlasticityMotion of Input Motion Response Response Spring Factor

(2al) (2al) (em) (tft

360 514 6.4 541.1 1.8

400 524 7.6 552.3 2.1

450 542 9.6 571.2 2.7

Wave 1 500 565 12.2 595.2 3.4

600 624 19.0 657.7 5.3

700 712 28.9 749.6 8.0

800 811 40.1 854.4 11.1

417 540 9.4 568.6 2.6

250 507 5.7 534.2 1.6

500 554 11.0 583.4 3.1

600 585 14.5 616.0 4.0

Wave 2 700 598 15.9 629.7 4.4

900 666 23.7 701.4 6.6

1000 735 31.5 773.8 8.8

1100 840 43.4 884.4 12.1

1200 954 56.3 1004.7 15.6

443 556 11.2 585.4 3.1

150 503 5.2 530.0 1.4

200 514 6.5 541.9 1.8

600 581 14.0 611.5 3.9
Wave 3

700 625 19.1 658.8 5.3

800 689 26.3 725.6 7.3

900 752 33.4 792.1 9.3

1000 810 40.0 853.6 11.1
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Table 3 Maximum Responses of Nonlinear Response Analysis by Idealized
Using Double-Mass Mode of Menshin Bridge

Input Condition Result of Analysis

Input
IMax. Maximum Maximum Maximum Plasticity Maximum PlasticityAcc.of Accelelation Acceleration Relative Disp. Relative DispSeismc Factor of Factor of

Motion
Input of Girder of Column of Bearing Bearing: J,i

of Column Bearing:/.l
~~~n (gal) (gal) (cm) (em)

360 458 843 21.8 15.1 5.5 1.5

396 493 953 24.1 16.7 8.1 2.3

432 529 842 26.5 18.4 10.8 3.0
Wave 1

468 562 970 28.7 19.9 13.8 3.8

504 581 1008 29.9 20.8 17.7 4.9

540 597 1031 31.0 21.5 21.7 6.0

417 503 1398 24.8 17.2 9.6 2.7

350 392 1154 17.5 12.2 4.3 1.2

375 433 1151 20.2 14.0 5.8 1.6

Wave 2 400 473 1235 22.9 15.9 8.1 2.3

425 527 1322 26.1 18.1 9.7 2.7

450 579 1066 29.7 20.6 10.7 3.0

475 578 1098 29.7 20.8 13.8 3.8

443 520 1169 25.8 17.9 11.4 3.2

354 420 1071 19.4 13.5 3.9 1.I

Wave 3 399 486 1185 23.6 16.4 7.8 2.2

487 554 1194 28.1 19.5 17.1 4.8

531 596 1144 30.8 21.4 19.3 5.4
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CURRENT CALTRANS ANALYSIS METHODS OF BRIDGES
ISOLATED WITH BI-LINEAR HYSTERESIS BEARINGS

L.H. Sheng!, J.S. Hwang2 and J. H. Gates3

ABSTRACT

Two methods were recently proposed by the California Department of Transportation

(CALTRANS) for the analysis of bridges isolated with bearings whose hysteresis behavior can

be appropriately represented by a bi-linear model. In the first CALTRANS proposed method,

the hysteresis behavior of a base-isolated regular bridge was idealized by a bi-Iinear model in

the direction of consideration. Based on the hysteresis loop of the entire base-isolated bridge,

an empiricallOode1 was used to detennine the effective period and equivalent viscous damping

ratio of the bridge. In the second CALTRANS proposed method, the empirical model was

employed to detennine the effective stiffness and equivalent damping ratio of isolation bearings

rather than the base-isolated bridge, and a modal strain energy method combined with the

concept of component energy ratio was utilized to formulate the "composite damping ratio" of

the entire base-isolated bridge. A five-span regular bridge subjected to three design earthquakes

and ten recorded ground motions is employed to investigate the accuracy of prediction using

CALTRANS proposed methods. The analysis results are compared with those from the analyses

using AASHTO isolation guide specifications, JPWRI menshin design manual and the inelastic

analysis program DRAIN-2D.

INTRODUCTION

The bridge engineering society has recently adopted equivalent elastic seismic analysis methods
for practical analysis of base-isolated bridges. Various equivalent elastic models have been
provided among others by the American Association of State Highway and Transportation
Officials (AASHTO) (Guide Specifications 1991; Mayes, et a1. 1992), the Japanese Public
Works Research Institute (JPWRI) (Manual 1992), and the New Zealand Ministry of Works and
Development (NZMWD) (Design 1983). All of these equivalent elastic models have been
developed primarily based on: (1) the formulation of the equivalent (or effective) viscous

1. Senior Bridge Engineer, Division of Structures, California Department of Transportation,
1801 30th Street, West Building, Division of Structures. Sacramento, CA 95816

2. Civil Engineer, Division ofStnaetures, California Department of Transponation, Sacramento,
3. Supervising Bridge Engineer, Division of Structures, California Department of

Transportation.
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damping ratio and effective stiffness (or period) of isolation bearings and isolated bridges; and
(2) the establishment of an iteration procedure for the design displacements of isolation bearings
corresponding to specified design earthquakes.

The major differences between these equivalent elastic analysis methods are the determinations
of equivalent viscous damping ratios and effective stiffness of isolation bearings and base-isolated
bridges. All of the methods were developed to approximate the maximum inelastic seismic
responses of base-isolated bridges so that the base-isolated bridges can be analyzed and designed
by bridge engineers without complex inelastic modeling. Based on the same purpose, two
CALTRANS analysis methods are formulated in this study with emphasis on the bridges isolated
by bi-linear hystersis bearings such as lead-rubber bearings and elastomeric bearings combined
with yielding devices. The analysis results are compared with various equivalent elastic models
and an inelastic analysis.

CALTRANS PROPOSED METHOD I

An empirical model was obtained (Hwang and Sheng 1993) from a modification of the model
proposed by Iwan (1980) which was employed to approximate the inelastic displacement
response spectra of a single degree of freedom (SDOF) system using an elastic analysis method.
The modified model is used in this proposd method to determine the equivalent damping ratio
and effective period (or stiffness) of base-isolated regular bridges defined by AASHTO (Standard
1991). The base-isolated regular bridge is idealized as a SDOF system in the direction of
consideration. The effective period shift and equivalent damping ratio of the base-isolated regular
bridge are determined by

and

T
~o .. 0.1352 (-!!l - 1) 0.3952

To

(1)

(2)

where ~ is denoted as the "shear displacement ductility ratio" of the base-isolated bridge.

which is defined as the design displacement d j divided by the yielding displacement dy . It is

noted that d j and dy are measured at the bridge deck in this proposed method; ~o = viscous

damping ratio for which a nominal value of 5% is usually assumed; and To, T", ::: the
fundamental period and effective period, respectively, of the base-isolated regular bridge in the
direction of consideration. The formulation of a base-isolated regular bridge shown in Figure
1 is summarized as follows.

The superstructure of the base-isolated bridge is presumed to be relatively rigid in the
longitudinal and transverse directions in comparison with the stiffness of isolation units and
bridge piers (or column bents). The bridge deck is assumed to be continuous over the piers or
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bents, Le., there are no intermediate hinges within isolated spans. Because the hysteresis
behavior of isolation bearings is represented by a bi-Iinear model, the hysteresis loop of the
isolated bridge will generally be a multi-linear curve as shown in Figure 2. The yielding events
during a loading process represent the subsequent yielding at different isolation units. However,
this multi-linear hysteresis curve is approximated in this proposed method by a bi-linear curve
as shown in Figure 2. Th~ corresponding yielding displacement and yielding force are calculated
using

and

(F)1- Kd(d)1

K,.-Kd

(3)

(4)

where K,. = the total elastic stiffness of the isolated bridge which is equal to the sum of the

elastic stiffness of each combined system shown in Figure 1; KII = the total inelastic stiffness
of the isolated bridge which is calculated by summing the inelastic stiffness of each combined
system. The inelastic stiffness of each combined system is detennined assuming the abutment
or pier remains elastic during earthquakes; (d)~ = the smallest yielding displacement among

all combined systems; and (F)I = the yielding force corresponding to the largest yielding

displacement (d)1 of all combined systems, and is expressed in the fonn of

(F)I = E (F,Ji + E (Kdc); [(d)l- (d,Ji]
• •

(5)

where (FY,)i' (dYC)i = respectively the yielding force and yielding displacement of combined

system i ; and (Kdc); = the inelastic stiffness of combined system i .

Using Equations (1), (2), (3) and an iteration procedure, the maximum seismic inelastic
displacement or design displacement at the bridge deck is calculated corresponding to a design
earthquake. The seismic coefficient is then obtained as

F
C '" -' [1 + ex (~ - 1)]

~ W
(6)

where W = the total bridge weight supported by isolation units and ex = the hardening ratio
equal to Kill K,.. The maximum seismic deformations and forces of strUctur! I components of the
base-isolated bridge can then be computed.

In the fonnulations, the base-isolated regular bridge is idealized as a SOOF system in the
direction of consideration. As a result, the proposition is only appropriate for the single mode
analysis. Furthermore, the equivalent damping ratio determined from Equation (2) is applied
directly to the analysis rather lhan employing a damping coefficieOl (Guide Specifications 1991)

4-25



or a damping modification factor (Manual 1992) to scale the 5 % damped design spectra. The
design response spectrum corresponding to the calculated equivalent damping ratio for each step
of iteration should be determined. Thus, the generation of a ground motion time history
compatible with a desired design spectrum is necessary before the establishment of an
appropriate damping coefficient or damping modification factor corresponding to this analysis
method.

CALTRANS PROPOSED METHOD 2

In the second CALTRANS proposed method, the empirical model is used to determine the
effective stiffness and equivalent damping ratio of each isolation unit. Based on Equations (1)

and (2), the effective stiffness and equivalent damping ratio of isolation unit i are given by

(7)

and

(8)

where 11; is the "ductility ratio" and is calculated by (d;); I (d,); which are, respectively, the

maximum and yielding displacements of isolation unit i ; (K,,)j and (Kef!); are the elastic and

effective stiffness of isolation unit i • respectively. With the effective stiffness and equivalent
damring ratio of each isolation unit determined, the remaining task is to determine the effective
stiffness and equivalent damping ratio of the base-isolated bridge. For the combination of the
effective stiffness of isolation units and the elastic stiffness of other structural components, the
procedure is simple and straightforward. Regarding the combination of damping ratios.
Turkington et al (1989) calculated the system damping of the entire base-isolated bridge by
summing the equivalent damping ratio of isolators together with the nominal 5 % damping
assigned for other bridge components. However, the isolation bearings are connected in series
with other bridge components, the direct summation of the viscous damping ratio and equivalent
damping ratio may not be reasonable. In this study, some rational methods proposed by Raggett
(1975) and Johnson and Kienholz (1982) are adopted to formulate the "composite damping
ratio" of the entire base-isolated bridge. According to Raggett's study (1975), the damping ratios
of structural components can be represented by component energy ratios. The overall system
damping ratio is determined by combining the component energy ratios weighted by the
respective ratio of the potential energy of each component to the total potential energy of the
complete system. Similar to Raggett's concept, a modal strain energy method was later
formulated by Johnson and Kienholz (1982) for modeling a constrained viscoelastic layer. This
modal strain energy method was recently applied by Soong and Lai (1991) and Chang et al
(1992) for the analysis of viscoelastically damped building structures. However, only the

4-26



damping contributed by viscoelastic dampers is considered in the fonnulation.

In this study the modal strain energy method is employed to determine the equivalent viscous
damping ratio of a base-isolated bridge. Employing Raggett's concept, the damping contributed
by the isolation units and other structural components are all taken into account. The equivalent

viscous damping ratio or the "composite damping ratio" of the j th vibration mode of a base
isolated bridge is then obtained as

r;~; +J K j +j, (9)

where +j = the j th mode shape vector; ~j = the equivalent damping ratio of isolation unit i

given in Equation (8) or the viscous damping ratios of other bridge components: K, = the

structural stiffness matrix attributed to isolation unit or bridge component i ; and K. = the
stiffness matrix of the entire base-isolated bridge. Based on Equations (7), (8) and (9), an

iteration process is used to determine the maximum inelastic displacement or design displacementdj

of isolation unit i corresponding a design earthquake. Similar to Equation (6), the seismic
coefficient is calculated as

(10)

where ct; = the hardening ratio of isolation unit i which is equal to (Kd ), J(K.)j' 11h:
application of this method will require the generation of design response spectra corresponding
to different equivalent modal damping ratios for the iteration process. This may be better
achieved using an artificial ground motion time history compatible with the desired design
spectrum.

If the superstructure of a regular bridge is assumed to be relatively rigid compared to the
stiffness of isolators and piers in the direction of consideration and if the torsionally coupled
responses are not considered, single mode analysis may be appropriate. Assuming a fixed-base
condition for piers and abutments, the equivalent viscous damping ratio of the base-isolated
bridge shown in Figure I can easily be determined by substituting the following equations of

each combined system i

add

[ 1 + (K"A ] d
j

(Kp)j

(KI1/); d

(Kp)j I
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(12)

- (Ktff)j

(Ktff), + (Kp),

(13)

into Equation (9). (cI»j ,K, and (K~i are the mode shape vector. component stiffness matrix and

system stiffness of combined system i . respectively. The equivalent viscous damping ratio of
the base-isolated bridge for single mode analysis is then derived as

(14)

where (Kp)j' (~p)j = the lateral stiffness and viscous damping ratio of pier or abutment i .
respectively.

ANALYSIS OF AN EXAMPLE BRIDGE

In order to compare two CALTRANS methods with AASHTO (Guide Specifications 1991) and
JPWRI (Manual 1992) equivalent elastic methods. a five-span example bridge is assumed in
Figure 3. Three types of isolation bearings with different mechanical characteristics are used on
the abutments and piers. The mechanical characteristics of each isolation unit are summarized
in Figure 3.

As listed in Table I, ten recorded earthquake ground motions and three design earthquakes are
employed to eltcite the bridge in the longitudinal direction. These three design response spectra
are: (1) the AASHTO isolation design spectrum with A = 0.4 and soil type = SI (Guide
Specifications 1991); (2) the CALTRANS design ARS curves S.6GA51 (Gates 1979); and (3)

the JPWRI design spectrum Sw with soil type I (Manual 1992). Artificial ground acceleration
time histories compatible with the AASHTO and CALTRANS design spectra are generated (Xu

et al 1990). The standard acceleration time history compatible with the S2IJ spectrum for soil
type I provided in the JPWRI manual (Manual 1992) is used. The design spectra and JPWRI

standard S2IJ ground acceleration time history are shown in Figures 4 and 5 respectively.

In the analysis the bridge deck is assumed to be much stiffer than the base isolators and other
bridge components in the longitudinal direction. A nominal 5% damping ratio is presumed for
various components other than the isolation units. The foundation is assumed to be fixed.
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The analysis results show that the convergence of the iteration procedure is satisfied for the
analyses using these 13 earthquake ground motions in spite of different initial trials for the
maximum displacements. A typical example is given in Figure 6 where the equivalent elastic
analysis converges to the same displacement response despite of different initial trials 01 the
design displacements.

The maximum seismic responses of the bridge subjected to the 13 earthquake ground motions
in the longitudinal direction are summarized in Table 1 where the maximum displacements at
the bridge deck and the corresponding total shear forces are calculated using two Caltrans
methods, AASHTO equivalent elastic method and JPWRI bearing capacity method (Kawashima
1992). In addition, the inelastic solutions obtained using the computer program DRAIN-2D
(Kanaan and Powell 1973) are used as exact solutions for comparison purposes. From Table 1
it is observed that the accuracy of prediction using various equivalent elastic models are
acceptable for the purpose of practical design. The largest difference occurs when the bridge is
subjected to the 1966 Parkfield earthquake which was characterized as an earthquake with larger
dispersion (Wu and Hanson 1991). From Table 1 it is also realized that the accuracy of
prediction using equivalent elastic methods also depends on earthquake ground motions.

CONCLUSIONS

Two methods proposed by CALTRANS are summarized in this paper. The analysis results from
Caltrans proposed methods are compared with those frcm AASHTO and JPWRI equivalent
elastic analysis methods and the inelastic solutions of DRAIN-2D. For the 5-span example bridge
subjected to 3 design earthquakes and 10 recorded ground motions. all of the equivalent elastic
models implemented with an iteration process predict the maximum inela'itic seismic responses
with acceptable accuracy. From a practical engineering standpoint, these equivalent elastic
analysis methods may be appropriate for the seismic analysis and design of base-isolated regular
bridges. However. it is realized from Table 1 that the accuracy of prediction is also earthquake
dependent. The development of more sophisticated equivalent elastic analysis models with the
consideration of certain important characteristics of earthquake ground motions may be helpful
in improving the accuracy of prediction.
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DESIGN OF A MF.NSHIN BRIDGE ON SOFl' GROUND

by Aida Hayash!
Research Depart.ent, Pacific Consultants Co., Ltd., Tokyo. Japan

ABSTRACT
As the seismic motion in soft ground contains relatively long period components.
their effects are not easily discernable. Therefore. in a soft ground area the
application of the Menshln (seismic isolation) design method is not recommended.

To satisf30' the severe seismic resisting conditions that are requi red on soft
ground. it is believed that inertial force reduction by applJling Menshln is a
beneficial means for the design of bridge structures on soft ground.

In Japan, many bridge construction 51 tes are located on soft ground classi fied
as Type III Ground. Thus. it is important to determine ~hether or not Menshin
should be applied in soft ground areas.

In this paper the author made an examination to determine whether or nol the
Menshin design is applicable on soft ground by using the design seismic wave that
is to be used on Type III Ground.

In the examination, the following three items ~ere major subjects:
• How to determine Menshin characteristics that can attain a SUfficiently long

period of motion and energy dissipation.
• If it is possible to make bridge piers slimmer by the selected Menshin devices'

inertial force reduction effect.
• Is the Menshin bridge safe even when the pier members become plastic

condition during an extra large earthquake?

Regarding the first item. the
charts when examining the
characteristics for selection.
preparing the charts.

author felt that it .ould be convenient to use
appropriateness of the seismic isolation

In this paper the author proposes the method for

As for the second item, a model bridge ~as used for the study and the bridge's
practical characteristics ~erc selected by using the charts and the range of how
much the pier columns could be made slimmer was then confirmed.

Regarding the third item. the level of safety against the plastic conQltion .as
evaluated by using the equivalent linear analysis method. the equivalent energy
analysis method. and the nonlinear time-history response analysis method.

INTRODUCTION

A.s for the design cri teria of an earthquake resistant design. bo stages of
design earthquakes are to be given by taking into consideration the relationship
between the bridge's service life and the earthquake's return period. One stage
is the seismic coefficient method in ~hich stresses caused by seismic motions in
each member of the structure must be less than the allo~able stress. In the case
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where a bridge has Menshin devices, each beam must not hit other beams nor the
abutment parapet.

The other stage is the ultimate lateral strength method during earthquakes. In
this method, the plastic condition created in part of a structure is unavoidable.
But, a sufficient allowance for the final strain must be provided.

As the seismic restoring force characteristics of Henshin devices change
according to the amount of displacement, an optimum bridge designed using one of
the above mentioned criteria may not be optimum for the other criteria.

Therefore, it is necessary to establish the characteristics of the Henshin
devices by equally evaluating the seismic response of the structures to the two
types of seismic motions. For this reason, the author thought that it would be
more appropriate to evaluate the characteristics by using charts rather than by
mathematically analyzing the optimum values.

The design seismic spectrum in Type III Ground is shown in Fig.
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A CHART FOR ESTABLISHING SEISMIC ISOLATION CHARACTHRISTIC VALUES

In the design of an ordinary bridge, inertial force due to the mass of the
superstructure is predominant and the mass of the substructure may be neglected.
In the parameter study, the bridge model can be simplIfied and, as shown in Fig.
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2, a model of single mass and single degree of freedom consisting of the mass of
the superstructure, the restoring force characteristics of the Henshin devices.
and the restoring force characteristics of the sUbstructure is adopted.

< Superstructure: ,rt'i~ht \\"

;\lenshin Dp\"ice: Eqllinllt'nt Stiffness K1\
Equivalt'nt Damping L~nstaJl~

Substructun·:Eqllivalt'nt Stiffnt.'ss KI'
Equivalent Uamping Constant hi'
~ ._---- --._-

Foundation: Equivalent Stifhwss K f
Equivalent Damplllj.( Constant h F

Pi«. 2 Bridge Model for Para
.eter Study

Fig. 3 Relationship Between Menshin
DevIces' HorIzontal Force and
Displllce.ent

The restoring force characteristics of the Henshin devices ~ere simplified in the
bilinear type model shown i~ Fig.3. and the secant grade stiffness Ki of equation
(1) was set as the equivaleJ.t stf ffness and the damping constant hi of equation
(2) was set as the equivalent damping constant.

( 1 )

( 2)

where, Q. is an apparent yield load that is the value on the vertical axis in
Fig. 3 in which the Menshin devices are assumed to have bilinear type restorIng
force characteristics. ,( is the first grade stiffness, K. the second grade
stiffness. bW the area enveloped by the hysteresis loop of t~e Hensh!n devices,
Wthe area of the triangle OAB. uU, is the effective displacement of the Hensh!n
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devices that is to be 70% of actual displacement u~. But, u, is unkno~n at the
outset of the analysis; thu~. the uij value is assumed at the initial stage.

~atural period T of the entire bridge can be obtained from equation (3) and the
damping constant h of the entire bridge can be obtained from equation (5).

,
K= ---::---"----
~+~+~
K£J K.~ K"

(3 )

(4 )

h=
( 5)

where, g is the acceleration of gravity, K the stiffness of the entire bridge
shown by equation (4), Kp the equivalent stiffness of the substructure, Kf the
equivalent stiffness of the foundation. h, the equivalent damping constant of the
substructure. hf the equivalent damping' constant of the foundation. .<\s the
values of the natural period T in equation (3) are different for the seismic
coefficient method and for the ultimate lateral strength method during
earthquakes, the value for the former method is indicated as T, and the value for
the latter method is indicated as T. in this paper. In the parameter study it
was assumed that the entire pier section is effective for the stiffness of the
pier column. The softening effect that may occur in the plastic condition during
a severe earthquake was neglected.

The initially unknown displacement uij or the Henshin devices can be obtained by
equation (6). If the calculated value deviates from the initially assumed value.
use the calculated value as uB and repeat the above calculation. .4fter
processing several iterations, a sufficiently accurate u~ value can be obtained.

(6)

where K. is the design seismic coefficient sho"n in Fig. 1. In the ultimate
lateral"strength method. ~{ vice K: should be used.

The Henshin devices are rubber bearings having lead plugs. The rubber bearings'
restoring force characteristics can be obtained by equations (7) through (12).
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Qr/"'Ar'q~ (7)

K: ~I'i. SK~

( 8)

F-QK - ('/.2--/1-
(9 )!J

uy - Be ( 11 )
- !'te

q- - 283 .6 y' + 18 3 . 8'Y + 8:> • 0 (Os ysO. 5)

q~2B.3y'-128.1y+163.0 (0.5<ys2.0)
I
I

i
(2.0<ys2.5))

(12 )

where, A) is the cross sectional area of the lead plug, qu the shear stress of the
lead plugs under yield load (85.0 kgf/cm 2 ), Aft the cross sectional area of the
rubber bearinRs, C shearing modulus of rubber (10 kgf/cm 2 ), y effective strain
of rubber, q the shear stress of the lead plugs (kgf/cm 2 ), and ~te the total
thickness of the rubber bearing.

Grades K and K. in the restoring force characteristics of Henshin devices are not
specific" values for the devices. They vary according to the displacement of
Henshin devices (rubber's strain). Specific values for given Menshin devices are
~, rte, and A

1
• By determining these three values. Henshin devices restoring

force characteristics can be decided upon.

The parameter study can be carried out according to the following procedures:
In equation (3), the bridge's natural period T has two values because the
stiffness K is different for the seismic coefficient method and for the ultimate
lateral strength method. To distinguish the two different natural periods,
suffixes are added as Ts for the seismic coefficient method and T: for the
ultimate lateral strength method. Once the natural period T. for the ultimate
lateral strength method is determined. the sti ffness K can be obtained by
equation (3) because the superstructure's weight 'It' Is known. The pier's
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stiffness K, and the foundation's stiffness K, are known. Thus, the Menshin
devices' equivalent stiffness ~ can be obtaIned by equation (4). The Menshin
devices' second grade stiffness K can be calculated by equation (13) that was
derived from equation (1). The Menshin devices' displacement ui is the value
obtaIned by equation (6).

Q
K.~K -~

" JJ r;rlf
(13)

Once ~ and Ite are decIded upon, then, given Menshin devices' specific values
1\. He, and A, can be determined by equations (7) through (12). The rubber
layers' total thickness He is to be obtained by equation (14). Y: In equation
(14) is the rubber layers' strain that is empirically recommended to be 70% of
the allowable strain of rubber material.

( 14)

Seismic response of the hridge by the s~ismic coefficient method can be obtained
by equations (3) through (5) and (7) through (12) using the Menshin devices' Ai'
Ite, and Qd values. At the beginning of the series of these calculatiuns, the
Menshin devices' displacement ui Is unknown. Thus, an assumed ui value should
be used at the first stage and the calculations should be repeated until the
value agrees with the one obtaIn~d by equation (6).

To figure out the parameter study result in order to reference the characteristic
values, each parameter should be expressed as a general index without regardIng
the ~elght of the superstructure as follows: The yield load ratio should be set
up by dividing the Menshin devices yield load Qo by the superstructure's weight
~ as Qd/~' and the parameter of the stiffness of the Menshin devices should be
Indicated by using the natural period of the entire brIdge that can be calculated
by equation (3).

The Characteristics in equations (3) through (5) that are nut specific values are
the substructure's sti ffnesses Kp and KF and the damping constants hp and hF • If
the substructure's structure type and height do no substantially deviate, the
ratios of Kp and ~ to the superstructure's weight Ware almost constant. As the
damping constants hp and hF can be made non-dimensional values, the chart drawn
by those characteristic values can be thought to provide general indexes for
practical use. Thus, the clarified result by investigation using variable
parameters can provide useful indexes for selecting the Menshin devices'
characteristic values at the early design stage.

SELHCTION OF MHNSHIN CHARACTERISTIC VALUHS

Fig. 4 shows a model bridge for parametric study as an example. The
superstructures are 50m long steel box girders that weigh 750 tons each. The 15
m high substructures are made of reinforced concrete. The foundations are the
cast-in-place reinforced concrete pile type having 1.0 • diameter piles. The
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Menshin devices' yieln load ratIo Q;/~ ~as changed within a range of bet~een 1%
to 17% ~hile the rubber stiffness "as gradually changed from absolute stiff
towards a less stiff value.

Soft ground. known In Japan as Type III Ground In the seismic design code. ~as

selected for the example, The relationships bet~een the bridge's design seismic
coefficients and the damping constant. and the generalIzed parameters ~/~ and
T: are shown in Figs. 5 through 8,

\atural periods sholoin as T. on the horizontal axes in FIgs. 5 and 6 were
calculated from equations (3) and (4) hy using the equIvalent stiffness of the
Menshin devices under the design seismic coefficients for the ultimate lateral
strength method.

FIgs. 7 and 8 show the results obtained by using the seIsmic coefficient method;
but. the natural period is shOloin as T. vice T on the horl zontal axes and I s the
same as those sho~n In Figs. 5 and 6. - Thus. the same values of T. correspond to
the same Menshin devices.

o
8
10

3500
2300 (\\'hen K h wa" reduced 1(\0&\

2000 l\\'hel1 Kh wa" reduced 20°&)

FiS. 4. General Features of a Model Bridge
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From Fig. 6, it can be seen that the bridge's damping constant in the ultimate
lateral strength method increases according to the increase of the yield load
ratio Qd/\\ of the Menshin devices in the range of 1 to 17% of Q,/\\. On the other
hand, from Fig. 8, it can be seen that the bridge's damping constant in the
seismic coefficient method becomes maximum at about Q./\\=II% then decreases ~hen

QoI\\ exceeds 11%.

In the seismic coefficient method, the compensating coefficient rate c. that Is
based on the damping constant h becomes 0.9 when the bridge's damping constant
exceeds 10% and the design seismic coefficient decreases due to the energy
dissipating effect. As a result, the substructure's material amount can be
reduced.

In Fig. 8, the area where the bridge's damping constant in the seismil
coefficient method exceeds 10% is in a range ~here the yield load ratio Qri\\ is
greater than 3% but less than 15%. This area is thought to be the boundary of
~/\\ in which it is possible to reduce the substructure's material amount. Thus.
from Figs. 5 through 8, three cases of the combinations of the characteristic
values that may possibly be used for practical design were selected and adopted
for the design of this example.

In Case 1, the maximum value of ~/\t,' ~as set as 15% and the natural period T: was
set as 1.6 seconds to limit the amount of the displacement of the Menshin
devices. If T. is less than 1.6 seconds, the thickness of the Menshin devices
becomes too thtn and the lead plugs' width to length ratio becomes less than
1.25 6 which is recommended to be the empirical limit value.

This case was intentionhlly selected to accomplish the Menshin devices' energy
dissipating effect without much perioct shift effect.

In Case 2, Qd/\\ and T: were so assorted that the design seismic coefficients K:
and K:( could be the minillum, then Qd/\t,'=8.6% and T:=2.9 seconds were selected.

In Case 3, Qd/\\ was set as the lo~er limit 3%. and T: ~as set relatively long as
2.2 seconds. This case was intended mainly for the period shift effect but not
for counting much energy dissipating effect of the Menshin devices.

The obtained structural responses are sho~n in Table 1. The dimensions and
material characteristics of the Menshin devices are sho~n in Table 2.
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Table 1 Structural Response When Henshln Devices Were Used

Case 1 Case 2 Case 3

Seismic isolation Devices' Specific 15.0 8.6 3.0
Yield Load Ratio Q,/~(%)

lltimate Lateral Strength Method:
Bridge's \atural Period T.(s) 1.6 2.9 2.2
Seismic Isolation Devices; Damping

Constant h
H

(%) 15.92 10.71 2.88
Bridge's Damping Constant h(%) 12.96 10.15 3.54
Design Seismic Coefficient K. r 0.8 0.7 0.94
Substructure's Bearable Seismic

Coefficient 0.945 0.723 0.945
Seismic Isolation Devices'

Displacement u;(cm) 35.75 129.9 95.21
~

Seismic Coefficient Method:
Bridge's \atural Period T,(s) 0.769 1.895 1.852
Seismic Isolation Devices' Damping

Constant hs(%) 15.19 26.87 11. 14
Bridge's Damping Constant h(%) 10.4C 23.77 10.94
Design Seismic Coefficient K. 0.27 0.23 0.23
Substructure's Bearable Seismic

Coefficient 0.27 0.24 0.27
Seismic Isolation Devices'

Displacement ui(cm) 1.30 17.60 18.16

Table 2 Details of Selsalc Isolation Devices

Case 1 Case 2 Case 3

Lead \umber 4 1 1
Plug Diameter D (em) 14.5 22.0 13.0

Shearing Modulus
(kgf/cmzl 10 8 10

Rubber Size (em) 115 x 115 145 x 145 120 x 120
Layer Total Thickness

I:te (em) 17.0 94.3 39.2
Layer Thickness

te (em) x \um~er 3.4cm x 5 2.3cm x 41 2.8cm x 14

~'hen rearranging the dimensions of the pier whose cross sectional area was
reduced by the effect of the Menshin design, the obtained results are as follows:
The pier column width in the beam direction was 2.6m without Henshin devices.
But, with Menshin devices, it became 2.3m in Cases 1 and 3 and 2.0m in Case 2.
The design seismic coefficient K. could be reduced by 101 in Cases 1 and 3 and
201 in Case 2 comparing with the"coefficient without Menshin devices.

HPPHCT Of PLASTIC CONDITION IN SUBSTRUCItJRH

In the investigation at the early design stagt, the stiffness of the pier column
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was regarded as the stiffness of the yield point, It is believed that the effect
of the substructure's plastic condition can be neglected to reduce repetitive
calculations when the preliminary investigation is to be condlicted. Thus, the
value k:, that was obtained in the calculation was a provisional one. The value
k:,'W was compared ~Ith the column's allowable strength ~ obtaIned by equation
(17) to examine the stability of the pier column. The value k., obtained b~'

equation (15) [s based on the equivalent energy method.

t'I -6 ..
~ =1"'_"'__"

4 «'fir

(15)

( 16)

( 17)

where. 0, and 0, are the substructure's displacements at its ultimate and yielded
stages, The s~fety factor of a is 1.5. ~ and ~ are the horizontal forces on
the pier column at the ultimate and yield stages. P, is the allowable ductility
ratio.

EVALUATION OP THE PLASTIC CONDITION AT THE PIER BOTIOM WITH OTHER HETHOD

In this section the author examined further the plastic condition of the pier
bottom by using a different method. In the procedure, the calculations were made
by equally linearizing not only the Henshin devices' characteristics but also the
pier'S restoring force characteristics. Then, the ductility ratio p created by
the substructure's deflection displacement 0, ~as obtained. The ductility ratio
P obtained by equation (18) is tu be compared ~ith the allo~able ductility ratio
~ of the pIer column ~hen the stability of the pier column is being examined.
The allo~able ductility ratio PI of the pier column can be obtained by equation
( 16) .

_ 6
I!-

~y
( 18}

In this procedure, the hysteresis loop ~as prepared by settIng up the
relationship between the substructure's horizontal force and the dIsplacement as
sho~n in Fig. 9 by referencing the continually degrading model that was proposed
as the reinforced concrete member's time-history restoring force characteristIc
model/ The author thought that the substructure's restoring force
characteristic ~ould be expressed by the bilinear type hysteresis loop as shown
in Fig. 10, and obtained the equivalent stiffness ~ by equatIon (19) and the
eqUivalent damping constant hI by equation (20).
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P
K =---!L ... X (19)

P () U
J'lF

\oIhere, P, is the value on the vertical axis \oIhen the substructure has the
bilinear'type restoring force characteristic as sho\oln in Fig. 10. K, is the
secant grade stiffness at the yielding time, and K

u
is the tangent grade

stiffness after yielding. 0" is the substructure's effective displa~ement and
is 70% of the displacement 0;.

u.-.--

Displacement

Fil. 9 Relationship between the Horizontal Force on the Substructure and the
Displace.ent's Blasto-plasticity.
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Fig. 10 Equivalent Linearization of the Substructure's Restoring Force
Characteristics

The design earthquake used in this section ~as the standard acceleration response
spectrum S, given by equations (21) and (22). These ~ere proposed by reference
1) as the' input seismic motion for evaluating the ultimate lateral strength
method.

c = 1. 5 +0.5
L' 4oh+l

(21 )

(22)

where, C! and C1 are compensation coefficients for region and importance
respectively. CD is a compensation coefficient for each damping constant. S:c
is given by the standard acceleration response spectrum shown in Fig. 11.
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:\ Clt lila I I't>riod T hec.l

Pi«. 11 Standard Acceleration Response Speclru.

The structure model used for the example ~as the same as the one sho~n in Fig.
2.

Structure responses obtained by applying the equivalent linear analysis method
to the three cases in Table 1 that kere used for the ordinary design method are
sho~n in Table 3.

Table 3 Structure Responses Obtained by Applying the Method Described
In This Section

Case 1 Case 2 Case 3

Seismic Isolation Devices'
Displacement ua(cm) 28.88 88.14 67.91

Pier Column's Deflection
Displacement 6(cm) 30.12 16.55 29.69

Pier Column's Yield
Displacement 6.(cm) 6.381 7.204 6.381

Pier Column's Ductility Ratio p 4.720 2.297 4.652
Pier Column's Allowable

Plastici t~· Rale p 2,867 2.429 2.867

NONLINEAR RHSPONSE ANALYSIS

The nonlinear time-history response analysis method kas applied to the three
cases in Table 2. The obtained results were compared with those obtained by the
above-mentioned methods. In this analysis. a model having the four masses and
seven degrees of freedom shown in Fig. 13 were used.

The time-history characteristic having the bilinear type envelope shape was given
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for the Menshin devices' restoring force. The tim.e-history characteristic having
the tri-linear type continually degrading model: sho...n in Fig. 9 ...as gIven for
the pier column's restoring force.

The incident seismIc ...ave used in the example ...as the standard acceleration ...ave
pattern shown in FIg. 12. The seIsmic ...ave ...as made so that the response spectrum
...ould fit well to the standard acceleration spectrum in Fig. 11.

The results of the analysis are sho...n in Table 4 and Fig. 14.

(gal)
500

-500

Or-I------r---,...liO----,r----2'T"iO----,r----3'T"iO---r----~~----,----~~ (sec.)

Fig. 12 Incident Seis.ic Wave

« Superstructure

Menshin Device

Pier Column

Foundation

FiS. 13 Structure Model for the Nonlinear Ti.e-hlstor)' Response Anal)'sis Method
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Fig. 14 TIIR-hislory or Horizontal Forces Acting on tbe Menshin Devices and Pier
Coluan and Their Reactions
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Table 4 Results of the Nonlinear Ti.e-History Response Analysis

Case 1 Case 2 Case 3

Seismic Isolation Devices'
Displacement u,(cm) 18.65 62.58 56.72

Pier Column's Deflection
Displacement 6, 13.77 11.79 19.44

Pier Column's Yield
Displacement o\(cm) 6.381 7.204 6.381

Pier Column's Ductility Ratio p 2.157 1. 637 3.046
Pier Column's Allo~able

Plasticity Rate p. 2.867 2.429 2.867

As seen in Table 4. the ductility ratio p obtained from the substructure's
deflection displacement 0 were smaller than the allo~able ductility ratio p. in
Cases 1 and 2. '

On the other hand, in Case 3 in ~hich the yield load ratio ~/~ ~as set small as
3%. the ductility ratio p was slightly larger than p and the substructure ~as

evaluated as being uncertain in its plasticity.' The Henshin devices'
displacement ua is considerably smaller than the one in Table 1 ~hich ~as

obtained by the ordinary design method. The Menshin devices's displacement value
in Table 3 which was obtained by the equivalent linear analysis method is much
closer to the value in Table 4 than it is to the one in Table 1. Thus. it can
be evaluated that the value in Table 3 indicates a realistic displacement value
of the Menshin devices.

As seen in Fig. 14, the Menshin devices demonstrated a constant energy
dissipating effect. But, the substructure reached the maximum displacement in
the plastic condition within one cycle seismic motion. It is believed that the
structure response was controlled by energy dissipation occurring ,"hen the
displacement exceeded the yield displacement.

CONCLUSION

The following aspects became clear through the examination described in this
paper:

1) It is possible to apply the Menshin design method to bridge structures even
on soft ground (known in Japan as Type III Ground), and it is possible to
make pier columns slimmer even if the amount of the displacement of the
Henshin devices' displacement is limited to a certain range.

2) Of the three cases selected at the early design stage, the Henshin devices'
displacement of Case 1 was the smallest value. 36 em. ~ith this level of
displacement, it is possible to design a bridge haVing Menshin devices ...hose
stress would be sufficiently smaller than the allowable amount.

3) In case 2, the Menshin devices' displacement exceeded 120cm. It is thought
that the large displacement was calculated because the decrease of the pier
column's stiffness due to the plastic condition ...as not taken into account
in the calculation. ~~en the decrease of the pier column's stiffness due
to the plastic condi tion was taken into account. the displacement was
calculated as being SScm. It was also calculated as being 63cm by the
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nonlinear response analysis method. Of the three cases, Case 2 sho~ed the
largest inertial force reduction effect.

4) In Case 3. the Menshin devices having relati\'el~' poor ~ were selected b~'

mainly expecting the period shi ft effect but not count! ng much on the
Menshln devices' energy dissipating effect. At the early design stage,
this case seemed to be applicable for practical use. But. it lOas found that
the pier 100uid be subjected to an excessive plastic deformation IOhen the
bridge is hit by a seismic motion that is equivalent to the one used for the
ultimate lateral strength method.
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ABSTRACT

Whether specifically carried on seismic isolation bearings or, as is more usual, supported on
normal bridge bearings, bridge decks require displacement control to prevent the deck falling
off the supporting structure in strong seismic shaking.

Transverse restraint is frequently provided by some form of slack ·key· whereas longitudinal
movement is often controlled by using the abutments as buffers. Such restraints have to be
designed to allow normal differential movements such as are prompted by thermal changes,
traffic vibration and braking, or small earthquake shaking, but they must be capable of surviving
strong earthquake motion generated displacements. It is a matter of concern lest the protection
conferred by the flexible bearings on piers, columns or abutments may be depleted significantly
by the effects of shock throughout the bridge as the displacement control is activated.

This paper describes progress with an ongoing project involving the mathematical modeling of
a simple bridge structure supponed on bearings such that the longitudinal natural period is
substantially lengthened from the non-isolated condition. Provision is made for the
superstructure to be subjected to longitudinal displacement control as the deck impacts the
abutments, or stops provided at the tops of the pier walls or columns, under the action of strong
ground motion.

BACKGROUND

Californian efforts in seismic isolation of bridge structures have been directed primarily at
retrofitting by installing isolation bearings at the top of columns to reduce the loads experienced
by the suppon structure in strong seismic shaking [1]. Few modified structures have yet
experienced significant ground motion.
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The Sierra Point Overhead, carrying route 101 over a railroad line close to San Francisco
international airport, was constructed in 1956 with welded steel girders supponed on concrete
columns to provide a ten span, eight lane bridge. As a result of analyses which indicated that
the structure was seriously earthquake resistance deficient and in recognition of the difficulty in
completing a superstructure strengthening program without seriously disrupting the operation of
the railroad, prior to the 1989 Lorna Prieta earthquake thirty six existing steel bearings were
replaced by lead filled rubber units in anticipation that the demand on the columns would be
greatly reduced in future earthquakes. Durin~ the Lorna Prieta event instruments recorded
accelerations of the order of 0.38 at the column tops but the shaking was insufficient to activate
the isolation bearings and no appreciable difference was detected above and below the isolators.
Some spalling of one abutment structure was observed but the force levels generated were not
sufficient to fracture the backwall haunch and thereby to allow significant displacements to occur
[2].

The Eel River Bridge, originally of three 300 foot steel truss configuration, suffered a span
collapse in a flood CLOd was rebuilt with lead filled rubber isolators incorporated at the truss
supports to protect the otherwise seismically inadequate piers. In the first meaningful strong
motion test of a base isolation bearing retrofitted bridge, this structure behaved well in the April
1992 P~trolia earthquake [3]. The isolated truss spans moved approximately eight inches
longitudinally and four inches transversely, subsequently recentering themselves when the
shaking ceased. Although the Eel River Bridge was not instrumented, records made on the
nearby Painter Street Overcrossing in Rio Dell included 0.55g and 0.39g in the longitudinal and
transverse directions respectively. It can be concluded that this structure behaved as it was
intended to do when subjected to strong ground shaking.

Japanese advances in the area of Menshin design [4] are impressive and the basic characteristic
of devices such as expansion joints, stoppers and knock-off abutments are well understood. The
outstanding experimental test facilitie~ available to Japanese development engineers undoubtedly
encourage a prototype testing approach to innovation in bridge engineering.

Mutual benefit is likely to be obtained from the combined resources of Japanese and U.S.
researchers if the strengths of each of the participating groups are exploited. Since the hardware
and software facilities available in the U.S. are at least comparable .'lith those available in Japan,
it is more than probable that a worthwhile U.S. contribution can be provided by the
establishment of analytical tools which will allow mathematical modelling to be carried out and
the direction of further experimental investigations to be influenced by results of such theoretical
studies. This ambition prompts the ongoing project which forms the basis of this paper.
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ANALYSIS TOOLS

Several computer Lased mathematical modeling codes are available to facilitate analysis of base
isolated systems. S'Jccess [5] in using the MARC k.5 nonlinear, general purpose, finite element
code (6) in an investigation of the mechanics of elastomeric seismic isolation bearings influenced
its use in the current project. The MARC code is specifically designed for non-linear application
and includes provision for three dimensional contact and incompressible materials such as
elastomers. Additionally the MARC code has provision for large displacement and can cope
with the significant deformations suffered by seismically isolated systems. The code includes
a CONTACT option which enables detection to be made of deformable body to deformable body
or of rigid body to deformable body contact and also a gap eleme:tt. This provides for gap and
frictional connections between any two nodes of the structure. Essentially the element is based
on imposition of a gap closure constant and friction stick or slip via Lagrange multipliers. The
element is implemented as a four node link. The first and fourth nodes have Cartesian
displacements to couple to the rest of the structure. The second node is the gap node; it has one
degree of freedom, the force being carried across the !ink. The third node is the friction node
with degrees of freedom corresponding to the frictional force being carried across the link and
the net frictional slip.

ISOLAnON CONSIDERAnONS SPECIFIC TO BRIDGES

Whereas the objective in seismic base isolating a building is usually to reduce the earthquake
loads sustained by the superstructure, or to protect the contents, the aim of seismically isolating
bridges is different. Since the earthquake vulnerable portions of bridges are normally not the
superstructure but rather the abutments, columns and pier walls, and their foundations, it
is for the benefit of these components that seismic isolation is likely to be adopted.

In rare cases such as a bridge with very high piers some form of isolation may be incorporated
at the base of the piers [7] but the great majority of applications involve the isolation of the deck
structure from the substructure, typically by installing isolators at the top of the columns, pier
walls or abutments. The objective is both to redu~ the seismic loads and to distribute then in
a manner appropriate to the relative st--engths of the various suppan elements. Current
AASHTO requirements [8] call for adequate clearance to be provided for the displacements in
either of the two orthogonal directions however displacements in the longitudinal direction of
a bridge usually have to be limited to minimize the problem of carrying traffic across the seismic
gap, although innovative solutions to this restriction have been developed [4]. AASHTO
recognizes such possibilities by allowing a design alternative in the longitudinal 1irection,
namely the provision o~ a knock-off abutment detail but does not indicate specifically how lUly
adverse results of the impact should be addressed.

Since the pier walls, columns and abutments aT: not isolated from ground motions, they behave
as separate structures, albeit with some top restraint which, particularly in the situation when
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displacement control devices are present, will be distinctly non-linear.

The concern in the case of seismically base isolated buildings subject to displacement control is
whether the superstructure will suffer from shock loads that would manifest themselves as sharp
spikes on the floor response spectra. In the case of bridges the possible detrimental effect of
superstructure base isolation is more likely to be the introduction of shock loads to the columns,
pier walls and abutments. It is to this concern that the current investigation is addressed.

COMBINATION OF ISOLATOR. AND SUPPOR.T PROPERTIES

When a seismic base isolator is installed at the top of a bridge column, beneath the deck
structure, the parameters of the column combine with those of the isolator to provide composite
dynamic characteristics of the support. The characteristics of the overall superstructure isolation
system then reflect the combination of the individual composite dynamic parameters [7].

For most practical situations, the superstructure mass is much greater than that of the column
and hence the first mode of vibration is dominated by the superstructure whereas the second
mode involves lateral motion of the top of the column with little movement of the superstructure
(Figure 1). The effect of having a lateral flexible column beneath a given isolator is to reduce
the stiffness of the support compared with the situation in which the same isolator sits on a rigid
base. If all the superstructure moves together in essentially rigid body lateral motion the
individual support stiffnesses can be combined to determine the total stiffness and the overall
damping is a weighted sum of the individual values.

(11)

Figure 1. Lateral direction mode shapes, bridge deck supported on
single column (a) non-isolated and (b) isolated

The initial analysis undertaken in this project was that of a bridge pier wall support, being part
of an idealiud two full and two half bay road bridge (Figure 2). Subsequent work will involve
extension to the complete structure.
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Figure 2. Idealized bridge

IDEALIZED BRIDGE

For the purpose of analysis the idealized reinforced concrete structure shown ~n Figure 2 is
assumed to be of 20 f1. width and to have a uniform slab deck 18 inches thick which is free to
slide at the abutments. All the mass is assumed carried on the three pier walls, each being 18
fl. high and of 20 fl. x 1.5 ft. cross section. The longitudinal fundamental frequency, assuming
each pier wall to be fixed at its base and pinned at its top, is approximately 2.8 hz.

FINITE ELEMENT ANALYSES

A typical pier wall was modeled \.Ising thirty six, six inch long, two dimensional beam elements.
The first node, corresponding to ground level, is restrained in all directions to simulate a fixed
base condition. Excitation was applied though the first node as horizontal acceleration
representative of the 1940 N/S El Centro motion.

To verify the model, modal analyses were conducted on the fixed base (Figures 3 and 4) and
isolated systems (Figures 5 and 6). Good agreement was obtained between hand calculations and
the frequency from the F.E. analyses.

Two models were examined. One had the deck fastened to the top of the pier by way of a pin
and the secoJld had the deck isolated form the top of pier wall by being connected by a linear
spring of stiffness 21.43 kips per foot, the period of the deck on the support then being 2.8
seconds. This spring represented the isolator. Restraint was provided to the deck in the y
direction, only x translation being permitted.

Dynamic analyses were undertaken to determine the displacement response of both the top of
the pier and of the deck (Figure 7 and 8). The beneficial effects of isolation are illustrated in the
acceleration plots shown in figures 9 and 10.

Displacement control of the deck with respect to the top of the pier was simulated by pl'O\'iding
a + 9 inches gap or rattle space between the top of the pier and the displacement limit provided
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by the deck. The adverse effect of isolation with impact is evident from the acceleration spikes
in figure 11. It is noted that the dynamic transient analyses were performed with 0.02 second
time step and Rayleigh damping coefficients 0.233 and 0.0013 for the mass and stiffness
respectively.

CONCLUSIONS

The analyses undertaken to date indicate that the MARC coding provides a viable method of
determining the effects of displacement control of bridge structures. The next stage is to extend
the analyses to investigate the effects of impact on the pier. Subsequently sensitivityanalyses
involving different choices of input and gap size will be undertaken.
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INTRODUCTION

The basic framework of the natiCJnal highway system on Izu Peninsula in Shizuoka Pre
fecture is fonned by Highway 135, which winds along the east coast of the Izu Peninsula, and
Highways 136 and 414, which originate at Shimoda City and extend along the west coast of
the peninsula to Mishima City. These highways contribute to development and tourism in Izu.
Measures must be taken to deal with the traffic congestion that occurs on all parts of the pen
insula as a result of the fact that most of the 80 million tourists and other travellers visit Izu
Peninsula each year by car. As one measure to alleviate this problem, a 13.8 Ian stretch of
highway is being built to smooth the flow of traffic in central tzu. One 5.2 Ian section on the
Trans Izu Highway is a high-standard trunk road connecting Kannami-chou Tsukamoto to
Shuzenji, where traffic congestion is particularly severe. The other section is an 8.6 Ian bypass
on National Highway 136.

The Ohito Viaduct. with length of l.929 m will be constructed in the Ohito-ehou district of
Tagata-gun in Shizuoka Prefecture as part of the high-standard trunk road (Trans Izu High
way) section of the above project (See Figure 1 and Photo 1).

This paper presents planning of this viaduct and describes the design plan of a super
multi-span continuous Menshin bridge.

Photo 1. Location or the Ohilo Viaduct Project
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SUMMARY OF THE OHITO VIADUCT

The Obito Viaduct. which will be constructed alon8 the bank of the Kano River. will
link the lUnogawa Interchange to the Ohito Interchange on the planned highway. This viaduct
will consist of a series of five bridges. Table 1 Shows the bridge type adopted for each bridge.

From the beginning of the project. multi-span continuous bridges were planned to im
prove the maintainability and the road service standards. Bridge 2 is planned to be a 29-span
continuous PC hollow-slab bridge with bridge length of 725 m. which will be the longest
concrete bridge in Japan. Furthermore Menshin design is adopted for this bridge, A number
of Menshin bridges have been constructed since 1991 when the Miyagawa Bridge which is
the f1fSt Menshin bridge in Japan in Shizuoka Prefecture have been opened to traffic. Then the
Menshin design is being widely applied for jointless measures for existing simply supported
bridges. Furthennore. basic research on super multi-span continuous Menshin bridges. such
as the Obito Viaduct bridges. has been conducted as part of the "1oint Re,.llearch Program on
the Development of Menshin Systems for Highway Bridges", which is a joint government-
private sector research project. As a result of this research. the super multi-span continuous
Menshin bridge has been proposed as a bighly feasible type of bridge, and studies are under
way for its practical application, Before it can be applied to real bridges. solutions must be
found to many unsolved problems. To prepare for the design work on these bridges, the basic
design policies were established through the deliberation and guidance by the "Obito Viaduct
(Super multi-span Continuous Menshin Bridge) Committee of Inquiry" (Chairman: Dr. M.
Fujiwara, Director of the Bridge and Structure Department. Public Works Research Institute.
Ministry of Construction).

FIgUre I. Location of the Obito Viaduct

Table 1. Bridp eateeories

Bridae 1 7-span continuous PC hollow slab bridae L = 175. Om
Bridle 2 29-span continuous PC hollow slab bridle L =125. Om
Bridle 3 15-span continuous PC hollow 'lab bridle L =375. Om
Bridle 4 3-span continuous steel Box Girder bridle L =331. 5m
Bridae 5 12-span continuous PC hollow slab bridge L =290. 4m
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STRUCTURAL DESIGN OF THE SUPER MULTI-SPAN CONTINUOUS
MENSHIN BRIDGE

The following is 8 description of the structural design for bridge 2. which is the longest
bridge in this viaduct project (See Figure 3).

~~,Bri.'
L,-I& '

L~ 1929.~

.Bri.3 L. ';~J7~ _ ~C _~:
L.~335.~ L=319.~

~
\
\

National Hi"', 136

S~r MuJlillllll MensIlir, Bridrt
__ ~~ ~~ .L,~~ _

Fiaure 2. Plane View or the Ohito Viaduct

f .•

I I_________ +-_----A.l-~

Fipre 3. View or Bridae 2
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1) Bridge Desiln conditions

* Highway Standard : 1 - 3

* Design Vehicle Speed : V =80km/h

* Width Configuration : Total width W =11.70 m
(See Figure 4)

* Effective Width : We =10.50 m (l.75m+3.5Om+1.75m)

* Cross section gradient:: Standard 2.0%

* Bridge Class : First class bridge

* Live Load : TL-20, TT-43

* Surface Material : Asphalt paving V =80 mm

(design load thickness =100 mm)

* Handrail Concrete barrier curb (parapet)

thickness =300 mm
* Noise barrier load W =154.0 kgf/m

* Ground condition Class 2

300300U3500 Center line 3500
I

.
1300

.

~
i
i

~~
i

!
2.0% i 2.0%- i

i

300 1150

Standerd Section E.ergency Parking Area Section

Figure 4. Cross Section of Roadway

1) Oudine or the Ground

Figure S shows the structure of the strata in the cross longitudinal direction of the bridge
based upon geological survey in the project area. A tertiary tuff stratum is found at approxi
mately GL-40 m.The diluvium stratum above it consists of between 30 to 35 m of alternabna
strata of gravel, sand or clay layers. An alluvial gravel stratum Ai with N-value close to SO is
found near the surface. Initially this layer could be used as the supponina strata. However, the
results of an on-site 100000a test conducted as part of a supplementary detailed ,eolop;al sur
vey showed that it would be difficult to rely on this as the supporting stratum. Accordingly,
the underlying diluvial gravel strata Dql is planned to be the suppaning stratum.

Table 2 ahows the ground condition fOf' the Menahin desian. which ia a key upect of the
briclae deaip. It is estimated as Clasa D throuah both the N-value and the ,hear wave velocity
of the grounds.
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Table 2. Ground Charaaeristic Value

IsU.tes Based on "-values eo.putations Based on
shear wave velocity

Borilll Mo. Ground Owracteristic Ground GlOund Characteristic Ground
Value TG (sec) Class Value TG (sec) Class

HI 7 O.2~O.328<0.6 TypeD -
Prior Survey H2-6 O. 2SO. 296<0. 6 TypeD -

HI 6 0.2~.588<O.6 TypeD
P4 0.2~.324<O.6 TypeD O.2~.245<O.6 TypeD
PI9 O.2~.300<O.6 TypeD -

New Survey P25 O.2~.3I6<O.6 TypeD O. 2SO. 332<0. 6 TypeD
P29 O.2~.352<O.6 TvueD -

3) Superstructure DesilD

(a) Structure Selection
The Type of superstructure is selected from among a ranse of structures determined by

the restriction conditions described above. The span is determined by the crossins conditiOl1$,
and the form of the superstructure was also res1riCled by the structural height. Consequently, a
span length of 25 m was chosen. A PC hollow-slab bridse as tne concrete girder type. and I

multi-beam non-composite plate girder bridge as the steel girder type is selected for the com
parison of bridge types. The conventional factors such as economic efficiency, structural
properties. maintainability. harmony with adjoinins sections, construetability, and environ
mental adaptability are considered. for the comparison, and their suitability for Menahin desiJn
and the thermal expansion and contrlCuon properties of 1011& girder wen also considered.

Eventually PC continuous hollowslab bridges are selected .This bridle type is superior in
terms of ec:onomic efficiency, continuity of the structure with that of the emeraency parkinl
areas, the intearated form of its superstructure and substructure, the ItIbility of the MenshiD
bearin&. and the expansion and contraction of the sirdel'.
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(b) Materials
2

* Concrete Strength: C1 =350kgf/cm
ck 2

C1 =210kgf/cm
ell

• Reinforcing Bar SO 295
• Prestressing Steel SWPR 7 A 12T12.4

SBPR 930/1180. (l)32mrn

(c) Construction Method

Because this viaduct will be a 29-span continuous bridge. another prerequisire condition
is that it must be constructed in separate sections. A study focused on the suitability for the
site conditions. cost efficiency and the residual deformation during and after construction was
conducted to detennine specific type of construction method.

The use of a movable falsework is generally selected in the construction of a multi-span
bridge in order to reduce labor requirements. However. a comparative study on partial con·
struction using the support method showed that the support method was more cost efficient.
Therefore, the support method was adopted as the basic construction method. Figure 6 shows
residual defonnation (dryina shrinkage. creep defonnation) according to the constructio~

methods.

(d) Defonnation of the Bearings and the Construction Method

In the case of this bridge, the residual deformation caused by the creep and drying shrink
age of PC airder will be as much as approximately 114.7 nun at the ends of the girder, even
when a standard construction method is employed. Furthermore, the expansion and contrac
tion of the girder under the effcct of t"mperature change defonnation will be t75.2 mm. Figure
7 shows the deformation of the girder caused by creep, drying shrinkage and temperature
change. On the one hand, if the bearings are simply designed to absorb these deformations,
the thickness of the rubber of the bearings will increase, and the shearing stiffness of the bear
ings will decrease. resulted in the lengthening of the natural period. The displacement of the
superstructure during an earthquake will also increase, and the design of ancillary structures
will be influenced. For this reason, it is absolutely essential that one of two measures be adopt
ed to deal with the residual deformation occurring in the superstructure. Either a reverse
displacement is to be added when the bearings are manufactured in the factory, or else the de
formation is to be corrccted at site after the bearings are installed. Basic policies regarding
these problems with the desiJD of the brid,e were laid out and all necessary studies were per
formed in the planning stage. Figure 8 shows the hypothetical range of bearing defonnation.
Because the method to add a reverse deformation to the bearings in the factCll)' had already

been used in a number of locations. the study was directed at defonnation correction methods to
be employed at site. Figure 9 shows a summary of the construction method proposed on the
basis of this study.

Specific design detail and methods to be employed in the adoption of this method are now
beiDa studied. and plans call for additional experiments to be conducted and final decisions
will be made by the time when the superstructUre is construe1ed.
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(Unit.>

P4 P9 P 14 P 19 P24 PZ9

3.0~4 18.9

Subtotal to the Lr_"~..;::r===-+- .....~===~::::::=~==~End of Construc-r
tion

to.pletion
Systea Subtotal

3.

-1.4

6.9

-0 C::>+

-13.0 -13.6 -6.9

-114.1

Staged Constraction froa One Side

PO P4 P9 P 14 P19 PZ4 PZ9
( Utli t • )

4.0 22.5 23.3 6.0
Subtotal to the

~ " ",~iv' .~End of Construe , ,
'··... '7~ ",::.. '''''''tion

'-6.0 -23.3 -22.5 -4.0

c.c.pletion
Sratea Subtotal

2.3

-Z.3

-¢:J Q+
Staled Constraction f~ the Center to Both Sides

-100.9

Fipre 6. Residual Deformation Caused by Creep and DryiRl Shrinbae
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Figure 7. Deformation of Girder Caused by Creep, Drying Shrinkage,
and Temperature Change

(Section Covered by the Study)

I
Sect~oo wbere co~rectiool

1S aade OO-Sl te I Section wbere a preliaiaary
sbear is DOt doae.

ISection wbere correctio~
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is ..de io tbe factory is ..de ia the factory

!.}W-,f" Kif ,) Ii;"" ~. : :\18 K
PO P6 Pll P18 P23 P29

This scale.however.assWies the use of a conventional constraction aethod.
and the l'lUIIe .ust be exuined accordina to the condition.

Fipre 8. Hypothetkal Diqram of the Bearina Derormation Corredion Ranae
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ber bolts fixed by tbe upper and lower
ng plates. and the bridge pier concrete
ed

I
e

Unn.r r.nnfininl! Tbe anc
:/ plate contini

is plac

"\ Lower confinin
plat

CD Ancher Bolt Installation

® Base Plate Installation

® Bearing(LRB) Installation and Placing Concrete for the lain Rea.

~ f- ~ Only the deforlation ~ L of the lain be.. is
I i ..-..."...-. sbifted. tbe bearing is set in place. and the

lain beaa concrete is placed.

~The bottol plate and base plate are
telporarily fixed in place with bolts
at the telporarily installation location.

Post-strain AdiUjt.ent
After the ..in beal is cOIpleted.post-strain
adjustlent is lade with a horizontal bolts.

~It is necessary to perfora sta,ed post
strain adjustlent at the ends.

~Tbe use of a vertical jack to reduce the
reaction force is being considered.

~Depending on the circa-stances. it is
lOved with a center-hole jack and fixed
wi th a bol tt.

@ F hing the LolaT, Plate and Base Plate

. After post-strain adjustlent bas been co-
<:=:J c::::> Ipleted. tbe bottae plate and base plate are

fixed withe bolts.

~In a case wben tbe IOveaent and t~e error
are large. the bottae plate and tlae baae
plate are fixed by weldina

Fipre 9. Proposed Bearioa Deformation Correction Method
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(e) Prestressing Steel Based on Statically Indeterminate force

As a result of residual deformation of the girder and temperature change deformation,
additional axial force and moment act on the girder. These statically indetenninate forces is
influenced by the stiffness of the Menshin bearings and by the stiffness of the bridge piers
including the foundation. The deformation that occurs in the superstructure during construc
tion and the residual deformation are dealt with separately. But the force generated by the
expansion and contraction of the girder as a result of continuous temperatur~ change defor
mation is a major factor because there are many supports and because of the long length of
the girder. Figure 10 shows the thermal lateral force generated by Menshin bearings designed
on the basis of one hypothesis and the results of computations of the axial force generated on
the girder.

Prestress Provided by the Prestressing Bar Brile
center

(SBPR 930/1180 ~ 32••) 800tf"18 rods. 50tf

60Qtf-12 rods • 50tf

400tf-g rods • 50tf

PO P 15
Distribution plan of tbe Statically IDdeter.ioate Load Prestressioe Steel

(Teaperature Cbeoae Defonation of -20 Dei.) Z

Figure 10. Axial Force Produced in the Girder

by Temperature Chanp Deformation

Measures to deal with these statically indeterminate forces is examined. The best approach
would be to handle the problem by installing prestressing bar (SBPR 930/1180) for statica11y
indeterminate forces, which is in principle installed in the axial line of girder, in addition to
prestressing cable (SWPR 7A-12T12.4) that bandIes the normal principle loads. Pigure 11
shows the standard cross sections for the distribution of prestressing cable for principle loads
and that for prestressing bar apinst statically indeterminate forces.
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Figure 11. Distribution of Prestressinl Steel in a Standard Cross Section

4) Design of the Substructure

<a> Design of the Shape

The bridge piers will be low, ranging from 7.0 m to 7.5 m high, since the longitudinal
gradient is gentle, the ground at the site is flat, and pile foundation is employed. Ordinary
walltype bridge piers will be selected, and their shape as shown in Figure 12 is employed in
order to provide continuity with the cross section of the superstructure and to convey stability.
To determine the shape of the substructure, three shapes compatible with the cantilever pro
cessing of the superstructure were compared and the one found to be visually superior was
selected. Concerning the visual aspects in particular. the plan for the substructure of the entire
viaduct varies from the basic single wall approach. to the substructure consist of two-column.
or of a threc-column rigid-frame type. Continuity among all sections was considered.

The wall thickness of intermediate piers other than end piers was found by simulating
the volume of installed reinforcing bar, and carrying out a comprehensive comparison and as
sessment of thennal change deformation lateral forces. the lateral force of an LI earthquake.
the ultimate lateral strength during an L2 earthquake. based on the bridge piec stiffness in elCb
case. The standard wall thickness was set at 2.0 m. Figure 13 shows the cross section of the
bridge piers and the distribution of reinforcing bar.

(b) Materials
2

• Concrete : C1 == 210kgf/cm
e:t 2

• Reinforcing Bar : SD 295 C1 == 2.700kgf/cm
I)'

(c) . Foundation

In the oriainal plans. the direct foundation was p1lced on the gravel strata with N value
between 40 and SO found near the surface. However, the results of a later survey (including a
plate beuina telt) showed that this would be difficult. 10 the IUpportin,layer wu chanpd to
the diluvial &ravel found beneath it (Oal).
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Consequently. a pile foundation with length between 6 and 8 m was selected. Following
a comparison of various types of piles. cast in place concrete piles (1.200 mm) are selected in
consideration with bearing capacity efficiency. constructability. and cost efficiency.

(d) Substructure Stiffness

Table 3 shows an example of the computation of substructure stiffness. and Figure 14
shows the p-~ curve for the pier. Because the lateral reaction force caused by temperature
change deformation is an important element in this design. when the spring constant of the
pile foundation during a temperature change deformation is computed. it is assessed by the
static normal spring of ground. The dynamic ground spring indicated in the Seismic Design
of the highway bridge specifications is used as the ground spring constant during Ll and L2

earthquakes.
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Figure 12. View of the standard Bridge Pier ConfIgUration

Table 3. Substructure StifTne. Table

Br1_ fler bber 1", PI-Pi p.-PIt P\\-f. 1'\5-1"11 PII-PU P24-fu Pu
Elutie Stiffness of the
Substructure Kca(tf/.) 17. 700 16.500 24. 100 16.000 14.000 17.700 19. 100 20.000
Yield Stiffness oJ the
Substructure Km(tf/.) 17.500 15.600 21.000 15.600 12. 700 15.600 16.400 19. 700
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Arrangement in the Bridge Pier

Figure 14. P-l) Curve of the Wall

MENSHIN DESIGN

The fmal design requirements for the Menshin design of this bridge have not yet been
fmalized. because the basic items dealt with during the planning and design of this bridge will
be determined in accordance with the deliberations and guidance of a supervisory conunittee.
This committee is now considering the many items described above. This section presents de
tails on all the studies of Menshin design conducted up until this time. but is still incomplete.

I) Basic Design Policies
The basic desian policies will conform to the provisions of the "highway bridge specifi

cations". items that are peculiar to Menshin desian and those that are not prescribed by the
highway bridge specifications will conform to the "Manual for the Menshin Design of High
way Bridges (draft)" from the Public Works Research Center. and such design will be
conducted in accordance with policies approved by the supervisory committee.

2) Menshin Desian
The balance between the thermal change deformation lateral forces and the seismic

lateral forces is one of the major items. A trial computation of the stiffness of the Menshin
devices is carried out in order to avoid a situation in which the shape of the substructure would
be determined by the forces applied during a temperature change deformation. For enmple.
therma1lateral force and other lateral forces during an earthquake shown on Figure IS(A) and
(8) shows the relation between the natural period of vibration and the thennallateral force
and seismic lateral force. Figure (A) shows the relationship with thennallateral force gener
ated in a typical pier. and Figure (B) shows the relationship with the bcarina's relative
displacement durin. an Ll and L2 earthquake. These trial computations clarify thf.t if Men
shin devices are not to be determined by temperature chanp deformation. the natural period
durin. an L2 level earthquake would have to be between 1.3 and 1.4 seconds. Various other
studies are now in progess. Ju • refecencc. Table 4 presents the results of Menahin deaip
trial canputations in a case where the natural period is 1.4 seconds.
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Table 4. Menshin Design Trial Calculation Results Table (T =1.4 sec.)

(Lateral Force and Stiffness are all Values Per Sinlle Brid e Pier

Bridee Pier Nuber 1', 1',-1', 1','1'" PT1 .... P'1 1' .. -1', 1' ..-1', Pu""p. 1' ..

llwlber of Piers 1 4 5 11 2 2 2 1

Lateral A)(B CCIl) 55"5S 15"80 15"10 (5)(10 15)(10 15)(10 15)(10 55x55
Bearilll Shape

II.!~~~ 14.0III (CIl) 14.0 12.' 12.1 12.' 12.' 12.• 12.'

.~
ILateral Oisplacnent of Uo (ell) '.2 1.2 5.1 3.4 2.0 4.• U 1.2learln.!

~ Lateral Shear Force of F s (tf) 62.1 121.1 16.2 51.5 33.• 12.' 116. T 62.1
S&earillll (slow-rate)

Effective Cross Section A.o (CII' ) 2242 4149 SOI3 5\45 5304 S021 4112 2031

I)
Area of the lubber

Check of Bearilll ,! ,,_(qfICII')[<lOl 61.1 51. I SO. 5 41.2 41.1 55.1 56.9 61.3Stress

Desilll Di.t:=~,Of u. (ell) 4.51 4. II 4.20 4.23 3.14 3.M 1.16 4. SO. vices
Effective De.illl Displa- U•• (ell) 3.Z3 2.t3 2.94 2. t6 2.76 2.7' 2.1. 3.15ceaenl of lenshin Devices

]
IEquhalent Stiffness of K. (ttla) 52\.• 1201.2 1181.2 \192.4 \241.7 1243.5 1243.5 529.'lenshln Devices
Equivalent Stiffness of

] s)'JIthesizilll the lenshin K r (lfla) 1923 4011 4024 4033 3935 3942 3942 11101

j
Devlee ancI SUbstructure

Equivalent DuPI,"L~ti~ 0.254 0.254 0.251 0.251 0.252
.! of lenshin vices h • 0.25\ 0.254 0.251

UlotHllt late of O.llllM 0.\44. 0.\452 0.1455 0.\419 0.1422 0.1422 0.l16li~ BoriZOlltal Foce '1...... Natural period of th~.a, 0.".§ Bri e T (-)

u Equivalent Dupilll ~~~ h 0.220'j of the Bri e

Jl Lateral Seiulc Kh 0.2SCoefficient
Deailll Lateral sei':~~~ F (tI) M 201 201 202 111 191 111 15

IExtent of Superstructure U r (tf) 5.002DisDlaceaent
IDesll11 PI.plac_t Of U. (til) 31ft 30.• 3\.19 31.51 29.42 30.51 JO.57 32.64" lenahin DevicesJIfrectlve Deail1l Pispla- U.a (ell) 22.15 21.• 21.14 22.10 20.59 21.40 21.40 22.15c:nent of lenshin Dev Ices

] !qUIvalent Stl ttllfss of K. W/a> lit. 3 441.1 440.' 440.7 442.0 441.2 441.2 1".3. lenlhin Devices
Iii r;rfectlve f.Cl.ulvalent Sti- K•• (lf/a) 201.0 458.1 457.6 45'-3 464.3 45... 459.1 201.2! Une.. of lenshin Devices
.;: Equivalent Stiffness of
& Iyotbesizilll the lenshin K r a (tfla) 711 1631 1646 1662 I. 161. 111. 714
-.: Device and Substructure

! lfqulvalent ~illl latlo h •• O. \42 O. I. 0.145 0.143 0.151 0.117 0.141 0.142.c of Ien.hin Devicesi IAllot-ent _late or
~ 0.l1li3 0.1444 0.1458 0.1411 0.1311 0.1430 O.I4JO

0._
IorlZOlltal Foce

;; IlIalural period of the T (sac) 1.405_ Bridae
e IlqulValetlt ~~lII_IaUo he 0.135
~ of the Bridle
.:! ILateral Sei..ie khc 0.61= Coefficient
• IDelilll Lateral lei..ic f hf) 211 545 550 551 520 540 540 !Ill;: Force
S Illtellt or ~rstructure Ur (ell) 34.511DisDlac_t
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CONCLUSION

At this time, the planning and design of this project has reached the stage where a variety of
studies are in progress in accordance with basic policies. Because the examples introduced in
this paper represent only part of the overall research effort. reports on details of these studies.
the results of final design work. and the actual construction will be made available at every
opportunity.

We would like to express our deep appreciation to members of the supervisory committee
and to other related organizations for their generous cooperation and guidance with this

project.
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CRITICAL LOADS OF ELASTOMERIC ISOLATORS
AT HIGH SHEAR STRAIN

Ian G. Buckle and He Liu
Department of Civil Engineering

State University of New York at Buffalo
Buffalo, New York 14261

ABSTRACT

Most isolation systems in use today are based on elastomeric bearings. The
combination of rubber layers and reinforcing steel gives an isolator which is stiff axially
but soft laterally. Large period shifts may be achieved with these bearings simply by
increasing the number and thickness of the rubber layers.

However, the shear flexibility of these short columns can lead to relatively low
buckling loads which may be further reduced when high shear strains are simultaneoL;sly
imposed. Various approximate methods have been proposed to account for the reduction
in buckling load due to shear. The most common method is the area reduction formula
which implies that the critical load is zero when the shear displacpment is equal to the
width of the bearing. This result is presumed to be conservative but the degree of
conservatism is unknown.

This paper describes both analytical and experimental studies to determine the
effect of high shear strain on the critical loads of a set of 5 inch and 10 inch square
elastomeric bearings with shape factors ranging from 1.7 to 10.0. The results from
ADINA finite element solutions are described ano compared against experimental tests.
Demonstration of significant axial load capacity at high shear strain is presented, and
the effect of end (boundary) conditions is illustrated.

It is proposed that three regions be defined on the critical load-shear displacement
plot which identify stable, unstable and transition conditions respectively.

INTRODUCTION

Recent surveys of seismic isolation systems around the world indicate that the
majority of these systems use elastomeric bearings 8S the element of flexibility. These
bearings may be of natural or synthetic rubber and maybe specially compounded to
enhance their hysteretic damping. Alternatively the bearings may be structurally
modified to include a damping element, such as the inclusion of a lead or granular core
on the vertical axis of the bearing,

In a typical building, isolators are located under each column, usually in a sub
basement. In a bridge they may be placed under each girder at the abutment seats and
between the column capbeam and the superstructure. There may be from 40 to 400
bearings in such I) structure depending on its size and weight. The individual hearings
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which make up the isolation system are frequently interconnected by a diaphragm which
is rigid in its own plane and which enforces displacement compatibility amongst the
various isolators.

Of particular interest to the design engineer is the faijure mode or limit state of
the system. This is currently done by examining three separate limit sta~s for each
individual bearing. These are the maximum shear strain in the elastomer, the
displacement at which rollover commences and the load at which buckling may occur.
The shear strain in the elastomer is used as a measure ofload capacity since it compares
the total strain f1'om all sources (compression, shear and rotation) against the elongation
at-break for the elastomer. The other two limit states are measures ofbearing stability.
System stability is currently etitimated by examining the bearing with the lightest axial
load, in the case of rollover, and the greatest axial load, in the case of buckling.

This paper is concerned with the buckling loads of single elastomeric bearings
under the combined actions of compression and shear forces tFigure 1). Although it is
recognized [1,2: that system stability is a function of the spatial distribution of axial load
and bearing (shear) stiffness (and is not solely governed by the condition of the most
heavily loaded isolator), the properties of individual bearings must be well understood
in order to make meaningful calculations of system response.

BUCKLING LIMIT STATE

Elastomeric bearings exhibit buckling phenomena in much the same way that
structural columns are susceptible to compressive loads. Despite their short length, these
"columns" may have low critical loads due to their extreme flexibility in shear. The
buckling theory for these bearings at zero shear displacement, has been developed by
Haringx 131 and Gent (41. It is also summarized in Reference 5. It will be found in these
references that the critical buckling load for an elastomeric bearing is given by:

(1)

where: PE •
T ""

=
R =

•
~ =

""
G =
A ""
Tr •
H ""
&. ""

•

rrJH2
tilting (bending) stiffness for bearing of unit total height
(Ebl) (HlTr>
shear stiffness for bearing of unit total height
KrH
shear stiffness ignoring axial load effects
GAffr
shear modulus of rubber
bonded area of rubber
total thickness of rubber (excludes shims)
effective height of bearing (includes shims)
bending modulus
Eo (1 + ft,S2)
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=
=
=
=

elastic modulus of rubber
bending constant
layer shape factor
moment of inertia of bearing about axis of bending

However this expression neglects the effect of large shear deformation on the
properties of the elastomeric "colunm". In some desien codes for bridges, where
elastomeric bearings are used to accommudate thermal expansion, the effect of shear
deformation is empirically included by red'lcing the critical load at zero displacement,
Equation 1, by a factor based on the area of the effective column (Figure 1). The result,
for rectangular bearings. is then as follows:

where: =
=
=
=

modified buckling load

classical buckling load given by Equation (1)
shear displacement
bearing width

(2)

This relationship is illustrated in Figure 2a. One consequence of this expression
is that as Aapproaches B, the effective buckling load becomes vanishingly small, a result
which is not seen in practice.

Associated with the buckling phenomenon is the corresponding dependence of
shear stiffness (Ke) on axial load (a decrease in stiffness may be used to indicate the
onset ofbucklingl. The relationship between axial load and shear stiffness at small sh~ar
deformations hal! also been establishtod [41 and approximate formulations developed
which are slightly easier to use. For example the following approximation is sometimes
used lSI:

where Kr' =

Kr' =Krr1 -(._~_r~)
Pc',

modified shear stiffness

(3)

This relationship is illustrated in Figure 2b. It will be seen that when the axial
load is small compared to the buckling load (P<O.3Pc'), there is less than a 1()tk reduction
in stiffness and in these cases this effect can be neglected. Since most elastomeric
bearings have squat aspect ratios, their buckling loads are inherently high at small shear
displacements. But, at higher displacements and for bearings with more slender
geometries, this reduction in stiffness will be significant. Kr' becomes vanishingly small
if P should approach Pc' which may easily happen if Equation (2) is correct and A is of
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the same order as B. Such a reduction in stiffness has important consequences for the
lateral stability of the bearing and the system of bearings of which it is a part. In view
of the apparent profound effect that shear displacements may have on load capacity and
shear stiffness, it is important that the validity of Equation (2) be established. A series
of analytical studies was therefore undertaken to determine this effect, followed by a set
of experimental tests to check the analytical results. These studies are described in
subsequent sections of this paper.

FINITE ELEMENT ANALYTICAL STUDY

The approach used for the analytical study was to study a series of single
elastomeric bearings ofvarying shape factors while deformed to increasing shear strains,
using a nonlinear finite element model. Critical loads at each imposed shear strain were
determined using three different procedures and these loads were then plotted against
the AlB ratio.

The procedures used included a Southwell Plot Method, a Constant Shear Force
Method and Constant Displacement Method.

Finite Element Solution

The ADINA [6 J computer program was used for this analysis. ADINA permits the
geometrical and material nonlinear analysis of both compressible and almost
incompressible solids. Incremental analysis, using contact boundary elements 2S

necessary, is performed using a displacement - pressure finite element formulation. The
Mooney-Rivlin material model was used to characterize the elastomer at high strains and
large deformations. A hydrostatic work term was added to the energy function to permit
the inclusion of compressibility in the elastomer (although very small).

In order to reduce the computational effort, a plane strain restriction was imposed
so that 2-dimensional analyses could be performed. This assumption is valid for strip
bearings, but care should be taken when applying these results to square or rectangular
bearings. For this reason the ratio of the critical loads at different 11 is considered to be
more useful than the absolute value of the critical load.

Bearings Analyzed

Table 1 summarizes the six bearings analyzed. They are seen to comprise three,
5 inch wide bearings with internal layers of 1/4, 112 and 3/4 inch and 3, 10 inch wide
bearings with the same range of layer thicknesses. The shape factors range from 3.3 to
20. The number of layt:rs also varies so that the total height remains virtually constant
(which was considered to be important in a comparative study of buckling loads).

The fmite element mesh for a 2 dimensional slice through a 5 inch wide bearing
with 4 layers comprised 651 nodes, 150 elements and 1240 displacement degrees of
freedom.
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TABLE 1

BEARING DETAILS AND CRITICAL LOADS AT
SMALL SHEAR DISPLACEMENTS

Bearing Bearing No. of Thickne55 Shape Critical Loads at Small Shear Displacement
Series Size Layers of Factor

No. Rubber Gent (4) ADINA ADINA ADINA
lin) Pc:r(~O) Pmax Southwell PQoO

(kip) (kip) lkip)

100 5x4.375 3 0.75 3.33 4.47 5.31 5.43 5.60

200 5x4.375 4 0.50 5.0 6.96 8.91 9.02 9.15

300 5x4.385 8 0.25 10.0 13.30 12.97 13.11 13.38

400 10x4.375 3 0.75 6.67 32.78 29.69 30.27 31.88

500 IOx4.375 4 0.50 10.0 54.01 50.08 50.40 55.0

600 10x4.385 8 0.25 20.0 106.77 80.63 77.86 86.50

Analysis Procedure

As noted previously, ADINA was used to estimate the buckling loads by different
techniques. These included the Southwell Plot Method, a Constant Shear Force and a
Constant Displacement Method. Each is briefly described below.

Southwell Plot Method

Each bearing was first deformed in shear to a predetermined lateral displacement
(.~) and then additional lateral displacement (~) were monitored as the axial load (P) was
montonically increased. The ratio P/~ was plotted against P, as in the Southwell
procedure, and a straight line fitted to the calculated responses. The intercept of this
line with the horizontal axis is an indicator of the critical load at the initial displacement
i1. i1 was then increased, and the procedure repeated to find a new critical load
corresponding to this new displacement. Figure 3 shows the Southwell plot for a 10 inch
bearing, that has 8, 1/4 inch rubber layers, a shape factor of 20, and an initial shear
displacement (i1) of 2.9 inches. The apparent critical load is 51 kips. This value is
compared to the value at zero shear displacement (which was 102.5 kip) and the ratio
(0.5) may then be plotted against AlB (0.29) to develop a relationship between load and
displacement for comparison with that in Figure 2a.

Constant Shear Force Method

As in the Southwell Plot Method, each bearing was first deformed in shear to a
predetermined lateral displacement, i1, and then while the shear force was held constant,
the nial load was montonically increased. However, in contrast to the Southwell
Method, the load was increased until a maximum or limiting value was reached. This
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value was determined by plotting the axial load against the horizontal displacement and
identifying the load at which softening occurs (rapid increases in displacement for small
increases in load). One such plot is shown in Figure 4. This is for a 5 inch bearing with
four, 1/2 inch thick rubber layers and for initial displacements ranging from 0.015 in up
to 5.165 ins.

Constant Displacement Method

In both the Southwell and Constant Shear Force methods, the lateral displacement
increases beyond the initial displacement as the axial load increases. The displacement
which corresponds to the calculated critical load is therefore uncertain. In the Constant
Displacement Method, the initial displacement was held constant while the axial load
was increased. The shear force, Q, necessary to hold the bearing at this displacement
was monitored and the critical load condition was assumed to occur when this force
became zero; i.e., when Q =O. The advantage ohhis method is the clear definition of the
critical load and the corresponding shear displacement.

Figure 5 shows a plot of P against Q for the same bearing as in Figure 4 (5 inch
width, four 1/2 inch rubber layers). The shear force Q is seen to decrease from the initial
value (which corresponds tv the imposed shear displacement) as the axial load is
increased. Critical axial loads are given by the intercept on the Q = 0 axis. It will be
seen the critical loads in Figure 5 are higher than they are in Figure 4 for the same
initial shear displacement. One reason for this is that the imposed boundary conditions
are different for the two cases. The implication of restraining the shear displacement to
a constant value (Figure 5) is a more stable "column" with higher buckling loads. It
should also be noted that the critical loads given in Figure 4 and 5 are for a one-inch
slice of an infinitely long strip. Approximate estimates of the critical load for a 5 inch
square bearing may be found by multiplying these values by 5. The number so obtained
will be an upper bound on the true buckling load.

Analytical Results and Discussion

Buckling loads from the various methods described above have been plotted
against the shear displacement in Figure 6. Both the loads and displacements are
expressed by non-dimensional ratios critical loads (Pc') are given as a fraction of the
critical load at zero displacement (Pc). Shear displacements (~) are given as a fraction
of the bearing width (8).

Also shown in Figure 6 is the relationship given by Equation 2. Whereas it is
clear that Pc' does reduce with increasing A it does not do so at the rate indicated by
Equation 2. The ADINA solutions in Figure 6 indicate substantial residual capacity at
A = B whereas Equation 2 implies that Pc' should be zero at this point.

It is also clear that the boundary conditions have a significant effect on Pc' at any
given value for AlB. In Figure 6, two Southwell curves are given • one based on the
initial displacement and the other based on the "final" displacement (the displacement
calculated for the last load step in the Southwell procedure). Also plotted is the result
from the constant displacement procedure. It is seen that for a given value of AlB, the
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calculated buck ling load depends on whether the bearing is unrestrained and free to
displace from its initial value or whether the bearing is restrained against further shear
displacement. It can be argued that boundary conditions in the field fall somewhere
between these two extremes.

Based on these results, it appears feasible to define stable and unstable regions
with a transition zone that is dependent on the characteristics of the isolation system i.e.,
the degree of restraint provided by other, non-critical, bearings adjacent to the subject
bearing. Such a set of regions is illustrated in Figure 6.

EXPERIMENTAL STUDIES

An experimental test program was undertaken to verify the ADINA solutions.
These tests were performed at the Earthquake Engineering Research Center (EERC) of
the University of California at Berkeley.

Bearings Tested

Eighteen bearings ofthe same size and construction as those given in Table 1 were
fabricated from natural rubber with a nominal shear modulus, at 50% strain, of 100 psi.
These 18 bearings comprised three specimens of each of the six types listed in Table 1.
The bearings are identified 8S follows:

5 inch square:

10 inch square:

Test Procedure

3x3l4 inch layers: Nos 101, 102, 103
4x1J2 inch layers: Nos 201, 202, 203
8x1J4 inch layers: Nos 301,302,303

3x3l4 inch layers: Nos 401,402,403
4x1J2 inch layers: Nos 501, 502, 503
8x1J4 inch layers: Nos 601, 602, 603

The single bearing test machine at the EERC, Richmond Field Station, was used
for these tests (Figure 7). The Constant Displacement Method (used for the ADINA
solutions) was chosen for these tests because it enabled excellent control over the
experiment and assured the safety of the actuators and personnel. By contrast, under
the Southwell and Constant Shear Force Methods, the testing machine is less "stable"
because of the unrestrained shear displacements.

The test sequence for each of the eighteen bearings was as follows:

(a) select a shear displacement (A)
(b) }>p-rform 5 cycles of reversed shear to :tA to scrag the bearing to this

displacement
(c) perform 5 cycles of revised shear to :tA to obtain the shear stiffness of the

scragged bearing
(d) perform the stability test by first imposing Aand then increasing the axial

load until the shear force, required to maintain A, becomes zero
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(e) perform 5 cycles of reversed shear to ~~ to obtain a new value of shear
stiffness to compare with the previous value

en increase the shear displacement and repeat from (b) above

Values for.1 ranged from 0.28 to 1.28 in increments ofO.2B. Corresponding shear
strains in the elastomer ranged from 0.5 to 3.0 for the 5 inch bearings and from 1.0 to
6.0 for the 10 inch bearings. Figure 8 shows a 10 inch bearing at ~ = 0.6B (shear strain
=3.0) sustaining a load close to its critical load.

Due to the severe strain demand in the 10 inch bearings, at the high end of the
range for.1, rupturing was common during step en and sensible buckling tests could not
be completed for values of ~ exceeding 0.8B (shear strain =4.0). Also, the vertical load
capacity of the test machine was limited to about 250 kips which meant that the 10 inch
bearings could not be loaded to their critical state while at small shear displacement.
Therefore, to obtain these critical loads extrapolation from the test data is necessary.

Test Results

Figure 9 shows the P-Q curves for bearing number 202 (5 inch square, four 1/2
inch layers). This figure is the experimental equivalent of the ADINA soluti<Jn given in
Figure 5. Results for imposed displacements ofO.2B, O.4B, 0.6B, 0.8B, LOB and 1.2B are
shown. Whereas a direct comparison with Figure 5 is not possible (Figure 5 is for a one
inch slice of an infinite strip), it is clear that the trends are the same.

To enable direct comparisons to be made between experiment and theory, both sets
of results are first normalized with respect to the critical load at zero displacement. Also
the shear displacements are expressed as a fraction of the bearing width. When this is
done for the set of 5 inch bearings, the results shown in Figures 10, 11 and 12 are
obtained. Good agreement is demonstrated for all three bearings across the entire range
of displacement (ME).

CONCLUSIONS

It may be concluded, based on the results presented here, that the reduction in
critical load due to the effect of high shear strain is conservatively estimated by the area
reduction formula. It appears from a limited set of ADINA finite element analyses and
a corresponding set of experimental tests that substantial !'eserve of vertical load
capacity exists even when the shear displacement is equal to the width of the bearing.

It is also clear that the end conditions are very significant and that if the bearing
is unrestrained (in shear) the critical loads may be substantially less. Since there is
some degree of restraint in most multiple bearing isolation systems (provided by the
"non-critical" bearings) the unrestrained results may be unduly conservative. A
transition zone is therefore identified in this paper between stable and unstable regions.
If more rigorous results are required, an analysis of the stability of the complete
isolation system is recommended..
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ACOMPARISON STUDY ON THE SUPPORT SYSTEMS
OF AMULTI-SPAN CONTINUOUS STEEL BRIDGE

Jun NANJOH, Motohiko NISHlBAYASHI and YuJtio ADACHI

Hanahin Expressway Public Corporation
4-1-3 )(yutaro-cho chuch-kg Osua 541 JAPAN

S1JIIIMARY

A coaparison study on support 8)'8tea is perfomed for a IlUlU-span
continuous 8teel bridge approximately 1.250 long. Two support S)"8t..,
convenUonal rubber bearings anc! lIl8D8hin bearings, are cODsieSered in this
study. In the cue of this long bridge, the longitudinal IDOVelleDt due to
taperature fluctuation ls 22.5ca. If the conventional rubber bearlng, are
eaplo)'8d, the longitudinal dllplac888Dt caused by the Japanese level-1
earthquake ls greater than that by the taperature fluctuation. on tbe other
hand, 1f the .enshin bearing. are .-played, the longitUdinal dilplace.ent can
be less than that by the tuperature change. But the ae18aic coefficient of
the bridge with the _hin bearinga is slightly greater than that of the
bridge with the convent1onal rubber bearings. However, because of a large LIB
ratio, the beDding stiffnes, of the girder is very weak in the traDaftrse
direction 80 that the transverae m.,...t in the aideUe of the bridge for both
bearings 11 almat as IIUch as or greater than the longitudinal m\f8MDt, wbUe
the transverse IIOveMftt at the end II 10 sUght that tbe end support, Cill be
pin-fized in the transverse direction.

INTRODUCTION

Miniaiz1ng the n~r of upanaion joints in highway bridges i. one of
the ..in approache,. of reducing noile and villration probl.... reducing
uintenance worlll and ilipIOving driving condition. In order to alniaise the
nuaber of ezpanaion joints, Hanahin bpr......y baa .-ployed cOIl'lellt1onal
rubber bearings for the support I"tea of uny higbwar bridges.

Frca the view point of a.1.1c design, tile roles of the.. coavenUonal
rubber bearings are:

1) To di.tribute the horizontal inertia force of girder. to .ach colUID pier
2) To raduce tbll ••1I81c force by ..ing a long-period structure.

The canventicmal rubber beariDgs haft IleeD -.played for UIly _Iti-epan
coatinuoUi bridges with span lengths of 200.-300.. Thi. ctesigD _tbod dau not
rely on tM dallping effect of tbe bearings becauae it i. 80 sUght.
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On the other hand, meGshin bearings have such great daaping effects that
the menshin bearings have an additional role:

3} To reduce the seismic force and the displacement by the damping effects.

Therefore, the use of the ID8nshin bearings might make GlOre multi-span and
longer continuous bridges.

From this point of view, this stUdy tries to determine the possibility
of IDOre multi-span and longer continuous bridges usi01 an actual road
alignment condi tion, and also tries to determine the advantages and the
disldvantages of the conventional rubber bearings and the menahin bearings.

BRIDGE SI'l'E AND BRIDGE COJIFIGURATION

EDGE SITE

The road alignment for a multi-span continuous bridge is considered
better if it satisfies the following conditions:

1) The plane alignment is almost straight.
2) The vertical alignment is almost flat.
3) Each span is alllOst the sue.
4) Each foundation type is the sYe.

FrOll this point of view. the -Kobe-Port Illand- section of the Bay Route 1n
tbe Hansbin Elpressway network is selected as a highly feasible place for the
brldge. Flg.l shows the bridge site.

BRIDGE CCIIFIGU'lAfI<JIB

F1g.2 shows the rough clrawings of the bridge. The superstructure is a
20-Bpan continuous ateel boa-girder bridge with a concrete deck; the span
length and the width are 50.+2~55.+14x66.5.+2x55.+50••1252.5. and 27.5.
respectively. Concrete fraaed coluan pieri are considered for the sub8tructure
in this cue. The height of the substructure i8 228-27.. The foundation is
cut-ln-place concrete pile••

The Kobe-Port I.land il a aan-aBde i.land reclaiaed alao.t 40 years ago.
Flg.3 sbows typical boring log data. The dyn..lc characterlstic value (TG) of
this .ite i. 1.0-l.Ssec, which is C0Jl81dered sOMwhat 10llg. ao that this site
1s clulUied u Group-3 (Soft ground) by the Japan... oelign Specifications
for Hlghway Brl". Xe".rtheles., alluYiua clay Itrata .e...ral .ter. deep
under the old ... be4 have already been conaol1dated and haft 3-5 X·"alO8;
furtllemon, Ifty clynuic so11 par_ter af the ncla1MC1 layer i. not required
to be r8duc8d to sera by tile JapaneH code even if the reclal88d la~r hu
... poISiblUty of l1quiCSatioD. Tberefore. this .ite is not 10 bad for
constructing Bach a long·period bridge u thi••

4-102



Kobe Port

I
Fig.l Bridge Site

..•.

It.... s.1 1'$ l!!> ® ® (~ @ ~.!) @ @ a @ @ e If!) »

..- ,~-

M
II ~.. ,. .. .. .. .. .. - ..

,-r--"

11100

Cut-l..-pl_
11100 11100 COftC~t.-.11..

r19.2 8ridge CODfiguratiOD
4-103



,

~__ I

t.Jll
' •• -I • .J

I.',

UJJJJ
i ,- - -"[I

:- --I-U
, ,I j

Oepth(m)

20

ZI

10

II

.5

N-value S-wave velocity(m!s)

1'''
• f I ,

I
I I

I
i

I ~I
I

\-"-.

I

I

II I

Fig.3(a) Typical Boring oat.(a)

Depth(m) N-value S-wave veloclty(m!s)
, .,

" 'l.-
"

,,.
'\

....,
•L '.

~

".

~ "r'. '.

'';-
_.

T,

III ,.It 1111 • I I

[~
r-

Fig.3(b) Typical Boring Data(b)

4-104



SOPPOR'l' S'lStDB

Two support systeu are cOll8i4ered for the support system of the 1N1ti
span continuoua steel bridge. These are conventional rubber bearings (CRB) and
meDIIhin bearings.

This study mainly discus.es the difference between these two bearings.

81m SUPPOR'l' SYS'l'DI

If conventional rubber bearings and MIUIhin bearings are used, tlley can
reduce seiaic force not only in the lOO9itudinal direction but alia in the
transverse direction, because of their long natural periDdl. Continuous
bridges of ordinary length are relatively wide coapared to the length .0 that
tbe bending .tiffnels (EIz/L) in the transverse direction is relatively stiff.
Therefore, the superstructure of continuous bridges of ordinary length can be
considered as a rigid body in the transverse direction. On the contrary, in
the cue of the _lti-spaD continuous bridge approziutely 1.25u long, the
superstructure 114Y not IIIOVe al a rigid body because the bending stiffnus in
the transverse direction is relatively weak caapared to that of the continuOUI
bridge of ordinary length.

In order to ensure the transverse -a~t of the long bridge with loft
.upportl, the vibration llOdel are invesUgated. In this study, the fr_d
colan piers are treated a lingle colan piers that have the ... dynuic
properties in the elutic region and all bearings are treated as alatic
bearings with the average bearing stUfn..s calculated frOll the rubl3er
properti88 and the diMll8ion required by the service load condition. The
vibration -adea are calculated for the following two conditions:

1) Both end bearings are pin-fized and otber support. are conventional
rubber bearings or MDBbin bearings in the transverse direction.

2) All supportI are conventional rubber bearings or _hin buringe in the
transverse direction.

Fig.4 lbon the eigenvalue. and the IIIOde lhapes of tba bridge. For both
casu, tile eigenvalue. aDd 80de .hapu of the fir.t .xis ars al..t tba ....
In other words, there il no difference in tbe first 80de whether tile end
bearlnp are p1n-fiaed or elasticly supported. Furtbamare, 1n tbe s-=aDd
cue. the transverse IIOV8MDt at the end of the third -ade il not larga whUe
tbe end .Upportl are not pin-fiaed. The effective ...... of the first and the
third -adal ara almst 90' (TIle effective "'HB of tile firlt IlOda are
75'-'''). Tbarefore. in tba cue of a loog bridge Ute this, tbere il little
difference to the "ibration .ada. whether both ends are supported elasticlr or
pin-fized in the trans..rse direction.

According to the Japanese code, tbe t811P8rature range i. -lO·C-50·C. Tbe
longitw!1nal mv rnt due to t.-perature cbuge il 22.5c:a at tbe end support
as .boa ln Fll.5. Tberefore. tbe di...ion of tbe end support i. ftry blg
COlIPBred to tbe otber beariop. IbIeftr. tbe vertical force at tbe ad support
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is very sullo as also shown in Fig. s. Therefore, the end bearings are very
hard to design.

DID SUPPORT talDITlCII

According to the two reasons ID8Iltioned above, there is no positive
reason to eaploy elastic bearings to the end supports. It aigbt be appropriate
to pin-fix tbe end bearings in the transverse direction while allowlng it to
be free in the longitudinal direction.

Therefore. in this study, the end bearings are free in the longitudinal
direction and pin-fixed in the transverse direction.

COMPARISON SBTWKEW SEISMIC ISOLATION
BY CONVENTIONAL RUBBER BURUIG AlII) MBNSBIII SURING

CXIIPARISCII 8'1'UDY (II SUPPORT INStillS

This study investigates the difference between multi-span conUnuous
bridges with conventional rubber bearings and with IlleD8bin bearings (CRB
design and ID8IlBhin design) fraa the viewpoint of teaperature changes and
earthquakes. Lead rubber bearings are used to repreBent the -.nshin bearings
in this study.

In design of a long-span bridge, there is a nuaber of possibilities to
design bearings. The follOWing three conditions are conaidered for designing
bearings in this study. The first 2 cases are designed according to the
service load and the Japanese le'le1-1 earthquake load. The lut cue 1s
designed according to the service load condition aDd the Japan..e lev8l-2
earthquake load. The menahin bearinga IlU8t be satisfied with the level-2
earthquake so that the II8Jl8hin bearings of the tint 2 cues violate the
__hin code.

CASE( I) MinillUll sized bearings for the service load conesition
The displac8ll8nt due to teaperature fluctuation is very big in this

cue. If the bearings are designed according to the service load
conditions, the Japanese level-l earthquake condit1ona are autoaatically
saUsfied.

CASE(2) Bearinga d.signed by the CRB _lgn ..thad
The funcla.ntal Ai_ic cCMlfftci8Dt(k) of the Japanue 18vel-1

earthquake for Graup-3 (Soft 1011) is O. 2tg • Tbe a.i_ic cCMlfficient in
the range of O.17-2.1sec is greater than O.2tg aDd the ••1sa1c
coefflcl8Dt of T:2.lsec is O.24g. Usually, tbe bridge with cOD'IlIIltional
rubber buringa target. this period. If tbe duping effect of MDSbin
bearinga i8 ignore4, tbe MDBhin bearinga can be treated as COIlvutional
rubber bearing8. Fro. tll1s viewpoint, both bearings are duigD8Cl
following to the CaB design _thad.

CASE(3) Bear1nga daaigne4 by tbe .....bin code
The CDD'I8Iltional rubber bMr1nga are not requlrecJ to ruist agaiut tbe

Japue.. 18.,.1-2 earthquake 1_ becallA .toppers an IlOUIItect for
awilling the acessi" aovuat beyond tile acYI.lot calculated by tbe
1..,.1-1 earthqwake. IIowner, accorcl1ng to the MDahlll coda, the _bin
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bearings must be designed against the Japanese level-2 earthquake and the
stoppers are not usually mounted. Therefore, only menshin bearings are
investigated.

Fig.6 shows the Japanese level-l and level-2 earthquake spectra.

All results are represented by those of P-7 because the height of P-7 i8
the average and the seismic force of P-7 in the transverse direction is al.cst
the largest.

All results are obtained from the static analysis. In this calculation,
the equivalent stiffness of each menshin bearing ~epends on the dlsplaceleDt
so that iterated calculations are performed.

0.3

020

0.10

0.05

0.1 0,2, 0.3 05 1.0

Level-2 (h<10')

Leftl-Z (h>lS\)

2.0 3.0 5.0 reS)

F1g.6 Design Earthquake Spectra
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CASE( 1) NI.IIIII SEIZED BUlUIIGS FOR THE SERVICE LOID axmxrIOIS

Table 1 shows the dillel1sion of the bearings. Fig.7 and Fig.S show the
results of displacement and horizontal design force.

In case of the conventional rubber bearings, the longi tucUnal
displaceJDeDt caused by the Japanese level-l earthquake is greater than the
lIIOveII8Ilt due to teaperature fluctuation so that the design displacuent is
deteIllined by the earthquake load. However, in the case of the MDShin
bearings, the displacement is les8 than the IIOveMIlt due to the tuperature
change so that the design cUsplacement of thiS case is detemined by the
teaperature change.

The design horizontal force due to the level-l earthquake for both
directions are greater than the force due to temperature change so that the
design horizontal force is detemined by the earthquake load. The seialc
force of the conventional rubber bearings is greater than that of the menshin
bearings.

The interesting point is that the design horizontal force in the
transverse direction is greater than that in the longitudinal cUrection whUe
the seiuic IIIOV8IleDt in the transverse direction is alllOst the sue aa the
longitudinal one.

ClSI(2) BUlUKGS BlSIGIIID BY THE CR8 DlSIGli HiilD)

Table 2 shows the dimension of the bearinga. The results are shown in
Fig.9 and Fig.10.

In the case of the CRB design, the displacement usulting fraa the
level-l earthquake is still greater than that by teaperature change while it
i8 slightly leiS than that of the first case. The displacea.--:nt of the MDSIl1n
des1gn 18 al.ast the sue as that by the teaperature change.

The seis.ie force of the JDenshin design is les8 than that of the eRB
design. The transverse seiaic forces are SOIIewhat greater than the
longitudinal ODeS.

CISI(3) BIIIU-.;& DlSIGIIID BY 'l'1li lIaSBIK CDJI

The d1...io08 of the bearings are deteralned by the Japanese le981-2
earthquake condition.

All resulta are shown in Fig.ll and Fig.12. Table 3 sh0w8 the diMDaion
of the bearings.

In thia cue, tbe 8IJl8bin bearin;a are designed in order that the
natural period of tbe bridge equals T=1.2sec (Twice of the natural period
(O.6sec) of the bridge witbout the .enshin bearinga). In this case, the
displac-.nt 4ue to the le..l-1 earthquake 18 1••• than the di.plaC8Mllt due
to the teaperature fluctuation. However, the sei_ic coefficient of tile
88Il8hin duign for the le.,.I-1 earthQUUe 1. slightly greater than that of the
second cue of the CD duign.
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Table 2 Bearing DIMD810u eo4
Natural Period aa4 Seiaie Coefficient of the Bri4ge(Cue 2)

Subetructun Bearing DI88Uion Period Sei..ic toefl.
CRB 125z125z21.0·35.0 2.04Iec(Loag.) O.24g(LoDg. )

Concrete 1.961ec(Tr8ftl.} O.25a(Tr..... l
CollIE Pier LRB 130d30a36.0 1.901ec( LoDg. ) O.23g(Long. )

IAa4 btU 2.21HC(Tr..... ) O.21g(Tnu. )
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First two ~esigns are based Oft the Japanese level-l earthquake design.
From thes. results, 1t is obvious that the III8Il8bin delign 11 superior to the
CRB design because the seismic force can be controlled to the sue level u
that of the CRB design while the seisaic displacement can be liaited to the
teaperature moV888Dt.

However, the menshin bearings IlU8t be satisfied with the level-2
earthquake conditions 80 that the third case 1s investigated. From the third
result, if the seia.ic di8plae.-ent is better to be limited to the DOV88IDt of
temperature cbenge, the seiuic coeff! cient of the _hin design caused by
the Japanese level-1 earthquake Is slightlY greater than that of tbe CHI
design.

COlICLUSIOIf

This study investigates feasibility of constructing a multi-span
continuous bridge 1.2St. long at a soft ground site.

Froa tbese re.ul ta, this long bridge can be designed by u.ing both
conventional rubber bearings and MIlshin bearingl. If conventional rubber
bearings are eaployed, the longitudinal displacuent due to the Japanese
level-l earthquake is greater than that due to temperature change. If aenabin
bearings are aployed, the seiaic displaceMDt caused by the Japanes. l8vel-l
earthquake can be liaited to the aovuent caused by teaperature change. But
the seiaie coefficient of the menshin de.ign due to the Japanes. level-1
earthquake is slightly greater than that of the CRB duign.

The lateral sUUnels of the girder is very weak in the traDIver..
direction .0 that the 881..1e aoveaent and the sel..ic force in the aUdl. of
the girder are alllOst the s_ as or greater tben tho.. in the longitu4ill41
direction, wblle the end bearings can be pin-fized in the trllll8Verlie
direcUon. Furthemore, Fig.13 sh0w8 that the calculated d.forution IIOde by
tbe static analysis is different frca tbe first vibration aode by tbe dynaaic
analysis. Therefore, the dya_ic analysis in the tranavers. direction ....
necessary for such a long bridge.

This paper su.aril•• tile result of the research by -TIle c~tt.. on a
.ulti-lpBD continuous bridge-. The authors are grateful to the -..bars of this
c~itt.. for tbair adYice aDd .upport.
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Base Isolation of the lTniversity Bridge

DiInitriu; P. KOllt."iOuku-; • and John H. Clark t

Abstract

The design of the base isolation system for the seismic retrofit of the University
Bridge Approaches in &>attle is described. The df>sign allows traffic to continue un
interrupted dUring construction and avoids costly footing retrofit work at the bridge
piers in the water. The limited space that is available for the installation of the iso
lation system presented uniq1re difficulties that required innovative design solutions.
The end product is a structure that can safely survive the design earthquake with
minimal damage and, therefore, a low post-earthquake repair and maintenance OO5t.

Introduction

Although the need to retrofit existing highway bridges for seismic loading has been evident
for many years, the seismic risk to bridges was brought to the public's attention during
the recent years, espe<:ially since the October 1989 Lorna Prieta earthquake shook the
greater San Francisco area. The dramatic collapse of the doubl~Cypress Viaduct in
Oakland during that earthquake gave public agencies the required impetus to 'lJl~.m,alre

a widespread evaluation of virtually all bridges built in earthquake-prone areas.
The Seatt;le Engineering Department initiated an extended evaluation of the seismic

risk to the bridges built in the City of Seattle. Among them is the University Bridge, a
vital transportation artery in service since the 1930's. A preliminary seismic vulnerability
study [7, 8J concluded that serious retrofit work needs to be perfonned for the structure
to remain functional after a major earthquake.

This paper describes the base isolation system that will be installed in the South and
North Approaches of the University Bridge. Seismic isolation was selected over more

'Bridge Engineer, Andersen Bjornstad Kane Jacobs, Inc., Seattle, Washingtoo 9811~4108

tVice President and Chief Bridge Engineer, Andersen Bjornstad Kane Jacobs, Inc., Seattle, Washing
ton 9811§'41OS
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traditional r{'troiit solutions. i.(>.. strengt!lpninj.?, and stiff(>nill~ of th(' hridge. primarily
bPcause it will rf'\i('v(' t!lf' substru('ture from ('x('('ssive sPismic fon'l's that would require
l'Ostl~' retrofit work.

Bridge Description

The l'nivt'rsity Bridge w&-; designed and constructed ill tlw (~arly 1930's uwr Lake t.:nion
Ship Canal in Seattle. The bridge carries four lanes of traffic and two sidewalk/bicycle
lanes 011 the north-south route of Eastlake Avellue. The structure is divided into the
Sl)uth Approach, tllP Ba..'Icule Bridge and the North Approach (Fig. 1).

The South Approach is a 200-foot long 3-span truss bridge. The superstructure is a
cast-in-place reinforced concrete deck slab on two lO-foot deep trusses. The substructure
consists of two-column b€nts, 45 feet wide, with tapered concrete columns and a lightly
reinforced haunched crossbeam (Fig. 2). The south end of the approach is supported by
the South Abutment. which consists of a hollow concrete box, with two pedestals that
support the truss bearings. The north end is supported by the South Bascule Pier, The
foundation of Pier 2 consists of two rectangular footings with 54 timber piles each. Pier 3
is in the water and its foundation consists of two square footings with 64 timber piles each.
The truss is supported by steel rocker bearings on the South Abutment and South Bascule
Pier. These bearings allow both translation (expansion) and rotation in the longitudinal
bridge direction. At Piers 2 and 3 the trusses are supported on fixed steel bearings that
act as pins in the longitudinal direction.

The North Approach is a 17-span bridge with two 7.25-foot cantilevers and a total
length of 975 feet. From the North Bascule Pier to Pier 10, the superstructure consists
of a reinforced concrete deck slab on two 12.5-foot deep steel deck trusses. From Pier
10 to the North Abutment, the superstructure is a reinforced concrete deck slab on four
reinforced concrete haunched girders that are monolithic and have integral crossbeams at
the pier tops. From the North Bascule Pier to Pier 10 the bridge substructure consists of
45-foot wide two-colwnn bents, with tapered concrete columns connected by a haunched
crossbeam. From Pier 11 to the North Abutment the bridge superstructure is supported
by four-colwnn bents with square columns that are transversely spaced at 17 to 20 feet.
The coIUIIlIl5 are connected at midheigbt with one or two concrete crossbeams depending
on the height. Piers 4 to 10 have square reinforced concrete spread footings on top
of concrete seals. Pier 16 bas two spread footings on piles and the rest of the piers are
supported on reinforced concrete pedestal footings. A combination of fixed and expansion
bearings connect the trusses to the substructure from the North Bascule Pier to Pier 10.
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Figure '2: University Bridge Pier Elevation (Typical)

The concrete girders at Pier 10 are supported by rocker bearings. From Bent 11 to Bent
16, the superstructure erossheam is cast monolithically with the substructure. Steel rocker
bearings connect the superstructure to the substructure at Bents 17 and 18.

Background Information

The specifications used for the design of the South and North Approaches of the Uni
versity Bridge are unknown. The approaches were originally constructed in 1930 (South
Approach) and 1932 (North Approach). The Importa.nce Classification of the University
Bridge is "I," with a Seismic Perfonnance Category "D," Le., it is an essential bridge
carrying an emergency route that has to remain functional inunediately after the design
seismic event. The geotechnical recommendations suggest that the AASHTO spectnDn
[1) with amaz = 0.30g and Soil Profile Type "II" adequately describes the expected seismic
motions.

The overall bridge condition is good. Some concrete spalls can he observed under the
sid~a1ksand around the railings and most are being repaired by the Seattle Engineering
Department. Some cracks emanating from the anchor bolts can also be observed at the top
of the piers that support truss rocker bearings. In addition, some rocker bearings appear
tilted. Both the concrete cracking and the tilting of the rocker bearings are indications
of "frozen" bearings, i.e., the bearings appear to be "locked-up." "Frozen" bearings do
not allow translation and could introduce large forces in the structure with often adverse
effects on the bridge substructure.

The preliminary seismic vulnerability assessment of the University Bridge (7, 8J iden-
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tified significant stru(tural dt'fidencies and collduded that seismic retrofit of the bridge
is required if the structurc' is to carry traffic immediately after the design earthquake.
Spcdfically, it was found that the seat widths of the cxilltin/?; bearings are inadequate
and that the shear capacities of the hearing anchor bolts are smaller than the imposed
demands. Thus, the superstructure could break away from and topple off its supports
during a major earthquake. Moreover, plastic hinging is expected at a number of piers,
creating additional problems in the bar anchorage and splicing of the piers' longitudinal
reinforcement. This behavior is amplified by the spacing of the existing horizontal con
finement reinforcement (18") which far exceeds the current AASHTO code III requir~ment

of 4".
The preliminary study [7, sj proposed strengthening and stiffening of the brin:;e as a

remedy against the structure's seismic deficiencies. Specifically, the study called for an
improved linkage between the superstructure and the substructure and for an increase
in the strength and ductility of the piers. The addition of stiff structural elements (su
perbents) were also included at the North Approach retrofit, in an attempt to limit the
structural displacements and, thus, reduce the seismic demand/capacity (Ole) ra.tios at
the existing piers and bents.

Retrofit Options for the University Bridge

Three major strategies are available for seismic retrofit of bridge structures 12, 61: (a)
improve the linkage between the bridge components by using restrainers, (b) improve
the strength and/or ductility of the bridge niers, and (c) improve the seismic response
of the structure by installing special devices mechanica.l systems. Several systems are
currently available for the implementation of the third seismic retrofit strategy. These
systems, known 88 isolation systems, have been already used in both new and retrofitted
bridges to improve their seismic response by protecting mainly the structural parts that
are below the plane of the isolation system. In general, seismic isolation aims at an
improvement of the bridge seismic behavior by incorporating devices that: (a) reduce the
inertia forces acting on the structure by sufficiently lengthening the fundamental periods
of structural vibration, i.e., by creating a "softer" structure, and, (b) limit the structural
deflections by increasing the damping and/or energy absorption characteristics of the
structure. The result of the seismic isolation retrofit approadJ is that lower inertia forces
are applied on the bridge, so that the structure is, in effect, "isolated" from the damaging
forreJ of earthquakes.

The above three retrofit strategies were investigated during an extensive analytical
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study undertaken by Andersen Bjornstad Kane Jac:'obs. Illc. (ARKI). Among other tasks,
the analyses involved the cOBstruction of three-dimensional frame models representing the
exist ing conditions as well as the retrofit tt:d conditions. The models were then used in
association with the software package GT-STRlJDL to analyze the structure's response
under the desigll earthquake. According to the results of the analyses, the installation
of an appropriate seismic isolation system at the University Bridge Approaches would
be very beneficial for the survival of the structure. Spedfically, the study dictat.ed the
following for the effective bridge rehabilitation:

I). The adoption of the "softening" approach, implemented with the installation of
seismic isolators, as the defense mechallism of the Ulliversity Bridge against strong ground
motions.

2). The seismic isolators will be installed only under the truss units, where they can
be inserted between the superstructure (trusses) and the substructure (piers). Thus, the
entire South Approach (200 feet) and most of the North Approach (655 feet of a total of
975 feet) will be seismically isolated (Fig. 1).

3). To simplify the isolation installation, the existing bearing shoes will be retained
everywhere and the isolators will be installed under the sole plates of the existing bearing
shoes.

4). The retrofit work will be performed mostly underneath the existing roadway so
that vehicular traffic can continue uninterrupted. This inclu.des the jacking of the existing
truss bearings to relieve the bridge dead and live loads.

5). Replacement of the existing expansion joints will be performed in such a way that
only partial closures of the bridge traffic lanes will occur.

The seismic isolation of the University Bridge Approaches possesses the following dis·
tinct benefits over other, more traditional retrofit strategies that are based on an increase
of the structure's stiffness and strength:

a). The seismic isolation sylltem protects efficiently the bridge substructure by mini
mizing the seismic forces that are transmitted from the superstructure. A major design
limitation W88 the lack of reserve strength of the Bascule Piers to carry the increased
forces resulting from a stiffened structure. Thus, extensive retrofit work would have to be
perfonned at the Bascule Piers. This work is eliminated 88 a result of the seismic isola
tion design. Similar arguments also hold for the rest of the substructural elements (South
Abutment, Piers 2 to 10 and their footings) that are now protected from the damaging
effects of major earthquakes. With seismic iflOlation, the substructure elements will re
main "elastic" during the design earthquake, with static capacities exceeding the seismic
demands. Expensive footing retrofit work, that would have to be perfonned Wlder water
at several locations (Piers 3, 4, 5, a.nd 6), is elimina.ted in the proposed seismic retrofit.
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Such work would possibly includp footing extensions and footing tie-downs, necessary to
carry the increased seismic demandH. Ot her retrofit work that is eliminated in t he cur
rent retrofit design involves frictiOlI slahs or ahutment tie-backs at the Sout h Abutment,
prestressing of the pier crossbeams and stiffening/strengthening; of the existing trusses.

b) Installation of the seismic isolators requires relieving the load (dead load, live load
and impact) frolllthe existing bearings so that the aJlchor bolts, rocker nests and masonry
plates can be removed making space for the isolation system. This is an expensive proce
dure posing significant difficulties in the seismie isolation installation process. However,
most of the existing rocker nests already show signs of distress. Furthermore, the number
of existing aJlchor bolts is inadequate for holding the superstructure in place during the
design earthquake. As a result, replacement of the existing anchor bolts with new of a
higher strength and/or additional anchor bolts is warranted. Thus, most of the expense
associated with the installation of the seismic isolators is unavoidable, making the base
il:lOlll.tiull eourept more feasible from an economic point i:)f view.

c) An efficient seismic isolated bridge constitutes a reliable structure that can survive
strong earthquakes with minimal damage. Such system reliability gains an increased
significance if one considers the unpredictable nature of earthquakes. Occurrence of a
seismic event with damage potential and characteristics (duration, magrntude, frequencies,
input energy) greater than those of the design event used in the retrofit design is possible.
By minimizing the inertia forces to the structure, the margin of safety of efficient defense
of the structure against strollger-than-design events is substantially increased in seismic
isolated structures versus structures that have been retrofitted according to traditional
concepts.

Se\lcral seismic isolation systems were examined as candidates for installation in the
University Bridge. However, the extremely limited vertical space available for installation
(5/1 minimum) proved to be the governing factor in the system selection. The tightest
clearance exists at the North Approach, underneath the fixed bearings at Piers 5, 6, 8
and 9. Isolation systems taller than the units selected for this project would require ma
jor retrofit of the pier caps and crossbeams for installation. Consequently, a low profile
isolation system that lDinimizes modifications of the pier caps and crossbeams is the best
selection for this particular application. A custom fabricated low profile elastomeric hear
ing with a lead core fulfilled all the criteria and requirements and W88 selected as the
most appropriate. However, the design specifications describe the perfonnance charac
teristics of a suitable isolation system and allow the Contractor to consider several other
alternative systems.
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-- TO~ lOAD It

Fip;ure 3: Seismic Isolation System

Description of the Seismic Isolation System

The selected isolation system consists of installing a total of twenty six lead-filled elas
tomeric bearings each fabricated. of alternate layers of rubber and steel plates that are
vulcanized together (Fig. 3). A prefonned hole at the center of each unit is filled tight
with a lead plug. The lead core and the alternate layers of rubber and steel form the
isolator unit which is circular. A rectangular steel plate, the top load plate, is bonded
to the circular isolator unit and it is Uged for attadling the isolator unit to the existing
bearing shoe. A second rectangular steel plate, the bottom load plate, is bonded to the
lower part of the isolator unit and is used as the masonry plate for the connection of the
isolator unit to the pier cap.

Welding, as a. means of connecting the top load plate to the existing bearing shoe,
is minimized so that damage of the elastomer is avoided. [n cases where welding is
necessary, it is performed so that the temperature at any point of the isolator unit does
not exceed 200°F. A325 bolts, II inm in diameter, are used for attaming the isolator
unit to the existing bearing shoe. The isola.tor unit is secured to the column cap with
an appropriate number of anchor bolts. Typically, the position of the anchor bolts falls
outside the existing longitudinal oolumn reinforcement and hoop cage. Therefore, a new
concrete shell and 4-#7 reinforcing hoops with mechanical splice couplers are built around
the existing column cap to confine the new anchor bolts (Figs. 5 and 6).

Table 1 designates the type of existing bearings at each pier. The South Abutment,
South and North 8aBcule, and Pier 10 have rocker bearings. At these locations the
isolation bearings are installed under the existing bearing shoes after the removal of
the rocker nest and existing masonry plates. Typically, ample space is available for the
installation of the new low profile bearings and therefore, only limited chipping of the
concrete cap, 88 required for the removal of the existing masonry plates, is performed.
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Location Type of ExtC'rnal RC'bar Isolators DL LL
Existing Bearing Hoops Cutting (per Pier) IKipsl IKipsl

S.Ahutmellt Rod:('r - - 2 90 42
Pier 2 Fixed • - :.! 735 160
Pier :~ Fixed - - '2 735 l{)O

S.Bascule R.ocker - - 2 90 42
N.Hascule Rocker - - :2 233 15fi

Pier 4 Rocker + Fixed - - '2 431 324
Pier 1) Fixed • • 2 100,5 '285
Pier 6 Fixed • • 2 1005 285
Pier 7 Rocker + Rocker • - 4 52R 339
Pier 8 Fixed • • 2 908 275
Pier 9 Fixed • • 2 908 275

Pier 10 Rocker • - 2 330 170

Table 1: Existing Bearings and Major Retrofit Work (DL and LL are per Column)

At Piers 2, 3, 5, 6, 8 and 9 the total available space for the installation of the isolation
bearings is limited by the top longitudinal reinforcing of the crossbeam (Fig. 4). Typically,
the crossbeam reinforcing passes a scant 5 r below the existing bearing shoes. The
crossbeam reinforcing is placed slightly deeper at Piers 2 and 3 of the South Approach.
In general, the selection of the low profile bearings requires limited concrete removal
and no cutting of the longitudinal crossbeam rebars. However, at Piers 5, 6, 8 and 9
where space is extremely tight, cutting of the crossbea.m reinforcement is necessary for
the installation of the isolators. At these locations, the soffit of the top crossbeam concrete
is chipped for a length of 5' - 6", and mechanical couplers are used to connect the existing
(cut) rebars with new offset bent bars that provide the necessary vertical clearance for
the isolators (Fig. 5).

Expansion joints exist at Piers 4 and 7 which support two different trusses from oppo
site directions. At Pier 4, Unit 1N is supported by a fixed bearing and Unit 2N by a rodrer
bearing (Fig. 1). 1b avoid cutting the crossbeam rebar under the fixed bearing, an isolator
bearing replaces the rocker bearing and a thin PTFE bearing is placed under the fixed
bearing. The two tI1188e8 are connected together at the gusset plates, above the existing
bearings, and at the roadway. As a result, Units IN and 2N will move together during the
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Pier Longitudinal Direct ion l)-answrse Direct ion
Existin~ Isolated Dill. (%) Existinf,!; Isolated Diff. (%)

2 2.86 0.73 -7fi 1.:lR 0.16 -67
a 1.69 0.81 -52 0.57 0.67 il8
4 UH 0.82 -58 1.05 n.87 -17
5 1.49 0.49 -67 1.09 C.49 -5;)
6 I. 71 0.57 -67 1.6.~ 0.58 "r:-\,,1

7 1.11 0.88 -21 2.68 0.5!! -80
8 1.00 0.4f> -55 1.10 0.42 -62
9 1.33 0.31 -77 0.79 0.19 -76

Average - - -59 - - -50

Table 2: Column Moment Demand/Capacity Ratios

design earthquake, with Unit IN sliding on the PTFE pad and Unit 2N displacing on the
seismic isolator. The truss Wlits 2N and 3N are supported by Pier 7 on rocker bearings
(Fig. 6). Here, two isolator bearings replace the existing rocker nests and the two truss
Wlits are connected to displace as one. It is expected that the isolation system will cause
the three truss units of the North Approach to "float" as one body during an earthquake.
In addition to the other benefits of the isolation system, the danger of structural pounding
as a result of out-of-phase motion of adjacent truss units is eliminated.

Multimodal elastic spectra analyses of the isolated stcuctUCf> were performed according
to the provisions of AASHTO 11]. Table 2 compares the colunm flexural demand/capacity
ratios (D/C) for the existing and seismic isolated conditions at Piers 2 to 9. Pier 10 is
not included in the table, because the seismic loading from the concrete units dominates
its seismic response. According to the values of Table 2, the bridge substructure (piers)
will remain "elastic" during the design earthquake with D/C ratios consistently below 1.
In the longitudinal bridge direction, an average improvement of 59% in the moment D/C
ratios is noted 8B a result of the seismic isolation, Le., the isolated moment D/C ratios
are 59% smaller from the existing moment D/C ratios. Similar behavior is also observed
at the South Abutment, and at the South and North Bascule.

A substantial decrease in the level of shear demands is also observed at all locations at
the bridge substructure, as a result of the seismic isolation. For example, the traDS\'erse
shear demand at the South Bascu1e and North Bascule Piers has dropped from 811 and
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;');lX kips to (iO and 71 kil~. [('sped ivdy. /)c'("wa...;ps ill tile' slwar delllclll<is 011 till' order
of 6Oj(' are t-xI)Pcted. On dIP ot IlPr hancl. wit h the' IH'W I)parings in plan'. larger clis
plan'lltents of the superstrul"t un~ arf' ('Xlw("\ c'd duri 11>1, a major t'art hquakf'. 'I'll£' I'stimat I'd
IOllgit udinal and transversI' displal"elllC'nt s during; tIll' lksigll 1'\"l'lIt arc Oil the of(ll'r of 1 r.
'Ih accommodate these' defied ions. tIll' ('xist ing l'XIHlIIsion joint". which CUrre'll! l.v alI;)w
only about )" IOIlF;it udinal displacemC'nt. will be mooitic'd. Sacrificial c'xpansiotl joints an'
designed at all Im'ations wherl' the isolatl'd t russ unit s border tI)(' ba."cuit' piers and thl'
traditionally retrofitted COIHTl'te uuits. Tht' Ill'W joillts allow small therlllal nHWClIlcllts
(about 2") and break-away to free the structure to displart' ff{'('ly at larf!;er defledions.

Summary and Conclusions

Base isolation was selected for the retrofit of the truss units of the University Bridge
Approaches instead of more COllvelltiollal methods of structural rehabilitation. Base i~
lalion provides a reliable system that reduces the lateral forces to "elastic" levels under
the design earthquake. FUrthermore, base isolation eliminates major retrofit work at the
bridge superst, llcture and substructure. Post-earthquake repairs to the bridge should be
limited to expansion joint details and the bridge is expf'cted to remain functional.

Limited vertical clearance under the existing bearings shoes available for the installa
tion of the isolation bearings result.ed in the selection of specially-made low-profile lead
rubber bearings. Constructions issues relevant to the installation of the isolation system
included expansion joint modification and crossbeam reinforcing details.

A comparative study of the responses to the design earthquake of the existing and
retrofitted bridge revealed a significant improvement in the demand/capacity rati06 of
the isolated versus existing structures. The forces transmitted from the superstructure to
the substructure are substantially decreased and thus, the substructure is protected from
major damage.

A preliminary estimate of construction costs for the seismic isolation of the University
Bridge Approaches, in 1994 dollars, is $ 2.0 Million. This estimate includes mark-up costs
such as mobilization, contingency and profit.
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SEISMIC DESIGN OF CONTINUOUS STEEL-BOX-GIRDER BRIDGE WITH
RUBBER BEARINGS FOR TRANS-TOKYO BAY HIGHWAY PROJECf

Yukitake Shioi. Yoshitaka Yoshida. Kazushige Takahashi
Design and Engineering Dept.. Trans-Tokyo Bay Highway Corporation

Abstract

The superstructure of the Trdns-Tokyo Bay Highway Bridge. which is a steel-deck
continuous box-girder bridge. was designed as a multi-span continuous structure with a
minimum number of expansion joints in order to achieve high earthquake resistance.
smooth road surface. and ease of maintenance. A series of experiments on large rubber
bearings were conducted to confirm their dynamic and static performance. such as
deformation capacity. and a superstructure incorporating those rubber bearings was
designed.

Introduction

Crossing the middle of Tokyo Bay when conlpleted. the Trans-Tokyo Bay Highway
will !>e a 15.1 km long motorway iinking Kawasaki. Kanagawa Prefecture. and Kisarazu.
Chiba Prefecture. and consisting of a tunnel. a bridge and two man-made islands (Figs. 1
and 2). As shown in Fig. 3. a 4.4 km long bridge section will link Kisarazu Man-Made

.'

KANAGAWAP .

...
• 'FUTTSU···....

..

Fig. 1 Location Map
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Island with the landing position of the highway on the Kisarazu side. The bridge can
largely be divided into an offshore section (A I, PI-PI3) at water depths of 23-10 m and
a shalJow water section (PI3-P42) at depths of 8-0 m.

Table I shows the design data for the bridge. The offshore section will have steel
piers built on steel sheet pile foundations, and the shallow water section will have
concrete piers built on steel pipe sheet pile foundations.

This paper outlines the design of a multi-span continuous bridge section with rubber
bearings used in the shallow water section and reports on performance tests on rubber
bearings.

Multi-Span Continuous Structure

Method of Constructing Multi-Span Continuous Bridge

There are several methods of constructing a multi-span continuous bridge, as shown
in Fig. 4. In the horizontal force centralization method, inertia forces during an
earthquake can be concentrated on certain piers; since this necessitates the use of large
piers, there is a limit to the application of this method to multi-span bridges. The
horizontal force decentralization method is suitable for a flexible structure with tall steel
piers. such as the offshore section. This method, therefore. has been adopted for the
offshore section, which has been designed as a 1,630 m long 10-span continuous bridge.

The shallow water section has short reinforced-concrete piers. If the horizontal force
decentralization method were used, therefore. piers would have to be uneconomically
large. In the damper method, additional dampers other than those to bear venical forces
would be necessary. Thus, the rubber bearing method was employed to construct the
multi-span structure in the shallow water section.

Table 1 Design Data

Route Name National Highway No. 409

Design Speed 80 kmlh

Roadway Four 3.5 m lanes (10 be expanded into six lanes)

Superstructure Steel-deck continuous box.girder structure (I-box. 3-cell)

~
Substructure Steel piers, steel pipe pile foundation::

~ (offshore section)
CI'l

Substructure Reinforced COnlTele piers. steel pipe sheet pile foundation
(shallow water section)

Estimated Traffic 33,000 vehicles/day in the 1st year
64,000 vehicles/day after 20 years

Horizontal force Horizontal fcree Rltlber bearin\} system Damper system
centralization system decentralzation system

M M F M M M F F F M F F F F F M M F M M

011l 011l rrm fITn
Fig. 4 Types of Multi-Span Continuous Stncture
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Rubber Bearings

Rubber bearings absorb deformations (displacement, rotation) of the superstructure
by their elastic deformation. The rubber bearings used in the bridge are laminated
structures of rubber and steel plates and have high load-bearing capacity. Fig. 5 shows the
rubber bearings that have been adopted. The ring bearing shown here has already been
used extensively as a large bearing for bridges, and this bearing is characterized by a
ring-shaped opening in the steel plates. The High Damping Rubber Bearing (HDR) and
the Lead Rubber Bearing (LRB), both of which have damping effect, have been widely
used to seismically isolate buildings and, recently, bridges, too. The HDR uses special
energy-absorbing rubber. The LRB is a rubber bearing with lead bars inserted in it and
absorbs energy by plastic deformations of lead. In the bridge in the shallow water section,
these three types of rubber bearings are used; however, they were chosen from the
viewpoint of the functionality of rubber bearings alone because they had never been used
to seismically isolate highway bridges, and the energy absorption capacity of the HDR or
LRB was not evaluated in design.

Determination of the Number of Continuous Spans

Three alternatives regarding the number of continuous spans, as shown in Fig. 3,
were considered.

Alternative I: To divide 30 spans into 3 sections (II + 10 + 9 spans)
Alternative 2: To divide 30 spans into 2 sections (21 + 9 spans)
Alternative 3: To construct 30 spans as a continuous structure
The analytical model used in the design of rubber bearings was constructed with

springs representing rubber bearings, and springs representing the substructure that had
been obtained on the assumption that the bottoms of the piers were fixed. It was also
assumed that during an earthquake the continuous superstructure behaved as a single
body. Design calculations indicated that the required dimensions of bearings were similar
irrespective of the type of structure. As a typical example, Table 2 shows the results of

High-<iamping
rubber

Flange plate Flange

e-J Ring IIeIrIng (RB) (b) ...... Rubber a-tng (lRBt (et Hlgtt-o.mpng RubbIr BeIrlng (HOlt

Fig. S Types of Rubber Bearing

Table 2 Design Calculations for Rubber Bearing (Ring Bearing)

Alternative I

Number ofContinuous Spans II 10 9

Dimensions: Largest bearing mm 1.550 lC 1,550 X 234 1.4.50 X 1.450 x 200 1.450 x 1.450x 200
Width lC Length X

Smallest bearing 1.350 x 1.350 x 149 1,350 II 1,350 x 176Rubber Thickness mm 1.350 II 1.350x 180

Horizontal Nonnal conditions mm 196 168 1StDisplacement or (at section end)
Supenttucture (Max.)

Under earthquake mm 255 250 250

Natum Period of Bridge sec 2.03 2.01 2.01
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design calculations for the case where ring bearings are used. Since the natural period of
ground is 1-1.2 seconds, the target natural period of the bridge was set at 2 seconds so as
not to cause resonance. The vertical reaction of the shoe is 1,500-1,700 tf.

In Alternative I. the width of the bearing in the II-span section, for ex.ample, was
around 1,600 mm; displacement along the bridge axis at the girder end was within about
200 mm at changing temperatures (±3S'C), and within 250 mm even during an
earthquake. In Alternative 2, the width of the bearing in the 21-span section was larger
than in the II-span section in Alternative I by only ]00 mm or so. but the height of the
bearing was about 1.8 times greater. The reason for this is as follows: Although there is
not any substantial difference in horizontal dimensions because compressive stress in the
bearing is the governing factor, the height is governed by shear strain in the bearing (
shear deformation / total rubber thickness < 70% at ordinary times, 150% during
earthquake). Hence. as horizontal displacement due to temperature changes increases to
360 mm, the required thickness of rubber increases, too. In Alternative 3, this tendency
becomes more pronounced, making the rubber bearing thickness of 631 mm and the
bearing width of 1,900 mm necessary. Since these values cannot be achieved with the
present level of manufacturing technology, it was decided that Alternative 3 was
impractical. Although Alternative 2 was technicaJly possible, it required further research
to develop bearings and expansion mechanisms that could absorb large defonnations.
Therefore. Alternative I, which was feasible with the available technology, was adopted.

The bearings adopted are as folJows: the HDR for the II-span 900 m section on the
offshore side, the LRB for the 10-span 800 m section in the middle. and the ring bearing
for the 9-span 714.4 m ~dion on the land side.

Seismic Design

Overview of Design

The seismic design of the bridge, which conforms to the Design Standard for the
Trans-Tokyo Bay Highway Bridge (draft) and the Standard Specifications for Highway
Bridges with Commentary (hereafter referred to as ··S5HB"). was basically static design
based on the seismic coefficient method, and the validity of the design was evaluated
through dynamic response analysis. The design of the I I-span 910 m long section
(PI3-P23) is outlined below.

(a) Static Design
The values of the seismic coefficient used in the static design were calculated in

accordance with the SSHB. Table 3 shows the calculated values.

/u, - Cz,CG·Cs·Cr·/u,o (I)

where
Cz : regional correction coefficient (Area A) - ].0
CG : ground type correction coefficient (TG - 1.2 seconds) - 1.2
C! : importance correction coefficient (Grade I) - 1.0
CT : natural period correction coefficient
100 : standard design horizontal seismic coefficient - 0.2

Table 3 Design Horizontal Seismic Coemcient (Pl3-P24)

Direction Naturetl Period COlTection Coefficient Horizontal Seismic
(sec) Cz Coefficient K,.

Bridge-axis direction 1.75 1.13 0.27

Perpendicular-to- 0.94 1.25 0.30
bridge-axis direction
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Although the natural period in the bridge-axis direction was 2.0 seconds as in the
design of the rubber bearing. variations in the quality of rubber bearings were reasonably
expected. Therefore. the spring constant for the bearing was multiplied by 1.3 and thus
the natural period of 1.75 seconds was used to calculate the values of the correction
coefficients so that up to twice the tolerance (±15%) of the spring constant was
permitted.

(b) Evaluation through Dynamic Analysis
In dynamic analysis, safety was checked against two target levels of earthquake

resistance. Table 4 shows the earthquake resistance criteria used and the evaluation
procedures. For each of these two levels of earthquake resistance, input earthquake
motions to be applied, in dynamic analysis, to structures constituting the Trans-Tokyo
Bay Highway were formed: Expected values of response spectrum were determined
according to earthquake motions observed in and around the Tokyo Bay area, and the
input earthquake motions were determined by adjusting the amplitude of historical
earthquake motions so that they agreed with the expected response spectra in terms of
spectrum characteristics.

Dynamic Analysis

(a) Method of Dynamic Analysis
The analysis model used was a lumped mass system model; it was an II-span whole

system analysis model. Fig. 6 and Table 5 show the analysis model and method used.
respectively. Before the analysis of the whole system. a multiple reflection analysis was
conducted. In this analysis, Layer D5 in Fig. 2 was assumed to be basement and the
response of the ground system was analyzed taking account of the nonlinearity of strain
and ground properties (shear stiffness. damping factor). It is the results obtained from this
analysis that were used in the evaluation of ground stiffness and used as earthquake

Table 4 Evaluation Criteria Used in Seismic Design

Level Description

L-I TIle structure should not suffer damage likely to impair primary function
when subject to earthquake motion likely to occur during its life span. In
addition. the structure should be easily repairable following the earthquake
so that the full function before the earthquake can be quickly recovered.

L-2 When subject to a major earthquake likely to occur only rarely at the site.
whilst it is acceptable that structural members suffer heavy damage.
structural failure likely to endanger human life should be prevented. In
addition. following the earthquake. it must be possible by repair.
strengthening. or partial replacement. to restore the function of the structure.

(m)
20

10

o
-10

-20

Fig. 6 Whole System Dynamic Analysis Model
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Method

D~tion

Table 5 Method of Whole System Analysis

Time-series response analysis using modal method

Bridge-axis and perpendicular-to-bridge-axis directions

Input Earthquake Motion

Damping Factor

Analysis Model

Superstructure

Substructure

Ground-pile

L-I and L-2 are used as base waves, and response waves from the
footing are obtained from ground response analysis.

Modal damping is based on assumed proportionality to strain energy;
damping factor for each element is in accordance with SSHB.

Beam-mass model

Beam-mass model; P-6 curves are used at level L-2 to take account
of decrease in stiffness.

Ground stiffness detennined from multiple reflection analysis is used
to calculate spring constants in accordance with SSHB.

motions inputted into the whole system. As shown in Fig. 7. the piers in the shallow
water section are to be built on steel pipe sheet pile foundations. In constructing the
model. an analysis using a symmetrical FEM model was performed to properly evaluate
dynamic interaction between the ground and the caisson foundation. Then. the damping
factor for the ground-foundation system was determined accordingly.

(b) Results
Fig. 8 shows the first- and second-mode diagrams for the bridge-axis and

perpendicular-to-bridge-axis directions. In the first mode in the bridge-axis direction,
deformations of the robber bearings predominated; the superstructure behaved as a unit,
and there was little defonnation of the substructure.

Table 6 shows section forces acting at the bases of the piers in the bridge-axis
direction. As shown. dynamic response section forces at level L-t ex.cept at P13 were
lower than the static design values. P t3 was reinforced with additional steel. At level L
2. the requirements of the SSHB were satisfied. and the shear strength and ultimate
horizontal strength were not smaller than the force obtained by multiplying the lateral
seismic coefficient used in strength evaluation by the equivalent weight ("equivalent
lateral force" in the table). It was decided. therefore. that the required level of safety was
achieved.

Table 7 shows the response of the bearings in the bridge-axis direction. The required
level of safety is achieved since the dynamic response displacements at level L-t were
lower than the static design values. At level L-2, the dynamic response displacements
were greater than the static design values; however. it was decided that this did not pose a
problem because the bearings had sufficient defonnation capacity and displacements of
the end bearing were within the distance between the girder end and the edge of the
substructure (Sf - 2,450 mm).

Rubber Performance Tests

The feasibility of the multi-span continuous structure of this bridge is dependent on
the large defonnation capacity of the robber bearings and the use of the largest rubber
bearings available today. A series of tests were conducted. therefore, to confirm the
performance (basic characteristics, large deformation capacity. and dynamic
performance) of the robber bearings.

The performance tests can largely be divided into dynamic performance tests and
static perfonnance tests. As specimens, lI4-scale models were used in the former. and
full-scale models were used in the latter. The test results reponed below mainly concern
HDRs.
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1st mode, natural period 1.994 sec

2nd mode, natural period 1.280 sec

~.~.
I

1st mode, natural period 0.960 sec

2nd mode. natural period 0.945 sec

(8) Bridge-Axis Direction (b) Perpendicular-to-Bridge-Axis
Direction

Fig. 8 Mode Diagrams for Whole System

Table 6 Response Section Forces (Bridge-Axis Direction)

P,3 P'4 P22 P23

Bending Moment (tf·m)
Static response 13013 24108 14258 12825
Dynamic response (L-1 ) 19503 12722 8189 7587

Shear Force (tf)
Static response 891 1296 910 878
Dynamic response (L-l) 1092 700 516 522

Evaluation Concerning Bending Failure
Ultimate horirontal resistance (tf) 1173 1631 1228 1322
Equivalent horizontal force (tf) 1038 809 704 711

Evaluation Concerning Shear Failure
Shear strength (tf) 5767 4751 3801 38m
Equivalent horizontal force (tf) 1671 950 718 730

Dynamic Performance Tests

In order to simulate the state of the rubber bearing during an earthquake, the
specimen was subjected to reversed cycles of horizontal loading while being under a load
equal to deal load reaction. In the tests, the following perfonnance was examined:

(I) Values of spring constant and damping factor of rubber bearing used in design
(2) Stability under dynamic cyclic loading
(3) Stability depending on loading history
(4) Stability depending on the rate of deformation
The load-displacement test for the shear defonnation of the HDR of 100% and the

vibration frequency of 0.5 Hz indicated that the stiffness was relatively high during the
first loading cycle, but. as the overlapped curves for the second and later loading cycles
indicate. the performance of the rubber bearing was stabilized during and after the second
cycle. Fig. 9 shows the relationships between the vibration frequency, equivalent spring
constant. and equivalent damping factor. The equivalent spring constant tended to
increase with vibration frequency. and the equivalent damping factor tended to decrease
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Table 7 Response at Bearing (Pl3-P23. Bridge-Axis Direction)
Item Symbol Unil PIt P,. PII PI. p!! PZ3

SpecifK'ations of DilT)('n..ions UrI. bo mm 1700 • 1700 1450.1450 14~. 1450 1550.1550!
Rubber Bearing

Rubbtr Ihic~s I, mm 25, ItiZ Ix2 2O'J
--

Horizontal S~.. Vern E26 2.'.,6 B.J6 2.1:16
Spring

OIspl~"",nl of NonniII Temptt"41urr M mm 197 155 In M4 117 151
Girder

Earthquake StalK M, 2M~ =Jmm

Dynamic LI ttl" mm 154+ 15J 152 151 150 151 --J
Dynami< L2 ttl" mm J6M J<i7 J(;.\ J6l ~

\
:161

mm -t- '-Di"PI."C'rTl('nl of Normal Temper4lufe Ii 127 96 bll 96 IB
lItaring -I-

Earthq"'e StatiM; 6,
m~~

2~1 HI 2~1 2.:\1

Dy""mic LI
8'1 mm 15, 15.1 152 151 150 151

Dy""micU Ii mm :I6lI .W> ~ :1(" J<i!

~,1

S~iI1Sm,;n Normal Tempenalurr y 0.50 05, O.Jx 0.5, 059
I

F.arthquake ~talic r. 0.91 1.27 1.27 1.27 1.11

Dy""mic LI
--

Y" O~ 072 0.75 0.74 0.65
-

Dy....mic L2 Y,,? 1.21 I 1.54 167 1.62 1.45

Horizonbll Forte Nunnal remperd'u" H If B 112 SO 112 145

Earthquake SIa.1C H, If JJI 270 liO

I Dy""mlc LI n" If 164 159 159 !57 159

L DynamK L2 Hcz tf .'57 .'5:- .1~ :144 J55

1/4-5cale model
Shear strain: ±100%
Vibration frequency: 0.5 Hz
Vertical load: 55 «

Equivalent spring constant

'Si9~V~ _
Measured value

-.t---..... 20

~10

0.01 0.5 0.75 1.0

Acceleration frequency (Hz)

Fig. 9 Relationship between Frequency and EquiValent Spring
ConstantJEquivaieDt Damping Factor
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with vibration frequency. The variations were small. however. as compared with the
values of the spring constant and damping factor calculated from the design fonnulas.
and these results indicate that the equivalent spring constant and the equivalent damping
are hardly dependent on vibration frequency.

Static Performance Tests

(a) Compression Deformation Test
This test was conducted with a view to confirming the compression deformation

capacity. In the test, the specimen was subjected to vertical loads of 0 tf to 1,350 tf (dead
load + live load + impact), and then the load was decreased to 850 tf (dead load only).
The spring constant in the vertical direction was about 4.500 tflcm, which is nearly 460
times as large as the spring constant in the horizontal direction (design value 9.62 tf/cm).
This indicates that the stiffness was very high and the maximum displacement was as
small as about 5 mOl. The design spring constant of 4.979 tf showed fair agreement with
measured values.

(b) Cyclic Shear Deformation Test
This test was conducted for the purpose of confirming the durability of the rubber

bearing under horizontal cyclic displacements due to tempenlture changes. While being
under the maximum vertical load of 1,350 tf (dead load + live load + impact). the
specimen was subjected to 100 continuous loading cycles so that deformations of ±70%
(tolerance at changing temperatures) occurred. After the test, the rubber bearing did not
show any sign of abnormality. Fig. 10 shows the relationships between the values of the
equivalent spring constant and equivalent damping factor and the number of loading
cycles. The fact that both the equivalent spring constant and equivalent damping factor
tended to decrease only slightly with the increase in the number of loading cycles
indicates that the performance of the nbber bearing remained stable.

Photo 1 Large Deformation Test (')1'=220%)
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lit-scale model
Shear strain: ±70%
Vibration frequency: aHz

15
Vertical load: 1350 If 30

j Equivalent spring
E constant tu
t • • 0
'E 10 • • • • • • • 20 1:)

.l!! - -;;0.-- ~
tn Design value Cl
c:

~- ~-----------
c:

0
• ... A 6 & .&. 'au ECl ctlc: ~'& 'EUJ Equivalent damping 10 Q)

C 5
factor Ii

C1l >m 'S
> 0'
'S W
0'
W

0 50 100

Fig. 10 Cyclic Shear Deformation Test

Photo 2 Lead Rubber Hearlna in Process of Manufacture (ISOO x lSOO x 553 mm)
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(c) Large Defonnation Capacity Test
This test was conducted to examine the extra defonnation capacity of the rubber

bearing subjected to very rare cases of loading. The assumed large deformation was
220%. which was the sum of the allowable shear strain due to earthquake loading (150%)
and the allowable shear strain due to thennal loading (70%). This is about 1.5 times as
large as the allowable defonnation due to earthquake loading. The vertical load applied
was 850 tf. which was equal to the deal load.

Fig. I I shows the load-displacement curves for the three types of rubber bearing
adopted. As shown. the load-displacement relationship for the ring bearing is linear.
while the larger areas of the loops for HDR and LRB indicate that they do have damping
effect.

Fig. 12 shows the load-displacement curves for HDR loaded for shear strains of
±220%. Hardening of rubber was observed when the shear strain exceeded 150%. but the
curves show overall stability.

The horizontal displacement-vertical displacement test for shear strains of 220%
indicated that as shear deformation increased. the effective area of bearing surface
decreased and vertical displacement increased. The vertical displacement. however. was
3 mm or so at maximum (about 1.5% of rubber thickness) and it did not pose any
practical problem. The fact that no substantial damage to the rubber bearing was
observed after the test indicates that the bearing had sufficient deformation capacity.
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Fig. 12 Large Deformation Test (UDR)

Conclusion

The design of a multi-span continuous bridge with rubber bearings planned in the
shallow water section of the Trans-Tokyo Bay Highway, as well as performance tests on
rubber bearings, has been outlined. Rubber bearings were introduced to make multi-span
continuous structure possible by reducing and distributing inertia forces due to
earthquake loading and reducing indetenninate forces due to such factors as temperature
changes. By improving the performance of rubber bearings and accumulating experience
in using those bearings, multi-span continuous bridges can be more cost-effective.

The piers of the bridge are now almost complete, and in September 1992 the first
superstructure was completed (Photo 3). Consisting of only four multi-span sections, the
4.4 km long bridge will have an exceptionally smooth road surface.
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Earthquake Protective Systems for the Seismic
Upgrade of the Golden Gate Bridge

Santiago Rodriguez. P.E. 1
, Charles Seim, P.E. F. ASCE2

, and Tim Ingham, Ph.D., S.E. 3

ABSTRACT

The Golden Gate Bridge has endured since its opening in 1937 u a symbol of the City of San
l-rMcisco, and is one of the most famous bridges in the world. The bridge functions as an
important transportation link for Bay Area conunerce and conunuters. It is owned, operated and
maintained by the Golden Gate Bridge, Highway and Transportation District.

Immediately after the Loma Prieta eanhquake in October of 1989, the District engaged T.Y. Lin
International (TYLI) to perform seismic evaluation and retrofit studies of the bridge. The First
Phase evaluation studies concluded that a major earthquake occurring on the San Andreas Fault
and centered near the bridge may cause severe damage to the bridge and a prolonged interruption
of service to the communities it serves. The Second Phase retrofit studies included development
ofmeasures and cost estimates to retrofit the bridge against such an occurrence.

Several consultants, in addition to T.Y. Lin International. are now working on the Third Phase
that consists of final retrofit aesrgns and preparation ofconstruction plans, specifications and cost
estimates. ConstNction is expected to start immediately thereafter and be completed by the end of
1998.

This paper describes the seismic analysis and behavior of the suspension bridge and otTers an
interim report on several retrofit ideas based on modifYing its seismic response. The seismic
retrofit alternatives considered for the final design require both tuning and strengthening the
structures. The tuning concepts investigated for the suspension spans include allowing rocking to
limit the seismic forces and installing structural fuses a"" dampers to change the dynamic response
and dissipate energy.

'Project Engifteer, T.Y. Lin International. &25 8attcIy SUeet, San Fraacisco, CA 94111

2ScDior Principii, T.Y. Lia InternlWoaaJ. 825 Battery Street. San Francisco. CA 94111

)Senior Project Engineer. T.Y. lin International. 825 Battery Stre:et, S3n Fr:LQCisco. CA 9~ III
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INTRODUCTION

One of the most renowned bridges in the world, the Golden Gate Bridge opened to traffic on May
28, 1937. The design and construction of the Bridge are well documented in the Chief Engineer's
final repon [5). The Bridge is operated by the Golden Gate Bridge, Highway and Transponation
District (District).

The 2790m overall length of the Golden Gate Bridge consists of a number of different structure
types as shown in Figure 1. The bridge's major components are the steel truss approach viaducts,
the Fort Point steel arch, the steel cable's concrete anchorage's and concrete anchorage housings,
the steel suspension bridge, and the art deco concrete pylons. All of the foundations for these
structures except the nonhern viaduet are supported directly on rocle. The nonhern viaduct piers
are founded on spread footing bearing on competent soil.

This paper focuses on the 1280m span suspension bridge. The major components of the
suspension bridge are steel towers, main cables and suspenders, stiffening truss, concrete
anchorage blocks and pylons. The towers consist of multicellular steel shafts braced with struts.
The towers are supported on reinforced concrete piers.

The suspended structure consists of 7.6m deep parallel-chord stiffening trusses spaced 27.4m
apart in the plane of the cables. The trusses are connected to each other by way of a top lateral
bracing system that was part of the original construction, and a bottom lateral bracing system
added to the stiffening truss as pan of a wind retrofit in 1954. The stiffening trusses consist of
laced members with riveted connections.

The vertical suspenders were replaced in the mid 19705. The original concrete deck was replaced
in 1985 with a lightweight orthotropic steel deck that reduced the total weight about 11,000 tons.

The Lorna Prieta earthquake on October 17, 1989, was rated at a magnitude of 7.1. The Golden
Gate Bridge was not instrumented, but appeared to be in an area where the bed rock acceleration
was about 0.08 of gravity. Immediately following the earthquake, the District engaged T.Y. Lin
International (TYLI) to perfonn a seismic evaluation, and about a year later, concept retrofit
studies and approximate construction costs. The results of the seismic evaluation were presented
in The Golden Gate Bridge Seismic Evaluation [1] by T.Y. Lin International in November 1990.
The evaluation revealed that a major earthquake on a nearby segment of the San Andreas or
Hayward Faults would likely cause severe damage to the bridge and could cause interruption of
traffic and require significant repairs. The Golden Gate Bridge Seismic Retrofit Studies [2] in July
1991 included development and evaluation of concept retrofit measures as well as estimation of
their construction costs and schedules.

SITE SPECIFIC SEISMIC RISK, RESPONSE SPECTRUM AND GROUND MOTIONS

The determination of site specific seismic risk, response spectrum and ground motions was based
on evaluations of the geology. the relative location of nearby faults and the reoc:currence interval
of the seismic event, seismic risk analyses, and computer simulations of ruptures on nearby faults.
The results of these studies are presented in 'Geological, Geotechnical and Ground motion
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studies for seismic retrofit of the Golden Gate Bridge" in July, 1992 [3] by Geospectra. Inc.,
Richmond, CA.

Seismic risk was evaluated by applying a probabilistic assessment of ground motion using the
maximum expected design eanhquake values of about 1,000 years return period for the two main
nearby faults, the San Andreas and the Hayward, with a magnitude of 8.25 and 7.3 respectively.
The peak ground acceleration estimated for an event comparable to the 1906 San Francisco
eanhquake on the San Andreas is 0.65g. Site-specific longitudinal, transverse and vertical
response spectra were de·.~loped on tile basis ofthese seismic risk analyses.

Three different seismic events (San Andreas fault rupture scenario) were deveJoped by
Geospectra Inc. to define three independent ground motions. One set of ground motions was
developed for the Hayward fault, but the evaluation studies showed that it did not control.

For the suspension spans, for each of the three events, six multiple ground motions containing
proper estimates of the phase deJay and incoherency were used as inputs to the two main towers.
the two flanking concrete pylons, and the two cable anchorage's.

SEISMIC PERFORMANCE CRITERIA

The seismic performance criteria for a retrofitted suspension bridge presents a compromise
between available retrofit measures, constructibility constraints, user and owner's expectations,
and cost. The retrofit measures for the Golden Gate Bridge must preserve life and allow the
bridge to be used immediately after the largest expected event, first for emergency vehicJes and
then for the toll payinlJ general public. To guide the designers, design criteria for the retrofit
project was developed by T.Y. Lin International based on the Design Criteria from the new
AASHTO Load and Resistance Factor Design.

The Evaluation Studies and the Seismic Retrofit Studies used only dead load and seismic loads
were considered. For the final design phase, the Design Criteria requires also using SO'lo of live
load in addition to dead and seismic loads.

SUSPENSION BRIDGE CHARACfERISTICS

The characteristics of the suspension bridge that most significantly influence its seismic response
and the analysis requirements related to those characteristics are summarized below.

lArge DisplllCemellt Effects IIlId Multiple Support &citation

The stiflhess of the structure, which is provided mainly by the shape of the cable adjusted to the
applied loads, is very sensitive to its geometry. The distonion of its geometry under applied loads
causes its stiffness to change as the loads change. A geometrically nonlinear analysis that
considers larse displacement effects is required to capture the full behavior under dynamic
excitation.
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The multiple suppon excitation imposes relative displacements between the towers and the
anchorage blocks that induce both static and dynamic stresses and displacements. The out-of
phase motions were found to give only a minor increase, or in many cases a decrease, in the
stresses in the structure, as might be expected considering the flexibility of the bridge. The
demands on the expansion joints, however, are generally larger with the multiple suppan
excitation.

Dyllamic Characteristics

Due to their dimensions and flexibility, suspension bridges have a long fundamental period of
vibration. The seismic response for long period structures is characterized by large displacements
and lower seismic forces than for shaner period structures. Although often ignored, higher
vibration modes with a shoner period make an imponant contribution to the seismic forces in a
suspension bridge. In a response spectrum analysis based on a mode-superposition procedure, it is
necessary to consider a very high number ofvibrational modes in order to include the modes with
a natural period in the range ofthe maximum spectral acceleration. The higher modes have a small
mass participation when compared with the fundamental modes but may actually have a very large
participation in the response of local elements, such as the towers.

For example, in the seismic analysis of the Golden Gate Bridge, it was found that a longitudinal
mode for the towers, coupled with the side span, with a period of 1.8 seconds, contributed greatly
to the towers' seismic forces. However, this mode is the 47th mode for the bridge as a whole and
it would be overlooked in an analysis considering less than 47 mode shapes.

A time history analysis perfonned by direct integration of the coupled equations of motion avoids
the problems associated with the mode superposition method.

Material NOlllinearity

The main cables and suspenders of the Golden Gate Bridge respond to the maximum credible
earthquake in the elastic range. Yielding of structural elements is confined to local areas such as
parts of the towers, pylons and some elements in the stiffening truss. The stiffening truss elements
and the steel plates at the towers do not comply with current seismic codes, and may buckle
locally thus losing load carrying capacity in compression.

Displacemen' Compatibility

Due to the long natural period suspension bridges have, the seismic displacements are large, on
the order of several feet across the expansion joints. In addition to this, different pans of the
structure are subjected to different ground motions, thus creating large relative displacements at
the expansion joints. When the displacement across an expansion joint reaches the maximum
capacity, the expansion joint closes and transmits impact forces. A joint closure changes the
dynamic properties and the response ofthe bridge. These effects are considered in the analyses by
means ofnonlinear gap elements.
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Support Conditions

It is also important to consider changes in the suppon conditions due to seismic forces. In the
case of the Golden Gate Bridge, the towers are weakly anchored to the underlying reinforced
concrete piers. For service loads, the towers can be considered to be fixed to the piers because the
dead load produces compressive stresses that are not exceeded by the bending stresses due to
wind loads. However, rocking of the towers can be expected in strong earthquakes. This rocking
can significantly change the towers' response characteristics. The rocking motion of the towers
actually reduces the seismic stresses at the towers but increases the deflections. The nonlinear
rocking behavior is considered in the seismic analysis ofthe suspension bridge.

ANALYSIS MEmODOLOGY

The analysis of the seismic response of the Golden Gate Bridge requires the following three steps
of increasing complexity: definition of the dead load state, modal analysis and response spectrum
analysis assuming linear behavior, and nonlinear time history analysis, considering multiple
suppon ground motion.

Definition olthe dead 10lld stille

The dead load state was defined starting with the geometry and dead load corresponding to the
time the construction was completed. The dead load and the construction procedure detennined
the initial stresses. A static nonlinear analysis considering large displacement theory was
performed to check equilibrium and to fine-tune the original geometry. The result of this analysis
yielded the dead load state at the completion ofconstruction.

The Newton-Raphson method, based on tangent stiffness iteration, was used for this static load
analysis to account for the large displacement effects. For the Design Phase, 5<>-1. of live load is
added to the dead stress for combining with the dynamic analysis.

ModDlllnd Response Spectrum Anll1ysis

Once the dead load state was determined, a modal analysis was performed to compute the
vibrational propenies. The modal analysis assumes linear behavior for small deformations from the
dead load state. The natural frequencies and mode shapes computed from the analysis were
compared with the ones obtained from ambient vibration tests. This comparison provided a way
to verify the computer models.

Following the modal analysis, a response spectrum analysis wu performed for the maximum
credible earthquake. The response spectNm analysis did not include the effects of the nonlinear
behavior or the multiple suppon excitation. However, it gave an initial insight into the magnitude
of the seismic forces, thus redirecting the modeling and analysis efforts towards the problem
areas.
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Nonlinear Ti~ History A.nalysis.

The analyses of the global response of the bridge to multiple-support ground motion excitations
are performed using a dynamic nonlinear finite element computer program., in which large
displacement effects are considered by establishing the static or dynamic equilibrium of the
structure in its deformed configuration. The effect of a limited displacement capacity at the
expansion joints and the nonlinear rocking behavior of the tower's bases is examined by using
"gap" elements.

The nonlinear dynamic analyses are performed by integrating the coupled equations of motion in
the time domain. The ground motion excitation was applied as a time-varying displacement
boundary condition at each of the supports. In each time step, the nonlinear system of equations
relating the effective dynamic loads and the nodal accelerations are solved by using the Newton
Raphson method, based on tangent stiffness iteration. Rayleigh damping is assumed, in which the
damping matrix is proportional to a linear combination of the mass and stiffness matrices. The
proportionality factors were computed to yield a damping ratio of S% at periods of 0.5 seconds
and 20 seconds. The damping ratios for periods between those two values are smaller, with a
minimum of 1.5% at a period of 3 seconds. These values are consistent with ambient vibration
measurements.

SEISMIC RESPONSE AND VULNERABILITIES OF THE SUSPENSION BRIDGE

The expected seismic response is calculated by the dynamic analysis of structural models
subjected to artificially generated ground motions. The seismic response is very complex. in nature
due to the high participation of secondary vibration modes, coupling between longitudinal and
vertical motion, large displacement effects and the multiple support excitation. The first step when
designing earthquake protective systems for a complex structure such as the Golden Gate Bridge
is to understand which modes ofbehavior contribute to potential seismic vulnerabilities.

The tuning measures presented in this paper were designed to modify or eliminate those modes of
behavior so that demands on structural members and strengthening requirements are reduced to •
minimum. Three main approaches that can be used for the modification of the seismic response
are energy dissipation, structural fuses and changes in the vibrational characteristics. These tuning
measures were developed from an intuitive description ol the seismic response, but they were
ultimately tested with three-dimensional nonlinear models of the structure. We are still evaluating
these retrofit measures and they are presented here as an interim repon of our retrofit
development.

Vemclll Response

Suspension bridges like the Golden Gate Bridge carry venical loads through tension on the main
cables which mimic the funicular curve of the total dead load. In general, the vertical response by
itself does not create demands exceeding the capacity because of the existing factor of safety for
dead load. However, the seismic venical response differs from the dead load in that it does not
always produce uniformly distributed seismic forces due to the participation of secondary modes.
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a) Venical Mode. Mode Number 19. Period:: 3.5 seconds

b) Longitudinal Mode. Mode Number S. Period = 7.1 seconds

c) Longitudinal Mode. Mode Number 47. Period:: 1.8 seconds

d) Transverse Mode. Mode Number 17. Period:: 3.5 seconds

FilUR 2. GoldeD Gate Bridle Mode Shapes
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Figure 2a shows mode shape number 19 with a period of3.5 seconds. A mode like this produces
moments and shear in the stiffening truss that uniform loads would not create. Venical vibrations
are also frequently coupled with longitudinal vibrations.

Longitudinal Respons~

The main span stiffening truss is longitudinally free with expansion joints at both ends. The only
longitudinal restraint is provided by the suspenders. Figure 2b shows mode shape number S, with
a period of 7.1 seconds, in which the main span moves as a pendulum hanging from the
suspenders. The expansion joints are the interface between two systems with different natural
periods. The main span longitudinal mode has a period of 7.1 seconds; whereas the tower
longitudinal mode has a period of 1.8 seconds. The main span would have a displacement relative
to the tower of 47 inches if left unrestrained. This displacement exceeds the 18 inch capacity of
the existing expansion joints and wind locks. The result is impact forces that could damage the
wind loeles. Longitudinal dampers at the main span expansion joints can eliminate this problem by
dissipating seismic energy.

In addition to providing support for vertical loads, the main cables provide longitudinal restraint at
the tops of the towers by way of the saddles. Longitudinally, the towers behave as guyed
columns, simply supported at the top and fixed at the bottom. When the moment at the base
exceeds the moment capacity of the existing cOMection, the towers rock, rotate and become
simply supported at both top and bottom.

The side span stiffening trusses are longitudinally pinned to the towers and have longitudinal
expansion joints at the reinforced concrete pylons. The cOMection between the side span and the
tower delivers longitudinal forces on the order of 10,000 k that contribl:t~ to the longitudinal
deflection of the towen. Figure 2c shows mode shape number 47 with a period of 1.B seconds.
This mode is responsible for the coupled response between the side span and the tower. The
coupled response oC the towers and side spans causes high demands in the towers due to bending
moments about a transverse axis, both at the bottom and in the area above the roadway. The
South and North pylons behave u a column fixed at the foundation and free at the top, with
longitudinal shear and moments exceeding their capacity.

The longitudinal vibration of the side spans, towers, and pylons can be controned by installing
structural fuses and longitudinal dampers at the side span expansion joints, and by allowing
rocking at the tower base.

Trallsverse Respolise

The structural system for transverse forces is straight forward. The side spans are simply
supported at the pylon and the tower. The main span is simply supported at the towers. The main
cables and suspenders provide some transverse stiffuess at the main span but this contribution is
small for the side spans. The pylons and towers behave u cantilevered columns, with transverse
loads coming from the cables and stiffening trusses. in addition to their own inenial forces.

The side span transverse response is mainly in the first transverse mode, with a period of 3.8
seconds (see Figure 2d). The south side span presents a secondary mode with I period of 0.5
seconds coupled with the South pylon that greatly contributes to the seismic demand. The side
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span transverse deformation produces high demands in the stiffening truss chords and in the
lateral braces. The ductility demand calculated assuming elastic material behavior reaches 1.7 for
the chords and 2.8 for the lateral braces. The ductility demand obtained when considering inelastic
yielding and buckling is even greater. The chord axial forces come from the global bending of the
stiffening tNSS. The lateral brace axial forces come from global shear. Secondary modes also
produce imponant shear in the middle of the side spans thus affecting the laterals in that area.

The main span responds transversally mainly in secondary modes. The first transverse mode with
a period of 20 seconds has a very small participation. The global bending moments do not
produce high demands in the chords but the secondary modes produce shear in the central part of
the span. Unfonunately, the lateral bracing system of the stiffening truss was designed for wind
loads and is not prepared to carry high global shears in the middle of the span.

The demands on the side span stiffening tNsses can be reduced by using wind-lock dampers,
lateral bracing dampers or stiffening truss hinges. These retrofit schemes are described below.

LONGITUDINAL DAMPERS AT THE STIFFENING TRUSS EXPANSION JOINTS

The impact between the main span stiffening trusses and the towers occurs because tbe seismic
displacements exceed the existing displacement capacity. The side spans present a similar problem
at the pylon expansion joints where seismic displacements exceed the existing displacement
capacity. In addition to this, the longitudinal connection between the side span and the tower
causes coupled vibration ofthese two elements. This longitudinal cOMection can be replaced with
I structural fuse that would be able to carry services loads, but would break during strong
earthquL<~. Longitudinal dampers at the expansion joints between the side span and th~ pylons
and between the side spans and the towers can provide energy dissipation and displacement
control. The dampers significantly reduce the impact forces between the stiffening trusses and the
towers. and tower shaft and stiffening truss chord stresses.

For both the main and the side span dampers, the properties of the dampers have been optimized
to achieve an appropriate reduction of the relative displacements and stresses, keeping the damper
force within reasonable limits. Viscous devices are the best option because slow temperature
displacements must be accommodated without forces at the dampers. Hydraulic devices have a
restoring force (F) which is a function ofthe relative velocity (P). The constitutive law is:

F=C·V"

Different values for the exponent n have been evaluated. Powers n =0, \12, I, and 2 were
considered. A power n =2 represents the classical behavior of a fluid moving through a
Bemoullian orifice, where pressure is proponional to velocity squared. A power n = 1
corresponds to classical linear damping. A power n - \fa is near the minimum power available
trom hydraulic devices. A power n =0 simulates a perfectly plastic device, producing a force
independent of the device velocity.

Figure 3 shows the energy dissipated by the side span dampers (summed over the south side
span/pylon and south side span/tower dampers) as a function of the peak damper. Points C
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(constant force) correspond to n" 0 dampers, points L (linear) correspond to n· I dampers,
points S (square root) correspond to n· Vz dampers, and points P (parabolic) correspond to n - 2
dampers. The trend is quite clear; small power n dampen are preferable, dissipating more energy
for the same peak force than large power dampers. Considering these results, a power n "'" I;' was
selected for optimization ofthe damper coefficient C. The power n = % is a compromise between
the theoretically optimum power and the known capabilities of damper manufacturers.
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Fiaure 3. Energy Dissipated by the Side Span Dampen

The dampers were ne~ optimized with respect to the coefficient C, considering energy dissipated,
peak damper forces, stiffening truss chord stresses and expansion joint displacements. A
coefficient C =100 kip'sec%lin% per chord wu selected as being a good compromise between
peak damper forces and expansion joint displacements. The chord stress does not decrease much
for coefficients larger than the selected value. The peak damper force per chord corresponding to
these dampers is 2.500 Kip.

Besides seismic excitation, the dampers installed between tlte main span and the tQwers will be
subjected to thermal movements, wind excitation and small amplitude, high frequency vibrations
caused by traffic on the bridge. The final damper design must be able to perfonn under all these
environments.

TOWER BASE ROCKING

Rocking at the tower base occurs when the moment demand exceeds the capacity of the existing
cOMection. The rocking motion of the tower improves the aloba! seismic performance and it will
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not be prevented with the retrofit. The effect of rocking is to limit the longitudinal bending
moment at the base of the tower. The tower becomes pinned at the bottom and the longitudinal
period of vibration incr~ases. The rocking of the towers also increases their longitudinal
displacements which can be controlled by longitudinal dampers. The longitudinal stability of the
towers is assured by the iongitudinal restraint provided by the main cables.

WIND LOCK DAMPERS

The installation of longitudinal dampers for the side spans is equivalent to seismically isolating the
side span~ in longitudinal direction. The side spans could also be isolated transversely. The side
span stiffening trusses are transversely connected to the pylon and tower by means of sliding
blocks able to transfer transverse shear without longitudinal forces.

In this scheme. shown in Figure 41, the sliding blocks would be replaced with blocks designed to
fail under seismic excitation. Lateral loads would then be transferred by 'Wind-lock" dampers
placed between the stiffening trusses and the towers and pylons. Frictional. LED or viscous
dampers would be suitable.

As the damper capacity is reduced. the stiffening truss becomes "isolated" from transverse
excitation. At the limit of zero damper capacity. transverse excitation would be applied to the
stiffening truss only through the cable system. which is very flexible. In the limit. the stiffening
tNSS would aet as a pendulum. with a period of 21 seconds. The acceleration response of the
stiffening truss would then be very low. The retrofit would ideally reduce the shearing and
bending ofthe stiffening truss. without excessive transverse movement.

This scheme requires redesigning of several elements to acconunodate transverse relative
displacement. The expansion joints between the stiffening trusses and the towers and pylons
cannot tolerate transverse movement. To avoid severe damage. these would have to be replaced
with "swivel-type" (or similar) modular joints able to accommodate transverse movement. The
rocker links supponing the end panels of the stiffening trusses cannot tolerate transverse
movement either. and would have to be re-articulated.

The transverse movement of the stiffening tNS';CS would also affect any longitudina1 dampers
installed between the stiffening trusses and the towers and pylons. The transverse movement
would only be a fraction ofthc length ufthe dampers (-15%). h"wever. so that the angle chansc
of the dampers would be small (_10°).

Several alternatives were developed. with dampers having a capacity equal to the factored wind
loads multiplied by a factor \:.at varied from 0.7 to 1.2. The wind loads were calculated from a
1OQ-year retum jJeriod yielding a mean hourly wind speed of 76 mph. This was increased to 97
mph over 30 seconds. to calculate the static wind pressure on the stiffening truss. The wind force
on the stiffening truss was calculated using a drag coefficient of 0.35. Three different locations for
the dampers were also considered: dampers located It both ends. dampers at the pylon only and
dampers at the tower only. The dampers were mo<'elecl as rigid-plastic devices. ViSCOUJ or other
dampers would give similar results.
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For the alternative in which dampers are installed at both ends with a capacity equal to the
factored wind load the peak demand-capacity ratios on the lateral bracing are less than 0.9. The
demand-capacity ratios on the chords are less than 0.75. The peak transverse displacement of the
side span relative to the pylon or the tower is 2 feet. This scheme is successful in reducing the
demand on the side spans, but has the drawback of having to accommodate important transverse
displacements.

LATERAL BRACING DAMPERS

In this scheme ductile deformation of the lateral bracing system would limit the bending demands
on the chords. The deformation would be concentrated into 'lateral bracing" dampers integrated
into the lateral bracing system. Figure 4b shows one way to install dampers between the lateral
bracing and the tloorbeams. The dampers would act through the relative deformation between the
bracing members on opposite sides of the floorbeam. Elastic-plastic (ideally rigid-plastic) devices
would be used to resist wind and other lateral loads. Frictional, LED or steel yielding dampers
would be suitable.

If the capacity of the dampers is small (but sufficient to cany wind loads, etc.) the distortion of
the stiffening tNSS will be high, and the demands on the chords low. The distortion of the
stiffening truss might induce moments in the lateral bracing, chords and floorbeams, that were not
considered in the original design. If the capacity of the dampers is large, on the other hand, the
distortion ofthe stiffening truss will be low, and the demands on the chords high.

Ideally, the retrofit would reduce the bending of the stiffening tNSS, without too much distortion.
Th: lateral bracing connections might or might not need strengthening depending on the capadt)
ofthe dampers.

Several alternatives were developed with dampers having a total shear capacity, transversely to
the bridge centerline, varying from 215 to 1000 kips for the dampers in the top laterals and from
135 to 260 kips for the dampers in the bottom laterals. In some of the alternatives the dampers,
modeled as rigid-plastic devices, are located only near the ends whereas in others they occupy the
whole length of the side span. The damper capacity exceeds the factored wind load at each panel.

for the alternative in which the dampers are located at the end of the side span stiffening truss and
have a small capacity (just the minimum required for wind loads) the peak demand-eapacity ratios
on the chords and lateral bracing are less than 1.0, except near the pylon where the laterals have a
demand-capacity ratio of 1.5. The peak damper relative displacements are nearly 12 inches.

The relative displacements at the dampers can be reduced by increasing the capacity of the devices
and extending them along the side span. However, the relative displacements at the dampers
diminish very slowly as the capacity of the dampers is increased. For an alternative with devices
with capacities up to I(}{/) kip the peak damper relative displacement is about 8 inches. The
demand-capacity ratios reach 1.5 in about half of the side span and can not be reduced below 1.0
ifthe dampers have a capacity larger than the factored wind loads. Therefore, this alternative does
not seem to be successful in the seismic upgrade of the side span.
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Figur~ 4. Transven~ Wind Lotk Dampen

Figure S. Lateral Bracing Dampen
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Figure 6. StifTening Truss Hinges
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STIFFENING TRUSS HINGES

The two previous schemes attempted to reduce the seismic demands in the side spans by limiting
the shear that can be transmitted either by the wind locks or by the lateral bracing system. As a
final scheme for protecting the side span, the bending moment developed in the stiffening truss
can be limited by insening "hinges" into the stiffening truss chords and lateral bracing members
near the third-points of ~oe side spans. This is tum would limit the development of shear, since
shear cannot develop in the absence of moment. This scheme is not a practical retrofit alternative
but is included here to show aU the possible ways of limiting the seismic demands in the stiffening
tNSS.

As Figure 4c shows, the stiffening truss would be able to deform as a segmented rigid body,
rather than in flexure or shear. The hinges would be bolted closed to resist live and wind loads.
The restraining bolts would be designed to fail in tension before the chords on the opposite side of
the stiffening truss could fail in compression. Dampers would be placed across the hinges to
dissipate energy as the hinges opened and closed.

Although mathematically elegant, this scheme dramatically changes the stiffening truss, and
possibly degrades its performance with respect to live and wind loads. Also, construction of the
hinges would be difficult.

The hinges were modeled with gap elements, able to resist compression only. The restrainina bolts
were modeled with rigid links, able to resist tension only; the links were modeled to have brittle
failure when their capacity was exceeded. The capacity of the bolts was set equal to

T- l.3xUve Load+O.JxWind Load ... .
- 0.8 3000 kips.

where the live load included future transit vehicles. and 0.8 is a bolt 'tesistancc factor." The

capacity of the chord is about 5000 kips. Viscous dampers with C =2S kip'sec
3
!4lin%, n =¥.i,

were placed across each hinge.

The nonlinear dynamic analysis of this scheme shows how demand-capacity ratios on the chords
are less than 1.0, but not on the lateral bracing. The demand-capacity ratios on the bottom lateral
bracing are panicularly large in the vicinity of the hinge near the pylon. The peale displacement
across one ofthe hinges is 28 inches.

This scheme cannot be called a success. The demands on the lateral bracing and the relative
displacements at the hinges are still excessive.

CONCLUSIONS

This paper has shown how the most imponant vulnerabilities of the Golden Gate Bridge are
related to three modes of behavior; coupled longitudinal vibration of the side spans and towers,
longitudinal vibration of the main span and transverse vibration of the stiffening trusses.
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The wlnerabilities associated with longitudinal vibration can be mitigated by installing
longitudinal dampers at the stiffening truss expansion joints and allowing rocking at the tower
base.

Three schemes for protectina the side span stiffening trusses against transverse excitation were
also evaluated. The installation of dampers in order to isolate the side span transversely is the
most efficient scheme in reducing the demands, but it requires redesigning the wind locks, rocker
links and expansion joints to accommodate transverse displacements. The second scheme is based
on installing dampers between the lateral bracing. A third and not very practical scheme is based
on creating hinges in the stiffening truss. The last two schemes are less successful in reducing
seismic demands and also require large relative displacements at the location of the dampers.

Our design team is currently evaluatina combinations of the first two schemes as well as
alternatives that require limited strengthening before recommending a final solution.
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SUMMARY

Investigation into the improvement of seismic resistance of long span PC cable stayed bridges

with hysteresis damper supports was conducted using time history response analysis. Reductions in

the displacement of the deck and the bending moments in the towers and piers are discussed from

the point of view of the stay cable arrangement and the span length. The results show that a semi

harp shape configuration is more effective than a harp shape configuration for long span PC cable

stayed bridges with hysteresis damper supports. Hysteresis dampers increase the seismic resistance of

PC ca ble stayed bridges regardless of the span length. The damper is also effective when structural

menbers are plasticized during large earthquilkes.

INTRODUCTION

In recent years examples of middle and long span prestressed concrete (PC) cable stayed

bridges have been increasing. In general, when compared with steel cable stayed bridges,

PC cable stayed bridges are heavier so their wind resistance sta.bility is superior, but

the inertial force during earthquakes is larger liO their earthquake resistance is relatively

lower. Long span PC cable stayed bridges constructed in seismically active regions are

often designed as a floating type in which the deck is not restrained along the bridge axis

in order to increase their earthquake resistance. However, for the floating type, the deck

displacement will become excessive at the ends and the inertial force of the deck will act

directly on the towers through the stay cables, so the bending moment at the bottom of
the towers can become excessive.

Concerning the actual floating type PC cable stayed bridge with a 250m center span,

the authors carried out analytical investigations into the increase in seismic resistance
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with hysteresis dampers in the supports[I]. These result!1- show!1- that, with hysteresis

dampers, (1) the displacement of the deck along the bridge axis can be reduced to about

60% compared with lhe floating type, (2) the bending moments in the towers and main

piers can be redun·d compared with either the fixed or floating type, (3) the optimum

stiffness and yielding displacement of the hysteresis dampers can be determined.

In this paper, time history response analyses are carried out on the effectiveness of

hysteresis dampers for, in particular, longer span PC cable stayed bridges. There focused

on the displacement of the deck, which becomes large during earthquake..;, and the hending

moments at the bottom of the towers and piers, where the cross-sectional forces are often

critical during earthquakes.

To begin with, based on an actual 195m two-span continuous cable stayed bridge which

was designed following the Specifications for Highway Bridges, analysis models of a thre('

span continuous cable stayed bridge with center span of 400m are made. Then the effeds of

two different arrangements of stay cables (semi-harp shape and harp shape) on the seismic

resistance of PC cable stayed bridges are investigated. Regarding the effects of hysteresis

dampers, par",metric studies of damper stiffness are also conducted for the different span

length models(400m, 250m, 150m). Finally, the effects of the dampers, when the struct ural

members are plasticized during large earthquakes, are examined[2J.

ANALYSIS OUTLINE

Analysis Model

In order to understand the seismic response along the bridge axis, '2 D Iump('d mass

finite element system frame models are chosen as the analysis model for the PC cable

stayed bridge. The bridge is symmetrical at the center of the main span, so only the half

of the bridge is modeled. Three types of support condition for the deck along the bridge

axis (floating, fixed, and with dampers) are investigated. The support conditions at the

main pier and the end pier for each type are shown in Table 1. The stiffness of the end

pier is set at haJf the stiffness of the main pier.

Table 1 Condition of Deck Connection

.....---..
Main Pier End Pier

Floating Type Free Roller

Fixed Type Pin Roller

Damper Type Bilinear Damper Bilinear Damper
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Shear Force

---+---+-+;---+--- Displacement

'<1 : Primary Stiffness
K2: Secondary Stiffness (;1/10 K,)
Uy : Yielding Displacement
Q : Yielding Strength

Fig. 1 Force-Displacement Charactcrit>.tic~of HY8tl~rel".il". Dmllpl~l'

Hy~tere8il\Damper Modeling

The hysteresis dampers are expressed as a bilinear spring (as shown in Fig.I). The

yielding displacement is set at 1ern, and the secopdary stiffness of the dampN after yi<,lliing

is "et at the 1/10 of the primary stiffness. Dampers are placed on the top of hoth the main

pier and the end pier. The stiffness of the damper on the end pier is set at half til(' stiffness

of the damper on the main pier.

Analysis Method

Time history response analyses usmg the direct integral method are carri<,d out 10

investigat~ the effect of the hysteresis dampers. The damping of the structure is given a.....

a Rayleigh damping which modal damping factors of 1" and 2'''/ modes are 5%. Before

carrying out the time history re!tponse analysis, it is necessary toobtain the natural periods

of the }', and 2nd modes by eigenvalue analyses. In the eigenvalue analyses, the bilinear

springs expressing the hysteresis dampers are treated as linear springs with their primary

stiffness values.

Input Wave and Its Acceleration Response Spectrum

The acceleration response spectrum of the input acceleration wave used in the anal)'ses

is the same as that in the Specifications for Highway Bridges, Part V Seismic Design (for

class I ground). However, this standard accelera.tion response spectrum is stipulated only

t.hat the na.tural period is in the range from O.lsec. to Ssee.. For the 400m semi-harp

shape cable stayed bridge used in this analysis, the natural period of the 1" mode is about

9sec., so it is not possible to use the standard acceleration response spectrum as it is.

Therefore, for the range where the natural period is longer than Ssec. , the acceleration

response spedr'JJn is reduced linearly on the logrithmic plane. The input acceleration wave

is formed based on the observed seismic wave at I\AIHOKlI BRIDGE in 19;8. The input

acceleration wave and its acceleration response spectrum are shown in Fig.2.
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Fig. 2 Input Acceleration Wave and Response Acceleration Spectrum

RESPONSE CHARACTERISTICS FOR DIFFERENT
ARRANGEMENTS OF STAY CABLES

Analysis Model

Analysis models for the 400m cable ~tayed bridge (semi-harp shape and harp shape) are

shown in Fig.3. The cross-sectional data of the structural members are the same for both

types, as shown in Table 2. The primary stiffness of the damper is 20Otj/cm, the secondary

stiffness is 20ij/cm and the yielding displacement is tern. The }', and 2nd natural modes

of the floating types are shown in Fig.4. The }"I nat ural period of the floating type is

extremely long, 8.99see. for the semi-harp shape, and 4.66sec. for the harp shape.

200 200
I

200 200

~~ [1ICO ICO,
I I

10 10
V'l V'l

(8) Semi-Harp Shape (b) Harp Shape
Fig. 3 Analysis Models for 400m Cable Stayed Bridge (unit:m)
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Table 2 Structural Data of 400m Cable Stayed Bridge

IE(tf1m2
) IA(m2

) I J(m1
) IW(tf 1m3

) I
Deck 3.1 x 106 13.3 14.0 2.9

Tower 3.1 x 106 28.2 70.9 2.5

Main Pier 3.1 x 106 210.3 1054.4 2.5

End Pier 3.1 x ]06 105.2 527.2 2.5

Cable 1.95 x 107 0.0316 - 10.0

1'1 Mode (TI =8.99sec.) 2nd Mode (12=3.31 sec.)

(a) Semi-Harp Shape Arrangement

)'1 Mode (T1 =4.66sec.) 2nd Mode (T2 =2.3isec.)
(b) Harp Shape Arrangement

Fig. 4 1sf and 2nd Natural Modes of the Floating Types

Response Characteristics of Semi-Harp Shape

The results of the time history response analyses of the floating, fixed, and damper type

are shown in Tit.ble 3. The displacement of the deck fur the floating type is 38.2cm, while

that for the damper type is reduced to 12.3crn, about one third of the displa.cement for the

floating type. The moment at the bottom of the tower for the damper type is almost the

same as that for fixed type, approximately half of that for the floating type. The moment

in the bottom of the main pier {or the damper type is almost the same as th"t for the

floating type, and about one third of that {or the fixed type.

The displacement responses of the rleek along the bridge axis are shown in Fig.5(a)

(c). For the floating type, even after the main earthquake shock calmed down, the large

amplitude response of the deck, with period of about 9sec., continues. For the damper type,

the response decreases rapidly and no large amplitude vibration can be seen after the main

earthquake shock. However, after the main earthquake shock finishes the displacement of

the deck does not return to zero, as there is a residual deforma.tion in hysteresis dampers.
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Table 3 Maximum Response Displacement and Moment (Semi-Harp Sbnpc)

Displacement Moment at the Moment at the

of Deck (em) Bottom of Tower (if m) Bottom of Main Pier «(fm)

Floating Type 38.2 31990 801:30

Fixed Type 6.8 16490 263GOO
--

Damper Type 12..'3 17900 86900

i Max. = 3K.2 em

l~~>:\l\d
:6 0 5 10 15 20 25 30 35 (sec)

(a) Floating Type

!e _10
055
1 IliA!"".•. M". ; •.: em]

~ V~ViJ4~VV~P. • ._
~-10 ~....L-__....L---l_'---...l_'--"""'---''--''''''''_
:a 0 5 10 15 20 25 30 35 (sec)

(b) Fixed Type

i 2O! Max. = 12.3 em
~ 10 ---------~

j-1~ Y~:::J
~-2O - -:a 0 5 10 15 20 25 30 35 (sec)

(c) Damper Type

130

120

110

10

o

--- f1uating Type

............... Fixed Type

- - - - Damper Type

Deck Position

....

ooסס30

Fig. 5 Response Displacement of Deck and Moment in Tower and Pier
(Semi-Harp Shape Arrangement)

Distribution of the bending moments in the tower and the pier are shown in Fig.5(d).

The moment at the bottom of the pier for the damper type is slightly larger than that for

the floating type, but as a whole, the damper type has the lowest bending moment among

the three support systems.

Response Characteristics of Harp Shape

The results of the time history response analyses for the three support types with a

harp shape configura.tion, are shown in Table 4. For the harp shape floating type, with the

restraint effects of the lower cables, the displacement of the deck is relatively small (11.8cm),

compared with that of the semi-harp shar.e. For the damper type, the deck displacement is

9.4cm, 80% of that of the floating type. The displa.cement r~sp;:>nses of the deck are shown

in Fig.6(a)-(c). For the harp shape too, damping of the response for the damper type is

rapid and after the main earthquake shock calms down there a.re no large vibrations.
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Table 4 Maximum Response Displacement and Moment (Harp Shape)

Displacement Moment at the Mome-nt at the

of Deck (em) Bot tom of Tower (if m) Bottom of Main Pier (tfm)

Floating Type 11.8 27030 170500
Fixed Type 6.8 31370 272300

Damper Type 9.4 18210 160800

Deck Position

--- Aoating Type

.............. Fixed Type

- - - - Damper Type

Max. = II.Scm

,AA ~ A A ~A _ • ~J: fV~'~4r, =- ]
5 10 15 20 25 30 35 (sec)

(a) Floating Type

Fig.
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6 Response Displacement of Deck and Moment in Tower and Pier
(Harp Shape Arrangement)

i 10I Max. =6.8 em]
~ 5
e'" 0 ·W Adt... ~

Q • • ¥Vi: .. ·t_~~ _....L-__..l.--J.-~.........."-_--'__....L~_....' _

:6 0 5 10 15 20 25 30 35 (sec)
(b) Fixed Type

The bending moment distributions in the tower and the pier is shown in Fig.6(d). The

moment distributions in the tower are almost the same for the three types. However, the

moment in the pitt for the damper type is much smaller than that for the fixed type and

slightly less than that for the floating type.

Effects of the Different Stay Cable Arrangements

Concerning the damper type, deck displacements with the semi-harp shape and ~he

harp shape are almost the same. However for the floating type, the deck displacement with

the semi-harp shape is much larger than that with the harp shape, so from the point of

view of the reduction due to the hysteresis dampers, the semi.harp shape is more effective.

Rega.rding the bending moment in the towers, with the harp shape, the inertial force

of the deck transmitted to the tower through the cables is distributed through the whole

of the tower, so the effects of hysteresis dampers are small even if one is installed at the
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bottom of the tower. However, with the semi-harp shape the inertial force of the deck acts

high up in the tower, so dampers can reduce the bending moments along the whole of the

tower and pier by acting on a part of inertial force at the bottom of the tower.

That is to say the effects of installing hysteresis dampers are larger with the semi-harp
shape than with the harp shape.

DAMPING EFFECTS OF HYSTERESIS DAMPERS
WITH DIFFERENT SPAN LENGTHS

Analysis Model

In this section the effects of hysteresis dampers are examined for different bridge spans.

Three different of center span lenghts, 400m, 250m and 150m, are used in the analyses.
Time history response analyses are carried out, changing the primary stiffness of the hys

teresis dampers parametrically. The bending stiffness of the tower and the ~hear stiffness

of the damper have a large influence on the effect of hysteresis da.mpers, so deciding upon

the tower stiffness of the a.nalytical models is important. Therefore for the 250m and 150m

analysis models, using structural data from actual PC cable stayed bridges, the Width of
the deck is changed to 19rr. which is the same as the deck width for the 400m analysis

model. The bending stiffness of the towers are changed in the same propcrtions. Each

model has the semi-harp shape stay cable arrangement. The gaps between the stay cables

of the 250m and 150m models are the same as in the 400m model, the number of cables

alone being reduced. The 250m and 150m analysis models are shown in Fig.7 and the]"
and 2nd modes are shown in Fig.8.

I 125 I 125 I

1~!~
E(tflm~) A(m') [(m O

) W(if Im J
)

Deck 3.1 >< 10" 13.3 1".0 2.9

Tower 3.1 I( 10' 18.0 34.8 2.5
Main Pier 3.11( 10' 121.5 609.0 25
End Pier 3.1)(loe 60.8 304.5 2.5

Cable ].95 )( 10 0.0316 - 10.0

75

d~1J Damper Damper ~

E(tflm~) A(m~) I(mt ) HI(tllm3 )

O«k 3.1><loe 13.3 14.0 2.9
Tow'M 3.1 )( 10' 15.0 16.0 2.5

Main Pier 3.] )( 10" 110.0 230.0 2.5
End Pier 3.] )( 10' 55.0 115.0 2.5

Cable 1.95 )( 10 0.0316 - 10.0

(8) 250m Model (b) 150m Model
Fig. 1 Analysis Models for 250m and 150m Cable Stayed Bridges (unit:m)
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1'1 mode (T1 =4.33sec.) 2nd mode (T2 =1.70sec.)
(a) 250m Analysis Model

1" mode (T1=1.99 sec.) 2nd mode (T2 =O.85sec.)
(b) 150m Analysis Model

Fig. 8 }'I and 2nd Natural Modes of the Floating Types (250m and 150m)

Effects of Center Span Length

The bending moment distributions in the tower and the pier, with changing primary

stiffness of dampers, are shown in Fig.9. As the damper stiffness increases, the moment at

the bottom of the tower becomes smaller, while tha.t of the main pier becomes larger. It
may be seen that there is an optimum damper stiffness which reduce the bending moment

along the whole tower and pier, when compared with the floating type.

Fig.1O shows the relationship between the primary stiffness of the damp~rs, }:1, a.nd

the reduction ratio {or the maximum response in the damper type compared with that in

the floating type. Regarding the reduction in the response of the 400m cable stayed bridge,

both the deck displacement and the bending moment in the tower and the pier are much

lower up to Kt=l00tf/cm . However the displacement of the deck and the moment in the

tower do not become much lower even as the stiffness of the dampers increases, while the

moment in the main pier sharply rises. The same tendency can be seen for the 250m and

150m models, but the damper stiffness which mininuzes the moment of the main pier is

rather larger than that for the 400m model.

For this reason, the fonowing is considered. The height of the tower in the 150m model

is lower than that in 250m and -100m models, so the bending stiffness of the tower in the

150m model is relatively large compared with that in the 250m and 400m models. Thus

in the 150m bridge, the tower ~a.rs a proportionally greater part of the inertial force at

the deck, and eVen if the stiffness of the dampers increase, the effects of the dampers are

not easily seen.
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The stiffness of the dampers and the bending stiffness of the tower has a large influence

on the effects of the dampers. The following non-dimensional parameter can be defined.

(1)
(EI/h3

)Towtr

A'tq is the equivalent stiffness of the dampers when the deck displacement is maximum,

and (EI/h3 hou,,, expresses the bending stiffness of the tower as a cantitHer beam. The

reduction in the responses with regard to the above non-dimensional pa.rameter are shown

in Fig.II.

The characteristics of the deck displacement and the moment at the tower bottom are

almost identical in spite of the different span lengths. With the ratio of the equivalent

stiffness of the dampers and the stiffness of the tower as a cantilever beam, the reduction

in the displacement of the deck and the moment in the towers may be evaluated.

For the moment at the bottom of the pier, the length of the main pier is involved as a

parameter, so the tendency seems to be different from the othe:s.
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ELASTO-PLASTIC RESPONSE ANALYSIS

Analysis Model and Input Acceleration Wave

The effects of the hysteresis dampers when the structural members are plasticized during

large earthquakes are examined. The analytical model is a lumped mass frame model of a

semi-harp shape PC cable stayed bridge with 400m span (as shown ill ;'ig.12). The lengtl.

of the beam elements in the tower and the pier are short compared with those used ill the

elastic response analysis. The hysteresis characteristi('s of the beam elements in the tower

and the main pier are expressed as a trilinear model with the cracking moment, yielding

moment, and ultimate moment as shown in Table 5, while those of the deck are elastic.

The moment-curvature characteristics of the restoring force used in the analysis is shown in

Fig.13. The characteristics of the damper on the main pier is /\"1=200l! /em, K 2=20tf/em

and Uy=lcm. And the damper on the end pier has the half of the stiffness of that on the

main pier.

200 200

II')
to

Fig. 12 Elast~P1asticAnalysis Model (unit:m)
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Table 5 Moment-Curvature Relationship

element Me M, M.. ¢c ¢~ ¢ ..

No." (tfm) (tfm) (tfm) (11m) (11m) (11m)

1 '" 12 16750 27080 39690 7.400 x 10-5 3.710 x 10-4 2.510 X 10-2

5.100 X 10-5 2.560 x 10-4
-

13", 17 27750 44430 69470 1.170 x 1O-~

18, 19 46170 142800 155200 1.400 x 10-5 2.660 x 10-4 2.480 X 10-2

20 '" 25 116500 348400 410000 2.400 x 10-5 2.720 x 10-4 2.425 X 10-2

26,27 23090 71400 77600 0.700 x 10-5 1.330 x 10-4 1.240 X 10-2

28 "oJ 33 58250 174200 205000 1.200 x 10-5 1.360 x 10-4 1.213 X 10-2

• Element No. are referred to Fig.12

M

Fig. 13 M - ¢ Relationship
( Muto Model )

The acceleration response spectrum of the input acceleration wave is the same as in that

of the Specifications for Highway Bridges, Part V Seismic Design with regard to checking

the ductility of reinforced concrete piers. And because of the same reasons described in the

sections on elastic analyses, the acceleration response spectrum where the natural period is

longer than 5sec. is reduced linearly on the logrithmic plane. The input acceleration wave

and its acceleration response spectrum are shown in Fig.I4 .

1000 ...---------r------.
~

~ c_
~ Mu.• <IOll.1I anJs2 8.~

i~f ~~.~ ::1 ~_H 100

J 0 5 10 15 20 25 30 35 ~ .~
TlDlc (sec) .( .,.

10 '-- .....I. ...J

0.1 1.0 10.0

Natural Period T(sec)

Fig. 14 Input Acceleration Wave and Response Acceleration Spectrum
( Elasto-Plastic Response Analysis )
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Results of the Elasto-Plastic Response Analysis

The maximum response of the longitudinal displacement of the deck and the maximum

bending moment in the tower and the pier obtained by elasto-plastic analyses are shown

in Table 6. The maximum displacement of the deck for the floating type is 136cm and

that for the damper type is 69.8cm, which is approximately 50% of the floating type, The

bending moment at the bottom of the tower for the damper type is the smallest among

the three support systems. The bending moment at the bottom of the pier for the damper

type is about 60% of that for the fixed type.

Fig. 15 shows the time history displacement responses of the deck for the three types.

For the floating type, as being similar to the results of the elastic response analysis, the

large amplitude vibrations of the deck continue after the main earthquake shock. For the

damper type, the deck vibration decreases rapidly and there are no large vibrations after

the main earthquake shock.

Table 6 Maximum Response Displacement and Moment
( Elasto-Plastic Response Analysis)

Displacement Moment at the Moment at the

of Deck (em) Bottom of Tower (tfm) Bottom of Main Pier (tfm)

Floating Type 136 54600 203000

Fixed Type 45.5 48700 409000

Damper Type 69.8 46400 247000

i Max. = 136 em

t;~bAZSA
:el 0 5 10 15 20 25 30 35(scc)

(8) Floating Type

JJI--"'~~f 0 S 10 1S 20 25 30 35 (sec)
(b) Fixed Type

i 80 Max. = 69.8 an

1~Eif\\f: ::1
:8 0 S 10 15 20 25 30 35 (sec)

(c) Damper Type

Fig. 15 Response Displacement of Deck (Eluto-Plastic Response Analysis)
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Fig. 16 Bending Moment Distribution in Tower and Pier
( Elasto-Plastic Response Analysis)

The bending moment distributions in the tower and the pier are shown in Fig.16.

Below the cable anchorages in the tower the bending moment for the damper type is the

smallest and a.ll types reach the yielding moment at the bottom of the tower(Fig.16(a)).

The ductility factors at the hottom of the tower are 19.2 for the floating type, 8.6 for the

fixed type, 4.5 for the damper type. Concerning the bending moment at the bottom of
the pier, the fixed type reaches the yielding moment but the floating type and the damper

type do not reach the yielding moment. The maximum bending moment in the pier for

the damper type is 60% of that for the fixed type.

Therefore, hysteresis dampers are also effective when the structural menbers are plas

ticized during large earthquakes.

DISCUSSION ON APPLICATION OF HYSTERESIS
DAMPERS TO ACTUAL BRIDGES

From the point of view of reducing the response of the floating type PC cable stayed

bridges using hysteresis dampers, it seems reasonable to say that the semi-harp shape

cable arrangement is more effective than the harp shape. For the dead load and usual live
load, the semi-harp shape is superior to the harp shape because the cables are lengthened

vertically. Therefore, for long span PC cable stayed bridges, hysteresis dampers can improve

the earthquake resista.nce with a semi-harp shape arrangement more effectively than with

harp shape arrangement.

In recent years, construction of base isolated girder bridges is increasing rapidly. The
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base isolation system consists of two devices; an isolator which supports the weight of

the superstructure softly in the horizontal direction but rigidly in vertical direction, and
a damper which absorbs the energy and restrains excessive displacements. Cable stayed
bridges can support the deck with the stay cables, so isolators to support the weight of the

deck are not necessary. Therefore, in order to increase the earthquake resistance in cable

stayed bridges, dampers alone a.re considered sufficient and it is not necessary to ha\"(~ an
aseismic base isolation system, such as those used in girder bridges.

In order to decide upon the most appropriate damper stiffness a.nd yielding displacemcnt

during the design stage, one method is chosen. By considering the influence of the usual
temperature and earthquake load on the expansion joint structures at the end of the deck

and on the cross-sectional reinforcement in the towers and the main piers, this will minimize

the whole cost of the bridge. With the installation of dampers, the displacement of thf'

deck and the moment in the towers and piers will be reduced, and the optimum system

may be chosen by evaluating the relationship between costs and effects.

Concerning the application of hysteresis dampers to actual PC cable stayed bridges,

residual displacements may be left in the dampers after earthquakes. In general, the deck

of PC cable stayed bridges is a box girder cross-section, so the dampers can bf' easily

installed and removed by using the inside of the box girder structure. It is also easy to

treat displacements due to drying shrinkage and creep in the same way.

CONCLUSIONS

For long span PC cable stayed bridges, the increase in earthquake resistance with the

use of hysteresis dampers is examined. The results are as follows.

• From the pld.Stic response analyses of a 400m PC cable stayed bridge, the semi-harp

shape arrangement is better than the harp shape, for the increase in the earthquake

rp~istance due to hysteresis dampers.

• According to the analyses of 400m, 250m and 150m cable stayed bridges, earthquake
resistance when dampers are installed is shown to be improved regardless of the span

length. In addition, there is an optimum damper stiffness which reduces the moment
in the whole tower and pier compared with the floating type.

• The reduction in the responses can be evaluated using the ratio of the equivalent

stiffness of the dampers and the bending stiffness of the towers expressed with oon

dimensional parameters, even if the span lengths are different.

• Hysteresis dampers are also effective in 400m PC ca~le stayed bridge, when the
structural members are plasticized during large earthquakes.
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VIBRATION TEST OF A MENSHIN DESIGNED
MULTI-SPAN CONTINUOUS PRESTRESSED
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Yanaage Bri<tle is the longest prestressed concrete brietJ! in.8lm. bre the Menshin Desi\J\ was
adapted. The bridge has a 6-SPan contitUJUS girder with total length of 246. 3m <r1d deck width

from 10.5m (standard section) to 13.5m (wide section). It was originally designed bY the

conventional Seismic Lateral Force Coefficient Mett-od a1d the eart~e resistir'lCe was erfa1ced
by the Menshin Design. In order to investigate the dynanic characteristics of the Menshin

desind bridge. YamaaQe Bridge was tested thrOl.d1 free vibration test method. This paper

presents.., analysis of vibration test corwi.cted at Yamaage Bric:ge.

INTRIl.tTI(J4

Yanaage BricUl is located on National Hipy ~.294 in Tochigi Prefecture. It was designed in

accordance with the regulations of the Design Specifications for Highway Bridges'). The
Menshin Design was referred to GJidel ines for Base Isolation of Higway Bridges (Draft)2) a'ld
IlanJaI for Menshin Design of Hi~y Bridges (Draft)!). The vibration test was COl'lliJcted in

Septenter 1992. And COIIPletion of the brietJe was in May 1993.

5-3



YNWI£ ~IIX£ AN) ITS IEtDitH [B1<J4

QJtline of Bridge yanaage Bridge is located on Natiooal hi9lHaY rc.294 in Tochigi Prefecture.

The type of ~rstructure IS a 6-spcrl cmtil'UlUS prestressed ooncrete m-celllDx-girder. The
abutment is an inverted T-type• .nile the pier is rectarQJlar wall shaPed. The view of the

bridge is shcMn in A-Dto 1.

Geotechnical Feature The soil profile of the site consists of sand-gravel lavers and slate
formation. According to standard penetration test results. the N-values of the sand-gravel

layers are 30 to 50. and that of the slate formation is above 50.

Mensh in Des i111
(1) DesilJ1 Pol icy

The desig"l nI the characteristics of the bri@ structure were reported in the previous paperS)

. therefore out I ine of the Menshin Desig"l is SlIlIIIarized in this paper. Desil11 poi icy to adapt

the Menshin Desil11 to Yanaage Sr i<ile. are as follows.

(a) The Menshin Desil1l is applied only in the !ongitldinal direction of the bridge. Trcmverse
di raction of the bridge is restrained by stopper.

(b) The desi9'l displacenent of SLf)erstructure is asSLJIIld as the sun of drying shrirbge. creep,

elastic deformation. and the tlllll)erature deformation.

(c) The seismic lateral force coefficient appl ied to check of bearing capacity for lateral

force was COII(JUted by using the ¥tole structural IIIXIeI analysis inch.dir'G spring stiffness of

the fOU'ldat ion and the beari~

(2) Bearing

The Hig, l8rping laninated IU:tler (~) is ~Ioyed for the bridge. It was desi9'1ed considering
the Bearing Capacitv Mettni The dimension and characteristic of bearing are shcMn i'l Table 1.
and FigJre 1.

(3) StOPPer for trillSverse direction

In order to restrain displacement of the gi rder in the transverse di rection of the bridge.

stOAlers litre installed to each aI:1rtment and pier. The gi rder and the stQRler are free to 51 ide
in the IcrQitldinal di rection of the bridge.
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(·0 Mensh in Des i lJI
Fig..,re 2 shows the tl'Blretical IOOdeI used for the desigl. The brica is na:deled as elastic beans
and the bearing's and fClllldatioo's are also IIKldeled as linear spring elements. The Menshin
DesilJ'l for Ymaage Bridge was made in accordance with the &./idelines for Base Isolation of
Hiltlvav BridQes2) and MarlJaI for Menshin OesilJl of Hi~y BriQles31

• The bri~ was desilJled
by both the Seismic Lateral Force Coefficient Mettlx:l and the Bearing Capacitv Method. In the
seismic lateral force desil1l. the seismic lateral force is appl ied to the bridge and the safety
of the bri~ is checked based 00 the Allowable Stress Desigl MettM In the Bearing Capacity
Metroo. uti I ity of the pier is coosidered.

I1en the Menshin Desi91 is enploved, the seismic lateral force C31 be recU:ed by liJlping effects
of Menshin bearings. ij)wever. it was not decreased because the construction of the bridge is
one of pi lot projects to investigate effectiveness of Menshin ~siQ'1.

For the I>fnanic Analysis. the clanping ratio of the first vibration IlIJde of bridge was 14.3X
Natural period of the bridge in longittdinal direction was 1.56 seccro in the Seismic Lateral
Force Coefficient Metl'm and 1. 7T second in the Bearing Capacity Method.
Table 2 stnNs the ~r ison of desigl forces for the SLbstructures between Menshin DesilJ'l and
ccnventional desil1l. The desilJ'l forces by Menshin DesilJ1 are SlCC8Ssfully decreased.

CIlECTI VES N() rEMm CF VI~TICfi lEST

After installation of the tG beariflJS n:j cmpletion of ccn:rete girder. the bricge lES tested
in Septenber. 1992. It took us 10 dayS to finish SPOt tests. and we had a'l open test <ne of the
days. AtxlUt 500 people cane to the test site. and it was selected the place of stLLlv tour. the
2nd U. S-..tapa, Worksl-Q:> in Japan.

Objectives of Test The main objective of the vibration test was to study the vibration
character istics of the lI1enshin-desi018d bri~ on si teo The follows were exaninecl.

(1)EClJivalent stiffness of \om bearings.

(2)Effect of distrillrtion of lateral force by \om bearil"QS.

(3)Natural per iod of the br i~.

(4)D!IIping ratio of the bric:ge.
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Test Metllxts
(t )Stat ic Loading Test using Jack (Test te. 1)
In order to inve~tigate the e<JJivahflt stiffness of ~ bearirgs <n:l the effect of distribJtial
of lateral force by HDR bearings. the girder was statically disPlaced in the longitudinal
direction by the jacks. Relative displacement of 10m beari~ in other; relative displaceIIB'It
between SlI)Elrstructure <n:l Slbstructures. was assuned as 1 em wilich correSPOl'lds to the desilJ1
displacement in Seismic Lateral Force Coefficient Method (= 1. 78 em).

(Z)Forced Excitation Test using Exciter (Test te.2)
The bridge was using by the exciter generating sine-waves within a range of 0.5 - 3. 5 Hz. The
exciter is EX-6300+-W type for oorizontal excitatial with naxinun force of 20 tf and 0lW18d by

the F\bl ic Works Research Institute of Ministry of Q),structicn It was installed al the girder
as sI'nv1 in Figure 3. The pUrpose of this test was to investigate the resonant frecJJeOCY ard
the vibration 1IDde.

(3)Free Excitation Test using Exciter (Test te.3)
After the bridge is excited at the resonant frequency. the excitation was stQJlP8d. The free
vibration was measured and the dans>ing ratio of the bricbl was ~ed fran free vibration

(4)Excitation Test using Hydraul ic Jack (Test ~.4)

Twelve sets of hydraul ic jack were lIDlnted at the crest of A, abutment ard all piers tYl) sets

each. Six sets of jack are CW1ed bY the Icmratory of the ..!aIm Hid'lay F\bl ic Q>rporat ion and
the rest are CM'led by Kawacla Construct ion Q>.. LTD. Tokyo. Japan. Those jacks have the loading
capacity of 180 tf with rapid-release valve~ The deck was displaced in the longitudinal
direction by jacks. the pressures were rapidly released and resulting in free vibratioo. The
state jacks crtd meters like a acceleration18ter set on the bric9l. is sn.. in Fi~re 3. The
pUrpose of this test was to investigate the natural period and the dallping ratio IIlder free

vibrat ioo of the br ic9l. Photo 2 shows the sett ing of jacks.

TEST IDLTS

ElaJivalent Stiffness of ~ Bearing 8ecaJse stiffness of bearing varies according to different
dillB1Sicn the dillllll'1Sion of bearing was sussed out by a CQlPrter appl ication Itlich is starl in
Table 1.

In the test. the maxillUll displac6lllBl'1t of bearing was aSSUIIld as 1 all Fj~re 4 shows the load
displacellllll"lt relation ootained thrOlVl the test at the bearings m PI pier. The characteristic
cf ~ beari~ was represented by a hysteresis wrve so clear IV.
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Table 3 stl:Ms the conparison of EllJJivalent stiffness of bearings between desi9'lEld a1d testi~

values. The desi91 vallllS were re-<XllPJted assuni~ the displacement value as 1 an. a1d testi~

vallllS were COIIlUted fran the reactioo forces of each jacks.

lUI to the loadillJ directioo fran A, to Az. a'ld the earth pressure behind the Al atl.rtment. the
theoretical rode I in Fi9-/re 5 was CIlPI ied to ~atictl of tflSt results. The theoretical nDdel
replaces the bri~ with elastic beans irclu::lillJ the jacks. Further. at the CIlalysis. sprillJ of
foundation ground was not appl ied the value against Levell seismic force. Because the
SlI)erstructure was loaded statically. we considered that the ground condition was pract ically

statical rather than the condition of levelL

Results of the test am analysis. we could ootained the~ data at:xlut the eeaJivalent stiffness
of bearings <r. ll"':tual bri~.

Effect of DistributiO'l of lateral Force by .m Bearings In the desi91 of the Yanaage Bridge.
the distriwtioo of seismic lateral force was assuned as show1 in Tcl>le 4. And FiQJre 6 shows
the variatioo of distribJtion ratio. that were caused by changing the bearing's displac8lllllllt
fran 10 to 10 IIIIL n-e displacement was larger. the distritJJtiCl'l ratio was alllDSt the saE as the

desig'l vaile. Ie cmsidered the reason of this result was an influen:e of the fi II behind the A
2 atutmBnt a1d initial stiffness of bearirgs. Therefore. we CCI'lfirnBt tmt the lateral force was
distributed as desi91 values.

Natural Period of Bridge The natural period of the Yamaage Bridge was obtained by the
excitation test bv hydraulic jack. Tests were carried out assuming smaller initial
displacement. (The relative displacement between ~rstn.cture and substructure by Test '*>.4
were 30 iI1d 50 _) Therefore. the displacement value of desig'l <7,71 an. at Levell seiSlllic
force) was c:harad 30 and 50 nm. and we ~ed the natural period of the bridge again. The
wave forms ciltained by the Test th 4 are show1 in Fi9-/re 7 and 0.

Tible 5 sI1:E the r~atioo value of the natural period. in case the relative displacenlll1t.
bearing stiffness. CI'ld state of geotedn ica I fOlJ'datioo were c:haold as paralll8ters. Ie did I'l)t
CCIIPrte the ecaJivalent stiffness. in case the displac8lllll'lt were 30 and 50 .... Because the 1st
response illPl itLde of bearirtlS, .nan the jack were abrlPtly released 00 the tests. was within
the limits of _Iitu::le 00 the initial stiffness.

n-e natural per iod of 0.951 CI'ld 1. 026 second were ciltained for the relative displllCelBlts of 30
CI'ld 50 _ The COIIPJted na~ural period of the 50 • displacelllllnt is si.i lar to re-alllPrtatioo
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data MJ.7. and of the 30 IlIII is in the mi~ie of data MJ.l0 Md MJ.l1.

We considered that the sPrirg; of bearirg were ·.·;ithin the r~ of initial stiffness. becaJse of
the effect of dant>ing of bear ings, crd further. in case of the 30 IlIII displacement. spring of
fOllldatien QrOlTd was not r«>rk. because the displacement was so small.

Dal1>ing Ratio of the Bri~ Table 6 sIlJws ttlt dillping ratio of stru.:tural nOOel used for the
desilJl. And. as the damping ratio of the bear ing changes the value which depends en the
variation of displacement. that was obtained by loading test. Result of desilJl. the ~i~
ratio of 1st vibration nOOe was 14.3 ~

Table 7 shows the daqling ratio obtained throl.d1 the tests. The resonance curve and 1st
vibration mode curve that the nost predominate to the vibration of the bridge are shown in
Fi\J.Jres 9 to 10. In the exci tat ien test using exciter. the danping ratio was obtained by the

Half Power Metrod as sIuI1 in Fi\J.Jre 11.
And at the excitation test using hydraul ic jack. the c:8q:)ing ratio was OOIP<Jted by forlllJla as

h, = 1/2JrX I 09. (x,/x,.,)

x, = 1/2x (1/2x (X,+X'.I»

ore
h, : ~ing ratio of i-th response .,1 itude ¥ten the jack was

rapidly released
x, : j-th response _I itt.de

The ~ing ratio obtained by the excitation test using hydraul ic jacks was alllDSt the saIlI8 as
that asStJlled in the desilJl. "ver. the daIl1>ing ratio ctltained by the excitation test using
exciter was the nearly value to that of the SU)8rstru.:ture and stbstru.:ture. This is. because
of the displacement by exciter was so small. the effect of bearirg's diJlpirg was not aAl88red.

Altho\.G'l this series of vibration test left a fear of an insufficient silllJlation of strong
earthaJakes because of smaller scale of vibratien of _II _I itLde. it was ero.d'l to give the
fll'ldalwttal characteristics of a bri~ of the MBnshin Desi9'l

The strong IIIDtien seiSlDQraph was installed on the bridge. Ihen earthlulkes occur and are
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recorded. we VOJld Iike to report the respoose analysis of the Yanaage Bridge using data of
actua I eartllaJakes in the future.

I.Jarm !bad Association: tesilJ1 Specificatioos for Hig, Way BrictJes. part V. February 1900 (in
..!apMese)

2. Tectnology Research Center for Naticml Land DevelOPlll8r'lt : G.Jidelines for Base Isolation of
Hi!i1 Way Bridges (Draft). March 1989 (in Japanese)

3.F\blic Works Research Institute: Manual for Menshin Design of HiPaY Bridges (Draft),
Cktober 1992. Tectnical ttlte of 1\1>1 ic !arks Research Inst itute. Vol. 60 (in Japanese)

4. Ikeda. T. Ozeki. K. KlInakura. K. and Abe. H. : DesilJ1 of the Karasuyana ttl. 1 Bri~ (Base
Isolated Britile). 8ri~ end folrdation &1Jineers. Vol.lS. th6. J.J1e 1991 (in..Japa1ese)

5. Ikeda. T. K1mkura. K. Tani. H. and /be. N. : Plan ald Desi9'l of the Karasuvana ttl. 1 Bridge,
Bridge Engineering. Vol. 26. ttl. 5. J.J1e 1991 (in Jl)n!se)

6.llzU<a. K. KAWAKAMI. K. t<lIW<l&. K. TANI. H. : Menshin Desi9'l ald Q:lI'lstrlJ::tion of IlJlti-Span
Cootirwus Prestressed Concrete Bri~. Proceedings the 2nd U.S-Japal Works/"q) on EarthQuake
Protect ive SYstems for Br idges. Technica I hlrandln of ~I. Nl3196. Decentler 1992
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Photo 1 The Yamaage Bri~

Photo 2 The ~draul ic Jack
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Table 1 Dimension of Bearings

Item A, P, P, P3 P. P 5 AI

Plane 100 950 1030 ~ ~ 950 100

Dimensicrls *855 *1500 *1500 *1500 *1500 *1500 *855.
ttnter of

IUber Lavers 14
:

6 3 5 6 8 19
T ; •

Th ickness of
,

FUbers 2<:6.8 126.0 . 102. 0 ! 120.0 144.0 149.6 262.2
--- ----- , "- --..,. -" . ;

Thickness of ! !
,

Insert Plates 54.6 21. 0 8.4 16.8 21. 0 29.4 15.6
- , , .-

Hei!tlt of

Bear irgs 260.4 141.0 110.4 ' 136.8 165.0 lT9.0 331.8

Table 2 ~arison of Menshin Desi!1l with Conventional Desi!1l
(l )Bending blent at Pier Bottom (lhit:tf'm)

P2

Imhin Desig'l 4104.1 3611.2, 2824.4 ,2345.0 i2011.0
f- -.- + ----,- ----- -.-+---

i I I
Coov~tiCllaI Desi!1l 4193.2 ffi62. 8 i 4760.8 i 4601. 5 [4578. 2

(2)S1'1ear Force at Pier &ttan CU,it: tf)

i
!

IPI P, \ P l P. I PsI I
I

Mensh in Des iQ1 336.61 287.2 241.8 220.1 221.0
I
I

Qlnvent ialai Des i91 359. 31 388. 4 392.4 414.8 479.0
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Table 3 Comparison of Equivalent Stiffness
(lklit: tf/m)

a.bstnJ:ture Tested (a) Desig,ed (b) (a)/(b)

A, 873 865 1.009

p, 2.578 2.603 0.990

p, 3.227 3. 262 0.989

P3 2.719 2.657 1. 023

P. 2. 372 2.~50 O. $4

P, 2.200 2.420 0.912

Table 4 Design Lateral Force for Substructures

a.bstn.cture Lateral Force Dist ribJt ioo
H (tf) :Ratio (%)

A, 84.1 9.0
~

P: 194.5
,

20.8
I

1
!

P, 175.1 18.7
~ ---.- -

P3 161. 7 17.3
_.- - ._------

P. 154.6 16.6
--- -- ----

I
---~

Ps 164.1 17. 6
!

Total 934.1 ! 100.0
i

Note) Lateral Force is computed by

H. = Rd' * L

Where
H, : Seismic Lateral Force for i-th

Substructure (tf)
Rd.: Dead Load for i-th Subst ructure
k" : Design Seismic Coefficient.
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Table 5 Re-computation of the Natural Period

Parameters

Matural D3ta

oisp IacElll81t Stiffness Stiffness of Pier and Per roo til
of Bear ings So I I FOl.I1dat 100

Total Structure 1.556 sec 1

E(JJivalent

Sti ffness Fi xed Ccrdit 100 of Fcm::iat ion 1.393 2
(k .)

U = 7.184 em
~.~itionot Pier

1. 303 3I Curlat 100

(Oesi!J1 Value)

Total Structure 1. 095 4

Initial

Stiffness Fixed Ccrdit Ion of Fon:lat ion 0.930 5
( k ,)

~~~.ofPier O. 783 6I t IOn

Total Structure 1. 052 7
Initial

U = 5.0 em Stiffness Fixed Ccn:lition of Famatioo 0.882 8
(k, )

~~ition.of Pier O. 724 9• r Ou1dat Ion

Total Structure 1. 015 10
Initial

U=3.0em Stiffness Fixed Ccn:l i t ioo of Focn:lat ion 0.841 11
( k 1 )

~.)?~Of Pier 0.677 12I tlOO
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Tcille 6 Desigl ~ing Ratio of Structural Menters

Structural Menter Oarping rat io (%)

&.perst ructure 3.0
_._._- -- - -

Slbstructure 5.0

So i I fCllIldat icrl 10.0
._--_._- -- -

/om Bea r iIllS 16.8

Table 7 ~Ing Ratio obtained trOldl the Vibration

Test ing Cases [Uyping RatiO (%)

Excitation Test by Jack COisplacement:!i<mn) 15.4
--

Exc i tat icrl Test by Jack (Oisplacement :3<mn) 12. 0

Exc i tat icrl Test by Exc iter 5.7

IDesi{Jl Value
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FlEw TF.snNG OF BRIDGES BEFORE AND AFTER
RETRoFl1TlNG WI11I SEISMIC isoLATION BEARINGS

by
S.S. Chen and J.B. Mander

Department of Civil Engineerinl.
State University of New York at Buffalo. USA

ABSTRACT

This paper reports on full-scale large-amplitude field experimental studies being conducted
in conjunction with bearing component tests. results to date and their comparison with theoretical
modeling predictions. for a pair of 3-span continuous slab-on-girder bridges whose existing steel
bearings are being retrofitted with laminated elastomeric bearings and lead-rubber bearings. The
results of this study will assist a bridge engineer to make more informed decisions among the
fundamental options for analytical modeling and for seismic retrofitting of such bridges.

INTRODUCTION

The fundamental options confronting a bridge engineer charged with determining a sui~able

bridge seismic retrofit strategy are the following (excluding foundation rehabilitation);
a) do nothing
b) bearing retrofit

i) using standard elastomeric bearings. or
ii) seismic isolation bearings, and

c) substructure (column) strengthening.

In the central and eastern United States, it is becoming commonplace to retrofit slab-on
girder bridge structures with some fonn of laminated elastomeric bearings. With the availability
of the AASHTO Guide Specifications on Seismic Isolation Design (I), lead-cores are now on
some occasions being added to these bearings to provide additional seismic protection. The
relative paucity of information available on the in-situ efficacy of such bridge bearing retrofits
motivates the use of full-scale large-amplitude field vibration tests. Other such tests are described
in (2) and (3). This paper describes the ongoing. large-scale field verification studies of two 3
span continuous slab-on-girder bridges near Buffalo, New York being retrofitted with standard
laminated elastomeric bearings and lead-eore elastomeric bearings. Companion studies of old
bearings being retrieved from the bridges and of new bearings being installed in the same bridges
are also briefly described herein.

The current field testing is believed to be the first quick release field test on a seismically
isolated bridge in the United States and thus will provide much-needed insight into the in-situ
behavior of such bearings and the bridges they are being used to retrofit.

BRIDGE DESCRlPI'ION

Figure 1 shows a side elevation view of the bridges carrying Rte. 400 over the Cazenovia
Creek some 50 kIn southeast of Buffalo, NY. 'The abutments and two-column reinforced concrete
pier bents are supported by a concrete pile cap and battered steel H-piles extending SO ft to 70
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ft into the soil. Both bridges were construeted in 1967 supponed on high-type steel flXed and
rocker bearings o\'l:r the piers and low-type steel-bronze sliding expansion bearings over the
abutments.

Seismic retrofits using rubber bearings were prescribed by the New York State Dept. of
Transportation to be installed following rehabilitation work on the reinforced concrete decks. The
northbound bridge was retrofitted during October - December 1993 with circular laminated
elastomeric bearings. while the southbound bridge is currently (January 1994) being retrofitted
with square laminated elastomeric lead-eore seismic isolation bearings on each abutment and with
standard square laminated elastomeric bearings on each pier. The old steel bearings are shown
in Fig. 2, while descriptions of the new bearings are provided in Table 1.

PROJECT OVERVIEW AND STATUS

The principal project objectives are the following:
1. Measurement and assessment of in-situ dynamic behavior and performance of a typical slab-on

girder bridge subjected to transverse quick-release loading and supported on the 3 different
types of bearings, and

2. Quantification of the in-situ dynamic perfonnance change attributable to:
a. bearing retrofit using standard laminated elastomeric bearings, and
b. bearing retrofit using seismic isolation bearings.

A snap-back (quick-release) technique has been employed in the field on both pre-retrofit
bridges and is being employed on both post-retrofit bridges. complemented by ambient vibration
tests. Ambient and post- snap recordings resulting from the free vibration response are examined
to infer in situ frequencies, mode shapes, damping ratios, and higher mode effects Static (pre
snap) data also provides insight into in-situ pier and diaphragm flexibility, which .'1I'e of ,,-:.e in
calibrating analytical models.

'The field quick-release experimentation is complemented by laboratory tests perfonned on
actual bearings from the bridges (both old steel bearings salvaged from the pre-retrofit bridges and
new bearings used in the aseismic retrofits) along with fmite element analysis. infonned by these
bearing test results. at several levels of modeling detail. These global and component-based
e).perime'ntal studies combined with the analytical studies will enable an assessment of suitable
analytical modeling approaches as well as quantifteation of the in-situ dynamic perfOI'llUlOCe
change attributable to the aseismic bearing retrofits of the two subject bridges.

Figure 3 shows the various aspects of the project and their interrelationships and status.
Quick-release tests have been conducted on both bridges supponed on their original steel bearings.
The planned winter-weather tests are expected to provide valuabJe data on the in-situ cold
temperature perfonnance of the seismic isolation and standard laminated elastomeric bearings as
reflected in the quick-release experiments.

FIELD EXPERIMENTAL PLAN AND SE11JP

Due to the distance between the bridges (60 ft clear), it was decided to construct a teosion
based loading scheme using high-strength 1-1/4- dia. DYWIDAG™ prestressing 1hreadbars. The
technique uses a tension loading scheme different from the one utilized by the authors in previous
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quick-release tests of other bridges [4) in that it pulls from the adjacent bridge. Figure 4 shows
the quick-release loading scheme employed for testing the southbound bridge, 'The tension bars
straddle the near column of the anchor pier and pass through holes cored into both curbs of the
tested bridge, being anchored on the far side of the tested bridge.

Figure 5 depicts one of the instrumentation layouts employed in the quick-release tests
conducted of the southbound bridge. The top part of the figure shows the accelerometer layout,
while the bottom shows the corresponding displacement transducer layout.

The instruments used consisted of 33 ENDEVCO type 2262-25 accelerometers with a

response of ± 25g @ 0 - 100Hz and 20 linear motion potentiometers. AJI the accelerometers
were connected to a model 2310 Micro Measurements signal conditioner. Based on analytical
behavior predictions and ambient vibration tests, the signal was filtered by the conditioners with
a low pass band of 25 Hz. Two 486 computers with ADAC 12- and 16-bit AID boards handling
up to 32 channels each, were used for the data acquisition. A 140 Hz dynamic sampling rate was
used to record 20 sec post-snap data sets. The loading bars themselves were instromented with
strain gauges to detennine the applied load before and after release.

ANALYTICAL MODELING

Analytical models at several distinct levels of detail are being investigated in tandem with
the experimental portions of this study. Modell, a 3-D model implemented using the SAP90
software, is shown in Fig. 6. This model, based on the original construction drawings,
incorporates each member of the strocture and accounts for their finite depth, the 9° bridge skew,
and the stnlcture's superelevation. Pier columns are modeled using three equal-length frame
elements, each using the average geometric properties of its segment. TIle pier cap beam is
modeled by employing frame elements along its varying neutral axis, with rigid links connecting
it to the top of the bearing support pedestal. The bearings are modeled as flame elements whose
stiffnesses are based on an experimental study [5][6) which measured the elastic stiffness of steel
bearings similar to those of the subject bridge but which were retrieved from a different bridge.
When these frame elements are used to model the new bearings, they are based on properties of:
a) the actual bearings used in the northbound bridge, based on tests perfonned at SUNY at

Buffalo on these bearings prior to their shipment to the field, and
b) bearings identical to those used in the southbound bridge, which are to be tested in early 1994

(see Fig. 3).
The superstructure in Model 1 uses frame elements to represent the curbs, girder flanges, the
diapbragms and the stiffeners to which they are connected. Shell elements are used for the
concrete deck and girder webs. For dynamic~ the masses were lumped at the nodes. In
order to attain a close match with static pre-snap displacements recorded in the field, adjustments
were needed in bearing stiffnesscs, diaphragm stiffnesses via rigid offsets, and soil/foundation
stiffness, the latter being initialJy accomodated by anifaciaUy lengthening pier columns with

EJr:rtICbd set at 60% of Elrv-'

Model 2, a considerably simplified model for transverse analysis implemented using the
DRAlN-2D software [7], is shown in Fig. 7. Aggregate deck and girder properties are
uansformed into frame elements connected by diaphragm springs as shown in the figure. To
enable comparisons, the diaphragm stiffness was adjusted so that the first transverse frequency
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could match the first transverse frequency obtained from Model 1.

PARTIAL RESULTS TO DATE

The Fourier analysis technique was applied in this study to detennine the natural
frequencies of the structure and the associated mode shapes [8J(9]. To reduce leakage effects
three different windows were evaluated (Hanning, Hamming, and Kaiser) (10)[11). The time
histories were smoothed using a Hanning window, which produced the best results.

For the purpose of detennining the natural frequencies and mode shapes, the Fourier
amplitude spectra and the phase spectra were computed for each digital record. Natural
frequencies were estimated from the Fourier spectra, whose magnitude was used to construct a
nonnalized vector dividing the values of each accelerometer station for a given frequency by the
largest value. The phase spectra were used to identify the arithmetic sign of the modes. For this
work the construction of the vertical modes was done using the nonnalized modes obtained using
the quick-release test data augmented by modal infonnation obtained from ambient vibration tests,
which oriented deck-level accelerometers in the vertical direction.

The modes, obtained using discrete points, were fitted using a Kriging procedure.
Experimental mode shapes are compared in Fig. 8 with the results obtained from Modell for the
southbound bridge On the original steel bearings. The damping of the structure was obtained
using the half-power method (12). For a given frequency, the damping was extracted from the
Fourier spectra for each station and averaged to obtain the values shown in Fig. 8.

For a single-pier fuse snap. the recorded loading bar time-history is shown in Fig. 9.
Using this loading as input, reasonable agreement is obtained between the transverse deck-level
accelerations in the field and those of Modell (shown in Fig. 10) and Model 2 (shown in Fig.
11).

LABORATORY EXPERIMENTS ON OLD AND NEW BEARINGS

As mentioned earlier, analytical modeling efforts incorporate or will incorporate bearing
stiffnesses obtained from tests on actual or identical bearings, both old and new, employed in the
subject bridges. For the new bearings. example hysteresis data obtained from a northbound
bridge bearing prior to its installation in the bridge is shown in Fig. 12a. Until data is obtained
from the lead-eore bearings. the idealization shown in Fig. 12b is being used.

PREDICTIONS OF RETROFl1TED BRIDGE BEHAVIOR

Model 2 is employed with bearing stiffness data from Fig. 12 to predict the retrofitted
behavior of both bridges. using the idealized release scenario shown in Fig. 13. Comparisons
between anticipated quick-release behavior of the two bridges are shown in Fig. 14 for the the
one-pier snap and Fig. IS for the two-pier snap. Both displacement and acceleration resporu:e are
anticipated to be significantly reduced by the presence of the lead-eore bearings, which are used
on the southbound bridge abutments. Fig. 16 shows the lead-eore bearing hysteretic response
corresponding to the one-pier and two-pier snaps, respectively.
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DISCUSSION AND SUMMARY

A comprehensive project investigating the use of quick-release field experiments to
detennine the in-situ efficacy of seismic retrofits using different types of rubber bearings is
described in this paper. It is anticipated that the results will provide valuable insight into
appropriate modeling approaches as well as in-situ bearing performance for existing steel bearings,
laminated elastomeric bearings and lead-eore bearings in slab-on-girder bridges. Improvements
are currently being made to the modeling of soil-structure interaction and the construction of a
more controllable quick-release mechanism.
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Design of A Long Prestressed Concrete Continuous Girder
Bridge Using Base Isolators

Kazuo Hasegawa'). Shigemi Shikauchi /). Hiroshi Osaki I) •

and Yasuhisa Fujiwara2J

I) Bay-shore Route Construction Bureau. Metropolitan Expressway Pub. Co.
2) Dept. of Civil Engineering. Sumitomo construction Co. Ltd.

The Higashi-Ohgishima viaduct of Metropolitan Expressway. Bay-shore Route
(4th phase). is a 9-span continuous prestressed concrete box-girder bridge
using base isolator. (n order to improve seismic resistance. a reaction
distribution method using rubber bearing supports was adopted for the
bridge. In addition. seismic design using menshin technology was carried
out so that the piers. bearing supports and main girders would withstand an
earthquake of the magnitude of the Great Earthquake of 1923. For the
bearing. the LRB bearing having energy dissipating capability was adopted.
and its dynamic characteristics were verified by approving test for dynamic
load and elasto-plastic dynamic analysis. Vibration test were also performed
on the bridge itself during construction to confirm the propriety of the
design.

Immxx;rI(J\I

The Higashi-Ohgishima ~iaduct of the Expressway Bay-shore Route. which forms
part of the Tokyo Bay Ring Road. is situated in the Higashi-Ohgishima
district of Kawasaki City. Kanagawa Prefecture. The viaduct crosses a local
road of Kawasaki City. and has a total length of 417.6L

Since the Metropolitan Expressway Bay-shore Route is a arterial road for the
Tokyo region. it was felt necessarY. in addition to adopting a reaction
distribution lethod using rubber bearings. to incorporate seislic isolation
in the design. in accordance with the "Manual of Uenshin Design for Highway
Bridges~ (PWRI. et al). La.inated rubber bearings with lead plugs CLRB)
were used as base isolators. This bridge is one of the largest prestressed
concrete bridge using Uenshin design in the world. and therefore bearing
support approving tests. Vibration tests on the bridge itself. and
observations of seismic shocks are carried out.
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OUI'LINE OF 'I1IE VIADOCT

The viaduct is a 9-span continuous prestressed concrete box-girder bridge
with a standard span length of 45m. Span Al to PB of the superstructure were
constructed using stagings. while construction of span P8 to A2.which
crosses Kawasaki City road were constructed using a cantilevering method.
out of considerations of safety and maintaining an uninterrupted flow of
traffic.

The specifications of the viaduct are as follows:
• Road category: Class 1 (design load: TL-20. TT-43)
• Bridge length: 417.6m (8 @45.0+55. 0)
• Effective Width: 2 x13.25lI (one-side three lanes)
• Temperature change: ±20·C
• Superstructure: 9-span continuous prestressed concrete box-girder
• Substructure: abutment (2). pier (8)
• Foundation type: Steel pipe pile «(/)800)
•Ground classification: TypeD[ (classification for seismic design)

Ageneral view is shown in Fig.-l.

PhotO] Cantileveli~CoostftlCtim
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MENSH IN DESIGN

Design of Menshin Device

Menshin design is a form of aseismic design which aims to reduce inertia
force by elongating the natural period of a bridge while also increasing
energy dissipating capability. [n this case. since the ground at the
location of the bridge is weak. including layers of land-fill (known as
type Bl ground). a major elongation of the natural period would have been
necessary to reduce the inert ia force. In thi s case. the di splacement of
the superstructure would have increased. and the size of the bearings
implied in this design would have been uneconomical. The decisi~n was
therefore taken not to attempt to elongate the natural period of the bridge
more than was economical. but rather to reduce the inertia force by
increasing energy dissipating capability.

Laminated rubber bearings with lead plugs were adopted as an isolation
mechanism. Bearings are isolated in the longitudinal direction for
earthquakes of normal magnitude. and fixed in the transverse direction using
steel side-blocks. Seismic isolation ifi both directions was introduced with
respect to ultimate level earthquakes(level of checking bearing capacity
for lateral force). This was achieved by fitting steel side-blocks whicf~

would break during ultimate-level earthquakes along and athwart the bridge
axis. The bearing supports are shown in ~ig.2. and the design results in
Tables 1 and 2.

Given the length of the bridge, significant levels of main girder creep and
drying shrinkage suggests a need for large bearings. Amechanism was
therefore developed to allow shear deformation in the bearings after
completion of the bridge. in order to eliminate the effects of girder creep
and drying shrinkage. Pig.3 shows an outline of the post-strain adjustment
method.
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Table 1 leiign criteria Rlimllt for lBB

~tments Piers
Itea (A.. AI) (P.)

Dead load React iCll (tf) 418 953

Li ve load React iCIl (tf) 187 299

Disp. Creep, S1r irbga 111 71

(.) t~rature(+20"C) +41 ±30

Size of I.JE (cnf) 123Xl80 = 22140

Thickness of IUber (em) 3. ex 5 = 18.0

Ar. of L.-i Plug (cal) <l2Gx 4 = 1257

Table 2 ~iC PrqJerties ~ um Iftt Iricte

I tG..1 Ulti.te
It. Level Level

Post-Yield 3B99 1~
~ic Stiffness (tf)
Prq:18rties Characteristic Shear 213 213of LEE Strqth load <tf)
(ane pier) Effective 7525 2438Stiffness (tf/.)

Natural period (sec) 0.941 1.570

Pr.rties Dllpif13 ratio 23.5 15.4of Brie ",)of Bri~ DasiSJI Lateral
Forco Caefficitnt 0.30 O. 77

Displaetll51t of 85 411
~rstn.a:ture (.)
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Girder Clearance

The clearance between the main girders and the abutments is set at 300mm in
consideration of movement of the main girders due to temperature change and
creep. and drying shrinkage. as well as an earthquake of normal magnitude.
It is possible. therefore. that the main girder may collide with the
abutment during ultimate level earthquakes. The effect of collision of this
type between major structural members on the aseismicity of the bridge as a
whole was studied using dynamic analysis.

Effect of Menshin design on Substructures

Design of the substructure was carried out as prescribed in the Highway
Specifications2

). which do not envisage any seismic damping effect from the
bearings. as such structures have not yet been subjected to major
eathquakes. Fig.4 shows the relationship between lateral force and
displacement in pier P4. The figure shows the ductility ratio of piers with
and without menshin design. when subjected to an ultimate level earthquake.
The figure shows that with seismic isolation. the ductility ratio ~ =
1.96. and only minor damage is sustained even during large earthquakes.

Approving Test of Confirming Requirements for Dynamic Load

The relationship between the shear force of LRB and its deformation is
almost bilinear. and as shown in Fig.-S. can be modeled as an idealised
hysteresis loop. In Menshin design. design is carried out by changing this
into effective lateral stiffness and effective damping ratio.
[n order to prove the appropriateness of those models on this bridge.
performance test were carried out on full-size models of the bearings. Fig.
5 shows one example of results of lateral stiffness test on a bearing.

Also. the permitted discrepancy between measured and calculated values ,as
set at ±20%. and it was confirmed that even a discrepancy of this
magnitude would cause no problems in the bearings. substructure or
superstructure.

5-43



Mensh in des ign #=1. 96

fJ.=3.93
~ 800--'-"

UI t illl8te~

600 YieldG I

~ I

~ Crack I

400 I
ftI I...

IG-ftI 200...

o 2 3 5 6

lateral Disp. 8 (em)

Fig. 4 Relationship between Lateral Force
and Displacement of pier

Laminate rubber

300

-- 100

u
uo
"-

~ -100..
I:'
.J

-200

-300

Idealized HysterBis Loop

-200 -I~ -100

Lateral Disp. (mml

LRB

100 I~ 200

Fig. 5 Actual hysteresisloop

5-44



DYNAMIC AN~LYSIS

Analysis Method

An elasto-plastic dynamic analysis was carried out with aim of obtaining the
vibration properties of the bridge during ultimate level earthquakes. and
of confirming seismic safety. The method used for dynamic analysis is
elasto-plastic time history response analysis. taking into account the non
linearity of the bearings and the piers. using a overall skeleton modei as
the analysis model. (refer to Fig.-6.) The seismic wave data input is shown
in Fig.-7. The basis for this data is the revised seismic wave for the
earthquake of Tsugaru. issued by the PWRI. multiplied by modification
factor for importance of 1. 1. to account for the typel[ ground.

AI PI P. P. P, Pr A.

Gop element

~ 8'" ....
~t~ ~~:'\foIH! "'L

45000 45000

8
~L

45 000 4!)QQQ 45000 55000

Gap element model Disp

-JI./II'-- Spr;na .Iemen'

--<l e>- Cop element

Fig. 6 Analysis model
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[n the analysis model in the longi tudinal direction. gap elements are
included in abutments Al and A2. to allow for collisions between the main
girders and the abutments. The gap element is an element which has no effect
up to a certain level of displacement. but takes effect suddenly when that
level is passed. The results obtained from dynamic analysis are roughly 8096
of those of obtained from static analysis. thus confirming the safety of
the static design. (refer to table 3) Fig. -8 shows the relationship between
the clearance and the lateral forces working on the abutments. The diagram
shows that with narrower clearances. the lateral forces increase. and when
the clearance is less than 160mm, these forces become larger than the
lateral resistance of the abutments. However. according to this analysis.
when creep and drying shrinkage are completed. the clearance will be at
least 260aL eliminating the possibility of collision between the girder and
the abutment. leaving the bridge functioning as a whole follOWing an
ultimate level earthquake.
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Table 3 (;()q)&rison or Dynamic Analysis Values
and Static Analysis Values

Static Dvnallic
I t811 Analysis Analysis

Values Values

Oi spl acetll8nt
23511.411 ...

Superstructure

A. 4846tf 3138tf
Bending

PI 6156tf 4658tf
Ibnent on the f-- -

P4 1452tf 5668tf
8ottOlll of Pier

P. 3240tf 2411tf

Az 3333tf 2553tf

1000

4000

«I

e 2000 UltiMate lateral strength (Al)
~ ---------------------~

......--........
8 3000..
If

o 5 10 15

Clearance (ell)

20

Fig. 8 Relationship Between Lateral Force and Clearance
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VIBRATI(l;l TEST ON mE BR IDGE

Test Model

The weight of the superstructure at the completion of the viaduct is
14.400tf. In order to give a larger displacement amplitude using the
existing actuator. the two-span structural system under construction shown
in Fig.-9 was selected as the test model. The weight of the concrete main
girders is about 3.200tt. and the vertical reaction of P•. Ps and P. are
895tf. 1. 395tf and 9lOtt respectively. Two identically shaped LRB are
installed on each pier.

Test Method

The test consisted of artificially inducing displacement of the main girders
and piers(bearing supports) along the longitudinal direction. using
hydraulic jacks. then inducing a free damped vibration by releasing the
jacking pressure instantly (rapid release test). A total of six hydraulic
jacks with rapid-release valves (capacity 180tf.. stroke 150mm) was
installed. two on each pier.

The acceleration of the main girders and piers. the relative displacement of
the bearing supports. the stress of the pier concrete. and the jack oil
pressure were measured by sixteen servo type accelerometers. six
displacement sensor and thirty strain gauges shown in Fig. -9.

22.5

108.0

22.522.59.0

P. PI

Disol
-~";;;';';"""T;..------=.:.;:::::.:.::=;;.:.:."r;.::;=.;....-----===:..:.,,o;::o;:;:.;..-..J

Fig. 9 Configuration at the Test Bridge and

Arrangement or the Test Devices
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The forced displacement of the bearing supprts in the rapid-release test was
established to the following two types.
(1) 3cm displacement test:
Bearing support displacement of about half the normal earthquake
level, induced by a force of about 100tf per jack.
(2) 6cm displacement test:
Bearing support displacement equivalent to the normal earthquake
level. induced by a force of about 150tf per jack.

Test results and discussion

Fig.-l0,-11 shows the free damped wave pattern of displacement and
acceleration obtained from the rapid release test. In both the 3cm and 6cm
displacement tests. vibration stopped after about two seconds. and both
tests resulted in residual displacement. Conceptual graphs of a strain
control bearing support performance test conducted previously were drawn
upCFig. 12)based on the results of dynamic analysis. in order to assist in
understanding this vibration property. After releasing the load of the
hydraulic jacks, the displacement returns to a level balancing the restoring
forceCfirst vibration zone),after which vibration continues around this
level(second vibration zone). and then ceases (residual displacement). The
residual displacement decreases to about 65% after 19 hours.

Asummary of the test is shouwn in Table-4. The natural frequency of 1.2 to
1.8Hz almost coincides with the design value. The measured value for the
damping ratio is 20 to 30% in the first vibration zone. and 15 to 16% in
the second vibration zone. The values for pier stress remained within 10 96
of each other as shown in Table-4,and the identical phasing of the wave
patterns confirms the good dispersibility of the structure.

(1) The adoption of Uenshin design reduces to a minimum the damage sustained
by piers, even during a major earthquake.
(2) The propriety of the bearing support structure. girder clearance etc.
were verified by dynamic analysis.
(3) Performance confirmation testing of the bearing supports. and vibration
tests on the actual bridge. confirmed the dynamic characteristics of the
bridge and the propriety of Uenshin design.
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Table 4 SUnlnary of Test Resul ts

--Vibration
, , ,

I , ,
Mode

, tetll 3 cm 6 cm

Frequency 1st Vib. 1. 30 1. 25

(Hz) 2nd Vib. 1.80 1. 80

DallPing Ratio 1st Vib. 20 -- 30

(,,) 2nd Vib. 15 -- 16

MaxillUll [PS] Gi rder 126 161
acceleration

(Gal) Pier Tep 196 291

P4 3.0 4.5
Piers Stress

P5 3.2 4.1
(kgf/cnl)

P6 3.6 5.2

1. PWRI: Manual of Uenshin Design for Highway Bridge. December 1992.
2. Japan Road Association: Design Specification for Highway Bridge. Part \f
. Earthquake-resistant design. February 1990.
3. Kubota. Shikauchi. Osaki. Uitake. Arai: Design of 9-span Continuous
Prestressed Concrete Gir~er Bridge with Base Isolators. The second U.S.
Japan Workshop on Earthquake Protective System for Bridges. 1992.
4. Mitake. Shikauchi. Fujiwara. Nagai: Uenshin Design of Higashi-Ohgishima
Viaduct. Proceeding of the 48th Annual Conference of Japan Society of Civil
Engineer ing.
5. Fujiwara. Uitake. Osaki. Fujita: Actual Viaduct Vibration Test of
Higashi-Ohgishima. Pruceeding of the 48th Annual conference of Japan Society
of civil Engineering.
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FIELD TESTING OF THE SEISMICALLY
ISOLATED WALNUT CREEK VIADUCT

Stephen Mahin, Ian Aiken and Amir GHani
Earthquake Engineering Research Center

University ofCalifornia at Berkeley

ABSTRACT

A field test program is underway in Walnut Creek, California, to assess the reliably of
analytical models and typical design assumptions for seismically isolated bridge structures. The
bridge being tested is part of a temporary viaduct being constructed by the California Department of
Transportation (Caltrans) at the 1680124 interchange. Seismic isolation is provided by 15 lead
rubber bearings. The deck consists of steel girders and composite reinforced concrete slabs. The
substructure consists of reinforced concrete single column bents. Testing consists of quick release
and ambient tests on the piers prior to installation of the deck, and forced vibration and quick
release tests of the completed structure. Post-test analytical studies will be undertaken 10 assess the
adequacy of analytical modeling procedures and design assumptions. This paper describes the rest
program and preliminary results.

INTRODUCTION

The analysis and design of bridge structures requires adoption of numerous assumptions.
In many cases, these have been validated on the basis of satisfactory performance of structures
under service conditions, laboratory testing ofcomponents and assemblages. refmed analytical
models, and observed behavior during earthquakes. In the case of new types of structures, only
limited laboratory testing can generally be done prior to field application. Similarly, component
and assemblage tests and analyses may not provide sufficient information to predict with eenainty
the overall response of a structure. Thus, field testing of full scale structures has been used
successfully by Caltrans and others to assess complications arising from the interaction of
components, foundation and abubnent conditions, and uncertainties in mechanical and dynamic
characteristics. Reconciliation of measured response values with analytical predictions obtained
using standard techniques provides verification of current design methods. Where correlation of
predicted and measured responses is inadequate, the measured data provides the motivation and
basis for developing improved methods.

An example of successful prior Caltrans-sponsored field investigations includes testing of a
segment of the 1-880 Cypress Viaduct in Oakland, CA following the Lorna Prieta earthquake [1).
These tests included ambient and forced vibration tests oC the as-built structure and destructive
lateral load tests of the as-built and retrofit structure. These tests indicated that simple elastic
models were able to predict the mode of failure observed, and provided important quantitative
infonnation on the efficacy of various retrofits. They also indicated the importance of foundation
modeling on assessing the periods, mode sbapes and damping oC the sbUcture.

Many new concepts, like seismic isolation, are being suggested for the design of bridges in
California, and numerous modeling uncertainties remain in the analysis of bridges in general.
These uncertainties with regards to analysis and perfonnance may result in hesitation on the pan of
designers to utilize these new concepts. Real world field tests and related analyses can be
effectively utilized to reduce these uncertainties, address issues related to the integrity of new types
of structures, and improve design and analysis methods.
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OBJECTIVES

A number of field tests and related analyses are currently underway with Caltrans
sponsorship which take advantage of unique opportunities made possible by the construction,
reU'Ofit and demolition programs at the I 68&24 interchange in Walnut Creek, California. The
overall goal of this work is to evaluate and, where necessary, improve design methods and
analysis assumptions. In addition to field testing and analysis of the new temporary seismically
isolated viaduct, tests and analyses will also be performed on an existing elevated single column
viaduct at the site scheduled for demolition in early April 1994. This paper only addresses issues
related to testing of the seismically isolated viaduct

DESCRIPTION OF THE VIADUCT

The new temporary viaduct in Walnut Creek, California, is currently under constructed. It
will carry southbound 1·680 traffic through the new 1680124 interchange. The southern end of the
temporary viaduct incorporates a seismically-isolated, four-span, 700-ft long, composite steel
girder bridge structure. This segment of the viaduct is the fITst new bridge in the Slate of California
to be seismically-isolated.

Assumptions and criteria used in the design of the viaduct. methods employed to specify
required bearing characteristics for the contract bidding process, and the typical details utilized in
the construction are described by Thorkildsen in a paper presented at the farst U.S.-Japan
Workshop on Protective Systems for Bridges [2]. It is significant to note that the viaduct has been
designed as if it were a permanent structure and complies with all Caltrans design requirements in
effect at the time of its design.

A peak ground acceleration of 60% g was assumed for the design of the viaduct. The
design spectrum is based on 10 to 80 feet of soil underlying the viaduct. The periods of the un
isolated portions of the viaduct range from 0.5 to 0.8 seconds. The effective period considered in
the design of the isolators was about 1.8 seconds.

The viaduct is intended to serve temporarily during construction of pennanent interchange
connectors that will pass underneath the temporary viaduct Approximately 40,000 vehicles per
day are expected to use initially the viaduct. The temporary viaduct will be demolished in about
1998. The steel deck girders used in the seismically isolated portion of the viaduct will be moved a
short distance at the same site and used as part of a new off-ramp connector. In its new location,
the connector will again be seismically isolated.

Non-isolated portions of the viaduct to the north of the test structure consist of post
tensioned concrete box girder frames supported monolithically on reinforced concrete columns.
Drop in steel simply supported steel girders are utilized between the reinforced concrete frames in
order to facililate demolition of the sections of the viaduct passing over the new roadways in the
interchange.

RESEARCH PROGRAM

A unique opportunity exists to obtain fteld test data on the mechanical and dynamic
properties of this bridge that can be used to assess the reliability of modeling and analysis
assumptions used in design. The dynamic propenies of the bridge win be experimentally
measured at different stages of construction, and this data will be used, along with existing
information on the mechanical properties of the individual isolators and of the soil at the site, in
dynamic response analyses to validate modeling and analysis assumptions. Three different phases
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of vibration testing are planned. These will allow precise detennination of a number of dynamic
properties that to date have not been the subjcct of careful detennination in other studies of
seismically-isolated bridges.

Because of construction delays, only the frrst phase of testing has been completed at this
time. Preparations for the remaining phases of testing are currently underway.

Phase 1 • Column Tests

Pull over and quick release tests have been conducted on four of the individual bents
supporting the seismically isolated portion of the viaduct prior to placement of the deck structure.
These tests were used to detennine the flexibility and damping characteristics of the CIDH
column/pile assemblages used. This infonnation will greatly assist in developing a reliable
analytical dynamic model of the entire structure, and help in assessing the contribution of various
structural components to overall system damping.

These tests consisted of lateral loading of each bent A hydraulic jack was used to load
wire cables connecting two adjacent bents (Figs. 1 and 2) Several levels of loading up to
approximately 20% of the design load were applied in this manner. Quick release was effectively
achieved by means of an explosive boll installed between segments of the cabling (Fig. 3).

The quick release tests allowed detennination of periods and damping characteristics for
each of the supporting columns. Instrumentation consisted of two force balance accelerometers at
the top of the bent cap and one at ground level. Ranger seismographs were utilized for ambient
acceleration measurement and ground level measurements as well. Portable data acquisition
system including a spectnnn analyzer was used to capture response data.

Results were very clean, having little transient interference. A typical result is shown in
Fig. 4. Peak accelerations of 0.25g or more were typically induced at the tops of the column bents
during the tests. One of the lines shown in Fig. 4 is the measured acceleration, while the other
corresponds to the analytical solution for a viscously damped single degree of freedom oscinator.
For the three taller (about 7 m) bents measured periods ranged between approximately 0.15 and
0.2 seconds and damping ratios ranged from 5 to 6 percent of critical. It is interesting to note that
the horizontal accelerations at the ground level ranged for 25 to 40 percent of those measured at the
top. For the shorter bent (about 2 meters tall) the period was about 0.11 seconds and damping
increased to about 15 percent ofcritical.

1be explosive bolts were found to be a practical and reliable means ofcarrying out the
quick release tests. As a result they are to also to be utilized in the subsequent tests of the entire
structure.

Phase 2 • Forced Vibration Tests or the Entire Four Span Frame

The second phase of testing involves the forced vibration of the completed bridge. Two
rotating-mass shakers will be utilized, as done in the forced vibration tests of the Cypress viaduct
These shakers can be precisely controlled over a wide frequency and phase ranges to allow
determination of periods, mode shapes and damping ratios. Dynamic loading will be applied in the
longitudinal, transverse and torsional (about a vertical axis) directions. 1be vibration generators
will be located near the quarter points along the length of the frame. nearly 350 feet apart

Accelerometers will be strategically located along the top of the bridge deck, immediately
above the isolators, below the isolators at the top of the bents and at the ground surface level to
help identify modal characteristics. Accelerometers will be oriented in the longitudinal and
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transverse directions of the bent In addition, displacement transducers will be positioned to
measure transverse and longitudinal relative displacement of the isolators. Nearly 60 channels of
data will be recorded during the tests.

These tests will involve relatively low levels of response. However, they will provide
results that can be used to validate elastic analytical models consistent with these levels of
response. and they will provide information on the response in the transverse and torsional
directions (Fig. 1) that will not be obtained in the Phase 3 quick release tests.

Phase 3 - Snap-back Fret ·Vlbratlon Tests of the Entire Four-Span Frame

The third phase of testing involves loading the bridge deck along its longitudinal axis using
hydraulic jacks, and quickly releasing the imposed displacement using a special restraint device
activated by explosive bolts so that the free vibration response of the bridge can be measured. The
deformations imposed on the bridge deck will be about 6 inches (15 cm) roughly 213 of the design
amplitude for the isolation bearings. Thus, information obtained in this portion of the test will
capture some of the nonlinear inelastic response characteristics of the bridge expected during an
earthquake similar to the design level event; something not possible in the Phase 2 tests.

Loading will be accomplished with four 2()()..ton capacity hydraulic jacks. It was believed
to be important to obtain good free vibration response measurements of the bridge during the
crucial first large amplitude cycle of nonlinear response. Initially, consideration was given to using
specially modified jacks capable of retracting quickly (as done for the testing of the Yamaage
Bridge [3J in Karasuyama. Japan). The success with explosive bolts during the phase I tests and
concerns regarding the ability of the hydraulic jacks to retract faster than the initial response of the
bridge deck led to use of a special quick release, displacement restraint device.

In this case the device used was borrowed from ISMES in Italy. The device is shown
schematically in Fig. 5 and a photo is presented in Fig. 6. The device is loaded in compression.
Equilibrium is maintained by the tension bolt passing across the diagonal. Explosive charges are
loaded into each bolt to effect the quiet release. Twin charges are utilized to insure fail-safe release
of load. Three of these restraint devices will be employed.

Thus. the planned test sequence consists of displacing the bridge longitudinally by means
of hydraulic jacks. Restraining the bridge in the defonned configuration by means of the
displacement resttaint device and shims. The hydraulic jacks will then be retracted and the
displacement will be released by setting off the charges in the explosive bolts.

Ins1rumentation consists of that used in Phase 2 plus additional transducers to measure
applied folCe and the absolute displacement of the bridge deck at several locations.

Because the abutment at the end of the viaduct is designed only to carry the reaction for the
three isolators it supports, it is not possible to load the viaduct from the abuttnent Irwtead.loading
reaction will be provided by the reinforced concrete frame to the north of the seismically isolated
frame. This frame was conventionally design and has a strength and stiffness considerably higher
than that of the isolated frame.

Closure strips and exeansion joints will not be in place at the time of testing. This will
allow the isolated bridge to VIbrate unimpeded by these mechanical auaehments.
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Phase 4 • Data Interpretation and Analysis

Analysis and interpretation of the collected data will be undenaken upon completion of
testing. Data analvsis will include identification of system frequencies, mode shapes and damping
characteristics. Any unusual features of the response and dependence of the dynamic
characteristics on amplitude of motion will be noted.

The above results will be compared with values obtained in the design analyses. In
addition. an analytical model win be fonnulated to develop an accurate representation of the
complete structural system that accounts for foundation. bent, isolation bearing and superstructure
dynamic properties. Both linear elastic and inelastic models will be developed to represent the
experimental results. Experimental and analytical results will be compared. Improvements in
modeling and analysis assumptions will be recommended. if necessary to obtain better agreement
between predicted and observed responses.

SUMMARY

Field tests are underway on a new seismically isolated bridge in Walnut Creek, California. The
tests will measure the dynamic properties of the bridge at various stages of construction. Testing
will consist of low level quick release and forced vibration tests. In addition. quick release of
displacements approaching the design level will be carried Oul Good results have been obtained
utili:.'ing specially designed explosive bolt devices to implement the quick release tests. Testing is
scheduled for completion by during the beginning of February 1994.
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Fig. I Typical Column Bent Showing Cabling used for Phase I Quick Release Test

Fig. 2 Haudraulic Jack Used In-line for Phase I Quick Release Test
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Fig. 3 Explosive Bolt Assembly for Phase 1Quick Release Tests

1.8
1

O.05~:O~";:\-

-0.050 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

~_o.~~ =]
(\ -0.20 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
~

~

j
ru~/seG

Fig. 4 Typical Phase 1 Quick Release Results for Column Bent 3

5-61



~~.------

...

(-~)\ 8o(,.t"

,_1

Fig. 6 Photo of Phase 3 Quick Release Device (lSMES)

5-62



RESPONSE OF ON-NETOH BRIDGE DURING
KUSHIRO-OKI EARTHQUAKE OF JANUARY 1"3

Masashi SATO I) , Hiroaki NISm 2) , Kazuhiko KAWASlDMA 3)

and Shigeki UNjOH 4 )

1) Head, Structure Division, Structure Department, Civil Engineering Research Institute,
Hokkaido Development Bureau, Hiragishi 1-3, Toyohira-ku, Sapporo, Japan

2) Research Engineer, ditto
3) Head, Earthquake Engineering Division, Public Works Research Institute, Ministry of

Construction, Tsukuba Science City, Japan
4) Senior Research Engineer, ditto

ABSTRACT

On-netoh bridge is being constructed in the East of Hokkaido for the replacement of
the existing bridge. Menshin design using lead rubber bearings is employed for the
On-netoh bridge. In January, 1993, the Kushiro-oki Earthquake with magnitude of 1.8
occurred and it was the first time that I Menshin designed bridge experienced a major
earthquake. This paper presents earthquake response characteristics of a Menshin designed
bridge during the Kushiro-oki Earthquake. The analysis of acceleration records measured
close to the On-netoh bridge and the simulation analysis using the measured record are
made.

INTRODUCTION

The On-netoh bridae is now under construction on the national hiehway No."" at
Nemuro City in Hokkaido l' . The Menshin design was adopted for the side-span of the
On-netoh bridge. Since Hokkaido is 1oc:ated in the North of Japan and is in a cold district.
one of the authors have been studied the temperature dependency of the horizontal
stiffness of laminated rubber bearings through 10adinI tests of full-size models. It was
foWid that the stiffness of the isolation bearinp have the relatively strong temperature
dependeucy 2) •

In January. 1993, the Kushiro-oki Earthquake with mapitude of 7.8 on the Richiter
scale occurred approximately lookm from the On-netoh bridae as shown in Fie- 1. It was
the first time that • ..;or earthquake oocum:d near the Menahin desiped bridae and aJao
that it was at a low temperature condition. Altbou&h the Itrona motion ob8erYation was not
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made for the On-netoh bridge, it was obtained at the existing bridge which is located less
than 200m from the On-netoh bridge. Earthquake response characteristics of the
On-netoh bridge is studied through the analysis of measured acceleration records and the
simulation analysis of the On-netoh bridge.

ON-NETOH BRIDGE

'The existing bridge was constructed in 1961 on National Highway No.44 at
On- netoh in Nemuro, Hokkaido. Fe. 2 shows the side view of the existing bridge. The
bridge length is 96.95m long which consists of a steel Warren-type truss bridge with span
length of 60m and a steel composite girder bridge with that of 35m. Width of the deck is
7.5m. Since the existing bridge becomes too old for use and the On-netoh bridge is now
being constructed for the replacement of the existing bridge. Fig. 3 shows the locations of
two bridges.

Fig. " shows the On-netoh bridge which is constructed by the Hokkaido
Development Bureau. Bridge length is 456m long and the bridge consists of 3 four-span
continuous plate girder bridges with bridge length of 102.2m. 104.8m and 104.8m and
Nielsen-type Lohse girder bridge with span length of 140m. The oonstruction wiJl be
oompleted in 1995. The Menshin design using lead rubber bearings is employed for the side
bridge at the Kushiro side. Photo 1 shows the general view of the bridge. The site is in a
cold region where the mean of the lowest tempenture for the last 30 years at the site is
-9.1"C. Therefore, it is a distinctive characteristics of the bridge that the Menshin design
is adopted for a bridge in a cold district

Rubber bearings are used for the both ends of the girder of the On-netoh bridge,
i.e., at Al abutment and P4 pier. L8Id rubber bearings are used at Piers PI, P2 and P3.
The stiffness of the bearings are designed so that the distribution ratio of the inertia force
of a superstructure in the longitudinal direction be ~ for Al and P4, and 3O'l1 for Pl. P2
and P3. On the other hand. the stoppers to prevent displacement in the transverse direction
are installed at all of the bearings. Fie- 5 shows the bearings used for the bridge.

Fie- 6 shows a cross section of the strata of the construction site of the On- netoh
bridge. It consists of sand (ASl), silt (Ae), sand (AS2) and loam (Nm) layers. The loam
layer which is selected as the supporting layer of the foundations is inclined with angle of
about 10'1 from the Kushiro side to the central span. The suPportina layer is located at
10m for Al to 19m mr PI under the sea level

The On-netoh bridge is desiped according to the Desip Specifications of Highway
Bridges issued in 19803). The seismic lateral force was not decreased considerinl the
damping effects of the Menshin bearin,p. Table 1 shows the naturll periods of
substructures and the correspondiq seismic latenl force ooeIicienta. Table 2 shows the
desip oonditions b' the Menshin bearin,p. Menshin deaian was Jmde ICCOrdm, to
GuideHnes b' base Iaolation of Hilhway Bridaes·) and Manual for Menshin Design of
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Highway Bridges 5) •

Table 1 Natural Period and Lateral Force Coefficient

Ground Natural Period iLateral Force Coefficient
Condition (sec) (Kh)

--l---~--________~__ ---
Al Type I 0.964 t-- 0.23

- _._- -------~-_._._--~

PI TypeD 0.970 0.25

P2 Type II
-----t--- ----- --------- -------

1.044 j 0.28
- ~--- --- - - -----------.- ---

P3 Type II 1.062 I 0.28

Table 2 Design Conditions of Bearings

RB LRB
----- - -- ---------

Maximum Vertical Reaction Force R (tf) 50.0 .135.0

Dead- Load Reaction Force W(tf)
-1--
23.0 --.1-92.0

Live-Load Reaction Force W(tf) 27.0 ~ 43.0
~ -----

~~Iac~~t ~B (~¥P J 15.0g paaty ethod, Type H round
1---

Equivalent Stiffness K. (kg£'cm) 6151 2280

Equivalent Damping Ratio h. q T0.21 --

Note) RB and LRB represent rubber bearing and lead rubber bearing, respectively

EARTHQUAKE RESPONSE OF ON-NETOH BRIDGE DVRlNG
KUSIDRO-OKI EARmQUAKE OF 1993

The Kushiro-oki Earthquake occurred at 8;06 PM, January 15, 1993. The earthquake
was located in the center of eastern Hokkaido and affected over a wide area including
Tohoku and Kanto regions. The earthquake registered magnitude of 7.8 on the Richiter
scale and the epicenter was reported as approximately JOkm off the south coast of Kushiro
city at tat. .2' 51' N, long. l~o 23' E. Depth was 107km. A number of aftershocks with
epicenters of over 901cm deep ocauTed within one day after the main shock and a few
occurTed after two days.

Three SMAC-Q type stnma motion seismographs are installed at the pier aest,
abutment crest and ground surface near the abutment of the existing bridge. Strona
motions were suroessively measured at three aeismoppba. Ffa. 7 show the measured
acceleration records. Duration time ia o\w :uo seconds. Table 3 allows the peak

5-65



areeleration measured at the ground surface and the abutment Peak accelerations of the
ground surface are 341.5cmlsec 2 in the longitudinal direction and 363.1cm/secz in the
transverse direction. 'The peak acceleration of un component is I14.4crnlsec 2 which
corresponds to about ~ of horizontal peak accelerations. Peak accelerations of the
abutment in the longitudinal and transverse directions are about 425cm1sec 2 and 300cmIsec
2, respectively. FiI- 8 shows acceleration response spectrum of the measured strong
motion at the ground surface. The analysis was made for the main shaking of 40 seconds
from the time of 90 second to 130 second. The predominant period of the response
spectrum of horizontal components was found to be in the range of 0.5 to 4.0 second, which
contains relatively long period components and the peak is around 0.8 second. The
predominant period of un component is less than 1 sec.

Table 3 Measured Peak Acceleration (cmlsec 2)

LG TR UD

Ground 342 363 114

Abutment 425 300 -

Photo 2 shows the situation of the bearings of the On-netoh bridge after the
earthquake. The rubbing between the sole plate of the bearing and the side stopper
occurred and the coming off of the paintinl was found. According to the marks, peak
relative displacement of the bearinp is estimated as about 4 to Scm. Larger displacement
was found at Pier P4 than the other piers and abutment No damace or mark were fOund at
expansion joints or hand rails at Al abutment side.

~PONSE ANALYSIS OF THE ON-NETOH BRIDGE

N ~nlinear time history response analysis for the On-netoh brid,ce was made. Direct
intqration method usinl NewmIrk /3 IJaorithm was used for the analysis. Reyleilh- type
ciampini was assumed to represent the damping characteristics of the bridge. Fit. 9 shows
the analytical ideaJiation of the On-netoh bridae- It was assumed that the piers be in the
elastic ranae aDd that nonlinear effect of Menahin bearings be expressed as a bi-linear
model.

The bmdations of AI, PI-P3, which are the pile foundation, are modelled as a
linear spring model On the other hand, that of P4, which is a direct fowMIation, is assumed
u fixed. The chancteristica of the bearinp used for the analysis are shown in Table 4.
Altboulh ~ mean and lowest temperature in the Nemwo .n at the time of the
eiII1:hquake ftI"e reported • -4.8"C and -7!J'C, respectively, the stiffDess of Menahin
bearinaa at the tanperature of 20CC mel -20"C WII aIIIUJDCd in this analysis. Stifneu of
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the Menshin bearinp at those temperature condition were computed hued on the to.dini
tests of bearinp. Analysis was made for the longitudinal direction which corresponded to
the direction of Menshin design. The stroJII motion data with duration time of 120 seconds
between the time of 50 second to 170 second was used as an input ground motion.

Table .. Chanlcteristics of Bearings for Analysis

Bearings Cbarac\eristics 20
0 _200

RB Stiffness KRB (Wm) 363.0 472.0

LRB First Stiffness KI (Wm) 5188.0 8953.2

Second Stiffness K2 (tfIm) 471.1 645.0

Ratio of Stiffness K2/K1 0.07212 0.07204

Yield Displacement <5 (m) 0.01832 0.012«

Note) RB and LRB represent rubber bearinI and lead rubber bearing, respectively

Fie- 10 shows the time histories of acceleration and displacement of deck and
relative displacement of bearinlat pier P2 when the temperature is assumed as -20OC.
The responses of the deck were not elongated compming with the ground motion because
the sti«ness of the bearinp bemme relatively Jarae in the cold district Peak cleek
acceleration is computed as :J05anIsec2. Amplification of the IIfOUDd motion is estimated ..
1.48. However. the response acceleration of the deck aeems to be decreased during the
time of 45 to 60 second when the excitation of the stronc JI'OUDd motion. The response of
deck displacement and relative displacement of bearinp Ire almost the lime and the peU
response occurred aroml the peak of the input ground motion. The residual displacement
with about 2mm is found at the beariDp.

Table 5 shows the computed peak bendina moment at the bottom of piers. Altbou,h
the peak bendinI moment at the bottom of pier PI to P3 is in the ranee of 1,200 to I.SOOt!·
m when the temperature is usumrd as m'C. on the other band, they become twice when
the temperature is assumed • -20'C. However. those mr Ablltment At and Pier P4 do
not chInae drastically depenclina on the temperature, becauae the YIriation of the stiffness
of rubber bearinas with tempelmue is reJatiftly ....u. Com)miDa the bendina moment of
the piers between computed tbrouIh the nonlinear ual)'Bis and desianed. the computed
bendiDa moment is about twice the daiIDed bendi", moment

Relative displacement of bearinp Ire al80 shown in 1'ab1e 5. As mentioned before,
the peak relative displacemeDt WI8 estiill.ted II 4 to Scm from the oblenation of the
bridle Ifter the Earthquake. bowe1er. that computed with IIIIUJIlPtioIl of temperature of
-20OC is .bout 8 to SCm. Tberefore. lQtive displacement of expnsion join.. is aIao
estimated • 8 to 9an. De8i&n dilPlacement acoordiDa to IeicNc lateral bee coeIicient
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method is 5.5 to 6.6cm. Based on the analysis, it is estimated that the inertia force beyond
the design seismic laten-l force acted to the piers. However, the actual bridge response is
much smaller than thf; computed one.

Table 5 Computed Peak Response

Peak Bend~Moment at Peak Relative
the Base 0 .er (tfm) Displacement

20" -20" design value
of~ (em)

-20

Al 485.7 475.8

PI 1175.6 2227.5 806.0 9.0

P2 1295.2 2464.8 1053.0 8.6
-----

P3 1528.1 2733.9 1203.0 8.0

P4 58488 60157 19129

CONCLUSIONS

The On-netoh bridge, which employs the Menshin design in the cold and snowy
district at Nemuro, Hokkaido, ex)Jerienced the Kushiro-oki Earthquake of 1993. The peak
acceleration measured on the ground surface is over 350cmIsec2. The analytical simulation
using the measured ground motion shows that the bending moment at the bottom of pier is
estimated to be over the designed one. The e«ect of the earthquake may be small and the
seismic isolation may be successively functioned.
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Photo 1 On-netoh Bridge
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(a) At (RB)

(b) P2 (LRB)

Photo 2 Bearinp after the Emhquake
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Caltrans/FH W A Program for Performance
Seismic h',olatinn and Energy Dissipation

Testing of
Systems

MOHSE;\ SCLl'A' and LI·HO;\(; SHE~G

CALlFORi"IA l)EP:\RT\1E~TOF TR:\:"SPORTATION
Di"ision of Stru~tun:s

Offiet: of EartlH.Juake Engineering

Introduction

The California Dcpartllll'nt of TranspOrl,lIion (Caltrans) was the
first U.S. Transportation agency to USt' sl'isllIic isolation on a bridge at
the Sierra Point O.c. in 1l)~S. Sinl'e then. two other bridge:- were
retrofitted using isolation de,icl's. In addition. the current
consrruction of a Ilt'w 6H()n~ I nterchange project includes a
temporary bridge (Br. #2,g·312K) whirh has heen isolated. All four
bridges used the lead I.:ore ruhlwr hearing.

Caltrans is interested ill \)p-:ning the market to different
manufacturers thut offer a variety of sysfems. including elasto
plastic devices. elastomeric. visco-elastic and sliding systems among
others. There are catain advantages t("\ each system. however. the
performance of any ck"icc depends gTt~atly OT, the quality control
used by the manufacturers and proper design of all components. Due
to the lack of an indllstr)' that hring.~ those suppliers together. there
has been no uniformity of (ksign standards. performance criteria or
even an agreement on prototype testing. Cahrans experience has
shown that generic specification is not an appropriate tool in this
particular cuse. Rather. a listing of pre-appro\t'd systems may save
a lot of unnecessary complications at the quality assurance stages.
Such specification system has ot:\'n used by public agencies on
machinery. equipment and canh rct;tining sy~;(ems.

National CooperatiH Program

In cooperation with the FeJer,.' Highway Administration
(FHWA). Caltrans ;s launching a full-scale dynamic shake table
testing program. This work will be a cooperative effort with several
states, industry and academia. All promising systems' manufact.Jrers
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will be given the opportunity to participate. Seismic evaluation will
be conducted at different earthquake levcls to establish behavior
and performance characteristio applicable to different seismic
regions. Experience learned under this program can be used on
future otpplications usin~ isolat inn ;\I1dJor enel ~y dissipation devices,
both in California and nationwide.

Testing Plan

Several systems h~l\'e ulHkrgone static and dynamic testing.
Often, howev'. r. the testing I.:ollsisted of static actuator tests or
reduced scale shake tahle tcsts. Certain characteristics can be
correlated from sf<\:ic 10 dynamic behavior. l"evcrtheless, a full-scale
dynamic sh:d.;e ;able test is the only test of the true behavior of a
system under an' ~arthl/uake.

The problem in the past has been that. in order to operate a
full-scale shake table test. one would require a major source of
energy, which is not avai lable to Illost laboratories in the U.S.A.
Other countries. such as Italy and Japan. have such capabilities and
thus were able to develop a higher confidence level. which resulted
in many more applications than in the L.S.A.

Cal trans IS considering s('vcral po- ,ink testing facilities to
perform all. or part, of the testing program. We have identified the
laboratories of the Energy Technology Engineering Center (ETEC), as
having the necessary capabilities to perform the proposed testing.
The facilities at ETEC do provide us with the option to test systems
full-scale. at dynamic speeds. ETEC is owned by the Department of
Energy and operated by the Rocketdyne Division. a subsidiary of
Rockwell Internation.tl. Another facility we are considering is the
Colorado Shake Facility, of the R.til Dynamics Laboratory. This
facility is affiliated with AAR. AI,o under consideration. are
laboratories operated by acadclllil.: institutions across the nation.

The program calls for inviting the manufacturers of different
systems (isolators and energy dissip<tters) to participate in a testing
program designed and .supervised by Caltrans. The purpose is to
evaluate the various systems i.tnd their dynamic performance. which
accounts for the quality of workmanship, not just theoretical
dynamic beh.\\'ior, and to re-writ\, the specifications that would list
pre-approved systems and testing requirements unique to each
system. Evaluation will bt' conducted at different earthquake levels
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to establish behavior and performance characteristics applicable to
different seismic regions. In addition. experience learned bv Caltrans
under this program can be wed on future applications U'~ing isolation
and/or energy dissipation devices. both in California and nationwide.

Attached is a preliminary testing plan. that will be used as a
guide for the evaluation process.

Evaluation Process

In accordance with guidelines for the implementation of the
Applied Research and Technology l ART) program. a federal gram
program under section 6005 of ISTEA, the proposed program will
utilize the "HITEC" process. HITEC stands for "Highway Innovative
Technology Evaluation Center". It is a non-profit organization
established under an agreement between the FHWA and the Civil
Engineering Rese4\rch Foundation (CERF). a subsidiary of ASCE. The
mission of HITEC is to ev.l1uate new products. materials. and
equipment. for which industry standards or specifications do not
exist. and to work towards overcoming barriers to innovation. In
fulfilling its mission, HITEC will facilitate the conduct of national.
consensus based, evaluations utilizing public highway agencies and
other organizations. HITEC came into existence in 1989. but will
officially function beginning January 1994.

The evaluation process, HITEC established. includes several
steps, which will be used in our program. The following description
summarizes some of the key steps. The process starts with inviting
applications from companies th~H meet "Eligibility Criteria".
reviewing those applications. assembling review teams, developing
and executing an action pl.tn. The review team or panel will have
approximately 10 members. guided by a chairperson appointed by
HITEC. The panel will consist of multi-disciplinary volunteer experts,
which generally include several state DOT representatives. a
university researcher, a county employee, FHWA, HITEC, and private
business representatives. All panel members must be independent,
unbiased and objective in their evaluation. Technical consultants, as
well as adminisrrative support. will be provided to the panel through
contracting means.
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Program Financing

In general. product manuf,tcturers would be responsible for the
payment of testing charges incurred by the testing facility. Federal
financial assistance may be available under the ART program.
Additional funding for the projeci is necessary to fund expenses
incurred by Caltrans personnel supervising lne work and for needed
equipment to monitor testing as well as future systems' performance.
Expenses would cover engineering time. related overhead, some
preliminary testing and travel ex.pense. Such funding will be jointly
financed by Caltrans and the FHWA.

Duration of Program

Once contractual arntngements are finalized, we expect that
testing would take approximately 6-9 months. Additional time may
be needed if participation from industry is high.

Program Impacts

This testing program is expected to have a major impact on the
use of isolation systems nationwide. Several states are just
beginning to retrofit structures against seismic forces and isolation
devices may very well be seriously considered. Usually states, which
do not have the earthquake engineering experience, rely heavily on
Caltrans' experience. Also, the NIST is in the process of developing
"Guidelines for prototype testing of seismic isolation systems" and
related "Performance Criteria". We feel that the proposed Cahrans
program would provide an invaluable hands-on resource and useful
data that would help the NIST committee develop guidelines based
on true experience with all different systems: elastomeric, sliding
and hybrid.

FHW A/HITEC Participation and National Benefits

Caltrans welcomes the support of the FHWA and their
encouragement to carry out this program in partnership with others
under the auspices of "HITEe". We believe that many benefits will be
realized through such cooperative effort, including:

1 - Industry will have greater
able to justify their share
have national application.
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money, not only on testing, but alslJ on the expensive, and
sometimes prohibitive. marketing effort.

2 - Review and specifications writing time, by public
agencies. will be dntstically reduced and will save the
nation millions of dollars in engineering review time.

3 - Better understanding of the various systems'
performance and limitations will be identified.
Therefore, larger applic.ltions should result, on both
retrofit and new construction projects, once confidence
levels in the systems are established.

4 - It is a healthy rartnering effort which s.ttisfies provisions
of ISTEA.
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Appendix

Caltrans' Base Isolator Pre-Qualification Test Plan

Revised January 19, 1994

Definition of Rase Isolator

Any bearing device which isolate superstl1lcture from the sub-structure and lengthen
fundamental structural vibration period This device can have a:l internal or external
component to improve its damping factor. which means it can be a rubber or neoprene, or
rubber or neoprene with lead core, or rubber or neoprene with other high damping material
in its core, or rubber or neoprene with external damping device, or friction type device. or
friction type device with internal or external damping device, or other approved bearing
device wit!' internal or external damping device In general, they can be classified into four
different group

I. Displacement dependent
2. Velocity dependent
3. Friction deoendent
4. Hybrid

Performance test

An isolation bearing will be tested for its performance if the material or bearing type
matched described purposes.

I. Material tests:
These tests are used to ensure the quality control of said device used in a bridge project.
The effect of the following factors will be tested. as re'luired

1.1 Temperature
1.2 UV resistance
1.3 Moisture
1.4 Fatigue
).5 Corrosion resistance
).6 Friction deterioration
1.7 Ozon€ resistance

2. Static or Pseudo-Dynamic test
To ensure the performance of isolator's characteristic and reliability.

2.1 Equivalent stiffness and damping test under service load.
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Purpose:
To ensure the equivalent stitTne: ~ and damping factor used during the design
process.

Procedure Ten fully reversed cyclt: of maximum live load displacement Test
should be performed in three stages Test the first 10 cycles under the design dead
load. The next 10 cycles should be tested under DL+ half of maximum LL reaction.
The last ten cycles should be tested under DL+LL. All tests should use the
structure fundamental period under LL The performance of the last 7 cycles of
every stage will be used to determine the equivalent stitTness, damping, and friction
coefficient No parts of the tested device should sutTer permanent deformation
For non-circular device, test will be performed at 0, 225, 45, 67.5, 90 degrees

2.2 Equivalent stitTness and damping test under maximum design displacement:

Purpose: To ensure the equivalent stiffness and damping factor used during the
design process

Procedure: Ten fully reversed cycles of maximum design displacement Test should
be performed in three stages Test the first 10 cycles under the design dead load.
The next 10 cycles should be tested under DL+ half of maximum LL reaction. The
last ten cycles should be tested under DL+LL All tests should u')e the structure
fundamental period under design earthquake load. The performance of the last 7
cycles of every stage will be used to determine the equivalent stiffness, damping,
and friction coefficient For non-circular device, test will be perfonned at 0,22.5,
45,67.5,90 degrees Sacrificial parts are allowed to be replaced between testing
stages.

2.3 Survival serviceability lest

Purpose: To ensure the isolation device can servive a number of strong motion
cycles.

Procedure: ::0 fully reversed cycles of maximum design displacement at design
vibration period. No loss of service fonn this device is allowed.

2.4 Residual displacement test

Purpose To identify the restoring capability of isolator.

Procedure: Force bearing to displace at design LL movement rating under DL+ LL
and hold in position for a minimum of 5 seconds Promptly release and measure the
displacement after 5 seconds. Repeat this test with full design displacement.

2.5 Displacement stability test
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Purpose: To satisfy the static stability of rubber or neoprene based device or other
device which might loss support and cause stability problem.

Procedure 10 fully reversed cycles of 150% design displacement at 0.5 Hz.

or

Purpose To satisfy the displacement uncertainty from MCE.

Procedure: 5 fully reversed cycles of 200% design displacement at 0.5 Hz.

2.6 Velocity dependent test

Purpose: To enSlAre isolator performance based on velocity variation

Procedure: \0 fully reversed cycles of 100% design displacement at 02 Hz. 0.5 Hz.
! Hz, and 2 Hz.

2.7 Temperature dependent test:

Purpose: To ensure isolator performance based on temperature variation

Procedure: 10 fully reversed cycles of 100% design displacement at 40, 75. 105
degrees F. of 0 5 Hz.

3. Dynamic Test:
All dynamic tests will be subject to 8 difterenl time histories. Six of these time histories
are recorded strong ground motion, whereas. the other two are simulated time histories
They are:

a. 1940 EI Centro
b. 1952 Taft
c. 1985 Mexico City (Mexico City)
d. 1989 Lorna Prieta (Oakland Wharf)
e. 1971 San Fernando (Pacoma Dam)
f. 1964 Alaska
g. Seed 8+
h. To be determined

This will be a shaking table test. A simple bridge span will be supported by 4 isolators
on two bridge piers. Because the difference in these two pier stitTnesses. the isolators
must be designed for the structure layout to satisfy a performance requirement defined in
advance. The design approach will be the one used by the manufacturer. All
manufacturers must submit the anticipated performance before experiments begin. Test
will begin at .28 for each time history with .28 increment until system response reach
design displacement or 1.Og are reached.
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3 I Longitudinal test

Purpose To verify isolator dynamic performance for uniform Illotion

3.2 Transverse test

Purpose To verify if;)lalOr dyn<lmic performance for non-uniform motion caused
by diffe.oent from the sub-stl1lcture

33 Arbitrary attack angle trst

Purpose To verify isolator dynamic performance for non-uniform motion such as
torsion of the deck and different bearing stitrness for bia\ial motion

Procedure Dynamic load will be introdllced from 225.45. and 67.5 degrees.

34 Longitudinal harmonic lest

Purpose To verify isolator dynamic performance under a harmonic motion
Consequentlv compare with pseudo-(h"namic result

Procedure Structure will be tested with design LL

3 5 Arbitrary skew test

Purpose To verify isolator dynamic p.:rfonnance for skewed structure for potential
biaxial motion

Procedure Skew angle will be introduced at both ends frolll 0.225. and 45 degrees
Configuration of skew ends will be determined later

36 Survivability test (Shake down test)

Purpose To test isolators if they can survive after a design earthquake with two
aftershocks

Procedure Test structure with design earthquake with two aftershocks which are
80% and 60% intensitives to the main shock Setup contiguration and earthquake
will be detennined later
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ABSTRACT

This paper descrihes the seismic response charal.'teristil."S of the Hokumei Bridge using
laminated ruhber hearings. The bridge is a prestressed concrete bridge with 11 4,;ontinuous
spans, and it has the most spans in Japan. The expected effe,-1s of laminated rubber bearings
arc (1) suitahle distribution of seismic rcsponse shear force to piers, and (2) rcducing seismic
response accompanied hy long natural periods. Vihration tests on the hridge were carried out
in July, 1992.
The Hokumei Bridge suffered some damage during the Kushiro Earthquake in January, 1993,
it had been completed and was waiting for the completion of conncl.1ive roads. The natural
period of the hridge is prolonged hetween 1.359 to 1.628 sec hy using ruhher hearings. The
girder of the hridge had a joint-clearance of 70mm from an ahutment, and was in the
process of concrete dry-shrinkage. The girder pushed up the finger-joint, and the parapet
of the ahutment cracked at its neck during the earthquake. The magnitude of the earthquake
was greater than the seismic design load. This paper reports the damage to the bridge during
the earthquake, and descrihes some results from l.'omputer !'imulation of the damage to the
bridge too. The location of the bridge is shown in the Hokkaido Map as Fig.I. The view
of the Hokumei Bridge from the A2 ahutment is shown in Photo. I.

INTRODUCTION

Recently, rubber hearings arc often used for large scale hridge stru,-'tures for the following
reasons:

1) Rubher hearings arc economical, and the cost is ahout half the price uf Steel bearings.
2) The shock-ahsorhing capacity of rubber bearings against to a seismic load is hener than
steel hearings.

However, enough studies on seismic response characteristics of a hridge using rubber
bearings have not been done. Thereforc, Japan Highway Puhlic Corporation started to do
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vihration tests on the Hokumei Bridge.

The Hokumei Bridge is 304m long with 11 continuous spans. and it has the most spans in
Japan. The mean span is 27.5 m long. The pier height is 24.0 to .27.0 m. The girder
weight is 6,000 tons and it is almost a straight bridge. The laminated rubher hearings used
in the bridge arc the ordinary re~:tangular type. Vihration tcsts on the hridge were carried
out in July, 1992. In the vihration test, a free vihration was made in the longitudinal
dire'-1ion and ohserved.

A vibration test on the Ishikari River Bridge was carried out in May, 19H9. The results of
the vihration test were compared. Thc Ishikari River Bridge is 544m long with X continuous
spans, and it is the largest structurc of these prcstressed concrete bridges in Japan. The
girder weight is 12,OO() tons. The hearings arc round type laminated ruhher hearings
reinforced hy steel-rings. And the vihration tests were performed using an abutment and
piers as a reaction-ohject in the longitudinal and transversc dirc(.1ions. Then, pier vihration
tests were performed on each of the seven piers, using the girder as a reaction-ohject. Pier
vibration tests on three piers had also been performcd independently during the construction.

These hridges were designed to he economical comparing with a total (.'Onstru(.1ion '-'(lSi. The
ex.pected effects of the laminated ruhher hearing werc (I) suitable distrihution of earthquake
rcsponse shear force to piers, and (2) reducing seismic response with prolonged natural
periods. The results of the vibration tcst on the Hokumei bridge are discussed, below.

Design Condition

Road Name
Grade
Length
Width
Girder Type
Class of Loading
Seismic Load
Foundations

Hokkaido Odan Highway ( A highway crossing Hokkaido )
Highway,Rank 2-8 according to the Japan Ruad Standard
302.4 m
10.0 m
Prestressed concrete girder with 11 continuous spans, hollow slab type
TL-20,TI-43
Kh=O.23
Picr :Spread foundation
Abutment :Pilc foundation built at execution site

Design of the rubber bearings

The slide-ruhher combination bearings were used on Al and A2 abutments to prevent
seismic horizontal force heing distrihuted to the abutments. The hearings used on picrs ale
the ordinary laminated ruhber hearings of a rectangular type with ruhber layers and
steel-plates. Four rubber bearings are used on one pier. The size of a re'-1angular type
rubber bearing is "700mm v 700mm", the thickness of a rubber bearing is about I8(lmm, and
the total thickness of ruhber layers is about 100mm to 15(lmm. The rubher type is CR.
Before setting laminated rubber bearings on each pier, static lateral shear tests were carried
out under an axial loading.

In the determination of the thickness of ruhber bearings, the suitable distribution of seismic
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response shear f(lrce to each pier was considered. The ill:arings need to ill: deformed
according to the girder deformation hy temperature or wheel loads. The hearings also need
to he deti.lfmcd according to the dry -shrinkage of the pre~tre~sed wncretc girder. During the
constru\.1ion of the Hokumei Bridge. the deformation of ruhhcr hearings grown hy the
~:oncrcte dry-shrinkage of the girder was sometimes released hy jal:king the girder up over
the pier. When the Kushiro earthquake damaged the hridge. the dry-shrinl.age of the
prestressed concrete girder was still progressing. The thickness ot ruhher hcaring~ were
decided upon mainly hy considering the dry-shrinkage of the girder predicted to he gwwn
after the last releasing. The rubber hearings were nol wnnel1ed into the girder or piers by
any holts. All shear force loaded hetwecn the girdcr and piers should he transmitted oy the
fri(,.1ion betwcen the ruhher hearing surface and the girder or pier. The coefficient llf fri(,.1ion
was assumed lO he O.J. The safety fa~:tor of the fril1ion was adapted of l.O. The size of the
rubber hearings used for the hridge arc shown in Tahle.I. The ruhher bearing is shown in
Fig.2. The chara(,.1eristics of the rubber bearing.'i arc as follows;

Maximum allowable compression stress: (J max=XO.() kgf!cm=
Minimum allowable compression stress : (J min= 15.ll kgf/cm:
Static clastic shear modulus : GO =S.O kgticm:
Ratio of allowahle clastic shear dcti.lrmation

Undcr ordinary loads 7()%
Under an earthquake 150%

Deformation releasing on the rubber bearings

A prestressed concrete girder will he shortened due to \,:oocrete dry-shrinkage. this may he
a problem for a long prestressed concrete bridge like the Hokumei Bridge. The hearings used
for the bridge need to be deformed according with the dry-shrinkage of the girder. During
the construl.1ion of the hridge. the deformation on the ruhber bearing grown by the
dry-shrinkage was sometimes released by jacking the girder up over the pier. For the
jacking-up, the rubber bearing does not have any tx)1ts to (."onne(,.1 into the girder or pier.
All shear force loading between the girdt~r and a pier should he transmitted by frk1ion
through the bearings. In jacking up. every rubher hearing was always raised over the pier
together with the girder. In the jacking up. four jacks were used and the total jacking force
was observed ahout 550tf on one pier. The vertical dead load was ahout ISO tf on one
bearing. Then. the jacking fon..-c of inner side two jacks were observed as 70% les." tban
of outside two jacks. On the ohservation. the vertk:,,1 load of a hearing may be different
dependent on it's position.

VIBRATION TEST

Testing methods

The jacking force for a vibration test was loaded using two jacks. The jack has a capacity
of lXO tf and instantaneous release mechanism for oil pressure. Testing pnK:edure was as
follows; The girder was tirst pushed in the longitudinal dire(,.1ion. then jacking force was
released and a free vibration followed. During the pushing. deformations were measured at
HXltf. 200tf and 300tf. In a vibration. the ielativc displacements between the girder and piers
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or ahutments were ohserved hy deformation-metcp.\. and thc accelerations on the girder and
piers were ohserved hy accelerometers. The arrangement of mcasuring ma,,:hincs during the
vihratinn tests is shown in Fig.3.

Results

Damping ratio

Damping ratio was analyzed hy thc following c4uation using a deformation record ohserved
in thc vihration test. In the equation hclow (I). the a 1 or the a2 is an amplitude as a l.TOSS
line within envelope curves covering a deformation record. The al and the a2 arc separated
with the l.lH seconds as it is natural period from each another.

(I) h = (1!2iT )lug(a2/al)
The analyzed damping ratio on the Hokumei Bridge was ahout (W6 to IW7. The
deformation records ohscrved in the tirst try in thc vihration tests arc as shown in Fig.4.
The damping ratio analyzed using the deformation records ohserved at the Al ahutment is
as shuwn in Fig.5. and, the damping ratiu of Ishikari River Bridge was ahout n.ns to (W6.

Nonlinear characteristics of rubber beari!'~

The frequency analyzed using initial 2n4H acceleration data was n.X79 Hz, meanwhile. the
one analyzed using last 204S data was 1.074 Hz. and different from the furmer in every
acceleration rel.'Ord. The spectrum interval wa~' n.()9766Hz. This phenomenon is considered
with an effcl.1 hy a nonlinear characteristic of the rubher hearings within a small amplitude
area. The frequency was analyzed by the FFT method.
As an additional matter. slide-ruhhcr bearings on the Al and the A2 abutments had faults
on their slide mechanism during the vihration tests. Therefore, the hearings at the At and
the A2 abutments were regarded as ruhber bearings in the analysis. After the vibration tests,
those hearings had rCl.'Overed their slide-rubber mechanism. The power spectrums analyzed
using 2048 acceleration data observed on the girder at P5 is shown in Fig.6. The Power
Spectrums may show a transformation of the dominant frequcncy according to the amplitude.

Dynamic shear springs of rubber bearings

The dynamic shear springs of the bearings were analyzed by the following procedure.

I) The lateral shear springs of the ruhber bearings were tirst assumed from the results of
static shear tests. And the stiffn\..'Ss of the piers were assumed from the design specification.
The grDund foundations were rigid enough and su the ground l."tJDditions in the simulation
model arc assumed to be rigid.

2) The dynamic shear springs of bearings and the rigidity of the piers as assumed in ahove
1) were modified according to the results of the static loading tests in the execution site.
In the static loading tests, deformations were measured at jacking forces of IOOtf, 20Utf and
30Utt'.
3) The dynamic shear springs of the ruhber bearings and the ri~idity of the piers a.·;sumed
in 2) were input into the equation of the Hokumei Bridge model. The natural periods of the
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hridge were calculatcd using the modal analysis. If ~:alculated nlttural periods agree with
those observed in the vihration test. the input shear springs and the input rigidity arc
~;(}nsidered to he actual dynamic shear spring~ and stiffness. The load-deformation rclation
of a ruhher hearing under axial loading is shown in Fig.7

The dynamic shear springs of the ruhber hearings in the small amplitude area were an;tlyzcd
in the above manner. Those analyzed dynamic shear springs corresponded to the d~sign

springs multiplied hy 1.7 to IX The value as 1.7 to l.X was a mean magnitkatilln of all
hciHings too, hecause initial deformations in each hearing'" were different. Als(l. the
maximum deformation measured in the vihration tests W(iS 2~mm. and then the shear strain
of thc ruhber hearing was ahout 15%.

RESPONSE ANALVSIS ON A BRIDGE USING RlJBBER BEARINGS

The static analysis under an equivalent seismic load is a straight forward method. The
dynamic response analysis using a hysteresis rule may he ahle to simulate the performances
of a bridge using ruhber hearings. Also the response spectrum method is often used. The
response of five cases were simulated using above three methods. The Hokumci Bridge
simulation model for these analyM..'S is shown in Fig.~. The parameters used in this model
are shown in Table.2. The 5% was used as a damping faL1or. The oscillated hysteresis
calculated by the ahove l method is shown in Fig.9. Response displacements on the girder
and the piers, and response shear forces of the ruhber hearings arc shuwn in Tahle.3. And
five cases are as follows;

X Static analysis under t..'quivalent earthquakl: load (HOKUS4)
%:. Response spectrum method by the design shear spiings (HOKUA4)
~ Response spectrum method by the shear springs in the small amplitude area(HOKUA41 )
:,4) Dynamic response analysis using a hysteresis rule (HOKUN42)
.:]; Dynamic response analysis using design shear springs (HOKUN5)

Dynamic Response Analysis using a hysteresis rule

The laminated rubber bearings had nonlinear chara4.1eristil.'S within the small amplitude area.
The shear spring within the small amplitude area corresponded to the static design shear
spring multiplied by 1.7 to 1.8. So. the dynamic response analysis using a hysteresis rule,
i.e. the backbone curve with two rigidities and the response point always moves on the
hackbone curve, was carried nut. The hysteresis rule to he used in thL'SC analysL'S was based
on the load-ddormation relation observed in the static shear tests. The rubber hearings in
this model did not have any hysteresis damping. A damping matrix (C) was a'isumed to he
proportional to the instantaneous stiffness matrix. and to he equal to the instantaneous
stiffness matrix multiplied by (3. While. the instantaneous stiffnt..'Ss matrix(Kt) is equal to
the initial stiffnt..'SS matrix(KO) L'Onstant within the small amplitude area. i.e. Kt =KO.
However, in the rt.:gion over the small amplitude area. th·.; instantaneous stiffnt..'Ss matrix
varies with the amplitude. So, in these analyses. the installtaneous stiffness matrix(Kt) is
assumed 10 be a l."Onstant equivalent stiffm.'SS matrix(K). and to be equal to the initial
stiffness matrix(KO) multiplied hy *1. The deformation where the rigidity changed variable
was assumed as lOmm. The equation of the above relation is as below;

(2) c= ~ -K"" (3 - r -KO



On the Hokulilci Bridgc simulation model. dynami\: response analyses were \:,trried out. The
earthquake re~:ord of Type J Ground in the Japan Road Standard was used in these analyses.
The sr/" was used as the damping fa\:toT. The 7 was assumed hI he n.47t, hy another
calculation as hclow. The f3 was calculated til he ll.tllS4. The result is shown in
HOI\.UN42. The respunsc acccleratiun calculated hy the ahove :f methllli was Ih3gal nn the
girder. In the hysteresis rule. the natural period for the initial rigidity is 1359 sec()nds. and
the one for the second rigidity is l.h2S s~·conds. as heIll\\':

F()r the initial
Fur the second

rigidity
rigidity

T! = 1.35lJ sec.
T! = 1.62S se\:.

1\.=2.ISI tf/m
1\.=:.5~1l Him

The 7 to multiply the initial stiffness matrix fur making the elJuivalent stiffness matrix was
calculated using two single mass models as tiJIloweu: The onc is a model of the hysteresis
rule with two different rigidities. Then. the naturill period for the initial rigidity was 1.359
seconds. and the natural period I'm the second rigidity was 1.62/\ seconds. Another modd
was a con!>tant rIgidity model. The dynamic response analysis using the former model was
done, and the dynamic response analysis using the latter model was done many times. If
the response acceleration on the analysis using the latter model corresplInded with the
one( 143 cmJsec:) calculated on the analysis using the former model. the rigidity of the lath:r
model was regarded as an equivalent rigidity. The equivalent stiffness matrix was cah..'ulateu
to he equal to the initial stiffness matrix multiplied hy O.724( L5S0/2.1H I) in the analysis.
The parameters used in this analysis are as hc!<Iw;

The hysteresi~ rule: KO=:!.lSI .7=n.724.K =, X 1\.0 =0.n4)C2.IXI=1.5S .(()=3.935
;3 =:2h 'I / U)=~ XO.OS XO.724/J.9J5=fWIX4

The lineiu rule K =1.5Sn .w=(lJ.X X 1.5KY' , =3.935
;3 =2h/ W =2 XO.n5/3 .lJ35=().()'~54

By the way. the check for the hysteresis rule with two different rigiditie~ was done. Two
single mass models were used in thi~ analysis check. The one was a model of the hysteresis
rule with two diftcrent rigiditie~. In the model. the region of the initial rigidity was made
very small and the response deformation went to the second rigidity region s<xm. The second
rigidity(2.04tti'm) was correspunding to the initial rigidity(5.Itf/m) multiplied hy n.4. Another
model is a constant rigidity model, and it's rigidity is equal to the second rigidity(2.ll4tf/m)
of the t()rmer model. Then, the response accelcration( 159 em/sec:) and the response
cJcformation(7.&m) calculated in the analysis check were ct'rrcsponding to each other. The
parameters used in the analysis chel..'k arc as helo\\':

The hysteresis rule: KO=5.1 .7=0.4 .1\. =., )( I\.n =n.4X5.1 =2.1l4 ,W=4.471
i3=2h., /w=2Xn.1l5 XU.4!4.471=U.Ot)l)

The linear rule I\. =2.04 .lu=(9.SXZ.Il4)"' =4.471
13 =2h/IU=2 xn.05!4A71::0Jl22

DAMAGE DURING THE KUSHIRO EARTHQUAKE

Damage

The Kushiro Earthquake occurred at a Kushiw offshore point in January, 194J3. Some
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structures located on Kushiro and Ohihiro Regions suffered damage during the earthquake.
The Hokumei Bridge, located in the Ohihiro Region. was also damaged during the
earthquake. The grade of the l'arthLJuake was gradl.'d as five degrees intensity in Ohihiro
Region by Meteorological Agency. An earthquake with the same magnitude usually causes
an acceleration of as mUl.:h as 100 to ZOO gal on the hase ground. The Ohihiro Gas Corp.
accelerometer graded the earthLJuake of 250gal more, Seismic design on the Hokumei Bridge
had heen done hased on the E<trthquake Resistanl.:e Volume of the J<tpan Road Standard. For
the Hokumei Bridge, the 0.23 was used as a horilllntal sehorni\:' design load <\l."cllfding to
I.R.S. Some days after the Kushiro EarthLJuake. the Hokumei Bridge was surveyed filr
damage caused hy the earthl{uake, The damage was as hdow;

1: The girder was vihrated during the Kushiw E<tnhl{uake. It's response displal.:ement was
too large. so the girder pushed the finger-joint hrokcn at the A2 ahutment. and the parapet
of the ahutment cracked at its neck.

The AI ahutment got a small crack at the neck of the parapet.
The A2 ahutment got a severe crack at the neck of the parapet.(Photo.2)
A finger-joint hctween the girder and the A2 ahutment was broken hy movement of the
girder,(Photo.3)

When the Kushiro Earthquake occurred in January, 1993, the Hok.umei Bridge had been
,,"'Umpleted and was waiting for the completion of thc other construl..1ion work. The natural
pcri<xf of the Hokumei Bridge was prolonged between 1.359 to 1.62X sec hy using ruhhcr
bearings, which were expected to reduce the response forces on the piers. The girder had
the 70mm joint-clearance at the ahutment, the 2tnmm c1earam;c betwcen the girder and an
ahutment, and the girder was procecding in '-,lDeretc dry-shrinkage. The magnitude of the
Kushiro Earthquake was greater than that used in the design on the Hokumei Bridge. The
response displacement of the girder was larger than the temporary joint-clearance. While.
the girder had returned to the correct position after the earthquake. This matter shows the
ruhhcr hearings might wurk as springs even under severe earthquake condition, seismic loads
might 11c distributed evenly between each pier. So, the seismic loads might he reduced oy
the cUe,,"' of prolunged natural periods. Also, the damage on joint-units under seismic loads
may he allowable hased on the Standard of I.H,P.C.

~ The small slide-m()ves between some ruoher hearings and piers were found hy the survey
after the earthquake. The slide-moves were confirmed hy a c()mparisun with the p()sitions
of the ruhber bearings marked while the jacking-up took place.

During the eonstru,,1i()n of the Hokumei Bridge. the deformation grown on the ruhber
hearing by the dry-shrinkage was sometimes released hy jacking the girder up over the
piers. For the jacking-up, the ruhber hearing docs not have any holts to l.'onneet into the
girder or pier. All shear tilrce loading hctween the ~irder and a pier should he transmitted
hy frklion through the hearings. In jacking up, cwry ruhber bearing was always raised over
the pier together with the girder. On the measuring in the jacking up, the vertical reaction
for",-c of a hearing may he different depending on it's position.

~ The girder got a small crack on the side-surface of a part on the PI pier. as the rear
of the girder. where the anchor-caps cap(l':d anchor holt stoppers.(Photo.4)
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There were three stoppers huried which consisted of four anchor oolts( Q55) on a pier. The
anchor-caps buried in the girder have enough dcarancc in longitudinal dirc<.:tion. hut very
small clearance in transverse dire(..1ion to the anchor holts. This may he an explanation for
the cra,k in that the anl,;hor holts guided the running-girder into the longitudinal dire(..1ion,
while the guiding force, possioly an impact force on the PI pier. caused a ("'Tack on the
side-surface of the rear of the girder.

Demanded clearance

Maximum allowanle clearance was designed as 170mm under a seismic: load, as 3Hmm
under temperature change(+-25 'C), and the summation was 20Xmm hetween the girder and
the aoutment. In the joint-dearance, the temperature load was I,;onsidered hut the seismic
loaJ was not according to the Standard of I.H.P.C. The joint-dearance had heen a:tlculated
38mm for the temperature change, the l3mm was fur a supplement, and the summation
51mm was set-up during it's constru(..1ion. When the Kushiro Earthquake occurred in
January, 1993, the Hokumei Bridge had been (..'Ompleted. However, the (.."Oncrete dry
shrinkage of the girder was still proceeding. The joint-clearance was measured 70mm
hetween the girder and the Al ahutment, and ~mmm hetween the girder and the A2
abutment after the earthquake. The 80mm hetween the girder and the A2 ahutment might
he explained in that the clearance was widened hy }()mm hy the girder pushing.

The acceleration record of the Kushiro Earthquake

The acceleration remrd for Type I Ground in the Japan Road Standard, the acceleration
rccords of the Kushiro Earthquake from East-West dire(..'tion and from North-South dircction
are shown as oscillatory drawings and Fourier-Spectrums in Fig.l!). The response spe(..'trum
of them arc shown in Fig. I I. The acceleration remids of the Kushiro Earthquake were
observed by Meteorological Agency.

Simulations on the behavior of the Hokumei Bridge during the Kushiro
Earthquake

Dynamic Response Analysis using a hysteresis rule

The dynamic response analysis using the hysteresis rule was carried out tu simulate the
performances of the Hokumei Bridge during the Kushiro Earthquake. The ruhher bearing in
this model do(,'S not have hysteresis damping. The 5% was used as the damping fal.1or in
this simulation. The damping matrix assumed to he proportional to the instantaneous stiffness
matrix(Kt) multiplied hy f3. The equivalent stiffness matrix was assumed as the initial
stiffn(,'SS matrix multiplied hy r. The deformation where the rigidities changed variahlc was
assumed as lOmm. The Kushiru Earthquake recorded East-West was in the same direction
as the Hokumci Bridge and was used in this simulation. The rigidities uf piers were
assumed to he clastic even under the seismic load. The r was assumed as n.724 as for the
Kushiro Eanhquake load, and the f3 wit, assumed as 0.0184. The response acceleration was
300gal on the girder. The response displacement was 12.&m on the girder. The response
deformation was I5.97cm on the rubber bearing at the P2 pier. Then the shear strain was
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ahout 130% considering that the total thickness of ruhher layers in a ruhher hearing was
equal to 12.5cm. If the spring of the ruhhcr hearing was replaced hy the spring multiplied
hy IUOO, the response displacement of the girder was 11.1 em, the one of a pier was 11.1cm
and the response shear force was ahout 500tf. If the spring of the ruhher hearing was
replaced hy the spring multiplied hy 1/4, the response displacement of the girder was 7.6cm,
one of the piers was IH to 19cm and the response shear force was ahout 500tf.

When the Kushiro Earthquake records from North-South were used, the response values
were as fullows; The response acceleration was 470gal and the response displacement was
)O.lkm on the girder. The response deformation was 26.S3cm on the ruhher hearing at P5
pier. The response spectrum analyzed using the record (If Type I Ground in l.R.S were as
follows; Keeping the natural period to he 1.62Hsec, the response acceleration spectrum was
133gal and the response displacement spectrum was K9cm. The response tahle calculated
using the hysteresis rule model is shown in Tahlc.4. The response oscillatory drawings
calculated on the hysteresis rule model using the Kushiro Earthquake records from
East-West and North-South arc shuwn in Fig. 12.

Dynamic Response Analysis using a bilinear model

The model used in the former simulation is a model using the ruhber hearings with nu
hysteresis damping. In this simulation, the model which rubher hearings were replaced hy
high damping rubber hearings with a hilinear-type hysteresis damping was used. The 5%
was used as the damping factor in this simulation, and the effect of the hysteresis damping
should he laid over the system damping of the 5%. The Kushiro Earthquake records from
East-West were used in this simulation.

For this hilinear-type hysteresis model, the initial rigidity was assumed equal to the initial
rigidity of the former simulation. The second rigidity was assumed to be 25% of the initial
rigidity. The equivalent rigidity was assumed 35% of the initial rigidity. The natural period
for the equivalent rigidity is 1.964 seconds. The hysteresis rule of these high damping ruhher
bearings was assumed comparing with the one used in the Miyagawa Bridge, which was a
"Menshin hridge". The damping matrix assumed to be proportional to the instantaneous
stiffness matrix multiplied hy 13. The equivalent stiffness matrix was assumed as the initial
stiffness matrix multiplied hy 7. The deformation where the rigidity changed was assumed
as 2()mm. The spring of piers were assumed to he clastic even under the seismic load. The
r was assumed as 35%, and the 13 was assumed as 0.0313. The parameters used in this

analysis are as follows;

TI=1.964sec ,w=2 71' 11.964=3.2()f) ,1 =0.35 , 13 =2h1 w=2X().05/3.200=O.l>313

The response acceleration was 19l)gal on the girder. The response displacement was Klkm
on the girder. The response deformation was 11.Il9cm on the ruhber hearings at P5 pier.
Then the shear strain was ahout 90%. By using ahove high damping rubber hearings, the
response displacement of the girder was reduced ahout hy 30%. The response oscillatory
drawings calculated on the hysteresis rule model and the hilinear model using the Kushiro
Earthquake re,;ords from East-West arc shown in Fig.13. The response relative oscillatory
drawings calculated on the model with the hysteresis rule and the hilinear model using the
Kushiro Earthquake records from East-West are shown in Fig.l4.
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CONCLUSIONS

The vihration tests and analytical studies were carried out for the Hokumei hridge using
laminated ruhber hearings. From the results. following conclusions may he drawn:

I) The laminated ruhher hearing has nnniinear charal1eristic within small amplitude area.
The dynamic shear spring within smal1 amplitude area corresponded to the static design
spring multiplied hy 1.7 to 1X

2) Seismic response shear force is distrihuted evenly in each pier due to ruhher hearings.

3) Seismic response shear fon..'C is reduced hy a prolonged natural period due to ruhher
hearings.

4) The damping ratio of a prestressed concrete continuous hridge using laminated rubher
hearings may he ahout O'OS to O·()6.
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Photo.1 The view of the Hokumci Bridge from the A2 abutment.

T*t.l The size of the Ianlilated rubber bearings
used in tile lioIunfi Sri.

Size Area Thiclmess Number Total
of a layer of layers Ih:i~kness

lmm) (em J ImmJ r elmmJ

Al 250x65o '625 10 3 30
Pl 760x760 5776 15 10 150
P2 700x720 5040 15 9 135
P3 650x6504225 15 B 120
P4 660x70 4620 15 7 105
P5 650x65 4225 15 R 120
P6 610x65 3965 15 R 120
P7 660x6~ 4422 15 7 105
P8 690x7 4830 15 8 120
P9 700x7 4900 15 9 135
PIO 750x7 5625 15 10 150
A2 250x6 1625 \0 3 30
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Hard rubber

lR'=lamination

Fig.2 The IcInInoIed ndIer llI«iIcJ used ill tile HoUnei
Bridge
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Fig.4 The deformation records observed in the first try in the
villro ticrl Jests
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GUIDELINES FOR PRE-QUALIFICATION, PROTOTYPE, AND
QUALITY CONTROL TESTING OF SEISMIC ISOLATION SYSTEMS

Harry W. Shenton lUI

ABSTRACT

At the present time. at least in the United States. seismic isolation systems are
custom designed and built on a per project basis. As a result, testing has become
an essential element in the design and construction of isolated structures.
Currently, however, standards do not exist for conducting these much needed tests.
The Building and Fire Research Laboratory of the National Institute of Standards
and Technology is currently developing guidelines for testing of seismic isolation
systems. Presented in the paper is a brief summary/outline of the guidelines. The
guidelines address pre-qualification, protot~·""C: and quality control testing. are
applicable to all types of isolation systems and are independent of the
superstructure. The final guidelines will be developed after thorough review and
evaluarion of the draft guidelines. The guidelines are to serve as a resource
document for voluntary standard/specification writing organizations. and for
practitioners and researchers involved in the design, manufacture and testing of
seismic isolation systems.

I. Introduction

Most isolation systems designed and built in the United States must undergo a series of
tests prior to being placed in service, including systems for seismic isolation of bridges. The 1991
AASHTO Guide Specifications for Seismic Isolation Design (Guide. 199) provide skeleton
guidelines for conducting prototype tests (section 13 of Guide, 1991) and qUality control (QC)
tests (section 15 of Guide, 1991) of elastomeric seismic isolation bearings. Similar procedures
are outlined in the 1991 Uniform Building Code (Uniform, 1991) for conducting prototype tests
of isolation systems for buildings. At the present time. bowever, standards do not exist for
conducting these much needed tests.

'Research Structural Engineer, Building and Fire Research Laboratory, National Institute of
Standards and Technology, Gaithersburg, Maryland 20899, USA
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Standard test procedures are needed to, (I) ensure the systematic characterization of
isolation system properties, (2) provide a rational basis for demonstrating acceptable performance.
and (3) facilitate the comparison of different isolation systems. The Building and Fire Research
Laboratory (BFRL) of the National Institute of Standards and Technology (NIST) is currently
developing guidelines for testing of seismic isolation systems. The guidelines, a pre-standard, are
comprehensive and applicable to all types of isolation systems, whether they be elastomeric,
sliding or hybrid, and are independent of the superstructure.

Although comprehensive in nature. the current guidelines are still considered "draft". The
final guidelines will be published after thorough review and evaluation of the draft guidelines.
The review process will involve broad industry input and a testing component. Presented in the
paper is a brief overview of the draft guidelines for testing of seismic isolation systems.

2. Scope of the Guidelines

The guidelines incorporate three cla~ses of tests: pre-qualification, prototype and quality
control. The three are defined as follows:

Pre-Quali6cation tests need not be project specific and are conducted in order
to establish the fundamental propenies and characteristics of the isolation system.
and to determine the extent to which these properties and characteristics are
dependent on load and environmental factors.

Prototype tests are project specific and are conducted to verify the design
propenies of the isolation system prior to construction.

Quality Control tests are project specific and are conducted to verify the quality
of manufacture and as-built properties of the isolation system prior to installation.

Pre-qualification tests, as defined above, are formally not required by the codes (UBC,
AASHTO), but are usually conducted in one form or another as a new system is developed.

The guidelines for pre-qualification and prototype testing are included in one repon
(Shenton 1994a), and are system independent. Quality control tests tend to be system specific,
simply because production tests and some completed unit tests are unique to the design, materials
and construction of the system. 11le guidelines for quality control testing of elastomeric systems
are presented in a separate repon (Shenton 1994b) as are the guidelines for quality control testing
of sliding systems (Shenton 1994c).

The guidelines are intended for systems that isolate in the horizontal plane only, i.e, the
system is assumed to be essentially rigid in the vertical direction. Guidelines for testing of
venical isolation systems are not specifically included. Furthennore, the guidelines are intended
for passive isolation systems only. Although it is likely that many of the tests are applicable to
components of active or semi-active systems. the test procedures were not written with these
systems in mind.
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The guidelines address with three major areas - rated capacity. general requirements and
lest schedule. Some test parameters are based on the rated capacity of me system. therefore. the
capacity of the system must be rated before any tests are conducted. Detailed information
pertaining to me test facility. instrumentation. calibration. data acquisition. data analysis and
reporting of results are covered under general requirements. The individual test procedures are
outlined in the test schedule. Included in the test procedures are performance criteria. Systems
mat do not meet or exceed the recommended criteria may not perform satisfactorily in service.
Each of these major areas is discussed in more detail below.

3. Rated Capacity

Prior to any testing me capacity of the isolation system must be "rated". It is the
responsibility of the supplier to report the fundamental properties of the isolation system. This
includes the range of loads and environmental conditions in which the system can be expected
to operate and function properly. The concept of rated capacity is fundamental to the guidelines
and carries through from pre-qualification. to prototYpe. to quality control tes~;'lg. Furthermore,
details of the test procedures are based on the rated capacity of the system. A standard list of
properties to be rated has been developed to cover all tests, and includes, among other properties:
effective stiffness (horizontal. vertical and horizontal under wind load), design displacement.
thennal displacement capacity. rotation capacity, operating vertical load range, tensile capacity
and operating temperature range.

4. General Requirements

Most of tests procedures outlined in the guidelines fall under the general description of
a cyclic lateral load test. In a typical test. a specimen is subject to a constant vertical load while,
simultaneously. a cyclic lateral displacement or load is imposed on the specimen. The test is
generally conducted for a specified vertical load, maximum lateral displacement, number of
cycles and frequency of loading. Many of the tests procedures have similar equipment and data
analysis requirements; therefore. rather than duplicate material. general requirements are outlined
in one section of the guidelines and exceptions or special requirements are noted in the particular
test description.

Test Facility

At a minimum, the test facility must be capable of subjecting a specimen to a combined
compression/shear load. One pre-qualification test requires a bi-directional or bi-Iateral shear load.
The vertical load capacity of the facility is to be at least 10% greater than the largest vertical load
to be applied during the test; the lateral load capacity is to be greater than the largest lateral load
to be applied during the test. The lateral stroke must be at least twice the maximum displacement
specified for the test.

The lateral load is to be applied under displacement control, such that the motion of the
actuator is representative of a sinusoidal wave with specified frequency. The vertical load may
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be applied under load control or displacement control, provided the load can be maintained within
±IO% of that specified for the duration of the test. The guidelines recommend that the load
systems be verified or calibrated periodically in accordance with accepted standards.

Instrumentation and Calibration

Transducers are to be in place to measure lateral load, lateral displacement, vertical load
and vertical displacement. A thennometer is to be in place to record the temperature of the
testing environment. Loads on the test specimen may be measured via the test machine read-out,
load cells in the force train of the actuator or a force transducer between the specimen and
reaction support. Transducers shall be such that loads are resolved to within I % of the full load.
Force transducers shall be calibrated periodically as described in ASTM E74 and shall have an
uncertainty of not more than ±2.5% of foree.

The recommended instrumentation setup is shown in Figure I, for a single specimen under
general bi-lateral loading. Vertical displacements are to be measured at 2 points on the lateral
load plane at opposite sides of the specimen (~I and ~2 in Figure 1). Lateral displacements are
to be measured at 2 points on the lateral load plane, at opposite sides of the specimen (.:\. and
~2' or Ay. and ~2 in Figure 1). Displacement transducers are to be of sufficient precision to
resolve the displacement to within 1% of the specified test displacement and have an uncertainty
of not more than ±2.5% of displacement. The guidelines recommend that the transducers be
calibrated periodically using accepted procedures.

Data Acquisition

The data is to be recorded using an analog or digital data acquisition system. The
guidelines recommend digitizing or sampling at a rate of not less than 100 times the frequency
of lateral loading (e.g., 50 samples/sec for a frequency of loading of 0.5 eye/sec). At this rate a
single hysteresis loop will be represented by approximately 100 data points. In some instances
a faster rate may be needed in order to accurately resolve a complex or rapidly varying loop.

Dala Analysis

The analysis of data from a cyclic lateral load test involves, (1) constroction of hysteresis
loops, (2) determination of the average effective stiffness and, (3) detenninatio(. of the average
energy dissipation. Effective stiffness and energy dissipation characterize the response of the
isolation system, and, determine the magnitude of lateral load transmitted to the superstructure.
The effective stiffness of a cycle, as typically defined elsewhere and in the guidelines, is the
difference in maximum and minimum forces divided by the difference in maximum and
minimum displacements. Energy dissipation is the area enclosed by the loop. 1bese are illustrated
in Figure 2.

For many systems effective stiffness represents the slope of the line that connects the
points of maximum force (displacement) and minimum force (displacement), as shown in the
example in Figure 2. 1be stiffness calculation in this case is intuitively obvious. In some cases,
however. the maximum (minimum) force and maximum (minimum) displacement in a cycle are
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Figure 2. Hysteresis loop showing Effective Stiffness and Energy Dissipation calculation.
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not coincident. This tends to occur. for example, when a hysteresis loop is very rounded. In this
case. effective stiffness computed according to the procedure outlined in the guidelines is some
average measure of the force-deflection behavior.

Effective stiffness and energy dissipation are computed for each complete cycle of the
test. Average effective stiffness and average energy dissipation are then defined as the arithmetic
mean of the stiffness and dissipation for the n cycles of the test.

Report ofResults

The guidelines recommend reporting of results in a clear and concise format. The report
is to include all pertinent data related to the test set-up and test procedure. Results to be reported
inch.de the effective stiffness and energy dissipation for each complete cycle, listed by cycle
number in increasing order, and the average effective stiffness and average energy dissipation for
the n cycles of the test. The report should include hysteresis plots for lateral deformation and
vertical deformation for the specific test conditions.

4. Test Schedule

Pre-qualification Tests

A complete series of pre-qualification tests is to include all tests listed in Table ]. and a
full series of prototype (Table 2) and quality control tests (Table 3). Each pre-qualification test
is to be performed separately on two specimens; however. a sufficient number of specimens is
to be used such that two independent data sets are obtained when testing in a multiple specimen
configuration. Whenever possible. tests are to be conducted on full scale specimens. It is
recognized. however. that facilities do not yet exist that have the load capacity to test full size
specimens und,~ some of the conditions outlined in the guidelines. In this case scale model
specimens are acceptable. provided they are not less than ]/4 full scale and are representative of
the full scale prototype.

Properly documented pre-qualification tests previously conducted on a system may be
used to satisfy the requirements outlined in the guidelines. provided the system to be tested is
similar in design, materials and construction as that tested previously.

Referring to Table I. the pre-qualification test schedule is divided into two categories:
Preliminary Characterization (category I) and Ultimate and Reserve Capacity (category II).
Category I tests are designed to establish if. and the extent to which the properties and
characteristics of a system are dependent on such things as virgin loading. frequency of load. load
cycle history, vertical load. and load plane rotation. Note thai the results of the Category I tests
have a direct impact on the scope of prototype tests required for any given system. Category II
tests are intended to establish the ultimate capacily. or demonstrale reserve capacity, of the
system under various load conditions. Ideally. all Category II tests would be conducted to failure;
however, there are still many uncenainties with regard to proof testing isolation systems under
combined load conditions. This remains an immediate research need.
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Table I. Schedule of Pre-Qualification Tests I

Category Test Title/Purpose ]
I

1.1 Establish dependence on virgin loading

1.2 Establish dependence on frequency of load

1.3 Establish dependence on load cycle history

1.4 Establish dependence on load cycling

1.5 Establish dependence on vertical load

1.6 Establish dependence on load direction
I

1.7 Establish dependence on load plane rotation

1.8 Establish dependence on bilateral load

1.9 Establish d:pendeoce on temperature

1.10 Establish dependence on creep

1.11 Establish dependence on aging

11.1 Ultimate compression under zero lateral load

11.2 CompteSsion in displaced position

II U.3 Ultimate Tension under zero lateral load

11.4 Tension in displaced position .-
U.S Lateral load and displacement capacity under design vertical load

IPre-quaJification shall also include a complete series of prototype tests (Table 2) and quality control
tests (Table 3).
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Prototype Tests

A complete series of prototype tests is to include all Category III tests and applicable
Category IV tests listed in Table 2, as well as a full series of quality control tests (Table 3). Each
prototype test is to be performed separately on two full-scale specimens of each type and size
of isolation unit or component. Pre-qualification tests must have been conducted on a unit or
component of similar design, material and construction prior to prototype testing.

The prototype schedule is divided into two categories: Seismic Loads (Category III) and
Non-Seismic Loads (Category rV). Category III tests (seismic loads) are intended to establish the
properties and characteristics of the system under seismic load conditions. Average Effective
Stiffness and Average Energy Dissipation are evaluated for a range of displacements, under load
and environmental conditions determined to be relevant based on the results of the Category I
tests of the pre-qualification series. Stability of the system under extreme load conditions is also
evaluated. Category IV tests (non-seismic loads) are intended to demonstrate the capacity of the
syskm under non-seismic loads, such as wind load. thermal displacement, thermal cycling and
braking/centrifugal forces. Only those Category IV tests relevant to the project or application are
required in prototype testing.

The guidelines recommend that properly documented prototype tests previously conducted
on a unit or component of similar size may be used to satisfy the prototype test requirement,
provided:

(l) the unit or component is of similar design, material and construction;
(2) the largest overall dimension of the unit or component to be tested is within ±

10% of the same dimension of the unit or component previously tested;
(3) most other critical dimensions are within ±15% of the size previously tested.

Quality Control Tests

A full series of quality control tests for completed elastomeric isolation units is to include
the three tests listed in Table 3. Similar tests for sliding systems are outlined in the respective
guidelines for QC testing of sliding isolation systems. Referring to Table 3, it is recommended
in the guidelines that all units manufactured undergo the sustained compression and effective
stiffness and energy dissipation tests, and that 20% of all units manufactured undergo the
compression stiffness test.

The purpose of the sustained compression test is to verify the integrity of the bond
between the steel and elastomer layers. The test requires loading the specimen to 1.5 times the
rated nominal vertical load capacity and maintaining that load for a minimum of 12 hours. The
time may be reduced to 3 hours, however, if the supplier has documented results of a least 1000
consecutive tests without rejection.
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Table 2. Schedule of Prototype Tests I

Category Test Title'Purpose

IlL I Effective Stiffness and Energy Dissipation

III UI.2 Stability against degradation

III.3 Stability at Maximum Lateral Displacement

IV.l Wind load

IV.2 Thermal displacement
IV

IV.3 Stability with thennaJ cycling

IVA Braking/Centrifugal force

'Prototype shall also include a complete series of quality control tests (Table 3).

Table 3. Schedule of Quality Control Tests of Elastomeric Systems

Test Title/Purpose

) Sustained Compression

2 Compression Stiffness

3 Effective Stiffness and Energy Dissipation

The guidelines for quality control testing, both elastomeric and sliding, also include
recommended production tests. Production tests are conducted on materials or parts during
fabrication and are recommended as pan of the overall quality control program for the isolation
system.
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Example Test Procedure

Each test procedure is presented in a slandard fonnat that includes the following elements:
test designation, purpose, sequence. procedure, criteria and exceptions (where applicable).
Presented below is an example of a typical test description. The test is from Category I of the
pre-qualification series and is intended to establish a dependence on vertical load.

(I)

(2)

Test
Designation:
Purpose:
Sequence:

Procedure:

Criteria:

1.5
Establish dependence on vertical load.
Three fully reversed cycles to peak displacements of ±D. Tests shall be conducted
for vertical loads corresponding to PL' Po. P,], The frequency of loading shall be
not less than IL or 0.004 eye/sec.
Place the specimen in the test machine and secure to the supports and loading
plate. Apply the full vertical load to the specimen and allow the load to stabilize.
Apply the cyclic lateral load to the specimen for the required 3 fully reversed
cycles of the test. Remove the vertical load. The test shall be run continuously
without pause between cycles. The test shall be conducted at the vertical loads
specified in the order PL' Po and Pu. Sufficient time shall be allowed between tests
at the different vertical loads to dissipate any heat developed during the previous
test.
The System, Unit or Component response is considered to be independent of
vertical load if:

(1.) the Average Effective Stiffnesses measured at vertical loads corresponding to
PL and Pu are within ±a% of the Average Effective Stiffness measured at the
vertical load corresponding to Po. i.e.,

IK" K I
H - H S 0.010.

KH

where KH is the reference Average Effective Stiffness measured at a vertical load
corresponding ro PD' and K': denotes the Average Effective Stiffness measured
at vertical 10ad~ c,;):~~ponding to PL and Pu'

(2.) the Average Energy Dissipation measured at vertical loads corresponding to
PL and Pu are within ±P% of the Average Energy Dissipation measured at the
vertical load corresponding to PD' i.e.•

IEP E I
H - H. S O.oIp

EH

where EH is the reference Average Energy Dissipation measured at a vertical load
corresponding to PD' and E: denotes the Average Energy Dissipation measured
at vertical loads corresponding to PL and Pu'
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Parameters D. Pi' PD, and Pu correspond to the design displacement. lower, design and upper
rated vertical load capacity, respectively. ParameterIt. is tenned the "lower threshold frequency"
and is defined as the minimum frequency that is less than the frequency of isolation, at which
the measured response will be within a specified percentage of the response at the actual
frequency of isolation. The lower threshold frequency is established in test 1.3 (Table I). The
"draft" nature of the guidelines is evident in the perfonnance criteria of this example: criteria
have not been assigned ''hard'' numbers as of yet, but are instead expresseJ in terms of variables
a and ~. A recommendation is made in the guidelines as to the range of these parameters. In this
case, a and Pare likely to fall in the range of 10 to 30 (%).

s.Summary

Prototype and quality control tests are required of almost all seismic isolation systems
designed and installed in the United States. Pre-qualification tests are formally not required by
the codes, but are usually conducted in one form or another as a new system is developed. At
the present time. however, standards do not exist for conducting these much needed tests.

Guidelines for pre-qualification. prototype and quality control testing are currently being
developed at NIST. The draft guidelines are presented in three reports, one report addresses pre
qualification and prototype testing, the other two reports address quality control testing. 1bc
guidelines are applicable to all types of systems. whether they be elastomeric. sliding or hy!:'rid.
and are independent of the superstructure. The guidelines are still considered draft - the final
guidelines will be developed after thorough review and evaluation of the draft guidelines. The
review process will involve broad industry input and a testing component.
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ISOLATION SYSTEM
DESIGN AND SPECIFICATION

FORmE
OLYMPIC BOULEVARD OFF-RAMP

David M. Jones" Deepak Choudhuryl

INTRODucnON

The design and specification of seismic isolation bearings for the first new bridge in
California to use this technology forms the basis of this paper. TIUs project is the first use
of isolation bearings in a temporary structure followed by their reuse in a permanent
structure. It is also the first use of a performance-type specification for isolation devices in
California.

mE PROJECT

The Interstate 680 and State Highway 24 Interchange in Walnut Creek, California, is a busy
component of the San Francisco Bay transportation network. It carries an average of
280,000 vehicles per day. A major reconstruction of the entire interchange, to increase
capacity and improve safety, is underway. To minimize disruption to normal traffic during
the construction period, a major, temporary detour ramp is under construction. This
structure will be demolished in a subsequent construction phase. During the study for the
reconstruction, a permanent segment of the final reconstruction for the Olympic Boulevard
off-ramp separation was identified as very similar in width, vertical profile and horizontal
geometry as a segment of the temporary ramp structure. This similarity would allow reuse
of material from the temporary structure in the permanent one. Cost studies showed that
a structure type normally considered uneconomical in California for a structure of this
configuration, steel plate girders, was the best choice, provided they could be placed in the
permanent Olympic Boulevard structure. Further cost comparison to a standard structure
showed that a seismically isolated structure would be the most economical choice. Both the
steel girders and the isolation bearings will be used, fust in the temporary structure and then
salvaged and placed in the permanent structure.

The Olympic Boulevard structure is four spans, 700 feet (213m) long, with a maximum span
of 210 feet (64m). The cross section consists of three 7-foot (2.1m) deep plate girders.
Single columns suppa" the structure along with seat-type abutments. The bridge footings
are supported on piles.

ISOLATION SYSTEM DESIGN

The isolation system assumed for the design was the lead-rubber isolation bearing. The
design of the lead-rubber isolation bearing consists of two interrelated parts:

1 Dynamic Isolation Systems, Inc., 2855 Telegraph Avenue, Suite 410, Berkeley,
California 94705
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1. The isolators must be designed for aU nonseismic load cases.

• The minimum plan size is governed by the dead and live load
requirements.

• The thickness of the internal rubber layers is determined by the vertical
load, venical stiffness and rotational capacity requirements.

• The total rubber thickness in the bearing is generally governed by
thermal loads, the desired earthquake force reduction and any force
redistnbution requirements. The minimum height of the elastomer is
twice the R + S + T displacements.

• The minimum diameter of the lead core is determined by the
requirement to maintain elastic response under AASHTO prescnbed
combinations of wind, braking and centrifugal loads. The distnbution
of the lead cores throughout the system can be used to control the
force levels transmitted to various substructures.

2. The bearings must be designed to safely support the vertical loads at seismic
displacements and remain stable at those displacements. Typically, load
capacity and stability are checked at 1.5 times the design seismic displacement.
The seismic design forces transmitted by the isolators are a function of the
seismic input, the vertical loads on the system and the strength and stiffness
of the bearings.

The capacity of the e1astomeric isolator to withstand vertical load is based on the limiting
strain criterion given in the AASHTO Guide Specifications for Seismic Iso/ation Design. This
specification recognizes that shear strains are induced in reinforced elastomeric bearings by
compression, rotation and shear deformations. The sum of the shear strains in the elastomer
due to the combination of vertical load, rotation and horizontal deflection is limited to a
fraction of the ultimate elongation-at-break. of the elastomer, E,..
Bearings are also checked for the foUowing limit states:

• critical (buckling) load
stability (roUover)

The critical buckling load is taken from the classical theory for elastomeric isolators. The
factor-of-safety (FS) against buckling is given by:

FS = Pcritical • (1 - 4/B)/P

where Per = critical load for the bearings.

A factor is included to aUow for the reduction in effective plan area (footprint) of the
isolator as it deflects horizontally.

The rollover displacement,~ for systems with doweUed connections, may be computed
from the overturning equilibrium equations for the isolator. The faetor-of-safety against
rollover is then given by:
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FS = !VA

where 4.0 = rollover displacement.

The system was designl.d for the five AASHTO, nooseismic, lateral-load groups, plus the
Caltrans seismic loading.

Factored AASHTO Lateral Load Groups

Group II
Group III
Group IV
Group V
Group VI
Seismic

1.3 (W)
1.3 (CF + 0.3W + WL + LF)
1.3 (CF + [R + S + T])
1.25 (W + [R + S + T])
1.25 (CF + 0.3W + WL + LF + [R + S + T])
1.0 (EO)

For this bridge, the controlling, nonseismic lateral-load group was wind. The lateral yield
level of the bearings was set to the factored wind load (1.3 x W). This insures that the
lateral displacements due to all nonseismic loads will be small. The venical dead plus live
loads set the minimum plan sizes of the bearings. The seismic performance of these
bearings was evaluated.

Seismic Performance

To evaluate the system seismic performance, nonlinear time·history analysis is used to
prepare a nonlinear design spectrum. A single-degree-of-freedom model, incorporating the
bilinear stiffness propenies of the bearings, is prepared. The nonlinear spectrum used is
generated as follows:

• Seven time histories are used as seeds.
• Each seed record is frequency-scaled so that its S%-damped response

spectrum closely matches the design spectrum. The average error on all
frequencies is typica1Jy smaller than S%. Figure 1 shows an example.

• The seed records are used as input for the single-degree-of-freedom,
nonlinear, hysteretic model.

• The mean of the peak response of the nonlinear model to the seven scaled
spectra forms the design spectrum.

For this project. the specified design spectrum was the Caltrans ARS B curve, 10 to 80 feet
(3 to 24m) of alluviUll1, 0.61 peak ground acceleration. This is a maximum credible design
spectrum corresponding to a 2S00-year return period.

The seven time-history seeds used were:

1 • E1 Centro, 1940, NS
2· Olympia, 1949, N04W
3 • Taft, Kern County, 1952, 569E
4 • EI Centro, 1934, NS
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By fIrSt meeting all requirements for nonseismic load, constructing nonlinear spectra and
evaluating the seismic performance of the initially designed bearings, a final bearing plan size
and height is determined by iterating. Since the lateral yield level of the bearing is
previously determined, bearing stiffness (area and rubber height) can be varied to obtain the
most effective seismic performance within the vertical-load and lateral-displacement
constraints. For this bridge, the bearings are bolted in place, eliminating the rollover-limit
state.

The final bearing sizes selected were:

LOCATION PIAN SIZE HEIGHT LEAD CORE
SIZE

Abutments 23" x 23" 10" 5.75"

580 mm x 580 mm 250mm 145mm

Piers 27" x 27" 10" 5.75"

690 mm x 690 mm 250mm 145mm

The seismic performance for the single-mode, nonlinear spectrum analysis is:

Effective Period

F/W Lateral Force Coefficient

Maximum Displacement

Lateral Force

1.8 sec

0.29g

9in

1700 kips

290 gals

230mm

7600 leN

The bearings were incorporated into the conventional STRUDL model of the structure for
seismic response-spectrum analysis. For this analysis, the elastic design spectrum is replaced
with a composite spectrum. The composite spectrum is a combination of the nonlinear
spectrum and the ARS design spectrum, shown in Figure 2. In the isolated period range,
the nonlinear spectrum is used. At 80% of the isolated period and less, the elastic design
spectrum is used. The bearing stiffness used in the response-spectrum analysis is the secant
stiffness based on the maximum seismic displacement. From the STROOL model:

First Mode

Second Mode

Third Mode

2.1 sec translation (transverse)

1.9 sec translation (longitudinal)

1.6 sec torsion

Table 1 shows the displacements and forces from the STROOt analysis and the nonlinear
spectrum, single-mode analysis. In the longitudinal direction, the difference in both the
forces and displacements between STRUDL and the single-mode method arc less than 10%.
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In the transverse direetio~ the maximum d:tference ill displacement in the two methods is
36%. The maximum difference in force is 50%. This is expected because the STRVDL
model accounts for the mass distribution in the unequal spans and superstructure fJexJbiJity,
while the single-mode method does not.

An ANSR-II, 3-dimensional stick model was also prepared for a step-by-step, time
integration analysis. This model incorporated the bilinear hysteretic properties of the
bearings. Analysis was performed for three scaled records. The seed time histories used
were El Centro, 1940 NS; Taft, 1952 S69E; and Olympia, 1949 N04W. Table 2 shows the
displacements and forces obtained from this analysis. These are the maximum values of
force and displacement at any time step at the locations listed for the three records. Note
the scatter, typically a 20% to 30% difference between the lowe..t and highest values, even
though the input records were scaled to produce the same elastic response spectrum.

Table 3 shows the forces and displacements for the single-mode, STRUDL and ANSR-II
model. For ANSR-II. the values shown are the mean of the three sets of results from Table
2. The results are consistent, considering the difference between the SRSS modal
combination and step-by-step, time-integration methods.

Code Checks

The AASHTO Guide Specifications uses a strain-limiting or rated-load method for
determining bearing load capacity. In this method, the equivalent shear strain in the rubber
must be less than some fraction of the minimum specified elongation-at-break (f

ll
). The

fraction of €o,. de{>Cnds on the load case under consideration. The load combinations
specified are as follows:

Dead Joad plus live load:

Dead load plus live load - with imposed rotation and nonseismic displacement:

Dead load with imposed rotation and seismic displacement:

The equivalent shear strain due to compression from venicalload, £.., is defined as:
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The shear strab due to rotation, f." is defined as:

The design conditions for the project are shown below:

Bearing PIaD Size

Dead Load

Dead Load + Uve Load

Maximum R + S + T Displacement

Maximum Seismic Displacement

Imposed Rotation (radians)

Bearing Load Capacity (kips)

Bearing (plan Size)

Vertical Load only

Vertical Load with Nonseismic Displacement

Vertical Load with Seismic Displacement

Units incbes, kips

23 17

160 600

250 800

1.6 0.9

9 9

0.007 0.007

Units inches, kips

23 27

1174 1965

916 1639

770 1379

Unils mm, kN

580 690

710 2670

1110 3560

41 23

229 229

Units mm, kN

580 690

5220 8740

4074 7290

3425 6130

The capacities shown arc for the design displacement, 9 inches. The controlling limit state
is for vertical load at 1.5 times the design displacement, 13.5 inches (34Omm).

low Level Desien

To examine the changes in the bearings if they were designed for a peak acceleration one
half the original value, a design was performed for the same ARS spectrum (10 to 80 ft)
alluvium, peak ground acceleration of 0.3g. The nonseismic loads remained the same. The
factored wind load still controlled the lateral yield level of the bearings so the core size
remains the same. The final bearing sizes are shown below:
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Locatio. P.... Size Helpt Lead-Core Size .. orO.'c by
De.11D Volume

Abutment 11' x 17" 7.5" 5.75" 41%
430mm x 430mm 190mm 145mm

Piers 23" x 23" 7.5" 5.75" 54%
580mm )( 580mm 190mm 145mm

The seismic performance is:

Effective Period

F/W Lateral Force Coefficient

Maximum Displacement

Lateral Force

1.6 sec

0.18g

4.4 in

1045 kips

180 gals

112mm

4660 leN

The seismic strain-limit state, carrying the dead load at the seismic design displacement, is
much less severe for this case (with the seismic displacement slightly less than one half of
the 0.6g design). The design shear strain, due to seismic displacement, decreases from 150%
to 117% and the [1 - AlB) term (effective plan area reduction) increases by a factor of 1.2.
This allows the volume of the bearing to be reduced by roughly one half.

SPECmCATlONS

Projects financed with public funds are built by contractors competing in an open bidding
process. This process extends to all components of the project. Proprietary items are rarely
allowed. For this project, the functional requirements of the isolation system were shown
in the contract documents. Combined with the testing requirements in the specifications,
this allowed competitive bidding for the isolation system components. The functional
requirements are made up of two parts, the typica1load-carrying requirements of a standard
bearing and the additional requirements for seismic performance. Table 4 shows tbe bearing
effective stiffness, yielded stiffness and energy dissipated per cycle with tolerances on these
values. Table 5 shows the maximum seismic forces and displacements along with the
maximum nonseismic lateral forces and displacements. The seismic forces and
displacements are for the design spectrum, the ARS curve for 10 to 80 feet of alluvium, peak
ground acceleration = 0.6g. The testing requirements are listed below. A single pair of
each type of bearing was prototype tested. The quality control tests were performed on all
bearings.

Prototype Tests

Prototype Test 1 - Twenty fun-reversed cycles of loads at the lateral nonseismic force shown
on the plans.
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PrQtQt>pe Test 2· Three full-reversed cycles Qf lQading at each Qf the fQllQwing increments
Qf the seismic displacements shQwn Qn the plans: 0.25,0.50,0.75. 1.0. and 1.1.

ProtQt,xpe Test 3 - Ten full-reversed cycles Qf loading at the seismic displacements shown Qn
the plans.

ProtQt):pe Test 4 - Three fuD-reversed cycles Qf IQading at each Qf the fQllowing increments
Qf the seismic displacement shown on the plans: 1.25 and 1.5.

Quality Control Tests

Proof Compression Test - The bearings shall be lQaded fQr 12 hours at 1.5 times the sum
of the dead load and live load shQwn on the plans.

Proof Combined CompressiQn and Shear Tests· The bearings shall be tested at a vertical
load of 1.0 times the total of dead load plus live load shown on the plans, and five full
reversed cycles of loading at 0.5 times the seismic displacement shown on the plans. The
bearings may be tested in pairs. The test results shall be within :t 10% Qf precalculated
values.

For a successful prototype test. the following conditions were specified:

• The load-displacement plots of PrQtQtype Tests 1. 2 and 3 shall have a positive
incremental lateral stiffness (load divided by displacement).
At each displacement increment specified in PrQtotype Test 2, there shall be
less than ± 10% change from the average value Qf effective stiffness of the
given test specimen over the required three cycles Qf test.

• The effective stiffness (Kar) Qf each test specimen shall not increase or
decrease more than 15% over the test specified in Prototype Test 3.

• The energy dissipated per cycle (EOC) in Prototype Test 3 of each test
specimen shall be within 10% of the value of EDC given Qn the plans.
All specimens of seismic isolation bearings shall remain stable and without
splits or fractures or other distress at all protQtype loading conditiQns.

Test Results

Table 6 shows the results from Prototype Test 3. The force-displacement test loops are
consistent and stable, with effective stiffness values remaining CQnstant from the first thrQugh
the tenth cycle. The energy dissipated per cycle (EOC) decreases less than 10% frQm the
fint to the tenth cycle. For both bearings, the effective stiffness is 10% below theoretical.
while the EDC is about 10% higher. Figure 3 shows typical force-displacement test loops.

Tables 7 and 8 show the results of the quality control combined compression and shear tests
for the small and large bearings, respectively. The effective stiffness values are within 5%
of the theoretical values. The EDC is always greater than the specified value.
FQr these bearings with a rubber thickness of 6 inches (IS2mm), the maximum tcst shear
strain was 225%.
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nELDTEmNG

Engineen from the Univenity of California's Richmond Field Station, in cooperation with
Caltrans, are conducting a field test program on the temporary viaduct. This program
includes snap-back tests of the bridge superstructure and bearings and the free-standing
piers.
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Table 1: Comparison or STRUDL and Slnpe.Mode NonliDear Speeifteatlon

Single-Mode

STRUDL STRUDL NODlinear

TraDsverse LoDgitudinal Spectrum
Transverse and

LoDgitudlnal

DISPLACEMENTS (reel)

Abutment 1 0.68 0.78 0.74

Pier 2 • Deck 0.89 0.78 0.74
- Bent 0.14 0.12 0.12

Pier 3 • Deck 1.01 0.78 0.74
- Bent 0.16 0.12 0.12

Pier 4 - Deck 0.75 0.78 0.74
- Bent 0.11 0.12 0.12

Abutment 2 0.55 0.78 0.74

FORCES (kips)

Abutment 1 228 272 286
Pier 2 362 337 325
Pier 3 411 337 325
Picr 4 304 336 325

Abutment 2 192 269 286

TOTAL 1497 1551 1547
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Table 1: Results from ANSR·D Analyses

Transverse LoDptud1Dal

1 2 3 1 1 3

DisplacemeDts (feet)

Abutment 1 0.59 0.56 0.85 0.81 0.69 0.89

Pier 2 Deck 0.98 0.84 1.13 0.81 0.69 0.89

Pier 0.16 0.13 0.16 0.14 0.11 0.]3

Pier 3 Deck 1.14 l.OO 1.22 0.81 0.69 0.89

Pier 0.18 0.15 0.17 0.14 0.11 0.14

Pier 4 Deck 0.91 0.84 1.10 0.81 0.69 0.89

Pier 0.15 0.13 0.15 0.14 0.11 0.13

Abutment 2 Deck 0.44 0.38 0.62 0.81 0.69 0.89

Forces (kips)

Abutment 1 207 213 268 288 256 307

Pier 2 405 348 438 352 309 372

Pier 3 464 398 473 345 308 371

Pier 4 374 342 425 356 311 376

Abutment 2 147 164 201 291 261 311

TOTALS 1597 1465 lS05 1631 1445 1737.
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Table 3: ComparisoD of Results

Displacemeat (ft) Force (kips)

Siagle
STRUDL ANSR

Siagle
STRUDL ANSR

Mode Mode

Loagitudinal

Abutment 1 0.74 0.78 0.80 286 272 284

Pier 2 Deck 0.74 0.78 0.80 325 337 344

Pier 0.12 0.12 0.13

Pier 3 Deck 0.74 0.78 0.80 325 337 341

Pier 0.12 0.12 0.13

Pier 4 Deck 0.74 0.78 0.80 325 336 348

Pier 0.12 0.12 0.13

Abutment 2 0.74 0.78 0.80 286 269 288

TrallSverse

Abutment 1 0.74 0.68 0.67 286 228 229

Pier 2 Deck 0.74 0.89 0.98 325 362 397

Pier 0.12 0.14 0.15

Pier 3 Deck 0.74 1.01 1.12 325 411 445

Pier 0.12 0.16 0.17

Pier 4 Deck 0.74 0.75 0.95 325 304 380

Pier 0.12 0.11 0.14

Abutment 2 0.74 0.55 0.48 286 192 171
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Table 4: Baria. Seismic Properties

K..r (kip/in) ~ (kip/in) EDC (kip/in)

Abutments 1 & 5 10.8 7.7 914

Bents 2, 3 and 4 14.0 10.9 914

Tolerance Kca Prototype Test
K.. Prototype Test
EDC Prototype Test

± 10% Kea in Table
~ 90% ~ in Table
~ 90% EDC io Table

Table 5: Maximum Spe<:ifted Lateral Loads aad Displacements

SEISMIC LATERAL NONSEISMIC

Forces (kip) DispL (ia) Forces (kip) Displ. (in)

Abutment 1 100 9 28 Y2

Beot2 135 9 28 ~

Bent 3 135 9 28 lh

Beot4 135 9 28 lh

Abutment S 100 9 28 lh
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Table ,: Prototype Test G
Displacement = ±9.0"

Prototype A Prototype B

Cycle K.1r me K.a £DC
(kip/in) (kips-la) (kip/iD) (kips-la)

1 9.8 1007.6 12.8 1041.3
2 9.8 988.9 12.8 1021.0
3 9.7 978.5 12.8 1010.9
4 9.7 971.2 12.7 1005.5
5 9.7 963.8 12.7 1001.8
6 9.7 965.0 12.7 998.0
7 9.7 961.5 12.7 995.3
8 9.7 959.3 12.7 991.7
9 9.7 956.2 12.7 989.8
10 9.7 947.6 12.7 988.3

Maximum Value 9.8 1007.6 12.8 1041.3
Minimum Value 9.7 947.6 12.7 988.3

Percent Change -1.0% -6.0% -.7% -5.1%

Allowable Change ±15% NA ±lS% NA

Avg. Value 9.7 970.0 12.7 1004.4

Specification Value 10.8 908.3 14.0 916.2

Avg. Variance -10.2% +6.8% -9.3% +9.6%
from Spec.

Allowable NA ±10% NA ±10%
Variation from

Spec.
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Table 7: Force-DenedioD Characteristics
Type A Isolators (823-10.38-5.75)

Serial Number K.. (kips/in) me (kip-in)

501 13.7 465.5
502 13.7 465.5
503 13.9 475.8
504 13.9 475.8
505 14.1 477.8
506 14.1 477.8

Mean Value 13.90 473.0
Measured Range 13.7 to 14.1 465.5 to 477.8

Theoretical Value 13.72 449.4
Percent Variation from Theoretical -0.1% to +2.8% + 3.6% to +6.3%

Table 8: Forte-Denectioa Cbaracteristics
Type B Isolators (827.10.38-5.75)

Serial Number K.1I (kips/ia) EDC (kip-in)

601 16.9 492.5
602 16.7 490.3
603 16.7 490.3
604 16.9 492.5
605 16.5 497.8
606 16.5 497.8
607 16.6 51S.3
608 16.2 467.2
609 16.2 467.2

Mean Value 16.58 490.1
Measured RDnge 16.2 to 16.9 467.2 to 515.3

Theoretical Value 16.92 457.3
Percent Variation from Theoretical -4.3% to -0.1% +2.2% to 127%
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DEFINmONS

Ao =
B =

~ =
E =
K =
P =

feq =
fl( =
fib =

f.,. =
f(; =
f u =
6 =
tJ. =

Bonded area of rubber
Plan dimension in l03ded direction of rectangular bearing of diameter of
circular bearing
Lateral displacement under earthquake loads
Modulus of elasticity of elastomer
Material constant
Maximum vertical load resulting from the combination of dead load plus live
load (including seismic live load, if applicable) using a y factor of 1
Shear strain due to d j, the seismic design displacement
Shear strain due to vertical loads
Shear strain due to maximum horizontal displacement resulting from creep,
post-tensioning, shrinkage, and thermal effects computed between the
installation temperature and the least favorable extreme temperature
Shear strain due to imposed rotation
Compression strain in bearing due to vertical loads
Minimum elongation-at-break of rubber
Rotation imposed on bearing
Shear deflection in the bearing
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ABSTRACT

This paper presents a Menshin design example of a highway bridge based on the
Japanese design specifications. The design of Varna-age Bridge which was mmpJeted in
May 1993 in Tochigi Prefecture is presented as an e:xample. The Varna-age bridge is of
6-span continuous concrete box girder with length of 246.3m. High damping rubber
bearings were adopted as Menshin devices.

YAMA-AGE BRIDGE

Fie- 1 and Photo 1 show the Varna-age bridge)) -3). Table 1 summarizes the
design outlines of the Varna-age bridle. The superstructure is of 6-span continuous
prestressed concrete two-cell box girder with length of 246.3m. The deck width ranging
from 6.5m (SWIdard section) to 8.Om (wide section). The abutment is of a inverted T-type
reini>reed concrete substructure and the piers are of reinforced concrete wall type with
rectanguJar section. The foundations of aD substructures are of direct foundation. High
damping rubber (}IDR) bearing is adopted for the bridge. Since Menshin design is applied
only in longitudinal direction, the displacement in transverse direction is restrained by
stoppers. Forced excitation test using an eccentric-mass shaker and quick-release jacks
was also made for the bridae in December 1992 as shown in Photo 2 4

).

The ground condition of the Yama-aae bridie consists of sand-,ravel layers and
slate layer. N-value by the standard penetration test for the 1IDd-Iflve1layers is ran,m,
from 30 to 50. and that of the slate layer is pater than SO. The cround condition is
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classified as Class I.

MENSHIN DESIGN OF YAMA-AGE BRIDGE

Design SP«ifications
The Yama-age Bridge was designed in accordance with the regulations of the

"Design Specifications for Highway Bridges5
) ". -Guidelines for Design of Menshin Highway

Bridges8)" and ~ual for Menshin Design of Highway Bridges 7) - 8) " were also referred
for the MensJUn design issues. It should be noted that since the bridge was designed based
on the Design Specifications for Highway Bridges, the design lateral force was not reduced
in consideration of the damping effect of Menshin bearings.

MensJain Design
Fia. 2 shows the Menshin design flow used for the Yama-age Bridge. In the

Menshin design of highway bridges, the Menshin devices are designed by the -Seismic
Coefficient Method" and the "Bearing Capacity Method-. In both methods, the lateral force
is statically applied to the bridge, and the seismic safety is checked based on the allowable
stress design approach in the Seismic Coefficient Method and bearing capacity basis
considering ductility in the Bearing Capacity Method. Bridges are designed by the Seismic
Coefficient Method, and then the ductility is checked for reinforced concrete piers by the
Bearing Capacity Method.

Dts;gn 0/Mtnsllin &an"l[
The relation between shear modulus of elasticity G ( r) and shear strain r for

HDR bearings adopted is shown in Fit- 3. The stiffness of the bearings shows the
nonlinear characteristics depending on the strain of the bearing. The shear modulus of HDR
is given by the following experimental equations.

G( r )=26.3-46.0r +45.77 2 -21.1 r 3+3.88r· (0< r ~1.8)} (1)
G( 1 )=0.31+6.89, -1.087 2 (T >1.8)

The design of HDR bearings was made according to the following procedure as :
1) Assume the design displacement of bearings for two levels of seismic lateral forces and

compute the shear strain of bearings.
u.

r=H. (2)

where,
T : shear strain
u • : desip displacement of bearina
H If : thic1mess of rubber bearina

2) Compute the shear modulus of elasticity and the equivalent stiffness of bearings.
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(3)

(6)

(4)

(5)

KII=Aox G( r)
where,

G ( 7) : shear modulus of elasticity
K II : equivalent stiffness
A 0 : sectional area of bearing

3) Compute the natural period of the bridge and the horizontal design lateral force
coefficient.

Kr=EK II
T= 2x ·R 4

,Jg·Kr

where,
K r : total stiffness of bearings
T : natural period
R 4 : dead load of superstructure
9 : gravity acceleration

4) Compute the displacement of bearings, and compare it with the assumed displacement.
Rd' k h

U .=
KII

where,
k h : lateral force coefficient

Tablea 2 to" show the design of HDR bearings of the Varna-age bridge.

Dtsitn Latmrl FIWCI Coef/icinat
The bridge was designed based on the Seismic Coefficient Method. Since the seismic

design structural unit of the Varna-age bridge is defined as the total bridge system,
analytical idealization of the bridge is shown in FiI- 4. Bearings and foundations were
modeled as equivalent linear spring elements. Natural period of the bridge is computed for
the seismic design st:ructuraI unit as :

T =2.01·.v7 (1)

fw(S)U(S)2ds
d= 00

f w ( S ) U ( s )ds

where,
T : natural period
w ( s) : dead weight of the seismic design stIUctura1 unit at point • s •
U ( s ) : lateral displacement at point • s • when subjected to w( s) in the

direction considered in design
Design seismic coefficient is computed as:
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[Seismic Coefficient Method]
k"=cz'cG'C,'CT'k,,o
c T=1.33' T-2/3 (Ground Condition: Class I)

where.
k " : latent force coefficient
C Z : modification factor for lOne <Fia. 5)
C G : modification factor for ground condition (Table 5)
c, : modification factor for importance (Table 6)
C T : modification factor for structural response (Table 1)
k "Ci : staOOard design horizontal seismic coefficient (=0.2)

(9)

(10)

(11)

k "c = C z· C , • C R' It "c 0 (12)
C R=O,876' T-2/3 (Ground Condition: Class I) (13)

where.
k ". : equivalent lateral force coefficient for Bearing Capacity Method
k "c : laten1 force coefficient for Bearing Capacity Method
C R : modification factor for structural response (Table 8)
11 : allowable ductility factor of reinforced concrete piers
It "co: standard design horizontal seismic coefficient (=1.0)

The natural period in longitudinal direction is l.56sec, and that of the tr:msverse
direction is 0.194sec. Therefore, the lateral force coefficients are 0.16 and 0.20 in
longitudinal and transverse directions, respectively. Since the natural period in longitudinal
direction with usual design is 1.075sec, the lateral force coefficient is 0.20. Hence, by
adopting the Menshin design, the lateral force is reduced by 20% tlwI the usual design.

Table 9 shows the relative displacement of bearings by the Seismic Coefficient
Method. Table 10 shows the bending moment at the bottom of piers. The bending moment
is compared between with and without the Menshin design. Fit- 6 shows the cross section
of pier (PI).

CIw:i ofIluriIt6 Ctz;«ity ftw LtztmJl FMU
To prevent a brittle fAilure such as falling-of of superstructure during large

earthquakes, the bearing capacity of the reinforced concrete piers designed by the Seismic
Coefficient Method was checked by the Bearing Caplcity Method.

The natural period of the bridge is computed usiDc the equivalent stiffness of
bearings corresponding to the design displacement and equivalent yielding stiffness of
substructures. Since it is 1.71 aec, the lateral mrce coefticient for the Beariq Capacity
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Method k _e is 0.60. Tables 11 and 12 shows the check results of the bearing capacity
of the reinforced concrete piers.

DyMmk Analysis
Dynamic Analysis was made to check the safety of the Yarna-age Bridge. the

response spectrum analysis and the time history analysis were made. The response
spectrum and time history acceleration data of the earthquake ground motion corresponding
to the Seismic Coefficient Method was used as an input acceleration. Table 13 shows the
equivalent stiffness and the equivalent damping ratio of HDR bearings.

Since the damping characteristics of the HDR bearings varies depending on the
displacement. the following experimental equation on the damping ratio was used.

h B =O.172-0.00693r +0.00276r 2-0.006924 r 3 (14)
where,

h B : effective damping ratio
r : shear strain of bearing

The damping ratio for the superstructure, substructures. and the foundations were
assumed as 3~, ~. and 1~. respectively. Table 14 shows the natural period and the
damping ratio of an each vibration mode. The 1st to 3rd vibration modes are shown in Fic
7. The 1st mode is a sway mode of the superstructure and this is the most predominant
mode in lolllitudinal direction. The damping ratio of the 1st mode is 14.3.,.

Tables 15 and 16 shows the displacement of bearings and sectional forces of the pier
bottom computed through the dynamic analyses in comparison with those by the Seismic
Coefficient Method. The displacement of bearings and bending moment by the dynamic
analyses are less than those by the Seismic Coefficient Method.

Fic- 8 shows the acceleration responses of deck and pier PI computed through the
time history analysis. It is found that the period of the deck response is elongated by
adopting the Menshin design and that the deck acceleration is reduced comparing with that
of the pier top.

It should be noted here that althoUlh the design 1aterII force was not reduced in
consideration of the damping elect by Menahin devices in the design, it is bmd through
the dynamic analyses that the response of the bridge is significantly reduced (by about 35
- ~ than those by the Seismic Coefficient Method) by adopting the Menshin desip.

Da;'" DeItIils
According to the design specifications, the &11ing-off prevention devices are installed

for the bridge. FiI- 9 shows the stopper to prevent excessive displacement of the deck.
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Table 1 Design Outline of Varna-age Bridge

Bridge Type Prestressed Concrete Post Tensioning
--

Structure 6-Span Continuous Box Girder

Road Class Design Vehicle Speed : 6Okm'h

Bridge Length 246.3m

Span Length 6 X 4O.8==244.8m

Deck Width Standard Section : 8.Om(roadway)+2.5m(side~== 10.5m
Widening section :ll.Om(roadway)+2.5m(side )==13.5m

Live Load TL-20

Impact Coefficient i == 1.01(20+l)

Alignment R= 00 -- A=24Om

Vertical Gradient l.~ -- VCl::::100m" R=2,SOOm -- 5.0'11

Cross Slope 1.5,*,(roadway), 2.0%(sidewalk)

Abutment Skew Angle 90° (AI), 900 2T 43" (A2)

Ground Condition Class : I

Desiglj Lateral kh=O.16 ~ngitudinal direction)
Force Coefficient k h =0.20 ransverBe direction)
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Table 6 Modification Factor for Importance C I

Group C I Definition

1st class 1.0 Bridges on express~imited access highways),
,enei'al nationil road principal prefectUral
load.~rtant bridges on genem prefectural
road municipal road.

-

2nd class 0.8 Other than the above

Table 7 Modification Factor for Structural Response C r

Ground Group Structural Response Coefficient Cr
--

Group I T<O.1 O.l~ T<Ll 1.1< T
C ,=2.69T 1/3,= 1.00 cr=l.25 C r=1.33T- 2 / 3

Group n T<O.2 O.2~ T<1.5 1.3< T
c ,=2.15 T 1/3,= 1.00 C ,=1.25 C r= 1.49T- 2 / 3

Group m T<O.~ 0.34~ T<1.5 1.5< T
c ,=l.~Tl 3'=1.00 C r=1.25 C ,=1.64T-2/3

Table 8 Modification Factor for Structural Response c.

Ground Group Structural Responae Coefficient CR

Group I T~1.4 1.4< T
C .=0.7 C .=O.876T-2 / 3

Group n T<O.l~ 0.18~ T:it 1.6 1.6< T
c .=1.15T 1 311::0.7 c .=0.85 c .=1.16T- 2 / 3

Group m T<O.~ O.29S T :it2.0 2.0< T
C .=1.15T 311::0.7 c .=1.00 C .=1.59T- 2

/ 3
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Table 9 Relative Displacement of Bearings by Seismic Coefficient Method (unit:cm)

Item Al PI P2 P3 Pol I P5 A2

Relative Displacement 10.04 8.31 5.65 6.33 6.62 [ 7.22 9.75
of Bearings

-
Desigq Displacement 7.77

of Beatings

Table 10 Bending Moment at the Bottom of Piers (unittf'm)

Item PI P2 P3 P.. P5

Menshin Design ",704.7 3,677.2 2,824.4 2,345.0 2,017.0

Usual Design 4,793.2 5,062.8 4,760.8 4,601.5 4,578.2
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Table 12 Relative Displacement of Bearings by Bearing Capacity Method (unit:cm)

Al PI P2 P3 P4 P5 A2.

Relative Displacement 48.86 30.50 20.08 204.85 28.51 3Ul6 48.11
of Beaiing

Desigl! Disp1acement 32.69
ofBeanng
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Table 14 Natural Period and Damping Ratio

Mode No. Natural Period (sec) Damping Ratio

1 1.546 0.143

2 0.451 0.030

3 0.419 0.030

4 0.357 0.030

5 0.302 0.092

6 0.299 0.056

7 0.273 0.115

8 0.259 0.031

9 0.253 0.114

10 0.236 0.031

Table 15 Displacement of Bearing computed by Dynamic Analysis Method (unit:mm)

Seismic
Dynamic Analysis

Coefficient ResponseS~ Time History
Method Analysis Analysis

Al 100.42 65.76 68.72

PI 83.08 55.05 58.70

P2 77.84 36.85 38.82

P3 77,84 41.59 44.74

P4 77,84 43.60 47.14

P5 77,84 47.85 51.32

A2 97.51 63.47 67.77
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Table 16 Sectional Forces at Pier Bottom computed by Dynamic Analysis Method

Seismic Dynamic analysis
Item Coefficient ResponseS~ Tune HistoryMethod Analysis Analysis

Al 3,998.1 828.9 866.4

PI 4,3M.4 2,665.1 2,710.0

P2 3,652.9 2,325.6 2,665.7

Bending Moment P3 2,777.8 1,754.7 1,929.7

(tf·m) P4 2,322.4 1,464.7 1,570.7

P5 1,992.3 1,234.7 1,272.4

A2 900.7 514.4 533.4

Al 426.6 47.3 49.4

PI 345.1 200.0 186.2

P2 286.5 165.0 206.9

Shear stress P3 238.5 140.8 162.6

(tf) P4 218.3 129.5 146.1

P5 218.6 128.2 138.2

A2 146.8 101.6 90.8
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r Start I
I

Preliminary Design of Bridge
I

Design of Menshin Bearin2
by Seismic Coefficient Metfiod
aild Bearing Capacity Method

1

Desip of Substructure
by Seismic Coefficient Method

1

Check of BearinJ[ Ca~city of RC Piers
by Bearing "'Capacity Method

I

Check of Safety by Dynamic Analysis
I

r End I

F.,. 2 Menshin Design F10w

o 1.0 2.0 3.0
Shear 'strain '1

4.0

File 3 G( r) - r Relation of High Damping Rubber
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Photo 1 Yarna-age Bridge

Photo 2 Forced Excitation Test usinc Quick- Release jacks
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THIRD US..JAPAN WORKSHOP ON
EARTHQUAKE PROTECTIVE SYSTEMS FOR BRIDGES

January 24-25, 1994
Berkeley Marina Marriott Hotel

Berkeley, California

Workshop Program

Saturday, January 22, 1994

4:30 pm Dinner Cruise Hosted by Japan Side

Sunday, January 23,1994

Study Tour

Monday, January 24, 1994

8:00 am
8:15 am

REGISTRATION
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Co-chairmen: M. Shinozuka

S. Unjoh
<US Side)
(Japan Side)

US Side: S-C Liu National Science Foundation
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and Technology
J.D. Cooper Federal Highway Administration
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K. Kawashima Public Works Research Institute

US Workshop Committee: I.G. Buckle, State University
of New York at Buffalo
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10:15 am

12:15 pm

1:30 pm

2:50pm

SESSION 1: PB88ive Protective Systems
Co-chairmen: S. Mahin (US Side)

K. Toki (Japan Side)

J2: Application of Base Isolation Bearings for Lateral Force
Distribution (Takal~ T., Kimishima, T., Izuma, S. and
Endou, K)

U2: Shake Table Tests on Base-Isolated Bridge With Sliding
System (Feng. M. and Okamoto, S.)

J3: Development of New Type Damper for Cable Stayed Bridge
(Kitazawa, M., Iseki, J. and Shimoda, I.)

V3: Experimental Study of a Class of Bridge Sliding Seismic
Isolation Systems <Constantinou, M., Tsopela8, P. and
Okamoto, S.)

J4: Hp-covery Characteristics of Dynamic Propertil's of High
Damping Rubber Bearings (Murota, N., Goda, K., Suzuki,
S., Sudo, C. and Suizu, Y.)

U4: Effects of Pier Uplift and Sliding Isolation on Seismic
Performance of Highway Bridges~ X-F and Gould, P.)

Lunch

SESSION 2: Hybrid Protective Systems. I
Co-chairmen: 1. Friedland (US Side)

M. Hoshiya (Japan Side)

J15: Seismic Response Control of Highway Bridges by Variable
Stiffness Control (Kflwashima, It, Unioh, S. and Mukai,
H.)

U7: Use ofHybrid Dampers for Vibration Control ofStructures
(Gordaninejad, F., Ray, A. and Wang, H.)

J5: Application of Electro-Rheological Fluid for Variable
Damper (Kawashima, K., Unioh, S. Suzuki, S. and Endoh,
S.)

J16: Fuzzy Control of Bridge Vibrr.tion by Using Variable
Dampers (Sun, L. and Goto, v.)

Break
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3:05 pm

4:25 pm

4:40p.m.

6:00 pm
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J17: Prediction Control of a soor System <Hoshiva. M. and
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SESSION 4: Design Issues and Applications. I
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Y. Yoshida (Japan Side)

J6: Extension of Equivalent Energy Method for Menshin
Bridges <Hi!:iL T. and Sugimoto, M.)

U8: Current Caltrans Analysis Methods of Bridges Isolated
With Bi-Linear Hysteresis Bearings (Sheng. L-H., Hwang,
J-S. and Gates, J.)

J 10: Design of a Menshin Bridge on Soft Ground (Hayashi, A.)
U9: Ultimate Restraint Considerations in Base-Isolated Bridges

(Allred, B., Shepherd. R., and Billings, L.)

Break

Reception and Dinner Hosted by U.S. Side

Tuesday, January 25,1994
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J7: Design Plan of a Super Multi-span Continuous Menshin
Bridge with Deck Length of 725m (Masumoto, H., !1m. K.
and Yamashita. M.)

VI0: Critical Loads of Elastomeric Isolators at High Shear
Strain (Buckle, I. and Liu, H.)

J8: A Comparison Study on the Support Systems of a Multi
span Continuous Steel Bridge (Nanjoh, J., Nishibayashi.
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V11: Base Isolation of the University Bridge (KoutsoukQs. D.
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Ingham, T.)

Break

SESSION 6: Experimental and Field Observations· I
Co-chairmen: H. Shenton (US Side)

Y. Suizu (Japan Side)

J 11: Vibration Test of a Meshin Designed Multi-span
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Kawakami, K., Kumakura, K, Tani, H. and Abe, NJ

V13: Field Testing of Bridges Before and After Retrofitting with
Seismic Isolation Bearings (Chen, S. and Mander, J,)

J12: Design of a Long Prestressed Concrete Continuous Girder
Bridge Using Base Isolators (Hasegawa, K., Shikauchi, S.,
Ohsaki, H. and Fuiiwara, Y.)

U14: Field Testing of the Seismically Isolated Walnut Creek
Viaduct (Mahin, S., Aiken, I. and Gilani, A,)

Lunch & Photo Session

SESSION 7: Experimental and Field Observations· n
Co-chairmen: M. Constantinou (US Side)
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U15: CaltransIFHWA Program for Performance Testing of
Seismic Isolation and Energy Dissipation Systems (Sultan,
M. and Sheng, LoH.>

J 14: Seismic Response Characteristics of the Hokumei Bridge
Using Rubber Bearings (Kawamura, S., Tarumi, Y. and
Kubo, A)

U16: Guidelines for Pre-qualification, Prototype, and Quality
Control Testing ofSeismic Isolation Systems (Shenton, n.)

BreaJc
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3:30pm DESIGN EXAMPLE
Co-chairmen: I. Buckle

K. Kawashima
(US Side)
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4:30 pm

5:30pm

US Presentation - Isolation System Design and Specification
for the Olympic Boulevard Off.Ramp
(Jones. D. and Choudhury, D.)
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Bridge (Kawashima, K., Unjoh, S., Uzuka,
T., Kawakami, K., Kumakura, K. and
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Department of Civil Engineering
Room 245 Engineering Laboratory
University of CalifornialIrvine
Irvine, CA 92717
Tel. 714-856-7393
Fax. 714·725-2117

Masanobu Shinozuka
Sollenberger Professor of
Civil Engineering

Department of Civil Engineering
E209 Engineering Quadrangle
Princeton University
Princeton, NJ 08544
Tel. 609-258-6757
Fax. 609·258-6759

Tony Smith, President
Jarret, Inc.
4050 Washington Road
McMurray, PA 15317
Tel. 412-942-0130
Fax. 412-942·0140

Mohsen Sultan
California Department of Transportation
Division of Structures
P.O. Boz 942874
Sacramento, CA 94274-0001
Tel. 916-~7·8806

Fax. 916-227-8898



Wendy Taniwangsa
Earthquake Engineering Research Center
1301 South 46th Street
Richmond, CA 94804
Tel. 510-231-9556
Fax. 510-231-5696

Panagiotis T80pelas
Department of Civil Engineering
212 Ketter Hall
State University of New York at Buffalo
Buffalo, NY 14260
Tel. 716-645-2114
Fax. 716-645-3733

Umesh Vasishth
Exeltech, Consulting Engineers
2627 A Parkmont Lane SW
Olympia, WA 98502
Tel. 206-357-8289
Fax. 206-357-8225

Xiao-Feng Wang
School of Engineering & Applied Science
Department of Civil Engineering
Campus Box 1130
One Brookings Drive
Washington University in St. Louis
St. Louis, MO 63130-4899
Tel. 314-935-6350
Fax. 314-935-4338
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Department of Civil and Environmental

Engineering
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Tel. 714-856-4246
Fax. 714-856-5051
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P.O. Box 942874
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Tel. 916-227-8806
Fax. 916-227-8898
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Department of Civil Engineering
1, Roosevelt Road S~. 4.
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Tel. 886-2-363-8608
Fax. 886-2-362-2975

Jenn-Shin Hwang
National Taiwan Institute of Technology
Department of Construction Engineering
P.O. Box 90-130
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Tel. 886-2-737-6599
Fax. 886-2-737-6606
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Engineering Division
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Corporation

(Cunently Graduate Student of
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at Berkeley)

4-1-3 Kyutaro-cho Chuo-Ku,
Osaka, Japan, 541
Tel. 81-06-252-8121
Fax. 81-06-252-4583

Mr. Kazuo Endoh
Chief Engineer
Construction Materials Department
The Yokohama Rubber Co., Ltd.
36-11 Shinbashi, 5-Chome
Minatu-ko
Tokyo, Japan, 105
Tel. 81-0463-32-2700
Fax. 81-0463-32-1703

Mr. Yasuhisa Fujiwara
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Construction and Engineering Division
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Sumitomo Construction Co., Ltd.
13-4, Araki, Shinjyuku-ku
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Tel. 81-03-3225-5135
Fax. 81-03·3353-6656
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Manager, The 5th Civil Engineering Division
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Obayashi Corporation
4-640, Shimokiyoto, Kiyose-shi,
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Tel. 81-0424-95-0951
Fax. 81-0424-95-0903

Mr. Koji Hara
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Tel 81-0509-20-2219
Fax. 81-0509-22-6684
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I, Aaahi, Tsukuba-shi, Ibaraki,
Japan 305
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Fu:. 81-0298-64-0598

Professor Masaru Hoshiya
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Muaashi Institute of Technology
1-28·1, Tamatsutsumi, Setagaya-ku
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Mr. Kazuomi Kumakura
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Japan
Tel. 03-3668-0451
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University of Tex8s)
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Fax. 81-03-3503-1806
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Reseurh Engineer
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Fax. 81-0423-43·6342
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Japan,213
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Fax. 81-044-BI2-8825

Dr. Tatsumasa Takaku
General Manager
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2-1, Suehiro-cho, Tsurumi-ku, Yokohama
Japan, 230
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Mr. Isao Takatori
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1-12-11, Dllito, Daitoh-ku
Tokyo, Japan, 110
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Ministry of Construction
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Japan 305
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Mr. Mikio Yamashita
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Kaihatsu Consultant Co., Ltd.
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Proceedings from the First and
Second Workshops on Earthquake

Protective Systems for Bridges

The Works"ops

-

The National Center for Earthquake Engineering Research and the Public Works
Research Institute of Japan have organized two previous workshops on Earthquake
Protective Systems for Bridges. Proceedings from both workshops feature many state
of-the-art papers on U.S. and Japanese design methodologies. Both workshops were
conducted under the auspices ofTask Committee G on Passive. Active and Hybrid
Control Systems and Task Committee J on Wind and Earthquake Engineering for
Transportation Systems ofthe UJNR Panel on Wind and Seismic Effects.

Order
In/ormation

To order the Proceedings/rom the First U.S.-Japan Workshop on Earl"fullke
Protective Systems for Bridges and/or Tire Second U.S.-Japan Worh"op on Earl"
quake Protective Systems/or Bridges, please complete the form below and mail it to:
National Center for Earthquake Engineering Research. Publications Department.
State University ofNew York al Buffalo, Red Jacket Quadrangle, Buffalo. NY 14]61.

J.:!panese participants should obtain The Second U.S.-Japan Works"op on Earl"
quake Protective Systems/or Bridges from the Public Works Research Institute.
MiniSh;' ofConstruction, Government ofJapan, I, Asahi, Tskuba-shl, Ibaraki-ken.
305 Japan. Telephone: (0298) 64-2211; fax: (0298) 64-2840.

----------------_..----------------------
Yes, I would like to order the Proceedingsftolfltlu
Fint and/or Secolld U.S.-Japall Works"ops Oil

E(lrt"f""k~Protective SystellfS for Bridgn as
specifiedhelow:

Please ship 10:

Name: -----------------
Organization: _

City/State/Zip: _

Country: _

Telephone: _

------------Add..:c:s:

U.s. Orders:
Copies of the Flnt U.s..J."." Worb"op
ProcHdlllgs (NCEER-92-0004) at $40.00
per copy.

Copies of the S«""d U.s.-J."." W",ls"op
ProcHdlllgs (ISSN 0386-S878;Technical
Memorandum ofPWRl No. 31(6) at
$S.OO per copy (to cover shipping and
handling only).

l"te",.IIo"., Orders:
Copies of Flnt U.S.-JIIpIIII WorlsJlop
ProcHdlllgs (NCEER-92-<lOO4) at $50.00
per copy.

»Pitas'! fXl}' by cMd: or purchase ortie, tHIIy Ma~ checks
fJ.'I)'dblt 10 the laftIdI F..".."»All prices include postagt and lumdJi"g. hporu art Still
tithe, library ,att. boot ,ate or fhi,d class within lhe U. S.
Allow 3-4 1ftd" for delivery.
~ RlUh Stf'V.Ct is CllIQilable. Add S7.00 Us. or SHOO illlerna
lional. Reporu will be still via first class mail or airmail.
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NATIONAL CENTER FOR EARTHQUAKE ENGINEERING RESEARCH
LIST OF TECHNICAL REPORTS

The National Center for Earthquake Engineering Research (NCEER) publishes technical ~por1s on a variety of subjects ~Ilted

to earthquake engineering written by authors funded through NCEER. These repor1s are available from both NCEER's
Publications Department and the National Technicallnfonnation service (NTIS). Requests for repons should be directed 10

the Publications Department, National Center for Earthquake Engineering Research. Slate University of New York at Buffalo.
Red Jacket Quadrangle, Buffalo, New York 14261. Reports can also be ~quested through NTIS. ~28~ Port Royal Road.
Springfield, Virginia 22161. NTIS accession numbers are sho....n in parenthesis. if available.

NCEER·87.()()()1 "First-Year Program in Research. Education and Technology Tnmsfer: 3/5/87. (PB88·13427~).

NCEER·87.()()()2 "Experimental Evaluation of Instantaneous Optimal Algorithms for Structural Control." by R.c. Lin. T.T.
Soong and A.M. Reinhom, 4120/87. (P888-13434I ).

NCEER·87'()()()3 "Experimentation Using the Earthquake Simulation Facilities at University al Buffalo," by A.M. Reinhom
and R.L. Kelter. to be published.

Ncn.R-87-0004 "The System Characteristics and Perfonnance of a Shaking Table: by J.5. Hwang. KC. Chang and G.c.
Lee, 6/1187. (PB88-134259). This report is available only through NTIS (see address given above).

NCEER·87-OOO5 "A Finite Element Fonnulation for Nonlinear Viscoplastic Material Using a Q Model" by O. Gyebi and
G. Dasgupta. 11/2/87. (PB88·213764).

NCEER-87-Q006 "Symbolic Manipulation Progl1lm (SMP) • Algebraic Codes for Two and Three Dimensional Finite Element
Fonnulations," by X. Lee and G. Dasgupta. 1119187. (P888.218S22).

NCEER-87-OOO7 "Instantaneous Optimal Control Laws for rail Buildings Under Seismic Excitations." by J.N. Yang. A.
Akbarpour and P. Ghaemrnaghami. 6110/87. (PB8S-134333). This repolt is only available through NTIS
(see address given above).

NCEER-87-OOOS "IDARC: Inelastic Damage Analysis of Reinforced Concrete Fl1lme • Shear·Wall Structures." by Y.J. Park.
A.M. Reinhom and S.K. KUMath, 7120/87 (PB88-134325).

NCEER-ll7.()()()9 "liquefaction Potential for New York Stale: A Preliminary Report on Sites in Manhattan and Buffalo," by
M. Budhu, V. Vijayakumar. R.F. Giese and L. Baumgras, 8/31187. (PB38·163704). This repon is available
only through NTIS (see address given above).

NCEER·87-OO10 "Vertical and Torsional Vibration of Foundations in Inhomogeneous Media," by A.S. Veletsos and K.W.
Dotson. 6/1187, (PB88·134291),

NCEER-87-OO11 "Seismic Probabilistic Risk Assessment and seismic Margins Studies for Nuclear Power Plants," by Howard
H.M. Hwang. 6/15/87. (PB88-134267).

NCEER-87-OO12 "Panunetric Studies of Frequency Response ofSecondary Systems Under Ground·Acceleration Excitations,"
by Y, Yang and Y,K. Lin. 6/10/87. (PB88.134309).

NCEER-87eOOI3 "Frequency Response of Secondary Systems Under Seismic Excitation," by J.A. HoLung. J. Cai and Y.K.
Lin, 7/31187, (PBS8-nOI7).

NCEER-I7.()()14 "Modelling Earthquake Grouod Motions in Seismically Active Regions Using Parametric Time Series
MedIods," by GW. Ellis and A.S. Cakmak, 812~187, (P888-134283).

NCEER-87.()() I5 "Detection and Assessment of SCismic Structural Damage," by E. DiPasquale and A.S Cakmak, 8125117.
(P888-163712).
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NCEER-87-OO16 "Pipeline Experiment at Parkfield. California," by J. Isenberg and E. Richardson. 9/1 ~/87. (PB88.163720).
This report is available only through NTIS (sec address given above).

NCEER-87-OO17 "Digital Simulation of Scismic Ground Motion," by M. Shinozuka. G. Deodatis and T. Harada, 8/31187.
(PB88·1$5197). This report is available only through NTIS (see address given above).

NCEER-87-<1018 "Practical Considerations for Suuctural Control: System Uncertainty, System Time Delay and Tnlncation
of Small Control Forces," J.N. Yang and A Akbarpour. 8/10187, (PB88.163738).

NCEER-87-OO19 "Modal Analysis of Nonclassically Damped Suuclural Systems Using Canonical Transformation," by J.N.
Yang. S. Sarkani and F.X. Long. 9127187, (PB88-1878SI).

NCEER-87-OO20 "A Nonstationary Solution in Random Vibration Theory," by J.R. Red-Horse and P.O. Spanos, 11/3187,
(PB88.163746).

NCEER·87-OO21 "HorLwntal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by AS Veletsos and KW.
Dotson, 10115/87. (pB88-l S0859).

NCEER·87-OO22 "Scismic Damage Assessment of Reinforced Concrete Members," by Y.S. Chung, C. Meyer and M.
Shinozuka, 1019187. (PB88·150867). This repon is available only through NTIS (see address given above).

NCEER-87-0023 "Active Structural Control in Civil Engineering," by TT. Soong, 11/11/87, (PB88-187778).

NCEER-87-OO24 "Vertical and Torsional Impedances for Radially Inhomogene'.Js Viscoelastic Soil Layers." by K.W. Dotson
and A.S. Veletsos, 12/87, (PB88·187786).

NCEER·87-OO2S "Proceedings from the Symposium on Seismic Hazards. Ground Motions, Soil-Liquefaction and Engineering
Practice in Eastern North America," October 20-22. 1987. edited by K.H. Jacob. 12/87, (PB88-1881IS).

NCEER·87-OO26 "Report on the Whittier·Narrows. California, EarthQlI;\ke c>f October I, 1987," by J.
Pantelic and A. Reinhorn. 11/87, (PB88·187752). This report IS auilable only through NTIS (see address
given above).

NCEER-87-OO27 "Design ofa Modular Program for Transient Nonlinear Analysis of Large 3-0 Building Structures," by S.
Srivastav and J.F. Abel, 12130/87. (PB88-187950).

NCEER-87-OO28 "Sccond·Year Program in Research, Education and Technology Transfer," 318188. (PB88·2 I9480).

tICEER·88-0001 "Workshop on Scismic Computer Analysis and Design of Buildings With Interactive Graphics," by W.
McGuire. J.F. Abel and C.H. Conley, 1118188, (PB88-187760).

NCEER-88-OOO2 "Optimal Control of Nonlinear Flexible Structures," by J.N. Yang, F.X. Long and D. Wong. 1122138.
(PB88-2I3772).

NCEER-88-OOO3 "Substrucluring Techniques in the Time Domain for Primary·Sccondary Structural Systems," by G.D.
Manolis and G. Juhn. 2/10188, (PB88-213780).

NCEER-88-Q004 "Iterative Scismic Analysis of Primary-Sccondary Systems," by A. Singhal, L.D. Lutes and P.O. Spanos.
2123188. (PB88·213798).

NCEER-88-000S "Stochastic Finite Element Expansion for Random Media," by P.O. Spanos and R. Ghanem. 3/14181.
(PB88-2 13806).
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NCEER-88.Q006 "Combining SUUctural Optimization and SUUctural Control," by F.Y. C.<.Cllg and C.P. Pantc:lides, 1/10/88,
(PB88-213814)

NCEER-88-0007 "Seismic Perfonnance Asses~menl of Code-Designed Suuctures," by H.H-M. Hwang, loW. law and H-J.
Shau, 3120188, (PB88·219423).

NCEER-88-0008 "Reliability Analysis ofCode-Oesigned SUUctures Under Natural Hazards," by H.H-M. Hwang, H. Ushiba
and M. Shinozuka, 2129/88, (PB88-229471).

NCEER·88-fJ009 "Seismic Fragility Analysis of Shear Wall Structures," by J-W Jaw and II.H-M. Hwallg, 4/30/88, (PB89
102867).

NCEER·88.QOIO "Base Isolation of a Multi.Story Building Under a Harmonic Ground Motion - A Comparison of
Perfonnances of Various Systems," by F-G Fan, G. Ahmadi and I.G. Tadjbakhsh, S/I8I88. (PB89-122238).

NCEER-88.QOII "Seismic Floor Response Spectra for a Combined System by Green's Functions." by F.M. Lavelle. L.A.
Bergman and Po. Spanos, S/I/88, (PB89-I0287S).

NCEER-88.Q012 "A New Solution Technique for Randomly Excitc:d Hysteretic Structures," by G.Q. Cai and Y.K. Lin,
S/16/88, (PB89-I02883).

NCEER-88.QOI3 "A Study of Radiation Damping and Soil·Structure Interaction Effects in the Centrifuge,"
by K. Weissman. supervised by J.H. Prevost, S124188, (PB89-144703).

NCEER-88.Q014 "Parameter Identification and Implemenlation of a Kinematic Plasticity Model for Frictional Soils," by l.H.
Prevost and D.V. Griffiths, to be published.

NCEER·88.QOIS "Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam," by D.V.
Griffiths and l.H. Prevos' 6/17/88, (PB89-1447 I I).

NCEER-88.Q016 "Damage Assessment of Reinforced Concrete Structures in Eastern United States," by A.M. Reinhom. MJ.
Seidel, S.K. Kunnath and YJ. Park, 6/IS188. (PB89·122220).

NCEER·88.Q017 "Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils," by S.
Ahmad and AS.M. Israil, 6/17/88, (PB89.10289 I).

NCEER·88-OO18 "An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers," by R.C. Lin,
Z. Liang, T.T. Soong and R.H.Zhang, 6/30/88, (PB89-1222 12). This report is available only through NTIS
(see address given abo~e).

NCEER-88.Q019 "EKperimental Investigation of Primary - Secondary System Interaction: by G.D. Manolis. G. Juhn and
A.M. Reinhom, 5127/88, (PB89-122204).

NCEER-88-OO20 "A Response Spectrum Approach For Analysis of Nonclassically Damped Structures," by J.N. Yang. S.
Salkani and F.X. Long. 4122188, (PB89-102909).

NCEER·88-OO21 "Seismic Interaction of Structures and Soils: Stochastic Approach," b)' A.S. Veletsos and A.M. Prasad,
7121188, (PB89-1 22196).

NCEER-8800022 "Ictentilieation of the Serviceability Limit State and Detection of Seismic SUUetural Damage." by E.
DiPasquale and A.S. Cakmak, 6/1~188. (PB89-122188). This report is available only through NTIS (see
address given above).

NCEER-88-OO23 "Multi-Hazard Risk Analysis: Case ofa Simple Offshore Structure: by B.K.. Bhania md E.H. Vanman:ke.
7121/88. (PB89-IU213).
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NCEER-88-OO24 "Automated Seismic Design of Rein"or~~d Concrete Buildings," by V.S. Chung. C. Meyer and M.
Shinozulc.a, 7/5/18, (PBI9-122 I70). This report is available only through NTIS (see address given above).

NCEER-8I-0025 "Experimental Study of A.cti'ie Control of MDOF SlJUc~s Under Seismic Excitations," by LL Chung.
R.C. Lin, T.T. Soong and AM. Reinhom, 7/10/18, (P889.122600).

NCEER-8S-0026 "Earthquake Simulation Tests of a Low-Rise Metal Structure," b}' J.S. Hwang, K.C. Chang, G.C. Lee and
R.L. Kener, 8/1/81, (PB89-102917).

NCEER-8S-0027 "Systems Study of Urban Response and Reconstruction Due to Catastrophic Ear1hquakcs," by F. Kozin and
H.K. Zhou, 9122111, (P890-162341).

NCEER-88-OO28 "Seismic Fragility Analysis of Plane Frame Structures," by H.H-M Hwang and V.K. Low. 7/31/88, (PB89
131445).

NCEER-88.Q029 "Response Analysis of StoChastic Structures,· by A. Kardara, C. BlICher and M. Shinozuka, 9122/8S, (P089
174429).

NCEER-88.()()30 "NoMormal Accelerations Due to Yielding in a Primary Structure," by DC.K. Chen and L.D. Lutes,
9/19/18, (PB89-131437).

NCEER-8I.()()31 "Design Approaches for Soil-StJUcture Interaction," by A.S. Veletsos, A.M. Prasad and V. TlIJlg, 12130/81,
(PBI9-174437). This report is a'iailable only through NTIS (see addre~s given above).

NCEER-llll-0032 "A Re-evaluation of Design Spectra for Seismic Damage Control," by C.J. Turltstra and A.G. TaHin,
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