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tective Systems for Bridges, held in Buffalo, New York on September II and 5, 1991. This
comprehensive workshop saw the presentation and discussion of 41 papers covering a wide
range of topics: seismic isolation hardware, the testing of isolated bridges and components,
active control and hybrid systems, design issues and applications, long span lJridges,
seismic retrofit and new construction. Of particular interest was the difference in
philosophy between menshin design in Japan and seismic Isolation as practiced in the Unitec
States. The need to lengthen the period of vibration is not so important (in Japan) as the
requirement to keep joint clearances small. Other issues included joint design, displacemer1
restraint devices, and durability of isolation hardware in the field. This report also con-
tains a set of resolutions adopted at the meeting regarding future cooperation between the
United States and Japan.
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Preface

This report is the Proceedings from the First U.S.-Japan Workshop on Earthquake
Protective Systems for Bridges. which was held in Buffalo, New York on September 4 and 5,
1991. Conducted under the auspices of Task Committee G on Passive. Active and Hybrid
Controls ."r the UJNR Panel on Wind and Seismic Effects, the workshop was attended by 35
Japanese ..,: 28 U.S. participants. In addition, four observers from Taiwan and People's Repub
lic of China were in attendance. U.S. sponsorship for the meeting was provided by the N?tional
Center for Earthquake Engineering Research (NCEER), which is headquartered on the campus of
the State University of New York at Buffalo. The organizer for the Japan-side was the Public
Works r{esearch Institute (PWRI) of the Ministry of Construction.

This comprehe:.si;'e workshop comprised the presentation and discussion of 29 papers
which covered a wide Tallg: of topics including seismic isolation hardware, the testing of isolated
bridges and components. active control and hybrid systems, design issues and applications, long
span bridges, seismic retrofit and new construction. Fruitful discussion on many issues of
common concern took place. Of particular interest was the difference in philosophy between
menshin design in Japan and seismic isolation as practiced in the United States. The need to
lengthen the period of vibration is not so important (in Japan) as the requirement to keep joint
clearances small. Other issues included joint design, displacement restraint devices, and
durability of isolation hardware in the field. A set of resolutions were adopted by the meeting
regarding future cooperation between the Unied States and Japan. These resolutions are con
tained herein.

In conjunction with the workshop. a study tour of base isolated bridges in the United
States was undertaken by the Japanese participants. The purpose was to obtain first-hand knowl
edge about U.S. practice concerning the use of base isolation for seismic retrofit and the con
struction of new bridges.
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Resolutions

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

2. In view of the success of this ftrst workshop, the importance of this technology and the
rapidly advancing state-of-the-art, it is resolved that a second U.S.-Japan Workshop on
Earthquake Protective Systems for Bridges be held in Japan late in 1992.

3. It is further resolved that the second workshop be oriented towards research and applica
tion rather than state-of-the-art reviews. Topics to be covered should include: (1) innova
tive protective systems; (2) design methods for base isolatedJmenshin bridges; (3) design
of utilities carried by isolated bridges so as to accommodate movement; and (4) full-scale
verification of performance.

Another activity for the second workshop should be the comparison of U.S. and Japanese
isolationlmenshin designs for the same bridge. This project requires the design exercises
to be completed before the next meeting, so that the results are available for presentation
and discussion. For such an exercise to be useful, practitioners and designers should be
active participants in the workshop.
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1. Opening Session and Overview

A Perspe<:tive of Menshin Design for Highway Bridges in Japan
K. Kawashima. K. Hasegawa and H. Nagashima

History and Application of Seismic Isolation to Highway Bridges in the United States
J. Buckle and R. Mayes
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A PERSPECTIVE OF MENSHIN DESIGN FOR nIGRWAY BRIDGES IN JAPAN

KazuhIko KAWASHIMA, KInjl HASEGAWA and HIroyukJ NAGASHlMA

Earthquake Engineering Division. Publlc Works Research Institute

SUMMARY

Presented are current technIcal developments for the base Isolation to
ordinary sIze of highway brIdges wIth span length from 10 m to 50 m in Jap'1D.
SeIsmIc envIronment, history of seIsmIc damage and formUlatIon of seismic
design codes are firstly described with emphasIs on motivation for Introducing
the base Isolation. Because elongation of natural period of bridges Is qUite
dIfficult to be adopted due to varIous restrictIons associated wIth deck
displacement, a "Menshin Design" whIch alms even distrIbution of lateral force
to each substructure as well as increase of energy dIsslpl:'t Ing capabilIty Is
becomIng to be Incorporated. ExIsting and current efforts for developIng the
Menshln DesIgn IncludIng pilot construction and a JoInt arch program of the
Menshln Design Is presented.

INTRODUCTION

HIghways in Japan consist of Expressways (3,721 km). NatIonal HIghways
(46.661 km), Prefectural Roads (128.202 km) and Municipal Roads (925,138 km).
Along the hIghways and roads, excluding the Municipal Roads, there are about
60,000 bridges with span length of 15 m or longer. Although the number of
bridges constructed per year depends on the year and span length. it Is about
6,000 for concrete bridges and 2.000 for steel brIdges with the length of 15 m
or longer.

Base isolation has been hIghlighted in Japan as a new technology to
reduce seIsmic response of structures. and more than 30 base-isolated
buildIngs have been constructed. The principles of base ISOlation Is to
elongation the natural period of a structure and enhance the energy
dissipating capabllity with a base isolation device. which consist of an
Isolator and an energy dissipator. Although the base Isolation has been
applIed to highway bridges in New Zealand and U.S.A.(Refs. 1 - 4), seIsmicity Is
higher and ground condition Is softer In Japan, so that a specific research and
development be IneVitable for applyIng the base IsolatIon to highway brIdges
In Japan.

This paper describes the current efforts for incorporating the base
Isolation to selsllic design of hIghway bridges. Because desIgn consideration Is
different wIth large bridges such as cable-stayed bridges. descrIption Is
concentrated here to ordinary size of highway bridges with span length of 10
to 50 II. Overcrosslng and viaduct in cIty area Is also Included here as
"brIdge". SeIsmic design philosophy of those hIghway brIdges IncludIng the the
history of brIdge damage In the past and past revIsIon of seIsmIc desIgn codes
is presented with ellphasis on the lIotivatIon for Incorporating the base
isolation. Because elonratlon of natural period Is difficult to be adopted and
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distribution of lateral force to substructures Is now becoming considerably
Important, a slightly dIfferent concept with the base Isolation Is beIng
Introduced by taking advantages of energy dissipation and distribution of
lateral force. It is referred as "Menshin Design". Outllne of the existing and
on-goIng researches IncludIng a joInt program between the Public Works
Research Institute and 28 private firms entitled "Development of Mcnshin Design
of Highway Bridges" (Ref. 5) are also presented.

CURRENT SEISMIC DESIGN AND PHILOSOPHY OF DIGDWAY BRIDGES

History of Earthquake Dauges Located along the Paclfic SeismIc Belt. Japan
Is one of the most seIsmicallY disastrous countrIes In the world and has often
suffered sIgnIfIcant damage from large earthquakes. Fig. 1 shows the largest
magnItude of the earthquakes which occurred in the past (Ref. 6). It Is
recognIzed that the earthquakes wIth magnItude over 8 occurred with rather
short recurrent perIod In and around Japan In the past. It should be noted
that seIsmlclty is especially high along the Paclflc coast where large citIes In
population and industrial products such as Tokyo. Osaka and Nagoya are
located.

!+---+-36

i+---t-34

f1--+--f-~L..--+-+-32

144

Fig. 1 Largest Earthquake Macnltude Which OCCurred In the Past

Table 1 shows the highway bridges whIch suffered damages in the past
earthquakes sInce the Kanto Earthquake of 1923 (Ref. 7). It should be noted
that although there were many brIdges which suffered damages due to
earthquakes. number of brIdges which fell down was only 15. It Is Important to
note that damage types have been varying as shown In Table 2 In accordance
wIth the progress of the seIsmIc desIgn method and Improvement of construction
practice. SeIsmic damage sInce the 1923 Kanto Earthquake may be classified Into
three stages from their significance (Refs. 8. 9).
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Table I NWlber of Ulghway BrIdges WhIch Suffered Daaage
In the Past Earthquakes after 1923 tanto EarthqUake

1.785

NUMBER OF
BRIDGES DAMAGEDDATE

1923.9. 1

EARTHQUAKE

KANTO

MAGNITUDE

7.9

NUMBER OF
BRIDGES WHICH

FELL DOWN
------_.

6

1946.12.21 NANKAI

1948. 6.Z8 FUKUI

1949.1216 IMAICHI

8.1

7.3

6.4

346

243

o
1952. 3. 4 ToKACHI·OKI

1962. 4.30 MIYAGI·KEN·HOKUBU

1964. 6.16 NIlGAn

1968. 211 E81ND

i 1968. 5.16 TDKACHI.QKI

1978. 1.14 IZU.QHSHIMA

U178. 6.12 MIYAGI·KEN.QKI

1982. 311 URUAWA-oKI

1983. 516 NIHON·KAI·CHU8U
r--
I 1984. 9.14 NAGANQ.KEN-SEIBU

! ToUL

5

8.1

6.5

7.5

6.1

7.9

7.0

7.4

7.1

7.7

6.8

128

187

98

7

95

5

176

14

3.191

o
o
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o

o
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o
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1) Stage 1 - Damage due to Inadequate Strength of Foundations
After experiencIng the destructIve damage of the 1923 Kanto Earthquake,

the first requirements for seismic design of hIghway brIdges wer~ included In
the "DetaIls of Road Structures (Draft)" issued In 1926. No seIsmIc effects were
consIdered for desIgn of hIghway bridges prior to the Kanto Earthquake. Even
after the first stipulatIons, seismic design was not adequate because the
stipulations only d~scrIbed design force levels without provIdIng detaIled
design method and desIgn details. Therefore, seIsmIc safety of bridges was
short untIl the 1950's when seIsmIc design for foundations and substructures
came to be widely improved.

In those days when seismIc effects were either dIsregarded or poorly
considered, seIsmic damage was characterIzed by faIlure of foundatIons and
substructures as shown In Photo 1. In most cases, foundations were tIlted.
moved or even overturned due to InsuffIcient strength of the foundatIons and
the surrounding subsoIls, which led to falling-off of the superstructures (Ref.
10).

: .~.i"7'
.. ~

.".
..

.... ~...~-, -,

Photo I Duage of Hakazuno Bridge by the Fukui Earthquake or 1948

2) Stage 2 - Damage due to SolI LiquefactIon
Although the damage due to Inadequate strength of foundatIons became

less frequent by the Improvement of seismic desIgn and construction methods
for substructures. the next stage of earthquake damage encountered was soil
faIlure in conjunction with liquefactIon prominently observed during the 1964
NHgata earthquake. Photo 2. shows the falling-off of the decks of the Showa
bridge in the earthquake. Extensive soIl movement assocIated with liquefaction
produced large lateral movements of the bent pile foundations, which caused
the dropping-off of the deck (Ref. 11). Responding to the damage. the fIrst
stIpulations for assessing vulnerabIlity of liquefaction were Introduced In the
"Design Specifications for SeismIc Design of Highway BrIdges" In 1971 th rough
extensive studies inItiated after the earthquake.

7



Photo 2 Daaage of Showa BrIdge by the Nllgata Earthquake of 1964

The other Important lesson gaIned from the ;.Iilgata earthquake was that
devIces for preventing fallIng-off of superstructures from the crest of
columns are unavoidable. It was considered that even If large relative
movements between the deck and the substructures occurred due to soil
failures such as soil liquefaction. critical failure causing falling-off of deck
could be prevented by providing special devices. Various devIces as shown in
Fig. 2 were proposed then, and recommendations on desIgn details were Included
In the 1971 Specifications.
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3) Stage 3 - Damage to Columns and BearIng Supports
In recent earthquakes IncludIng the 1978 Miyagl-ken-oki earthquake and

the 1983 Nihon-kal-chubu earthquake. substantIal damage due to shortage of
foundatIon strength and effect of soll liquefaction was not dcveloped In those
brIdges designed and constructed In accordance wIth the recent desIgn
specifications after 1971. However. damages to reinforced concrete columns and
bearIng supports. whIch were rarely suffered In the earlier earthquakes, were
developed extensIvely as shown In Photo 3. ThIs is due to the fact that old
fallure modes such as tiltIng or movcment of the foundations. soll liquefactIon
and falIlng-off of superstructurcs were prevented by the new desIgn
recommendations.

Photo 3 Da.age to Reinforced Concrete Piers of Sendal Bridge
by the MJyagi-ken-okl Earthquake in 1978

Through these evidences of seIsmIc damage and effect of countermeasures.
It is becomIng apparent that certaIn types of failure developed in recent years
at bearIng supports and columns may not be prevented by only IncreasIng the
lateral force, al though large lateral force has been adopted for seismic design
of hIghway bridges. It may be effective to allow some relatI,"e dIsplacement
between deck and substructures for preventIng the damage of bearIngs. Because
lateral force developed durIng a destructIve earthquake wIth the magnitude
over 8 would be at least 3 tImes larger that the force level consIdered in the
current seIsmic design based on the allowable stress desIgn approach.
occurrence of some damage may be unavoidable. Incorporation of structural
members which develop stable energy dIssIpatIon under destructIve seIsmic
loading may be required. ThIs Is one of the motivations for Incorporating the
base Isolation to hIghway bridges In Japan.

Sels.le Design PhilosophY of Highway Bridges The latest specIfications were
Issued by the ~ini.:.try of Construction in February 1990 (Ref. 12). Major
revisions Introduced In the 1990 SpecificatIons 'iI'ere unIfication of static
lateral force method and the modifIed static lateral force method Including the
revisIon of the modification factors for design seIsmic force. a new method for
computing InertIa force for multi-span contInuous brIdges. a new ductllIty
check for reInforced concrete columns, and detailed stIpulations for dynamIc
response analysis. These revisIons were Incorporated based on the recent

9



studIes for predicting earthquake ground motions and strength of reinforced
concrete columns (Ref. 13).

The current speclflcatlons. wIth whIch highway bridges constructed In
Japan wIth less than or equal to 200 m span length shall be designed In
complete accordance. stipUlates the principles of the seIsmiC' desIgn of highway
bridges as:

1) A hIghway bridge shall be designed to have sufficient stability against
earthquakes not only as an Individual superstructure and substructure but
also as a whole structure by considerIng the structural characteristIc of the
bridge. topographIcal and geologIcal condItIons at the site. damage
experiences In past earthquakes. importance and cIrcumstances of the bridge.

2) The earthquake resistant design shall be based on the static lateral force
method. The seismic safety of a brIdge shall be evaluated by comparIng the
resultant values due to the statIc lateral force method wIth the allowable
values such as allowable stresses. allowable bearIng capacities. allowable
displacements and safety factors.

3) A reinforced concrete column whIch Is designed by the static lateral force
method should be checked on the bearing capacity for lateral force to
prevent the brIttle failure from taking place.

4) A bridge which is designed by the static lateral force method and has
complicated seismic response should be checked by the dynamic analysis.

The lateral force coefficient in the statIc lateral force method, which is
equivalent to the fraction of design lateral response acceleration to the
gravity acceleratIon. is stipulated as shown in Fig. 3. In which the zoning
modification coefficIent and the modification coefficient for Importance are
assumed as 1.0. The design lateral acceleration from 0.1 g to 0.3 g is taken into
the seismic design. This represents the seismic force for moderate earthquakes
which are supposed to take place with higher possibility.

-GC =1 (STIFFI
--GC = 2 (MEDIUM}

-GC;: 3 (SOFT)

-' 01
~
w
~
-'

OO'--_-'-- --.J

o 2 3 4 5
PERIOD (SEeS)

Fig. 3 Lateral Force Coefficient k h tor Static Lateral Force Method
( C7. = CI = 1.0)

The specifications adopt the allowable stress method. or working stress
method. Although the ductilIty check of reinforced concrete columns for
lateral force as shown In Fig. 4 objects larger earthquakes such as the 1923
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Kanto earthquake which are supposed to take place rarely, basic philosophy of
seismic design for highway bridges in Japan is to review the dynamic
performance within elastic range. With the philosophy, It Is difficult to come
to use a energy dissipator aiming to reduce the seismic response. This is one of
the reasons why base isolation was not so interested In bridges. compared with
buildings. in Japan.

~z
~
u:
~
u

~
~....
3 oOO~~-'--~2~-~3--4-----!S

PERIOD (SEeSI

Fig. 4 Lateral Force Coefficient khQ for Check of Bearing Capacity of
Reinforced Concrete Piers for Lateral Force (cz = c. = 1.0)

EXISTING EFFORTS TO MITIGATE SEISMIC RESPONSE OF DlGDWAY BRIDGES

Reduction of Lateral Force Efforts to reduce lateral force for design of
substructures have been made in Japan (Ref. 14). The first attempt was to
reduce lateral force by Increasing energy dissipation capability. Viscous
dampers such as cylinder type viscous dampers were tried to be adopted in
early stage. FIg. 5 shows the resul t of an analytIcal study for a sImple highway
bridge. One of the two ends of the deck Is supported by a fixed bearing with
the other end beIng supported by roller. This Is the usual way for supporting
the deck. Viscous dampers were assumed to be provIded between the deck and
the column on the sIde where the deck Is supported by the roller. The vIscous
dampers were assumed to have viscous coefficIent of C.

Minimum Lolefal Force at Filed Pier

Hochiohe

'--'- ~. '-....... Movable Pier} Hachinohe -
'--. Fixed Pier Input Motion

-'..--.-:-.---.
I 10 1003005001000

DAMPING COEFFICIENT C ltfos/em}

FIC. 5 Effect of Viscous Coefficient on Distribution and
Reduction of Lateral Force
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The maximum shear forces developed at the columns were computed for the
Hachlnohe record observed during the 19G8 Tokachl-okl Earthquake (:"1=7.9). It
can be seen In Fig. 5 that the lateral force developed at the column which
supports the deck with roller and the viscous damper Increases as the viscous
damping coefficient C Increases. It tends to support the half lateral force of
f.he deck when the viscous dampIng coefficient C becomes Infinitively large.

:e Is however a best vIscous coefficIent C whIch makes the total lateral
force minImum. In the case presented In Fig. 5. GOO tf sjcm may be the best
viscous coefficIent.

However this type of finding was not Incorporated Into practice because
of two reasons (Ref. 15). The first reason was that the optImum value of vIscous
coefficient signIficantly depends on ground motIon. Adjustment of the viscous
coefficIent depending on ground motion W3S ImpossIble. The other reason was
temperature dependence of the vIscous coefficient. The vIscous coefficient
sIgnificantly varied wIth temperature for materials available at those days.

Therefore. instead of aiming to reduce the lateral force. vIscous damper
has been adopted to dIstrIbute the lateral force. The vIscous damper gives a
resistive force when subjected to high-velocity motion such as the one
encountered during an earthquake, and docs not offer resistance to
low-veloelty motion sueh as the deck mow'ment causcd by temperature change.
Hence. by providing the viscous damper the seismic lateral force may be mor,'
evenly carried by many columns without giving harmful effects due to
temperature change. It should be noted that the temperature dependence of the
viscous coefficient was no more significant for such hIgh viscous coefficient
range. In this mean. the viscous damper adopted in the past has been regarded
as "damper stopper". because the dampers were used to work as a stopper
Instead of energy dlsslpator during an earthquake.

Various damper stoppers have been dcveloped and adopted In the past
(Refs. 16, 17). Some typIcal damper stoppers are presented in Fig. G. Fig. 7
show an example of this type of damper Installed In a five-span continuous
bridge of the Tokyo MetropolItan Expressway. The bridge was desIgned for
latcral force coefficient of 0.3 and Its superstructure v.cliths of 3.000 tf. The
total lateral: Jrce of 1.200 tf Is expected to be almost evenly distributed to
the ten columns through twenty dampers.

. . .. I

LtlOO-l PIER I
ll~HL J

(a) Oil Damper (b) Shear Damper

Fig. 6 Various Damper Stoppers Adopted to lllChway Bridges
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Fig. 7 5-Span Continuous Dlghway Bridge with Viscous Damper Stoppers

A unique device sImilar with the base IsolatIon Is the HSU Damper" as
shown In Fig. 8 (Ref. 18). OrIgInal concept of the SU-Damper was to avoid the
transmIssion of excessIve lateral force larger than that consIdered In seismic
design. Therefore the deck was supported by columns with friction bearings.
For preventing excesslvp. n:ovement of the deck, prestressed strands which
connect the deck and columns were prOVided. As well as the function of
restrainer. the strands were consIdered as devIce to control the natural
perIod of the brIdge. The stiffness can be arbitrarily controlled by adjustIng
the length and size of the strands. The energy Is dissipated by the friction
developed at the bearings. Fig. 9 shows an analytical model to consIder the
effect of the SU Damper. Because of elongation of natural perIod and energy
dissipation, the SU Damper may be considered as one of the base isolation
devices. The SU Damper was firstiy adopted In 1963 at an overcrosslng on Route
1 of the Metropolitan Expressway. Photo 4. shows the SU Damper installed on
the 9 span continuous prestressed concrete bridge of the :>1ctropolltan
Expressway.

_16.4...!'L-

~

Fig. 8 SU-Dwapcr
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(a) Structural Model

a

+F

-F

(b) Nonlinear Hysteretic !'.odel
Representing Friction at Saddle
and Stiffness of Prestressed ~trands

FIg. 9 AnalytIcal IdealIzation of SU Damper

Photo 4 Bridge with SU Daaper. Uklzuka Viaduct

ElongatIon of natural perIod has been adopted as a measure to reduce
seIsmIc lateral force, In partIcular for cable stayed brIdges. VarIous devices
have been developed to elongate natural period of cable stayed bridges. Deck
was eIther isolated from tower (Ref. 19) or supported by links (Ref. 20) for
making the deck belnb free to move In longitudInal dIrectIon. for either
adjustIng the natural perIod or preventing excessIve deck movement, specIal
devices h as sprIngs (Ref. 21) and prestressed strands (Ref. 22) were used. Fig.
10 shows an example of such attempt In whIch the deck was supported by plate
springs at the end.
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Distribution of Lateral Force Multi-span continuous highway bridges are
likely to be constructed recently wIth demand of decreasing the number of
expansion joints. which make annoying vibration and are vUlnerable to trafflc
load, in order to secure comfortable driving with flat road surface and be
released from bothersome maintenance work of the joInts. Furthermore,
mUlti-span continuous bridges are knmm to be more earthquake-resistive from
past seIsmic experiences since they have larger degrees of redundancy than
simple supported girder bridges.

However, the seIsmIc lateral force In longitudinal dl rcction for
multi-span continuous bridges becomes extremely large as the number of the
spans and/or the length of each Individual span is extended. Traditionally, the
lateral force was concentrated to a sIngle substructure with a fixed bearing
and the other SUbstructures support only the vertical dead weight of the
gIrder wIth movable bearings. However, the sIze of the single fixed
substructure often becomes excessIvely large from the practical desIgn point
of view. To avoid such concentration of lateral force to a single
substructure, varIous devices Including rubber bearings have been developed
and put Into practice.

DIstrIbution of lateral force to substructures can be performed by
several methods (Ref. 14). The sImplest method is to support the girder by fixed
bearIngs at every piers. Although Indeterminate lateral force will be
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developed due to the elongation and shrinkage of the girder by thermal
change. this method may be adopted unless the effect of the force Is critical
to design substructures. A highway bridge having as many as twelve contInuous
spans wIth a total deck length of 507 mhas already heen constructed (Ref. 23).

The second way Is use of rubber bearln~. Lateral stiffness of the rubber
bearIng can be easily adjusted by changing the rubber thickness or rubber
material to Intentionally modify the distribution ratIo to each substructure.
~tany multi-span continuous bridges haye been successfu Ily const ructed with
use of rubber bearings for distribution of lateral force (Ref. 24). The third
way Is to adopt a viscous damper as descrihed above.

p~'RSrECTIVE 01- "MENSnIN DESIGN" IN JAPAN

Although elongatIon of the natural period and increase of energy
dissipation capability of a structure are key factors in base-Isolation. the
elongatIon of thc fundamental natural period for highway bridges leads to
lafl~e relatiye displacement bctwcC'n the girder and the substructures, and
requires the special expansion joints with large displacement capacity.
Because the elongation of natural period has been attempted for cable stayed
brIdges, further technical development would be made. However for ordInary
highway bridges in mUlti-span continuous type with span length of 10 m to 50 m.
it is not appropriate to elongate the natural pC'riod so forcibly us In
buildings, deeply related with various reasons constrained to highway bridges
In Japan.

First reason Is softer soil condition. Because most of populated areas are
located on allUvial fan deposits, soils are ycry weak. Second reason Is the
high seismicity accompanying large earthquakes with magnitude over 8. These
large earthquakes caused considerable damagc: in the past. Reflecting the
occurrence of destructive earthquake as well as the worse soil conditIon,
lateral force coefficient as shown In Figs. 3 and" are very high up to long
natural period.

Third reason Is difficulty to widen the clearance between decks. From the
demand of driving comfort, maintenance problems and release from annoying
noise and vibration. various efforts have beer. paid to develop expansion Joint
with small clearance. Even the regular expansion Joints currently used cause
considerable problems, Increase of gap clearance can not be incorporated.

Fourth reason Is the evaluation on collIsIon dC\'cloped either between
abutmcnt and deck or behoeen adjacent decks. When enough clearance Is not
provided collision would be taken place. Actually collision frequently took
place dur'ing the past earthquakes (Ref. 25). It should be noted from these past
experiences that collision did not cause critical structural problems although
expansIon joints were often badly damaged. Although collision caused failure
at contact face (Ref. 25) and/or bearings and stoppers, they were not serIous.
Although bearings have !lot been Intcntlonally designed taking account of the
fact that they would be damaged during a destructive earthquake. they did
behave as a "fuse" to prevent the transmission of larger lateral force than
that considered In sclsml<: desIgn. Therefore It may be said that the failure of
bearIng have been behaved as "Isolator" (Ref. 26).
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Now turning to the fourth reason, dId collision cause serious problem to
hIghway bridges ? The answer Is "no"! As long as enough seat length was
provided, It caused no serIous structural damage such as falling-off of
superstructure. Attention has to be paid only when two adjacent decks with
consIderable different mass collides. In such case, the heavIer deck tends to
push the lIghter deck, and damage Is likely to be developed at the bearings
and pIers supporting the light deck (Ref. 25). Although the energy dissipating
effect Is not Included in the current seismic design method, It constrains the
deck response. It Is effective to constraIn deck response at cariy smaller
stage of deck movement (Refs. 27, 28. 29). Therefore the superIority for causIng
coillsion would become clear if the energy dIssipation and constrain of deck
movement at small response stage were considered.

Based on these consideratIons, It seems preferable not to intentionally
Increase natural perIod and not to wIden the gap clearance at joints In
hIghway bridges In Japan. Therefore Instead of Intentionally Increasing
natural period, combInation of Increase of energy dl~sIpatlng capability and
distribution of seismic lateral force is considered to be preferred to highway
bridges In Japan. It may be Important to adjust natural period to avoid
resonance with ground. This is an extension of the existing seismic design
concept of 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" (Ref. 5). Although the original meaning of "menshin" in Japanese is
"base IsolatIon", It Is a little bit different \\'Ith "base ISOlation" In desIgn
concept.

The follOWings are the basic principles considered required to activate
menshin desIgn in ordInary size of highway bridges in Japan:

I) Distribution of lateral seIsmic force should be attempted by adjusting the
lateral stiffness of menshin bearings. whIle the lateral seismic force would
be reduced by Improving the energy dissipating capability 1o\"ith usc of menshin
bearings.

2) The fundamental natural perIod of menshin bridge should be adjust.ed to
avoid the resonance with the ground, being balanced li\·lth the dIstribution
effect.. Attempt for elongating natural perIod so forcibly as buildings should
not be made.

3) The menshin effect should be used not to make dImension and sIze of
substructures small, but to Improve the seismIc performance of bridges.

4) Gap at an expansion joint should not be widened in menshln bridges.
although a little larger relatIve dIsplacement Is expected to be developed
between a girder and substructures during a destructive earthquake.

5) The menshin desIgn should be adopted only at the sIte with stable soIl
behavIor. The sIte vulnerable to soIl lIquefaction and other type of faUu rc
should be avoIded.

6) The menshln design should be encouraged to construct super-multi-span
continuous brIdges with the effect of lateral force distribution.

EXISTING AND CURRENT EFFORTS FOR MENSDIN DESIGN

Guidelines for Base Isolation DesIgn of mghwa.Y-llrld~ For studying the
application of base Isolation to highway brIdges, a committee chaired by
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Professor Tsuneo Katayama. University of Tokyo. was formed through 1986 to
1989 at the Technology Research Center for National Land Development, which Is
the first public activity for the base Isolation of highway bridges In Japan.
Three programs were studied In the commi ttee. I. e., 1) survey of base IsolatIon
devices which can be used for highway bridges. 2) study on the key points of
the base Isolation design of highway brIdges. and 3) trial designs of base
Isolated highway bridges. As the final accompllshments of the three year study,
"Guidelines for Base Isolation Design of Highway Bridges (Draft)" was published
in 1989 (Ref. 30).

PIlot Construction Progru of lWIenshln Bridges Five pilot menshln highway
bridges as shown In Table 3 are under construct len or completed under the
supervision of the Ministry of Construction In order to verify the performance
of the menshin hIghway brIdges (Refs. 31,32,33). A I\'orking group Is formulated
In the Ministry of Construction for supervising the desIgn and construction.
One of them. Mlyaga\\,a Bridge in Shizuoka-ken. was completed and opened for
the public traffic In March 15. 1991 as the first menshin highway brIdge under
the program (Ref. 32). Some other bridges following the first flvc are In design
stage.

Table 3 Construction Prograa of Menshln Bridge

9i mStppl Girder

~veofSupel;t.. U('tUl't' Totall.l'l1].(th

SIC'pl Girder 4:>6 m

~agakigawa Bridge

- .----------------
Own!'r "'arne of Bridge

r--------------------
, Hokkaido d('wloping Bun'au On-nt'toh Rrid~p

Tolwku Regional Const ru('tion ,

Bureau. MOe
-----~-

Iwate-kt'lI Maruki Brid~l' PrestresSl'd ('Oll(Tl'tt'
2;j() m
110m

Tll('higi-ken Daii('hi Kara.~uyarna Bridge: Pn,,,tn',ssel! Connett''---------------------
Shizuoka-kel1 ~Iiyagawa lkidj!e Slt'p) Girder---------- ------ -----------

Joint Research Prograll on llIenshin Bridges The three-year joint research
program on the menshin highway bridges Is now under way between Public Works
Research InstItute and t'jlienty eight private firms since July 1989 <Refs. 5, 34).
The goal of the program Is to develop the menshln design method and the new
menshin devices for highway bridges In order to Improve the seismic
performance of new and existing bridges with less cost. Table 4 shows the
research Items and the contribution of each organization. The program will be
accomplished In March I9n. "Design Manual of Mcnshln Design of Highway
Bridges" Is to be composed as fruIts of the research program. There are four
research topics in thIs Joint program:
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I)Dcvclopmcnt of new menshln devices
The menshln devices for highway bridges have to :.::: more compact and more

weather-proof than the base-isolation devices for buildIngs since the mcnshin
devices would be lnstalled at narrow and exposed crests of bridge columns. The
new menshin devices should be developed exclusively for menshin highway
bridges to bc effcctively constructed. The following ten new de\'lces in the six
typcs arc now being devc loped under t he research program.

1) high damping rubber bearing -------------------- ~ devices
2) slIding frIctIon damper -------------------------- 2 dcvices
3) steel damper ------------------------------------- I dcvice
4) roller menshln bearlng -------------------------- I device
5) llnk bearing --------------."----------"------------ I dcvice
G) viscous daJllper ----------------------------------- 1 dcvlce

All developed mcnshin devices but the link bC'ilring were tested with usc
of the dynamic loading systems of PWRI under the same IOilding- conditions to
verify their performance as shown In Photos 5 and G.

2)Devclopment of expansion joints and resu·aincrs for mC'nshin bridges
The knock-off mechanism at an abutmC'nt to easC' the impact force induced

by the c:olllsion between the superstructure and the atmtmcnt. and the finger
expansion joints which is distinguished from the regular finger joints hy the
transverse movemcnt. arc being de\"eloped. The restrainer whic'h consists of the
steel bar Installed in the crest of the substructure and the steel casing with
rubber inside Is also being den'loped.

3)Dc\'elopment of menshin design method
Taking Into account the high seismic activity and the philosophy of

seismic design in Japan. the flow chart of the menshin dC'sign method
illustrated in Fig. 11 are proposed. in which two levels of design force are
considered as limits states. The first level, cailed as Level 1, Is equivalent to
the design seIsmic force considered in the current static lateral f0rc~ method
(refer to Fig. 3). This represents the rorce level developed by moderate
earthquakes. The second leYel, called as Leyel 2. is equivalent to the design
seismic force for the check of the bearing capacity of the reinforced concrete
columns for the lateral force (refer to Fig. 4). and this corresponds to largcr
earthquakes such as the 1923 Kanto Earthquake.

4)Applicatlon of menshin design
The menshin multi-span continuous bridge with the deck length over I km •

.....hlch is called in the research program as a supcr multi-span continuous
bridge. is examined as a crucial research item. Connecting of existing simple
supported girders to lessen the number of troublesume expansion joints. and
retrofitting of existing bridges to Increase the seismic bearing capacity by
using menshln bearIngs arc also studied In the research program.
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Photo 5 Dynaalc Loading Test of Menshin DevIces at
Public Works Researcb institute

":.~.'j ~

-." .. ,

Photo G Cyclic Shear Test of Mcnsbln Devices
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I START I-,
Design Menshln Devices

by Static AnalysIs Method
agaInst Large EarthGuake (Level 2)

I
Design Bridge Structure

by Static Analysis Method
agaInst Moderate Earthquake (Level 1)

l
Check DuctJllty

of Reinforced Concrete Columns
by Str.tIc AnalysIs Method

aJ!:ainst Lane Earthauake (LCH:! 2)
I

Cbuck Safety of Entire BrIdge
by DynamIc AnalysIs "'1ethod

agaInst Moderate Earthauake (Level 1)

I
DesIgn Expansion JoInts

agaInst Large Earthquake (Level 2)
I

Design Falling-off Prevention Device
against Severest Earthquake (Level 3)

1
I E~D I

Fig. 11 Flow of Mcnsbin Design of lllgbway Bridges
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CONCLUDING RI->IARK.S

ApplIcation of the base Isolation to highway bridges in Japan was
described in the preceding pages. Seismic damage has been decreased by
ImprovIng seismic design method as well as construction practices by adopting
large lateral force based on the allowable design approach. For further
decreasIng seIsmic damage at bearIngs and reinforced concrete piers. It is
appropriate to provIde a member where seismic damage would be intentIonally
concentrated. On the other hand. construction of multi-span contInuous
bridges Is being pursued from the vIew point of driving comfort, maintenance
and release from annoying noise and vibration.

Taking advantage of Increasing energy dIssIpatIng capability and
distribution of lateral force to many pIers. the menshin design which is
slightly different in concept is being Introduced In Japan. The menshin desIgn
will be spotlIghted In Japan as a new technology for makIng possible to easily
construct multI-span continuous bridges as well as for reducing seIsmic lateral
force.
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mSTORY AND APPUCATION OF SEISMIC ISOLATION TO
HIGHWAY BRIDGES IN THE UNITED STATES

Ian G. Buckle
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ABSTRACT

Seismic isolation is used in buildings to decouple these structures from the damaging
components of earthquake ground motion. It is also used in bridges where it involves the
separation of the superstructure from the substructure, usually at the bent cap level. But
unlike a building application the primary intent in a bridge is to protect the structure below
the plane of isolation - the superstructure being relatively rigid to in-plane loads and of
adequate strength to resist these loads.

Bridges are particularly suitable for isolation and literature surveys indicate that more
than 90% of the world's isolated structures are, in fact, bridge structures. Applications
include both new construction and retrofit work. Implementation within the United States
has only occurred within the last few years and then predominantly as a retrofit measure
rather than in new construction. This activity is reviewed in this paper along with some
potential innovations in the use of isolators for protecting monolithic continuous bridges.

SEISMIC ISOLATION

Basic Principles The basic intent of seismic isolation is to increase the fundamental period
of vibration such that a structure is subject to lower earthquake forces. However, this
reduction in force is accompanied by an increase in displacement which must be
accommodated within the flexible support. Furthermore. longer period bridges can be lively
under service loads. To control these deflections and stiffen a bridge for service loads,
hysteretic damping devices are included as part of the isolation system. Studies have shown
that the cost of this isolation hardware can be offset against the savings in the substructures
and foundations (because of the reduced forces) and i;.he long term reduction in repair costs
for seismic damage.

There are therefore three basic elements in a bridge isolation system, as follows:

• A flexible support so that the period of vibration of the bridge is lengthened
sufficiently to reduce the force response;

• A damper or energy dissipator so that the relative deflections across the
flexible support can be limited to a practical design level, and
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• Rigidity at low (service) load levels such as wind and braking forces.

Design Principles The design principles for seismic isolation are illustrated in Figure 1.
The solid uppermost line (curve (1» is the realistic (elastic) ground response spectrum as
recommended in the AASHTO Guide Specifications [11 for the highest seismic zone. This is
the spectrum that is used to determine actual forces and displacements to which a bridge will
be subjected. The lowest solid line (curve 4) is the design curve from the AASHTO Standard
Specification [21. It is seen to be approximately one-fifth of the realistic forces given by the
Guide Specification. This reduction, to obtain the design forces, is consistent with an R-factor
of 5 for a multicolumn bent [I].

Also shown in Figure 1 is curve (3), the probable overstrength of a bent designed to
the AASHTO Standard Specification. This has been obtained by assuming an overstrength
factor of 1.5. Curve (3) therefore represents the probable capacity of the bent.

The demand on this bent is represented by curve (1) and the difference between
demand and capacity results in damage - possibly in the form of plRstic hinging in the
columns. This difference is highlighted in Figure 1 by the arrow and note just above the
legend for curve (1),

Now if the bridge is isolated, the actual shear forces that the bridge will be subjected
to may be represented by curve (2) (small dashed line). This curve corresponds to the same
seismic input as curve (l) but it includes the effect of the substantial level of damping
inherent in hysteretic isolation systems. If the period of the isolated bridge il; in the 2.0 to
2.5 second range, it will be seen that the overstrength (actual capacity) of the bent exceeds
the realistic forces (demand) for the isolated bridge. This area has been shaded in Figure 1.
In this region there is no inelastic deformation or ductility required of the bent and elastic
performance (without damage) is assured.

APPLICATIONS

Overview Seismic isolation may be appiic~ ~o buLh the d~"iln1 of new bridge structures and
the retrofit of existing structures. In general, implementation is t>tr.ughtforward since most
bridges have bearings to accommodate thermal movements and the substitnt.ion ofisolation
bearings for these standard hardware items is routine.

For new const~'uction, the reduction in realistic column forces by factors of 5 to 10
substantially remove;; the need for ductile detailing. There will be cost savings in both the
columns and foundations, particularly if piled footings are used [3]. There will also be long
term reductions in the repair costs of seismic damage.

For existing bridges, seismic isolation is a solution to the three most common
deficiencies in bridges built before the mid-1970's. These are

1. Inadequate strength of steel bearings and connections

2. Inadequate strength and ductility of columns and substructures
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3. Inadequate support length for girders.

Item 3 is the area in which most of the current U.S. effort in bridge seismic retrofit
has been carried out. Caltrans has pioneered this work and has so far concentrated on the
provision of positive connections between the superstructure and supporting substructure
[4,5], Measures used to date include longitudinal joint restrainers, transverse bearing
restrainers and vertical motion restrainers. Other concepts which have been proposed [5],
include hearing seat extensions and the use of shear keys or stoppers.

Another solution to the above three problem areas is the replacement of vulnerable
bearings with hysteretic isolation bearings which not only addresses the first problem, but
also minimizes the importance of the other two due to the force reduction and displacement
control features of these bearings.

Further, the use ofelastomeric bearings ofdifferent size and stiffness permits a degree
of control over the distribution of lateral load to the substructures of a bridge. This can be
a particular advantage for bridges on variable soil conditions and/or bridges that have
irregular stiffness or mass.

To date more than 30 bridges in the United States and Canada have been completed
or are under construction using seismic isolation. A brief description of some of these
applications follows.

Sierra Point Overhead The plan dimensions of the bridge are 616 feet long overall and 117
feet wide. The ten simply supported spans vary in length from 26 to 100 feet. The bridge
is on a skew of approximately 60 degrees with respect to the highway traffic lanes.

The construction is concrete deck slab on a steel superstructure with concrete columns,
3 feet in diameter and approximately 25 feet high. There are a total of 27 columns, generally
arranged in bents of 4 columns, reducing to 2 or 3 column bents at the ends of the bridge due
~~~: :~:':".".-. ---" ------

The columns are nonductile and understrength for the maximum expected earthquake
at the site. However, replacement of the existing steel bearings at the top of the column and
at each abutment with lead-rubber isolators enabled the retention of these columns without
the need for strengthening.

Analysis to determine the expected performance for the as-built, non-isolated,
structure was also carried out, assuming the columns remain elastic. It was shown that the
seismic demand exceeded the capacity by a factor of 4. and that severe damage, if not
collapse, was inevitable for the existing structure. Isolation, however, reduced the demand
to below the capacity of the columns and eliminated the need for strengthening.

Santa Ana River This bridge carries the Upper Feeder pipeline across the Santa Ana River
for the Metropolitan Water District of Southern California. The pipe is 116 inches in
diameter at this location and is supported over the river on 3 steel trusses, each 180 ft in
span. There are a total of 10 approach spans bringing the overall length of the crossing to
1010 ft. Both the river spans and side spans are supported on reinforced concrete piers and
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pedestals which are nonductile and of inadequate strength. Further, some of the truss
members and connections were under capacity for the maximum expected earthquake for the
site.

Removal of existing steel expansion bearings and their replacement with lead filled
elastomeric isolators reduced the seismic forces to below the existing strength levels in the
piers and the capacity of the truss members.

Eel River BridgeT During floods in the Eel River in 1986, 3 spans of this bridge at Rio Dell
were damaged due to scour under the river piers. Two spans survived and these 300 ft
trusses have since been incorporated into a new structure. The surviving piers are nonductile
and to protect them against damage and potential collapse in an earthquake, isolation
bearings haven been installed under each truss. The design spectrum corresponded to a 0.5g
peak ground acceleration on a type IV soils profile (more than 150 ft of alluvium). The site
is within 12 miles of the Fresh Water fault. At the same time as installing the isolators, the
spans were raised an average of 4 feet, so as to match the deck elevation with that of the new
spans. Removal of the existing steel rocker bearings, to make room for the elastomeric
bearings, was therefore not necessary. However, to ensure stability of the isolators at high
shear strains, all existing pins and rockers were locked against movement by the installation
of holding-down bolts and welded gusset plates. No other strengthening work was necessary.

Main Yard and Shops Vehicle Access Bridge This 2-span bridge across the Long Beach
freeway is composed of dual 12 foot deep plate girders with steel floor beams spanning the
32 feet between the longitudinal girders. The single reinforced concrete pier is 2-column bent
with an intill wall of about half the overall height of the columns. Non-ductile, with a
potential for shear failure in the free standing portion of the columns, the pier was
seismically vulnerable.

Each 128 foot span was originally supported on steel expansion bearings. These have
now been removed and replaced with isolation bearings. Because the original steel bearings
were almost 36 inches tall and the elastomeric isolators are just 17 inches high, the difference

____~~-l-.-~~:-~n":'..;~o~ +\,o ~"l'u~'!tr",..f;nn nf "nUT ...c;nfn...~orl f"'nn,..TOAtA !"AticQtala nnrllClr thA lQnlOltnl"Q, -

All American Canal Bridge This bridge was reconstructed using the existing concrete
columns of the original structure. The new bridge is a cont.inuous welded composite girder
over 3 spans. It replaces a narrow reinforced concrete deck on the same alignment. The
piers are a combination of steel columns for the portion above water and tapered concrete
pedestals on spread footings below water. To protect these non-ductile columns against
damage, where it will be difficult to inspect and repair, the isolators were placed at the
interface between the steel and concrete i.e. at a thre'3-quarter point in the overall column

1 Since this paper was presented to the US~apan Workshop in September, 1991, a series of
moderate-to-Iarge earthquakes (M=6.0 to 7.0) have occurred within 15 miles of the bridge site.
Whereas nearby structures have been damaged, the bridge has been unaffected by these earthquakes.
Deformations in the isolators of8 inches longitudinally and .. inches transversely have been reported,
which are consistent with theoretical estimates for earthquakes of this size and distance.
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height.

The site spectrum corresponds to a 0.6g ground acceleration on a type IV soils profile
(more than 150 ft alluvium).

Sexton Creek The first new bridge to be isolated in the United States is located in the State
of Illinois. It is a three-span continuous steel plate girder structure over Sexton Creek in
Alexander County (Figure 2).

The spans are approximately 120·154-120 ft in length and 40 ft wide. A concrete deck
and five, 54 inch deep plate girders make up the superstructure. Each girder is continuous
over 2 piers and rest on seat-type abutments. Both the piers and the abutments are founded
on piles footings.

Several alternative isolation schemes were developed for the bridge and these are
summarized in Table 1. Scheme A has an equal distribution of thermal forces between the
piers and the abutments but most of the seismic loads is resisted by the two piers. Scheme
B reverses this situation and most of the seismic load is resisted by the abutments. This is
achieved by concentrating the lead cores into the abutment bearings and removing them from
the pier bearings. Scheme C was developed to equalize the distribution of seismic forces
between the abutments and piers.

This adjustment of load distribution is one of several reasons for considering isolation
in both new and retrofit situations. It is seen that by judicious choice of bearing stiffness,
size and location of lead cores, it is possible to control the distribution of lateral load over a
wide range. In this way seismic loads can be directed into those substructures with the
capacity to resist them and away from those elements with inadeQuate strength or ductility.
In each of the above schemes the total seismic shear and displacement has been kept the
same. Only bearing stiffness and the size and location of the lead cores was changed from
one scheme to another. Mter review of the options, the Illinois Department ofTransportation
chose Scheme B (seismic loads resisted primarily at they.butm~nts!..

Lacey V. Murrow Bridge West Approach This structure is part of the original floating bridge
built in 1940 to carry former highway US-lO across Lake Washington between Seattle and
Mercer Island, Washington. A new, adjacent floating bridge has been opened to eastbound
and westbound traffic on highway 1·90. The original structure has been closed for widening,
rehabilitation and seismic upgrading and will become the eastbound lanes of highway 1-90.
Heading in the eastbound direction, the original west approach consists of a 237-foot, 3-span
continuous monolithic concrete tee-girder structure, a 453-foot, 3-span continuous steel deck
truss, and a 215-foot steel tied arch span leading to the transition span to the floating bridge.
There is an identical steel tied arch span which is part of the east approach. The seismic
requirement is AASHTO A=O.25 and Soil Profile Type II.

The concrete tee-beam spans were demolished and replaced with twin continuous
haunched concrete box girders cast integrally with a multi-cell box deck structure. This new
superstructure is isolated, with one isolator under each box girder at the new center piel'S
and the existing east pier, and six at the rebuilt abutment. The steel rocker bearings under
the deck truss and both tied arches were modified to incorporate isolators. The pin
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FIGURE 2: SEXTON CREEK BRIDGE
Elevation and section

BEARING LEAD
SCHEME SUBSTR. SIZE CORE ~EQ F£AiD FEQ ALT FLr FST (kips)

UNIT LxWxH DIA. in. kips in. kips
---~

._~ - --- -

(inches)
..

(inches) TRANS. LONG.

A Abut. 13 x 13 x 8-318 2 2.8 0.13 57.4 2.62 41.5

Pier 18 )( 18 )( 8-318 3-314 2.8 0.13 141.0 1.03 43.6

B Abut. 13 x 13 )( 8-318 4-114 2.8 0.13 117.6 2.62 54.4 88.7 35.1

Pier 18 )( 18 )( 8-318 none 2.8 0.13 80.8 1.03 28.9 16.5 5.0

C Abut. 13 )( 13 )( 8-318 3·314 2.8 0.13 100.5 2.62 50.7

Pier 18 x 18 l( 8-318 2 2.8 0.13 97.9 1.03 33.1

~ = Seismic Displacement
F£AiD := Seismic Force Coefficient
F!Q := Seismic Force
~LT :: Non-SeUmic Long-1'erm Displacement (Thermal)
FLT :: Non-Seillmic Long-Term F0t'C8
FST = Non-Seismic Short-Term Force

TABLE 1: ALTERNATIVE ISOLATION SCHEMES FOR SEXTON CREEK BRIDGE
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connection was retained and a new clevis weldment provided whose base plate is the
interface with the top of the isolator. The pin connection was locked to prevent rotation so
that all movement occurs as horizontal shear across the isolator.

The widening of the deck in the tied arch spans presented a special challeng·:l. The
cross members between the two arches were severed, the arches spread apart, and additional
segments spliced into the cross members. The arches now rest on isolators which are
mounted on large corbels added to the outboard sides of the pier columns.

Isolation design enabled the reuse of the existing piers in the structures over water.
It reduced the elastic seismic forces by factors of 4 to 5. Detailed analyses showed that the
existing piers of the isolated structure would respond elastically to the effects of the design
earthquake. The seismic upgrade for the truss and tied arch spans then reduced itself to a
bearing replacement.

Deas Slough Bridge This bridge is a 3-span continuous riveted haunched steel plate girder
structure with spans of 90-140-90 feet and 10 girders in its cross section. It carries the Deas
Island Throughway (Highway 99) across Deas Slough, part of the Fraser River delta south
of Vancouver, British Columbia. Highway 99 is the main thoroughfare between the U.S.
border and Vancouver. The superstructure was mounted on large steel rocker bearings, and
the piers and abutments are on piled foundations. Seismic criteria are equivalent to
AASHTO A=0.20 and Soil Profile Type III.

Isolation design was investigated to see if a bearing replacement would be a feasible
means of seismically upgrading this bridge. The main objective was to unload the fixed pier
which was attracting an inordinately high seismic load in the longitudinal direction. The
elastic seismic forces were reduced by a factor of approximately 3 which, when combined with
the force redistribution attributable to isolation design, was sufficient to meet this objective.

Cache River Bridge The Cache River Bridge was built in 1946 as a 2-lane, 3-span structure
carrying Illinois Route 3 over the Cache River Diversion Channel in Alexander County. The
span lengths are 86-108-86 feet, and the original width was 32 feet with six steel beams in
the cross section. The ground response spectrum at the bridge site, which lies within the
influence of the New Madrid Fault, was assumed to be equivalent to AASHTO acceleration
coefficient, A, of 0.20 (Category C) and Soil Proflle Type III. When it became a candidate for
rehabilitation or replacement, it was decided to save as much of the existing structure as
possible while widening the deck to 35 feet and bringing the bridge up to current seismic
code. Another requirement was to construct the project in stages, keeping one lane open to
traffic at all times.

It was decided to provide a new continuous superstructure with five lines of 42 inch
deep steel plate girders. For the substructures. the objective was to retain the existing wall
piers and replace the abutments utilizing the existing piling. Consideration was given to
taking out most of the seismic forces at the abutments by fixing one abutment and providing
for thermal movements at the other. While this scheme might minimize the seismic forces
at the tops of the piers, it also results in a longitudinal force on the fned abutment of over
800 kips, and transverse forces on both abutments of approximately 400 kips.
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The initial isolation design reduced the overall seismic load by a factor greater than
3. Then, by a<ljusting the design of the isolators to redistribute the later forces, the pier
forces were minimized, the longitudinal force at the fixed abutment was reduced by a factor
of 9, and the transverse forces at both abutments were reduced by a factor of 4.5. Thus, the
force reduction and force redistribution features of isolation design proved to be the cost
effective solution, avoiding the expense of replacing the piers and saving significant cost in
the construction of the new abutments.

West Street Overpass This bridge, built in the 1950's, carries West Street over the
northbound and southbound lands of the 1-95 New England Thruway in Harrison,
Westchester County, New York. The bridge is part of an extensive Thruway rehabilitation
and reconstruction project. There are four simple spans of 31.5-54.5-54.5-31.5 feet, with five
l ;;eel beams supporting a 33-foot wide concrete deck. The two center spans cross the
Thruway traffic lanes, and the shorter end spans cover the side slopes. It was considered
essential to keep the Thruway open immediately after a seismic event. The criteria were
based on AASHTO A=O.19 and Soil Profile Type III.

To ensure that the center spans would not collapse and block the Thruway traffic
lanes, it was decided to replace the existing steel rocker bearings with lead-rubber isolators
(Figure 3). This solved the problems of the vulnerable existing bearings and the lack of
adequate support length for the beams, and reduced the overall seismic load by a factor of
2.5. This force reduction had a mitigating effect on the extent of rehabilitation work required
on the substructures. Other work included replacement of the center pier and the cap beams
of the side piers, and reconstruction ofsome of the abutment pedestals. Much ofthis work
was required for non-seismic reasons.

Poplar Street Bridge East Approach Lying in the shadow of the Gateway Arch, the Poplar
Street Bridge spans the Mississippi River, connecting East St. Louis, Illinois with St. Louis,
Missouri. Constructed in 1966 as the first orthotropic steel plate deck structure in the U.S.,
this bridge carries 130,000 vehicles per day from highways 1.44, I-55, 1-64,1-70, and US-40.
Immediately east of the bridge a six-span approach viaduct collects this maze of highway.
It''orty-five feet above the ground, the 856-foot long viaduct flares out in width from 113 feet
to 180 feet.

Plans for rehabilitating this vital link to the Poplar Street Bridge were completed in
1989 and the work was under contract in 1990. Neither the original structure nor the
planned rehabilitation included seismic design. Shortly after the Loma Prieta earthquake
struck the San I"rancisco Bay Area in 1989, it was decided to include seismic retrofit in the
general contract. This retrofitting was necessary to meet the demands of a Richter 7.5 or
greater earthquake generated by the nearby New Madrid fault. The spectra at the site are
equivalent to AASHTO A=O.12 and Soil Prom", 7Y}l~ ~.:i.

Potential seismic retrofit options included strengthening the piers and foundations,
and seismic isolation. The latter was selected as it easily proved to be the most cost effective
and practical solution. The elastic seismic forces were reduced by a factor of approximately
4.5. Other construction alternatives would have cost considerably more, and would have
interrupted traffic for an extended period of time, necessitating closure of half the lanes of
the Poplar Street Bridge. Pier and foundation strengthening was avoided by combining the
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FIGURE 3: WEST STREET OVERPASS
Welded isolator installation. Sole and base plates are bolted
to isolator's internal load plates with countersunk bolts.
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FIGURE 4: TYPICAL SEAT-TYPE ABUTMENT
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force-lowering effect of isolation and the force-distribution technique of altering the isolator
design appropriately. Replacement of 128 steel rocker bearings took less than six months and
was accomplished without disruption of traffic.

ISOLATION BEARINGS AS ENERGY DlSSIPATORS

It was stated earlier that most isolation systems comprise three elements: flexibility.
energy dissipation and restraint for service loads. Although these elements are almost
always used, it is not necessary that aU three elements exist in every application. For
example, flexibility alone (period shift) will usually achieve the required force reduction,
although the displacements may be large.

Alternatively, energy dissipation may be used to reduce forces without additional
flexibility. Although the force reduction is not as dramatic as that possible with period shift,
the displacements are much less than for conventional (fully) isolated structures.

This strategy has particular application to monolithic bridges with seat - type
abutments. Here it is possible to combine the advantages ofa monolithic superstructure with
some of the benefits of seismic isolation.

In this application the elastomeric bearing pads, normally used at the abutments to
accommodate thermal and other movements (Figure 4), are replaced by isolation bearings
with lead cores. Significant hysteretic energy dissipation is possible with these devices and
reduced forces and displacements are the direct result. Since the columns remain monolithic
with the superstructure, the fundamental period of vibration is virtually unchanged. But the
energy dissipation introduced into the abutment bearings is sufficient to dampen the
spectrum significantly even in the short period range, and useful force reductions are
available. To illustrate this technique, an example is given below. It is a 4-span, 5-cell
box girder bridge, subject to a 0.5g ARS spectrum on 10-80 ft. alluvium; backfill interaction
is included.

Example

Geometry Figure 5 shows a four-span, continuous. monolithic bridge with seat - type
abutments. This example is taken from Appendix A of the Caltrans Memo to Designers 15-10
(April 1982, Revised July 1984).

The span leniths, bent stiffness, and dead loads are as shown in this figure. The
seismic loads correspond to a 0.5g ARS spectrum for 10-80 ft. of alluvium. All bents are
assumed to perform elastically during this event.

Results The results of several analyses are shown in Table 2. These analys~~ include, in
Column 1, the solution given in Memo 15-10, which is based on current Caltrans procedures
for longitudinal response. These results, however, use an incorrect value for the strength of
the combined abutment - bent spring model. A corrected set of results is given in Column
2 of Table 2.
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Abutment 1 Abutment 5

Bent 2 Sent 3 ,Sent 4

Dead Load (K) Longitudinal Stiffness (Kiln)

Abutment 1 B69
Bent 2 3063 100
Bent 3 3132 ?1R

Bent " 3028 .~,.

",'oJ

Abutment 5 865

TOTAL 10957 493

FIGURE 5: FOUR·SPAN, MULTICELL, MONOLITHIC BRIDGE

Conventional Design Isolation Designs

Memo 15-10 Revised Energy Dis6ipators' Full Isolation'

Column 1 2 3 4

BASIC RESPONSE
Base shellJ' (F/W) 0.98 1.00 0.42 0.19
Deflection (inches) 6.8 6.3 3.90 7.65
Period (Sees) 0.85 0.81 0.98 2.02

FORCE DISTRIBUTION (Kips)
Abutment 1 (780m' (7800) 1334 197
Bent 2 680 630 394 562
Bent 3 1482 1373 826 562
Bent 4 1190 1103 676 562
Abutment 5 7800 7800 1334 197

Total 11,152 10,906 4,564 2,080

NOTE:

1. ( ) meane ,hat this force is not included in the total ligul'1! at bottom or the Table. This is
because only one abutment backfill is Blsumed to be efTeetive at any isntant in time.

2. 'Energy Dis8ipators' mean8 isolation bearinp are uaed a8 energy disllipatoI1l at the abutmenl.ti.

3. 'Full Isolation' means iIolation beariDp are uMd at the abutments and at all bents.

TABLE 2: RESPONSE OF A of-SPAN, MONOLITHIC CONTINUOUS BRIDGE
Showing conventional (moo base) retlponlle compared to
energy dissipation solution and fulllleismic isolation
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Column 3 presents the results when isolation bearings are used as energy dissipators
at the abutments. The sizes of these bearings and their lead cores were chosen to limit the
deflection to 4.0 inches. This target value was selected because a 4-inch clearance at the
abutment was assumed in the previous analyses (Memo 15-10) and avoidance of impact on
the backwall was considered desirable. If the gap size were different or limited impact was
acceptable, different bearing sizes could be chosen. The results in this column were obtained
by averaging the values from seven inelastic time history analyses (using the DRAIN
computer program). Each time history was spectrum-compatible with the above, ARS 0.5g,
spectrum

For comparative purposes, the response of a fully isolated design is given in Column
4 of Table 2. Here, isolation bearings are provided at each abutment and at each bent. In
these circumstances, the structure is no longer monolithic with the bents, but the
superstructure is still continuous from one abutment to the other.

Discussion

Deflections are reduced by about 40% to just under 4.0 inches. This is less than the
specified gap width and no impact on the backwall s expected for this event. The response
is not now dependent on the mobilization of backfill soil resistance (stiffness or strength).
It is therefore more easily quantified and actual performance more accurately predicted.
Repair of the backwall is also avoided.

The total base shear force is reduced by more than 50% due to the energy dissipation
introduced at the abutments.

The abutment forces are smaller by almost a factor of 6, from 7800K to I330K, and
the bent forces are reduced by 40% (in direct proportion to the reduced deflections).

The results given in Table 2 are for longitudinal response only. Transverse response
for both the isolation designs will be similar to the above, provided the bent stiffness in the
transverse direction are of the same order of magnitude as in the longitudinal direction.

No significant period shift is possible with the energy dissipation solution. The force
reductions that are obtained are due to the introduction of significant levels of hysteretic
energy dissipation, which lead to a heavily damped design force spectrum, particularly in the
short period range. If full isolation is used, force reductions due to both period shift and
hysteretic damping are possible, as shown in Column 4 of Table 2.

CONCLUSIONS

Seismic isolation offers particular advantages to bridge structures. Reductions in
earthquake loads can be significant and savings can be achieved in the foundations of new
designs along with improved seismic performance (elastic response). Redistribution of load
from one substructure to another can further enhance this performance.

Isolation also offers a solution to many of the common retrofit problems encountered

39



in existing bridges. Limited experience to date has shown that isullition can be adapted and
implemented to meet a wide variety of different site and bridge conditions.

Isolation bearin{;"8 may also be used as energy dissipators at the abutments of
otherwise monolithic, continuous bridges. Although not as effective as full isolation, this
arrangement can enhance the seismic performance of existing structures with a minimum
of on-site construction work.
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DEVELOPMENT OF TEXTILE·REINFORCED RUBBER BEARINGS
FOR MENSHIN BRIDGES
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ABSTRACT

A new type of menshin device for bridge structures using textile-reinforced rubber bearings is developed.
Unlike the steel-reinforced rubber bearings currently in use, the newly developed textile-reinforced rubber
bearings (TR-RB hereafter) consist of alternating layers of rubber and textile reinforcements to form a laminated
rubber bearing. In this paper. material properties of the natural rubber components and the fundamental
properties of the TR-RB bearings are reported. In the initial test, 1/4 reduced scale models of the TR·RB
bearings are tested. Influences of the variation in shear strain levels, bearing stress, and loading frequencies on
damping capaCity have been observed. In the second part. full-size models are tested as part of a joint project
between the Public Work Research Institute (PWRI) and Toyo Tire & Rubber Corp. From the test results, it
has been observed that the ratio of lateral stiffness to axial stiffness is about 1/1000 which is the about the same
range for conventional isolator bearings used in seismic isolation of highway bridges. In addition, extensive
tests for static cases up to 200% shear strain and for dynamic cases up to 150% shear strain have shown that
the developed TR-RB bearings have stable hysteresis behavior suitable for seismic isolation purpo,,,,_

INTRODUCTION

In the conventional steel-reinforced rubber bearings. steel reinforcing plates are interleaved with ru\:lber
layers alternately to form a laminated bearing with high axial stiffness and yet flexible in the lateral direction
to decouple the supported structure from the destructive earthquake ground molion. The fabrication process
involves finishing of the steel plate surfaces and application of adhesives which need tedious labor and re~lIh<

in a heavy bearing. In the newly developeli TP_DQ """..:_;;:. ~::.::~ .....,~ .... " lGIU lUu:mately with the rubber
layers. In this series of tests, polyester fabric is used as the textile reinforcements. This results in a bearing
which is 2/3 lighter than a steel-reinforced equivalent. In addition, finishing and applying adhesives are
confined only to the two end plates. With the advantage of being lighter in weight. the developed TR
RB bearings possess similar seismic isolation properties as the conventional steel-reinforced rubber bearings.
Furthermore. the TR-RB bearings can developed a little more damping capacity compared with the conventional
types using the same rubber materials. And using a high-damping rubber material to further gain higher
damping capacity is a next consideration. Since the textile reinforcements provide confinement to the rubber
malerial, it is expected that the developed TR-RB bearings have excellent resistance to creep.

FUNDAMENTAL PROPERTIFS OF TEXTILE-REINFORCED RUBBER BEARINGS

Fundamental Properties of Rubber Materials and Textile Reinforcements Results of fundamental test on
rubber materiat done In accordance to the JlS-K6301 speCifications are tabulaled in Table 1. It can be observed
from the table that the rubber material used possesses good physical properties for use as seismic isolation
bearings.
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Table 1 Physic~ Properties of Rubber Material

hardness 40 JIS A
shear modulus 5.2 kgf/cm~

tensile strength 244 kgf/cm 2

elongation 690%
tear strength 64 kgf/cm~

compression set 13%

For the textile reinforcements, a polyester fiber material with tensile strength above 20 kgf/cm2 and an
elongation of over 15% is used. Compression test was conducted on a textile model (Fig. 1) until fracture to
verify its strength. Test result (Fig. 2) shows that the textile begins to fracture when bearing stress reaches
about 1320 kgflcm2

. Thus, the textile used has more than adequate strength when used in the isolator designed
to have axial bearing stress below 100 kgf/cm2 ,

~o ~~ :0 ~C 5:
Compressive Strain (%)

a~ 'I
-

I. _. -- --1r
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,.... 0

Fig. 1 Fracture Model for Textile Reinforcement
Under Compression Test

Fig. 2 Stress-Strain Curve of Textile Reinforce-
ment Under Compression Test

Fundamental Propenies of Textile-Reinfor.....rl O"l.h:: ::-~;"6~ 1\ 1{4-scaJe reduced model is shown in
:-:b':::' ~'II<1l> a oeaa load resistance of 6 tonf using natural rubber component with shear modulus of 5.2 kg/em 2

as noted in Table I. Three series of tests are conducted (Table 2). Series 1 investigates the influence of different
levels of shear strain. Series 2 investigates the influence of different levels of axial bearing pressure. Series 3
investigates the influence of frequency.

I J

------ ------------ ------
------ ------------ ------

0100

Fig. 3 A 1/4 Reduced Scale Model
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Table 2 Outline of Tests on 1i4 Reduced TR-RB Scale Models

Series Bearing Stress Frequency Strain Temperature
No. kgflcm2 Hz % ·C
1 60 0.05 ±25. ±50. ± 75 +18

±100, ±125, ±150
2 30,60, 0.05 ±100 +18

90
3 60 0.01.0.05. ±100 +18

0.1,0.5

TEST CONDITIONS
Bearing Stress 60 kgf/cm2

Frequency 0.05 Hz
Displacement ±10 mm

±20mm
±30mm
±40mm
±50mm
±60mm

Temperature +18°C

1.0

'a o. 5 ~
g I
e 0 t----~~~""-----

6 ~.~

-0. 5

-1. 0

L...J''----'--_L.---'--_'----L-_l.---'--__-'
-80 -40 0 40 80

Displacement (mm)

Fig. 4 Force-Displacement Hysteretic Loops of IJ4-Scale Reduced model

The force-displacement hysteretic loops under increasing amplitudes of shear strain is shown in Fig. 4.
From the force-displacement hysteresis loops, shear modulus G'1 and damping ratio h.q can be calculaled by
the following equations.

where K.q is the effective stiffness defined by (F",...,
Fmi,,)/( Urn".. - urn.,,), AR is the effective area of rub
ber sel:tion, IR is the thickness of rubber, ~W is the
area enclosed in a hysteresis loop. and W. is the po
tential energy (Fig. 5).

.:lW
h.q = 271'W.

(1)

(2)

Fmar

Displacement

Fig. 5 Equivalent Damping Capacity

Influences of the variation in shear strain level, axial bearing stress, and frequency on the shear modulus
and damping capacity are shown in Figs. c.-s. The results can be summarized as follows:

• The influence of shear strain levels on both shear modulus and damping capacity are shown to be small.
The effective shear modulus is shown to agree with the shear modulus of the rubber material used.
Effective damping ratio of about 10% is obtained although low damping rubber material is used in this
set of models.

• While axial bearing slress bas been observed to have no influence on the effective shear modulus C. q ,

the effective damping ratio Oecomes significantly larger with increasing axial bearing stress.
• Loading frequency does not seem to affect the efCective shear modulus C. q • but the effe"ive damping

ratio Il.q increases with increasing frequency.
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DYNAMIC LOADING TESTS AT PWRI

QUIline of Tests '!Wo full-scale models (Fig. 9) capable of supporting a dead luau of 92 tonf were tested
under the joint research program between the Public Work Research lnslilute (PWRl) and Toyo Tire & Rubber
Corp.

The rubber malerial used in these full-scale models is the same natural rubber material with a shear
modulus of 5.2 kgf/cm1. Model I was tested using test series I '" 4 under lateral displacement histories and
then using test series 5 and 6 under axial load histories. Model 2 was tested to evaluate endurance under
repeated application of cyclic displacements by test no. 7 and then followed by test no. 8 three hours after
the previous test. A summary of the test series is given in Table 3. During test. the room was conuolled at a
constant temperature of +20°C. A view of a model during test is shown in Photo 1.

Table 3 Outline of Dynamic Tests at PWRI

Test Bearing Stress Frequency Pre-Strain Strain No. of model
No. kgf/cm2 Hz % alternate ± ranges % Cycles No.

1 60 0.1 0 25, 50, 100. 150, 200 10 1
2 60 0.1 0 25, 50, 100. 150, 200 10 1
3 60 1.0 0 25,50.100.150 10 1
4 60 0.1 50 25, 50. 100, 150 10 1
5 0 .... 80 - 0 - 3 1
6 60 ± 20 - 0 - 5 1
7 60 0.5 0 150 40 2
8 60 0.5 0 150 40 2
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Photo 1 Dynamic Test of FuU-Scale Model at PWRI

Test Resulls Fig. 10 shows the force-displcl_ement hysteretic loops from test series 2. The influence of
increasing shear strain on effective stiffness and effective damping ratio are shown in Fig. 11 USing results
from test series I and 2. Influence of repeated cycles on G.q and h.q is shown in Fig. 12 using results from
the endurance tests of test series 7 and 8. From these, the following observations can be made:

• It can be noted from Fig. 10 that no stiffness hardening was noted even at shear strain level of 200%.
• It can be seen from Fig. II that level of shear strain does not significantly affect both the effective

stiffness and the effective damping ratio. G.q of 5.2 kgflcm 2 closely matched that of the material shear
modulus. Effective damping ratio of about 4% has been observed. Tnis shows a relatively higher
damping capacity than a conventional bearing using the same type of rubber material.

• Under endurance test series 7, dynamic loading at 150% shear strain for 40 cycles was conducted and
then followed three hours later by endurance test series 8 under the same condition. The results plotted
in Fig. 12 show very stable behavior for the developed TR-RB bearings.

• The lateral stiffness at 100% shear strain is about 570 k~f/cm dIld the axial stiffness under bearing stress
of 40 '" 80 kgf/cm2 is about 560 tonf/cm. Therefore 'e ratio of lateral to axial stiffnesses is in the
1/1000 range.

TEST CONDITIONS
Bearing Stress 60 kgf/cm'
Frequency 0.1 Hz
Displacement ± 19 mm

±38mm
±76mm
±114 mm
±152 mm

Temperature +20°C
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Fig. 10 Force-Displacement Hysteretic Loops of TR-RB Under Dynamic Test at PWRI
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Fig. 11 Influence of Shear Strain on Shear Modulus and Damping Ratio (Dynamic Test at PWRI)
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SUMMARY AND CONCLUSIONS

Extensive tests were: conducted on the newly developed textile-reinforced menshin bearings under both
static and dynamic load conditions, Tests were first conducted on 1I4·scale reduced models to evaluate
fundamental bearing properties, and then dynamic tests were: conducted on full-scale models under the test
program of the joint research project between PWRI and Toyo Tire & Rubber Corp. The results can be
summarized as follows:

• The developed TR-RB bearings exhibit similar hysteresis loops as conventional menshin bearings.
• The ratio of lateral to axialstiffnesses of about 1/1000 range is suitable for use in seismic isolation

purpose of highway bridges.
• Extensive static tests with displacement up to 200% shear strain and dynamic tests with displacement

up to 150% have shown that the developed TR-RB bearings have stable hysteretic behavior.
• Although the same rubber material as in the scale models was used in the full-scale models tested at

PWRI. high damping capacity was not exhibited. However, the damping capacity is still higher than for
conventional bearings using the same rubber material.

In conclusions,
• The developed TR-RB bearings have been tested and shown to exhibit suitable properties for use as

menshin device with the advantage of being lighter in weigh!. It is necessary to establish the parameters
of lateral stiffness and damping for design application.

• In order to further increase the damping capacity of the TR·RB bearings, it is considered in the next
step of the development project to replace the the common natural rubber material used in the tested
models with high-damping rubber material.
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Development of A Sliding Friction Damper

Takamura IGUCHI\)

tlManager Engineering Department
BBMCo., Ltd.

Chuo-ku. Tokyo, JAPAN

Summary

This paper describes a base Menshin bearing that has been developed by ccmbining a rubber bear

ing with a sliding surface so as to fonn a module damper, and an experiment was made to verify its

effective damping characteristics and the foHowing was found; I) Dependency of the friction resitance

on the bearing str\;SS was ~ = 0.03 - 0.06 at de ::= 30 - 120 kgflcm 2
, while its dependency on the velocity

was I.l. ::= 0.07 - 0.09 at 1 HZ. 2) Damping characteristic of approximately 50 % was confirmed. It was

same even in the area of± 25 - ±SO %. 3) The rubber packing located in the gap of the sliding surface

restricts the slide in the large displacement zone, and a hysteresis curve was obtained with the secondary

gradient caused by the shear defonnation of the rubber bearing.

INTRODUCTION

A friction type energy dissipator with an e1astmer bearing as shown in Fig.1 and 2 was de\eloped

for Menshin bearing of highway bridges.

The natural rubber is used for elastmeric bearing has been used in Japan, for the past 17 years. and

bearing with as large as 1000 If were adopted for multi·span continuous girder bridges. General struc

ture of the elastmeric bearing is 3S:

(I) Reinforced plate with thickness 6 to 19 mm

(2) An opening of about 50 % is provided at the center and the rubber is set through of tolal struc

ture of the bearing is laminated with rubber.
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FUNDAMENTAL PROPERTIES OF SLIDING FRICTION DAMPER

Physical Pmpenjes of Rubber

The Ring bearing is used as the elastomeric bearing because it satisfies the specifications for the
rubber material given in the bearing manual and its durability is already verified by the fatigue test,

exposure tests, and acceleration tests in the room.

Testin~ Methods

A series of tests as shown in Table 1 were conducted to check the basic propenies of the device.

Table 1 Testing conditions.

Case (1) Case (2) Case (3)

Yerticalload (t.f) 2.9 5.8 7.7 5.8 2.9 5.8 7.7

Bedring Stress 30 60 80 60 30 60 80

(kg.t/cm2)

Frequency (Hz) 0.3 0.4 0.5 0.1 0.1

1.0 1.5 2.0
Shear displacement ±IOO ±IOO ±IOO
rate (%) ±150 ±150

P1FE Pure teflon containing containing

glass fiber glass fiver

containing containing graphite

graphite

Test Results

(1) The basic hysteresis curve as the sliding friction damper is confirmed.

(2) The basic hysteresis curve is observed in the region f < l.0 as the velocity dependence.

In the region f:> 1.5, the friction disappears and the shear defonnation of the elastomeric bear

ing is dominant.

In the region f:> 2.0, the sliding face is almost still and the shear defonnation of the elastomeric

bearing only repeats.
(3) The material containing glass fiber is the best in the abrasion resistance of PTfE
(4) The packing material cannot be quantitatively evaluated by the scale model test. (At first, the

low-elasticity rubber was planned to be used. However, its behavior shown in the test was not

favorable; therefore, mold damping rubber damping packing was adopted.)
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DYNAMIC LOADING TESTS AT PWRI

IestiD~Methods

To check the properties of the sliding friction damper. a series of dynamic loading tests were made

at PWRl under the conditions presented in Table 2.

Table 2. Testing Conditions

Series No. Bearing Frequency Pre-strain Stain Cycles Model used

stress

kgf/cm1 Hz % %

1 ±25

2 ±50 Rubber

3 30 0.1 0 ±100 10 bearing

4 ±150 300x300x71
5 ±200
6

I7

8 60 0.1 0 .. " "

9

10

11

I
12

13 120 0.1 0 .. .. "

14 I
15
16
17

I18 60 1.0 0 " .. ..
I

19

I20

Fig. 3 shows the model used for the loading tests and Fig. 4 and 5 show the ring bearing are damp
ing TUbber packing used for the model. Test procedure is presented in Photo 1.
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Test Results or a serics of tests at PWBI
Major test results are presented in Table 3.

Table 3 Tests results
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Stability of beq and keet to abe Cyclic },oadincs

(l) In tests 1 to 20, dependence of hcq on cyclic loading from 3 to 10 cycles is obtained. and it is

about 96 to 102% of the average in 4 to 10 cycles.
(2) The fatigue propenies are checked by the following test.

Test conditions: f =0.5Hz

6C = 7l.8kgf/cm2

E =±136%

The results are shown in Table 4. and 5.

Table 4 Test Result to the C}'cUe Loadings

1 3 10 20 30 40 Average

4 - 10

heq (%) 43.7 49.9 51.7 51.5 51.6 50.2 51.3

0.64 i 0.93 1.00 1.01 1.01 0.98 1.0

keq 0.55 0.42 0.37 0.37 0.38 0.39 0.39

(tf/em) 1.42 1.10 0.97 0.96 0.97 1.00 1.0

(3) In 100 to 150% relative displacement region, which is imponant for the device, damping ratio
hctl obtained as 52,0 - 51.4% for tests 1 and 9.

(4) Average damping ratio over test 2 - test 4, test 1 - test 9, test 17 - test 19 was evaluated as
shown in Table 5. They are almost similar with the value averaged from 4 to 10 loading cycles.

Table S Stability of Effective Damping Ratio (%)

Test ±SO ±100 ±150

Test case 2 - 4 47.2 (51.0) 48.9 (51.7) 48.5 (49.6)

Test case 7 - 9 47.7 (48.4) 50.2 (52.0) 50.0 (51.4)

Test case 17 - 19 26.8 (29.6) 41.4 (45.5) 45.3 (48.4)

Note) Average from N =4 to 10 cycles ( ) represents.
The tests resulls for hysteresis loop of standing friction damper as shown in Fig. 6 - 9.
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14 Test conditions
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Figure 6. Force-displacement hysteresis loop of sliding friction damper (Test 1 - 5).
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Figure 7. Force-displacement hysteresis loop of sliding friction damper (Test' - 10).
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CONCLUSION

Following findings were obtained from the loading test presented herein:
(1) A stable basic hysteresis curve was obtained as a module friction damper and as a Menshin device.
(2) High perfonnance with a high damping characteristic of approximately 50% was obtained.
(3) Damping characteristic of approximately 40% was obtained even in the area where lateral displace

ment is less ( ±25%).
(4) A test result of ~ =0.03 - 0.06 was obtained for the dependancy of the friction coefficient on the

bearing Stress.
(S) A test result of ~ =0.07 - 0.09 was obtained for the dependency of the friction coefficient on the

velocity.

(6) Wear-resistant characteristics against repeated lateral load was sufficient even at N =80.
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DEVELOPMENT OF STEEL DAMPER fOR MENSHIN BRIDGES

Hiroshi KAMIYA. Shin_ichi IIZUKA and Masataka TAKEI

Nishi'atsu Construction Co. Ltd .• Ya.ato-shi. Kanaga,a, Japan

SUMMARY

ASteel da.per was developed for energ¥ dissipation for highway bridges. The
steel da.per is circular and .ade of stainless steel. Characteristic tests perforled
on thestee: d••per showed that it absorbs large deforlation and has hysteresis dalPing
capacity. The perfor.ance of the steel da.per does not vary according to the ~elocity.

frequency and te.perature.

INTRODUCTION

The basic function of the steel da.per is to absorb the ener,y of the earthquake
through plastic defor.ation of the steel .aterial. For the Menshin systel. the
la.inated elasto.eric bearing .ainly bears dead load, while the steel d.IPer bears
part of the horizontal seis.ic force; it does not shoulder vertical forces.

The steel da.per that .e developed uses a ring da.per which is lade b¥ processing
stainless steel(SUS 304) into a circular shape. Stainless steel is characteristically
lore resistant to corrosion and has higher strength and elongation. Static loadin.
tests, dyna.ic loading tests, and dfna.ic loading tests at the Public 'orks Research
Institute (P'RI) were perfor.ed to ~erify the funda.ental properties of this steel
da.per.

FUNDAMENTAL PROPERTIES OF THE STEEL DAMPER

Test Models The shapes of the test lodels are sholn in Filure I. Test para.eters
are presented in Table 1. The test paraletefs tere the dialeter and the width of the
test lodel. An actuator was used to appl¥ static and dynalic forces. Static loadine
was applied by schedulinc the displace.ent a.plitude. Dynalic loading las applied
sinUSOidally while controllinc the frequency and aaplitude as par.leters. Testlns
facilities are shown In Figure Z.

The arranlelents of steel dalpers are illustrated in fusure 3. One steel dalPer
la¥ exhibit dlrectionalit¥ depend!nc on where it is located. Therefore. sets of two
or four steel daapers are considered the funda.ental arrance.ent.

The loadine tests were individually carried on, shear direction and cOIPressive 
tensile direction.
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(a) Static Loading

Table 1 Test Paraleters

Size of DaaperCaa)
Test Loading
nale Direction Dialeter lidth

TC80aO C " T· 30
SS8030 Shear

TC8050 C" T· 800 50
SS8050 Shear

lC8075 C" T· 75
558075 Shear

TCS50 C " T· 800 50
SS850 Shear

TC850 C " T· 50
55650 Shear

rCB7S C 1 T·
600 75

55675 Shear

TC630 C 1 T·
30

SS630 Shear

TCL50 C " Y·
(Oval) 50

SSL50 Shear

ISize of D.aper(aa)I I
Test Loadine i !Freq. AIPlitude
na.e Direction Dialeter fidth I(Hz) C••)

80-TCl C " T· I
II

1 ±40
80-551 Shear

I

BO-Te2 c " r· I
! 0.5I ±4o

I80-552 Shear i I

80-TC3 C" T" I II 800 30 0.5 ±90
80-SS3 Shear I I
80-TC4 C &T" 1

i
I

I 0.2 ±90
80-S54 Shear

80-rC5 C " T· I
\

1 0.2 ± 130
80-555 Shear I

60-TCI C " r· \

I
1 ±20

60-551 Shear

60-TC2 C " T·
1 ±40

60-552 Shear

60-TC3 C " r· 600 50 0.5 ±40
60-SS3 Shear

80-TC4 C 1 T·
0.5 ±60

60-S5" Shear

60-YeS C • T·
0.2 ±60

80-555 Shear

L-TCI C 1 T·
(Oval) 50 0.5 ±60

L-SSI Shear

·C" T .•.. Coapressive - Tensile direction

65



Reaction wall

Actuato.

\

Roller

Steel damper
Holde.
\
\

Bracket

Figure 2 Testing Facilities

/ Compressive - te~sile direction , . 0
Lamlnated elastomenc ::ea.:::g

''"'' ..• ,~ 0-0
" ! 0 S~eel damper

Attachment of superstructure I
/;Attachment of substructure

\2

Figure 3 Configuration of Menshin Device

66



TEST RESULTS

Static loading tests The force - displace.ent hysteresis loop according to the
loading directionare shotn in Figure 4. For identical displacelents. the force in the
cOlpressive - tensile direction is about three tiles larger than that in theshear
direction.

The force - displacelent hysteresis loop according to the delPer width are sho~n

in figure 5. The wider the d,.per width. the lareer the force is. The increlent in
force is proportional to the increase in width.

Effective dalping ratio that tere obtained frol natural loops of the testsere
shown in Figure 6. In all tests. the effective dalping ratio increasedas displacelent
increased. A cOIParison of effective da.ping ratios depending on the loading
direction indicated that they ~ere larger in the cOlpressive - tensile direction than
in the shear direction.

DYnalic loading tests The results of the dyna.ic loading tests usinc frequenc¥ and
a.plitude as test para.eters are presented in Table 2. The force - displacelent
h¥steresis loop corresponds to that of the static loading test.

With identifical frequencies. the nUlber of cycles before the occurrence of
failure decreased as the a.plitude increased. Loading with the sale alPlitude but
with differrent frequencies failed the dalPer after a cOIParable nu.ber of c~cles.

AcOIParison between the force in the shear direction ar.d that in the cOlpressive
- tensile direction revealed that the forler withstood a larser nUlber of cycles

before failure.
The alount of cUlulative enerl~ before failure took place was unaffected b~ the

frequency. velocity and a.plitude in any given loading direction.

CONCLUSIONS

We carried out a nUlber of characteristic tests on steel dalPers that we had
developed. The following conclusions tere obtained.

(a) The develop~d steel da.pers are lade of stainless steel. They are resistant to
rust and have strenlth and elongation equal to or higher than that of iron. The steel
dalpers have a f~irly ,ood dalpin, capacity.

(b) The stiffness of a steel dalper can be freely adjusted by chanline its width.
In addition. design displacelent can be adjusted by chancing the dalPer's dia.eter.

(c) Steel da.pers depend onl~ slightly on frequency, velocity and the environlent.
Therefore. they are relatively easy to design.

(d) The failure of steel dalpers can be evaluated by interpretinr it as the alount
of cu.ulative energy obtained frol hysteresis loops.
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LOADING DIRECTION
iCOMPRESSIVE & TENSILE!

TEST COND IT IONS

STATIC lOADING

DISPLACEMENT ± 20 ••
± 40 ••
± 60 II
± 100 ••
± ISO ••
±200 ••

-300

SHAPE
DIAMETER
rlDTH

<a) COlpressive - Tensile Direction

CIRCULAR
600 II

50 1ft
(ho rin,s)

TEST CONDITIONS

FOB, [til STATIC LOADING

20 DISPLACEMENT ± 20 ••
± 40 ••
± 60 ••
± 100 ••
± 150 ••
±200 ••
±2S0 ••

-300
LOADING DIRECTION

ISHEAR\

MODEL

SHAPE CIRCULAR

-20
DIAMETER 600 ••
IIDTH 50 ••

(b) Shear Direction

ficure 4 Force - Displacelent Hfsteresis Loop
(Co.parison of Loadine Direction)
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FOl'CI [t f)

20

200 300
Dl s p. (1II1ll)

TEST CONDITIONS

STATIC LOADING

DISPUCEMENT ± 20 II
± 40 II
± 60 II
± 100 II
± 150 II
±200 II

LOADING DIRECTION
COMPRESSIVE &TENSILE

LOADING DIRECTION
COMPRESSIVE. TENSILE

TEST CONDITIONS

5T AT Ie LOAD ING

DISPLACEMENT ± 20 II
± 40 II
± 60 II
±IOO II
±150 II
±200 II

-20

(a) 30 II

FCl'CI [tf)

20

-20

(b) 50 I.

SHAPE
DIUIETER
'10TH

SHAPE
DIAMETER
:'IDTH

CIRCULAR
600 II

30 III

CIRCULAR
600 II

50 III

Figure 5 Force - Displace.ent H~steresis Loop
(CoIPlrison 01 D.IPer Width)
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75 III

CIRCULAR
600 II

SHAPE
DIAMETER

TEST CONDITIONS

STATIC LOADING

DISPLACEMENT ± 20 ..
± 40 ..
± 60 II
±IOO II
±150 ..
±200 ..

,WIDTH

LOADING DIRECTION
200 300 COMPRESSIVE & TENSILE
Dlsp. (mm)

-20

Forc' (t f)

20

(c) 75 III

Figure 5 Force - Displacelent Hysteresis Loop
(Comparison of Da.~er Width)

100
N-

o 80-..
CI 60
c:

Cl.
e..

4.0"'0

U
>- 20u..

W

0
0 50 100 150 200

Oi s p. (mm)

100 ,......-~----,.---r-----.-.

o 80-..
CI 50
c

c.e
.:: 4.0
u
>

u 20
u

-I.L.J

50

(a) COIPressive Direction (b) Shear Direction (Positive)

Figure 6 COIParison of Effective Dalpine Ratio
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Table 2 Dynamic Test Results

(a) Circular T~pe (D=800. W=30)

Test Freq. Alpl i tude hi lure c)'c)e H)'steresis area'Accululated enercy
nale (Hz) (..) (count) (U· ..) . (U· .. )

BO-TCI 1 40 498 I 200 99.6DO

80-TC2 0.5 40 579 170 98.430

80-TC3 0.5 90 121 770 93.170

80-TC4 0.2 90 125 700 87.500

80-TC5 0.2 130 67 1.240 83.080

80-551 I 40 10.000· 20 200.000

80-552 0.5 40 10.000· 20 200.000

80-553 1 0.5 90 1, 120 I 190 212.800

80-554 0.2 90 1.320 160 211,200

80-555 1 0.2 130 579 I 370 214.230I

(b) Circular Type (D=600. W=50)

Test Freq. I AIPI itude Failure c)'cle!Hysteresis area Accululated enerc)'
nile (Hz) (I.) (count) I (U· ..) (U· ..)

BO-TCI I I 20 520 150 , 78.000

60-TCZ 1 40 160 450 72.000

60-TC3 0.5 40 190 430 81.700

60-TC4 0.5 60 105 910 , 95.550

SO-YCS 0.2 60 110 890 i 97.900

SO-55 1 I 20 I 1.000· 10 I 10.000I

60-552 I 4D 1.000· 70 I 70.000,

60-553 0.5 40 1.000· 70
•

70.000

60-554 D.5 60 1.000· 230 I 230.000I

60-555 D.2 60 500· ?'?O I lIS. 000

(c) Ova I Type

Test Freq. AlP I i tude Failure cycle Hysteresis areal Accululated enercy
na.e (Hz) (.1) (count> (tf· ••) ! (U· ..)

L-TCI 0.5 60 360 420 I 151.200

L-S51 0.5 60 1,000· 280 I 280.000

·Not rai lure until that count.
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DYNAMIC LOADING TESTS AT PIRI

Testin, Methods The test paraleters used at the Public lorks Research Institute
(PIRI) are presented in Table 3. The testin, facilities are shown in Photos I and 2.

The steel dalPer was subjected to teo c~cles at each displacelent with aflxed
frequenc~ of 0.5 Hz and an alplitude of 50, 100 and 150 II. Since the steel dalper
does no. shoulder vertical forces, the test las perforled so as to avoid applyin,
external forces in the vertical direction to the dalper.

In addition. endurance tests of the steel dalPers, steel dalPers were subjected
to 40 c.cles with a frequency of 0.5 Hz and an alplitude oflOO ••• and then subjected
to tests .f the sale alplitude and frequency for three hours.

Table 3 Test Paraleter for D1nalic Loadinc Tests at PiR]

I

iEST No. SHAPE FREQ. DISP.
(Hz) (I.)

1 I 0.5 I 50
! I

2 CIRCULAR 0.5
I

100

3 I 0.5 I 150

I I
4 0.5 I 50I

I !
I

I5 OVAL 0.5 100

6 I 0.5
!

150

40-1 0.5
I

iOO
CIRCULAR

I40-2 0.5 100
I
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Photo 1 Testing Facil ities for Dynalic Loading Tests at PWRI

Photo 2 Testinc Facilities for Dynalic Loading Tests at PIRI
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Test Results The results of the drnalic loadins tests at PIRI are presented in Table
4. Test No.1 to 3 denote circular steel dalpers and No.4 to 6 are o~al steel dalPers.

ExalPles of the force - displacelent hrsteresis loop are shown inFigure 7. The
steel dalpers re~ealed a large dalpins capacitr due to plastic deforlation.

The effecti~e dalping ratio tas in the neighborhood of 27% to 40'. The effecti~e

stiffness tended to decrease as displacelent increased. ~here as the ef:ecti~e dalPing
ratio increased as displacelent increased.

Table 4 Results of Dynalic Loading Tests at PWRI

Test results ]
1----------

Test Freq. Lateral Lateral I Shear characteristics

Disp. oisp. i Effective stiffness (tf/ •• ) : Effective dupinc ratio(")
No. (Hz)·

(II) (II) IC)'clel :C)'Cle3:C)'c.10 Mean Cyclel C)'cle3 C)'c.IO: Mean
(C4-CIO) : (C4-C10)

45.8 I 1.77 1.83 : i.82 I. 83 Z8.0 27.6 ?- ? 27.4.. I ...

92.3: 1.13 1.20: 1.19 1.20 37.4 i 36.9 36.1 36.5

.- ---- j _ _- _-

i 0.97 11.00 0.99 1.0 1.02 1.01 0.~9 1.0

139.1 ! 0.76 .0.80 : 0.77 0.79 40.4 i 39.9 39.1 39.5
•••••••••••••••••••••••••••••• _ ••_ •••••••••_ •••••• _ •••••••••••••••••••.••••••• _ •••••••••••••••••••••••• _ ••••••••••••• ·._·.········.····· •• u •••••••••••

I 0.96 ; 1.01 I 0.97 1.0 1.02 ! 1.01 0.99 1.0

"5. 7 i O. 98 , 1. 02 i i. 01 1. 01 19. 0 i 19. 0 1i . 6 18. 1
················fO·:·S7····....j·:oo..i···j'·:·Cio..···· ..··j·:·O· ..·....··..·i·:·os··T.. j·:·o·S··....·O·...S7.... ··....···j·:·0··· ..

1.01. 03 I. 0 1 0.991.0I 0.95 1.00· 0.99

91.5 I 0.59 : 0.60 i 0.59. 0.60 31.9! 30.7 29.8 30.1
..· rO·:·s8'.. ~· ..·j·:·O·o·i..·ci· 99 ·..··j·:·O· ·.. ·i·:·06..·rj·:·O·2 ·0·:·S9..·;·· ·~·:·0 ·

137.6 i 0.43 i 0.43 ! 0.42! 0.43 37.0 I 36. i . 36.6 i 36.7
·..·..·........··j....~·:·O·~ ..·~····j·:·o·l ..i..o·...99..·;···..·j·:·O·..·..··..···i·:·oi..T··j·:·o·Ci··....·i·:·oo..·;·..···..l~·O.....

i := 50
I

I--
2 ! 0.5 ± 100

f------!

3 := ISO

I

~
:= 50

i

I 5 i
I

0.5: :: 100
I
~

i
6 I :!.: ISO

!
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TEST CONDITIONS

FO'ce :tf) TE~PERHURE +ZO·C

FREQUENCY 0.5 Hz

DISPLACEMENT ± 50 ••
± 100 ••
± 150 ••

CYCLES 10
-200 (in each disp.)

LOADING DIRECTION
COMPRESSIVE &TENSILE

MODEL

SH.U'[ CI RCUl..AR

-20
DIAMETER 600 ••
'IDTH 50 ••

(a) Circular Type

TEST CONDITIONS

TDIPERATURE +ZO"C

FREQUENCY 0.5 Hz

01 SPLACEIiIENT ± 50 .1
±IOO II
±150 II

CYCLES 10
(in each disp.)

2JC
0, a. 1m.,,! LOADING DIRECTION

COMPRESSIVE &TENSILE

1I0DEL

,SHAPE
-20

(b) O~al Type

Fi~ure 7 Force - Displacelent Hysteresis Loop
(Dynalic Loadin~ Tests at PWRI)
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CONCLUSIONS

The fol lowing conclusions are led frol the results of the series of tests at PIRI.

(a) Effective damping ratios of the circular steel dalPer are 27~ with a
displacelent of 50 .1 and 40% with a displacelent of 150 I.. The effective dalPing
ratio tended to increase as displacelent increased.

(b) The effective stiffness of a circular steel dalPer tends to decrease as
displacement increases.

(c) Both the effective stiffness and effective dalPing ratio of an oval steel dalPer
are smaller than those of a circular steel dalPer.

(d) The h¥steresis loop of a circular steel dalPer is aSYlletrical with respect to
positive and negative fluctuations, llhile that of an oval steel duper still indicates
the behavior of sYlletrical curve about positive and negative valves even _hen the
displacement is the sale.
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SUMMARY

This paper dIscusses the development of a viscous damper for menshin h1gh~ay ~ridges

that utIlizes the flow resistance of a highly viscous materlal. The viscous damper
funct10ns both as an energy absorber and as a reinforceffient devIce that prevents the
superstructure from sliding off the bridge pIer. :0 February 1991. the dynam:o loading
tests of the development viscous damper were car::ed out at the Public Works Research
Institute (PWRIl to verify its fundamental propert:es and durabilIty. A series of these
tests revealed that the damping force of this visc:~s damper 1S proport1onal to t~e 4.3rd
power of the relative velocity between the superst~~cture and the s~bstructure. It was
also proved that the viscous damper provides dam~:~g performance and durability s~ltable

for mer.shln bridges.

INTRODUCTI)~

Viscous dampers were development 1n Japan :~ tne 1960's with the original object of
dispersing the horizontal force that acts on :~lti-s~ar. continuous bricges during
earthquakes. These viscous dampers were 1ntendec to f~nction as an earthquake stopper.
not as a Menshin device. Since then. such earth~~a~e-stcpper type VISCOUS dampers have
been applied Widely to highway brldges and railway bridges. Then main purpose of these
conventional viscous dampers is to transfer the lnertlal force of the superstrJcture to
the substructure during earthquakes. They are net expected to exhibit particularly good
energy absorption. Conventicnal viscous dampers thus use hlghly viscous materials such
as hydrocarbon polymer, butane polym~r, and :~lyolefln polymer. However. since
hydrocarbon polymer and butane polymer do not flow at room temperature, they are
inappropriate for use as viscous materials for menshin dev.ces. On the other hand.
although polyolefin polymer has higher flowability than other two polymers. its viscousity
is affected by temperasture changes. For these reasons, a new Viscous damper was
developed using silicone oil as a viscous materia~. WhICh also has good flowability and
comparatively smaller variation 1n Viscosity due to temperature changes. This material
is used to ensure uniform deformation and stablp. damping prop~rties. both of which are
essentIal for menshin bridges.

As shown in Figure 2, the new viscous da~per consists of a steel movable post that is
secured to the superstructure, a top cover that is fastened to the steel movable post and
seals the viscous materials together wlth a rubber seal, and a rubber seal that encloses
the viscous material and an external steel box that is embedded and clamped in the
substructure. The external box is fully packed with silicone oil, and a pressure
regulating tank installed at the bottom end of the steel movable post is designed to
stabilize the external box while the pressure of the silicone oil is floating.
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The characteristics of the new viscous damper are as follows:
1) The resistance force of the damper is basically dependent only upon the relative
velocity between the superstructure and the substructure, and increases as the velocity
increases. In other words. the resistance force rarely appears against long-term leads,
such as a thermal load. even if the displacement caused by these loads is large.
2) The damper also pcssesses the functions of a reinforcement device.
3) These are no design restrictions for displacement, except for the dimensional
restrictions of the substructures.
4) The secular change in properties of the viscous material is minimal; stable da~ping

performance is assured for long-term service.

Figure 1 Viscous Damper
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Viscous MaterialSubstructure

'/ ova e ost

Superstructure . Top Cover,
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~ \. " C>

Q
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\
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I

~onsitudinal Direction Transverce Direction

Figure 2 Detai Is of a Typical Viscous Damper
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FUNDAMENTAL PROPERTIES OF VISCOUS DAMPERS

Properties of Viscous Materials Generally, the viscosity-temperature characteristic of
a V1SCOUS maEer1al 1S expressed by the following equation :

oc

IIhere
~: rotational viscosity (poise)
e: natural logarithm
c: constant determined by a viscous material
t : temperature ('C)

(1)

As is clear from equation (1), the larger c is, the more the viscosity of the viscous
material is liable to be influenced by temperature char.ges. Table 1 shows c-values and
rotational Viscosity at -10'(' and +20'C of various viscous materials obtained in past
tests.

Table 1 C-values and l'otational viscosity c:' viscoL;s materi3ls

I
Rotational ViSCOSlty (Poise)

V1SCOUS Materials I c Touch
i
I -10'( -20'(
I

!
Hydrocarbon polymer '0.065

I
70,300 'o,eoo Sclid aspha:1.t

Butane polymer : 0.043 36,300 'O,COO SoLd asphalt
I

Polyolefin polymer i 0.066 7,200 1.000 Starch syn.:p

Sillicone oil \ 0.023 400
,

200 Salad oil
I

As is evident from the table. silicone oil, which is ~~ed 1n the new viscous damper,
is excellent in both flowability and stability to temperature changes.

Damping Force of the Viscous Damper Generally, the darr.p:~g force of a viscous dam?er 1S
expressed by the fol10wlng equat10n

Where
F
k l

k~
k,
V
d

damping force of a viscous damper (t· f)
constant determined by the type of viscous material
constant determined by the shape of a damper
constant regarding temperature characteristic (= e -"
relative velocity (em/sec)
constant determined by the type of V1SCOUS materlal

k , , k 2 and d are unknown constants whose values are difficult to obtain
theoretically. These constants were thus estimated from the results of past element
tests performed on a horizontal-force-disp~rsed viscous damper that was applied to the
prestressed concrete bridge on the Yoshima Bridge between Honshu and Sh1koku. The
viscous damper used polyolfin polymer. Figure 3 shows a schematic of the viscous damper
used for the element tests. The longitudinal width of the steel movable post of the test
viscous damper is variable three stages of 38 em, 58 em and 78 em. Figure 4 shows a
typical relationship between the damping force and the velocity of the viscous damper used
in the element tests. The elements tests produced the following numerals for each
constant :

k. 3.5 X10- 4

k l (0.91 R. x 1.0) X (S/50
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k I e -0 11";'.\

d 0.85
Where

~ : longitudinal width of the steel movable post (em)
S : area of the steel mov~ble post under press~re (em')
So : area of the depressea seetio~ (em')

(see Figure 3). From these results, assumIng that
1. The shape constant, k" is common regardless of the V1S~O~S material to be used,
2. k I > k t .~ h < at -20 C 1S prcportior:al to the rotat:onal viscosity at the same
temperature. and
3. The emp:rical judgment determines d = 0.5.
the equatlon for the camping forre (F) of the VISCOU~ da~;e~ with s1~iccr.e oil can be
presumed as follows :

F = 6 ' 75 :< 10 I ( C. 91 (- 1 . D) . (S;' Sc) < t' - ., ,\ <\,.

Reproduced from
best available copy
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Viscous Material Movable Post
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Figure 3 Schematic Drawing of a Viscous Damper for Element Tests
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Figure 4 Relationship between Damping Force and Velocity
of a Viscous Damper with Polyolefin Polymer
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DYNAMIC LOADING TESTS AT PWRI

Summary of Dynamic Loading Tests To verify the dynamic properties and durability of
V1SCOUS aamper~, SlX serles of dynamic loading tests were performed as detailed below.
All of the tests were carried out in the room controlled at a constant temperature of +20
·C. The large-stroke actuator having the capacities of maximum excltation ±125 tf
(dynamic), maximum stroke ±500 mm. and maximum velocity =100 cm/sec owned by PWRI was
used.

Test Viscous Damper Figure 5 and 6 shows the structure of the test viscous damper and
the dynamlc loadlng tests at PWRI. respectively. The movable post and the external box
of the test viscous damper are all made of steel plates 10 mm thick. Neoprene rUbber.
which has a high degree of resistance to oil. is used as seal rubber. The viscous
material used is silicone oil, whose rotational viscosity at +20 ·C is 2C~ poise.

Test Conditions In the series 1 tests. the test object is repeatedly loaded 10 times
each at [lve dlfferent velocities of 10. 20. 3D. 40 and 50 em/sec. with a vibration
frequency 1.0 Hz. In the series 2 and series 3 tests. the test object is excited in the
same manner as in the series 1 tests. with two vibration freq~encies c~ 0.8 Hz and 0.5
Hz. In the series 4 tests. ten cyclic loads are applied each under fOur different
displacements of =20. 50. 100, and 200 mm at a velocity of 10 em/sec. In the series 5
tests. the test object is loaded repeatedly 10 times each at five different vibration
frequencies of 0.1, 0.2. 0.3. 0.4. and 0.5 Hz under displacements of =50 mm. The series
6 tests determine durability ; a total of 80 cyclic loads are applied ~~der a Vibration
frequency of 1.0 Hz and a displacement of ~50 ~m ~et.een one three-~o~r pause. Tr.e
excitation wave is sin~soidal in all cases.

Test Results Figures 8 to 13 show the test results of series 1 to 6. a~d Fig~res 14 and
15 show force-displacement hysteresis loops of series 3 and 4 tests. :he damping force
in the figures is the sectional str~ngth of the axis of ordinate of the force
displacement hysteresis loop shown in Figure 7. And, the absorbed energy denotes an area
encircled with the hysteresis loop of one cycle.

Force

Absorbed Energy

Displacement

Figure 7 Typical Force-Displacement Hysteresis Loop
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Figure 8 Test Results of Series 1
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D1Scussions Theoretically the damping force of viscous dampers is dependent on
vlbratlonal velocity only i it is not influenced by displacement. Vibration frequency, or
the number of cyclic loads. In practice however, many factors other than vibrational
velocity, such as pressure changes in viscous material due to c~anges in displacement or
vibration frequency. or temperature rise as a result of repeating loading, may have an
influence In the damping force. The main purpose of the series of dynamic loading tests
was to confirm the relationship between the damping force of dampers and the Vibrational
velocity. The test also verified the effect factors other than the vibrational velocity
have on dampers.

As evidenced in Figure 8 to 12, the damping force and absorbed energy with respect to
the number of cyclic lOads are both very stable except for the first cycle. The reason
that the damping force and absorbed energy in the first cycle are small is that they are
calculated from the hysteresis loop that is plotted When they are stationary. The results
in the first cycle are therefore meaningless data. On the bas:s of a mean value fro~ the
4th cycle to the lathe cycle as the reference value, the maXimum dlspersicn of the
character1stic value in ten cyclic loads is around 10~.

Sinusoidal waves were used for excitation in the tests. The fcl:owing interrelatlon
is established amc~g maX1rnum vibrational velocity, vibration frequency, and displacement:

v
where

v
f
u

maximum vibrational velocity (cm/sec)
vibraticn frequency (Hz)
displacement (em)

From the equation, it is clear that changing vibration frequency under a fixed
Vibrational velocity also changes the displacement. It 1S impcssible to stUdy the
relationship between the damping force and vibration frequency or the relationship
between the damping force and displacement independently. However. as ciscussed
preViously, the damping force under discussion is a reaction fcrce at zero displacement.
where vibrational velocity is maximum. The damping force here is inherently in~ependent

of displacement. It is the vibration frequency that can have some influence on the
damping force.

Figure 16 shows the relationship between the camping force and vibrat10nal velocity
with vibration frequency as parameter. The figure demonstrates that vibration
frequencies of 1.0 Hz (series 1) and 0.8 Hz (series 2) produced relationships in good
agreement with the damping force and Vibrational velocity. whereas a vibration frequency
of 0.5 Hz (series 3) produced a decreasing slope of damping force against vibratic~11

velocity compared with the other two cases with Vibrational frequencies of 1.0 Hz and C.B
Hz. The probable reasons for this are as follows.

In the series 1 and 2 tests, rotation at the hinged section of the actuator did not
take place smoothly, and thus the frictional force was added to the reaction force and
recorded. On the other hand, the series 3 tests were carried out after imprOVing the
hinged section. resulting in smaller values compared with the other two series of tests.
The data of 1.0 Hz and 0.8 Hz are therefore less reliable. We will continue to test the
effect of chaning t,le Vibration frequency.

Figure 13 shows the test results when the test viscous damper was excited by a total
of 80 cycle loads, 40 each before and after the three-hour pause, under a vibration
frequency of 1.0 Hz and a displaceaent of ± 50 mil. The figure plots the results of 40
cyclic loads over those of the other 40 cyclic loads after the pause. Both are in
coaplete agreement. From the reSUlts. it can be postUlated that the viscous da_per has
sufficient durability with'regards to dynamic behavior.
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Figure 16, Relationship between Damping Force and Velocity

If the test results at 0.5 Hz are regarded as positive (plotted in solid lines 1n
Figure 16), the relationship between damping force and velocity can be expressed by the
following equation :

F
where

F
A
v

= A • \I' = 1.1 X va. u

damping force (tf)
constant
velocity (em/sec)

(5)

This equation is compared with the theoretical equation (3). Substituting the constants
of the test viscous damper .... i = 35 CII, S = 1330 cm2 , So = 150 cm2 , and t. = 20 "C .
.. in equation (3) produces the rollowiflt~ equation

F = 1.07 X yo. • (6)

Substitution in equations (5) and (6) of v= 50 clI/sec gives F= 7.2 tf in equation (5)
and F= 7.5 tf in equation (6) I a difference of about 5 ~' Equation (3) is thus
sufficiently accurate.

CONCLUSIONS

The following conolusions were reached in the above-discussed considerations and
tests.

a) The duping force of viscous dupers can be expressed by the rollowing equation (see
equation (3) for symbol notations.)
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F = 6.75 XlO-~X('O.9'f+1.0)x(S/So)xe Xv O 1M (7)

b) The properties of viscous dampers are very stable against cyclic dynamic loads.
cJ Viscous dampers are durable in a number of earthquakes to which bridges may be
subjected during their serviceable period.

Experiments will continue on the effect differences in the vibration frequency,
tem~(··~ture, and configuration. These effects could not be verified throughly in these
tests We hope to reach a conclusion within this year.
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DEVELOPMENT OF FINGER JOINT MOVABLE IN HORIZONTAL DIRECTIONS
·FOR MENSHIN BRIDGES
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I Steel Structural Department. Nippon Chuzo Co., Ltd.. Kawasaki, Kanagawa, Japan
2 Steel Structural Department. Nippon Chuzo Co. ,Ltd., Kawasaki, Kanagawa, Japan
3 Civil Engineering Division, Taisei Corporation. Shinjuku. Tokyo. Japan

SUMMARY

Multi-directional expansion joint fOT Menshin bridges. which would accommodate
the relative displacement in any horizontal direction. was developed through the
application of Menshin structural systems to bridges. Applicability of these devices to
Menshin bridges was confirmed through laboratory tests using full-scale models.

INTRODUCTION

Application of expansion joint which allows relative movenent bel ween deck and
abutment in only longitudinal direction cannot be adopted to Menshin bridge. For
application to Menshin bridge. it is of great importance to develop the expansion joint
movable in any horizontal directions. Menshin design is being introduced in Japan
for highway bridge. Because it is the primary purpose to absorb deck movement
associated with temperature change, expansion joints capable for absorbing relative
movement in longitudinal derection have been developed. From this reason, the
Menshin bridges recently design~d and constructed in Japan have a stopper for
preventing relative deck movement in transverse direction. However, it is effective
to adopt Menshin design not only in transverse derection but in longitudinal
derection, and development of expansion joint capable for absorbing relati"e
movement in tWO horizontal derections is a key importance. For the purpose of this
requirement, an expansion joint capable of accommodating relative movement of
superstructure in any horizontal direclions was developed. This paper represents
applicability of the ellpansion joint which is being developed for aiming to apply to
Menshin bridge.

STRUCTURE OF EXPANSION JOINT

Outline of Expansion Joint In addition to the movability in any horizontal directions.
the reguiremcnts for expansion joints are

(I) Durability
(2) Simplicity of structure to facilitate maintenance.
(3) Applici:bility to road surface with various transverse gradient.
(4) Simplici~y of structure to facilitate manufacturing and installation.

Because finger joints which have often been used in Japan satisfy the four
requirement. it was aimed 10 modify the finger joints so that they can move in
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transverse direction as well. The expansion joint developed is presented in Fifs. 1 and
2. It should be noted that seismic effect is not generaly considered for determining
clearance of expansion joint. In the development, it was aimed to develop the finger
joints which accommodate the clearance required to absorb relative deck movement
during on destructive earthquake such as the 1923 Kanto Earthquake. Because finger
plate conected to deck(designated herein as "superstructure finger joint") as shown in
Fig. 1 becomes excessively long to provide the capability for acommodati ...g such long
relative deck movement, it was decided to simply support the superstructure finger
plate at a pivol bearing and substructure finger plate. Althouth the superstructure
finger plate is generally fixed to deck in a cantilever form. this type of connection
was avoided so as to reduce the thickness of superstructure finger plate. The
substructure finger plate is placed on a support beam so that movement of the
substructure finger plate relative to the support beam can be developed in transverse
derection as shown in Figs. I and 2. For reducing friction force al the sliding surface,
a teflon plate and stainless plate are attached on bottom of the ~ubstructure finger
plale and upper surface of the support beam, respectively. Because four sheets of the
teflon plate have as area of 560cm2, stress at the sliding surface becomes 3kgf/cm2 for
the design venical load of 1.6tf al a set of block.

A clearance of 60 mm was provided between the substructure finger plate and the
parapet of abutment and it was filled with sealing rubber for waterproofing. This
sealing rubber is so flexible that it does not hinder the movement of the substructure
finger plate in transverse direction. The flanges of the support beam were
sandwiched by a guide block to prevent lifting and longitudinal movement of the
substructure finger plale against wheel loads. Gutters were installed againsl leakage
of waters from the girder clearance.

Abytment

ioe Block

Fig. 1 Structural Outline (Showing 1 Block of Finger Plate)
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LABORATORY TEST ON EXPA."ISION JOINT

Excitation tests were conducted on the expansion joint model to evaluate
applicability of the device subjected to ground motion in any horizontal directions.

Test Mode! The maximum displacement of a superstructure as shown in Fig. 3 and
Table I was computed hy a dynamic response analysis. and it "'as used as the mO\lement
for design of the expansion joint model. The fundamental natural period of the bridge
is 1.26 second. The super and substructure finger plates in the designed expansion
joint model were divided into several blocks along transverse direction for
manufacturing and installation. The full-scale test model which is a part of the actual
expansion joint model is shown in Fig. 4. This consists of two block

Test Method The test model was placed on a shaking table as shown in Fig. 5 and
Photo 1. A series of sinusoidal excitation tests with amplitude and frequency as shown
in Table 2 and ground motion excitation tests with an input ground displacement as
shown in Fig. 6 were made. Excitation was made for the three directions. i.e., in
longitudinal. transverse and 45 degree from the longitudinal direction.

125 105900

Fig. 3 Menshin Bridge for which The Expansion Joint was designed

Table I Dead Load of Superstructure

tnit t r
I

totalPl P2 P3 I .~ 2

Dead Load 305 7 j 7 j j 7 305 2 1 6 4
Reaction force
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Photo 1 Test Model

Table 2 Sinusoidal E~,citation Tests

Case 1io. 1 2 3

Frequency O. I I O. 4 O. 8
(Hz)

Displacelllent =I 8 0 I ± I 80 I =1 0 0
(Ill:' )

Maxi.u~ Velocity I 1 . 3 I 4 5. 2 I 50. 3
(cm/s)

Duration 6 0 6 0 I 60
(sec)
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TEST RESULTS

Increase Surface Temperature at Sliding Face Temperature at sliding surface between
the teflon and stainless stee I plates increased as high as 8°e from the original
temperature of 22°e during the extreme sinusoidal excitation tests with amplitude of
IOOmm and frequency of O.8Hz for 60 seconds. Because teflon plates can mo\'e
smoothly from ·200°C to +260°C. such amount of temperature increase at the sliding
surface would cause no problems for practical use

Resistam Force of Expansion Joint under Excitation Tests The resistant forces of the
expansion joint under Case 2 (refer 10 Table 2) are shown in Figs. 7. 8 and 9. It is seen
in these figures that the resistant forces show the force vs. time relation typically
obser\'ed for a system with coulomb friction. The resistant forces have several spikes,
and this represents the effect of collision de\ eloped between the superstructure
finger plate and the substructure finger plate.

Dependence of resistant forces on loading velocit) is show n in Figs 10, 11 and 12.
It is apparent from these figures that while the impact force increases as the loading
\'elocity increa~es, the friction force is independent of the loading velo..:ity. The
impact force and friction force developed during the ground motion excitation test are
shown in Table 3. Results by ground motion excitation tests whitch will be described
later are also shown in Table 3.

In longitudinal excitation, the maximum resistant force was abo\;t 780kgf. This is
de\'eloped by friction between the superstructure finger plate and the substructure
finger plate. Because the vertical load developed at this sliding surface is 510kgf and
is smaller than the vertical load developed at lhe sliding surface betwee., the teflon
plates and stainless plates. the resistant force in longitudinal direction is about 40% of
the resistant force in transverse direction.

Friction coefficient for transvers
rather higher for dynamic loading
loading force of 3kgflcm 2• it is
friction between teflon and stainless

e",citation is about 0.2. Although this value is
with velocity from 11.3cm/s to 50.3cm/s for

not e,,-ceptionally high from the test results for
steel.~ )

The resistant forces de\'eloped during the ~5: sinusoidal excitation were almost
equal to or lager than those developed during the sinusoidal excitation in either
longitudinal or transvers direction. On the other hand, the resistant forces de\'eloped
during the 45° ground motion excitation were smaller than those developed during
the ground motion excitation in either longitudinal or transvers direction. The
reason for these is now being examined.

The resistsnt force of the
shown in Figs. 13. 14 and 15.
excitation are almost equal to
friction force is independent of

expansion JOInt under ground motion excitation are
The friction forces sh:>wn during the ground motion

the friction force under .;inusoidal e.,citation. so the
excitation methods.
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APPLICATION OF TEST RESULTS TO A PROTOTYPE BRIGDE

Base on the test results presented in Table 3, actual resistant force was evaluated to a
prototype bridge shown in Fig. 3. Because 10 block of expansion joint are required in
the bridge. the resistant force becomes 5 times larger as shown in Table 4 than
presented in Table 3. For transverse movement. the anticipated resistant force is
about 18.8tf, and this is only 0.8% of the total deck weight.

Table 4 Resistant Force of Expansion Joinl for A Bridge shown In Fig. 3

Direction Resistant Force (tf) I RemarkI

Longitudinal 0.74 X 5 X 2set= 7.4 I Longitudinal Component

Transverse 1.88 X 5 X 2set= 18.8 Transverse Component

4S degree from 0.62 X 5 X 2set= 6.2 Longitudinal Component

the Longitudinal 1.44 X 5 X 2SCI= 14.4 Transverse Component

CO:"CLUSIONS

From the studies presented herein, the following conclusions may be deduced:

1). Only small increase of temperature about SoC in extreme loading conditions
occurred in the excitation tests. Because teflon plate works in wide range of
temperature from -2000

( to +260°(. such an increase of \emperatur~ at sliding
surface would cause no practical problem

2). The resistant forces are developed by Impact force a:i well as friction force. The
impact force increases as the loading velocity increases. while the friction force is
independent of loading velocity. The coefficient of friction in the tests is about 0.2.

3). Ba~ed on an application 10 a prototype bridg.e. anlicipated resistant force of the
e"pansion Joint was estimated as about 0.8% of the total .... eight of the deck. The
resistant forces developed by the expansion joint are so small that they could be
ignored in the de!iign of Menshin bridges.

4). For further improving the expansion joint. development of the materials reducing
noise by live load as well as Ihe impact force during an earthquake is required. And
development of drainage equipment is also important.
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DEVELOPMENT OF HIGH DAMPING RUBBER BEARING
FOR MENSHIN BRIDGES (PART 1)

Yoj' SUIZU1 and CMak' SUDOH z

1BRIDGESTONE CORPORATION. Koda'ra-sh'. Tokyo, Japan
zBRIDGESTONE CORPORATION. Totsuka-ku, Yokohama. Japan

SUMMARY

A new Mgh damping rubber materlal wMch '5 more suitable for Menshln de
vices for highway bridges was developed. Th's material has 1.5 tlmes higher shear
modulus than that the ones already developed for the Mensh'n device for bu'ld
lngs. In addU'on to some fundamental properties of the materlal ln ltself. the
varlous propert'es necessary of the Menshln device for highway brldge obtalned by
some experlments us'ng ,ts scale model are reported here.

INTRODUCTION

The hlgh damping lamlnated rubber bearlng '5 baslcally a malntenance-free
and lsotrop'c Menshln devlce. whlch can show all functlons required as a Mensh'n
devlce. namely vertlca1 10ad-bearlng. horlzonta1 restorlng force and energy damp
'ng. by lts s'mp1e structure (Ref.l>. These are the excellent characteristics for
the Menshln devices for br'dges. and are recently be'ng studled and appl'ed to
some bridges 'n our country (Ref.2).

In the case of the Mensh'n system for bridges, the higher horizontal effec
tive st,ffness of the Mensh'n device is more des'rab1e 'n comparison with the one
'n the case of bulld'ngs. The reason Is as follows: In brldges, the relative d's
placement between superstructure and substructure caused by an earthquake should
be restricted, because there 15 a lim'tatlon of the capacity of expans'on jo'nt,
and excesslve d'splacement causes the fa1l'ng-off of the superstructure. On the
other hand, the effect've stlffness of all the system of bridge becomes lower
owing to add'ng the stlffness of the substructure compared with the one in bui1d
lng with r'g'd substructure. and tMs fact means that the Mensh'n device would be
larger in order to restr'ct the d'splacement. ,f we use Uoe same mater'a1 as the
dev'ces for buildlngs.

We have de\/e10ped a new high damplng rubber mater'a1 havlng 1.5 times h,gher
shear modulus 'n compar'son w,th the one for the buildings. Furthermore, we
tested some spec'f'c propert'es (property of ""rlzonta1 restor'ng force under the
pre-displacement. stablllty for a large dlsp1acf!ment. stab'lity for cyclic hori
zontal load'ng. and so on) requ'red for the Mensh'n bear'ngs of the br'dges by
us'ng a scale model of a MensMn bear'ng and obtalned many good results (Refs.3
and 4).

PHYSICAL PROPERTIES OF RUBBER MATERIAL

Testtng Method Some fundamental physical propert'es are tested on us'ng some
testlng dev'ces shown 'n Photo 1. The test '5 carr'ed out by uslng the dumbbell
type of spec'mens shown 'n F'g.l and also according to JIS K 6301 (Ref.S)
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Photo 1 Tensne Test'ng Fac'lit'es F'll.l Dumbbell Type Test P'ece
(JIS K 6301)

Test Result '" summar~ of the phys'cal propert'es of the new mater'al '5 shown
'n Table 1. In order to compare w'th these results. those of the ex'st'ng Mgh
damp'ng mater'al are also shown 'n Table 1.

Table 1 The Fundl.mental Phys'cal Propert'es

Test Iteas Test results

(JIS K 6301) DEVELOPED EXISTING

Hardness [delree] 79 68± 5

Tensile stren,tb [kd/c.2] 122 ain. 90

Ultiaate eloncation [.] 666 ain. 650

Tensile stress(300~} [k,flca2 ) 61 37± 6

Conclus'ons Th's new mater'al has a h'gher modulus and an equal ult'mate elon-
gat'on 'n compar'son wUh the ex'st'ng Mgh damp'nll mater'al.

FUNDAMENTAL PROPERTIES OF HIGH DAMPING L"'MINATED RUBBER BEARING

Testing Dlvic.s And Models The test on the propert'.s as the lam'nated rubber
bearing was carr'ed out at our laboratory by using the b'-d'rect'onal actuator on
't5 scale models. the outHn.s and capac,t'es of the actuator are shown 'n F'g.2
and Tabl. 2. respect'vely. Test'ng sp,c'mens shown F'g.3 are the 1/5 reduc.d
scale mod.l of a 700tonf bear'ng-load class high damp'ng rubber b..r'n~ wh'ch
's des'gned actually for the 6 spans cont'nuous PC box g'rder br'dge 'n Japan
(Ref.2).
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-Load Cell

.Displacement Transducer

Horizontal Actuator

/

////////

5 c 0 5

F'g.2 B'-d'rect'onal Actuator

Table 2 Ma1n Capac\t'es of The B\-dlrectlonal Actuator

Direction Load Stroke Prequney

Vertical
COIP. 100 tont ± 100 u 0.01 5 Hz30 tont

....
Tens.

Horizontal ± 20 tont ± 300 •• 0.01 .... 5 Hz

Rubber Layel":3,7Smmx8=30mm
Steel Plate:l.O mmx7= 7mm

II'l.......

F'a,! 1/5 Reduced Scale Model
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p.f'nU'on of Hor'zontal Restor'ng Force Property The hor'zontal restor'ng
fore. property of the h'gh dallp'ng rubber bear'ng '5 .xpress.d by eff.ct,v.
st,ffness K... and effecthe dallp'ng rat,o h.... both of wh'ch are calculated
from hysteres's curve obta'ned 'n a hor'zontal load'ng test. wh,ch 'S as fol
lows:

In FIg.4. 11 the load 'n max'mum d'sp1acement X... '$ expressed as F.... effec
t've st1ffness K•• can be obh'ned from the follow'ng equat'on:

K... =F... / X", (1)

When the apexes of the rectangle c'rcumscr'bed w,th the hysteres's curve are
ass'\ln.d to A. B. C and D. the area of a tr'angle ABC 's Wand the area sur
rounded by the hysteres's curve's I1w. the effect'."e damp'ng rat,o h... 'S
expressed 'n the follow'ng equat'on:

h.. = Aw / (x w)

And. the effect've st'ffness K•• has the follow'ng relat'on to the shear modu
lus of elastomer'c mater'als G. which '5 rather frequently used for a spec'f'c
property.

K... = A G / 1:t. (3)

where. A '5 the bear'ng area. and 1:t. 's total th'ckness of the elastomer'c
mater'als used for the bear'n\l.

Dr-------

F'g.4 Def'n't'on of Eff.ct'v. St,ffn... & Damp'ng Rat,o

Fundam.ntal Hor'zontal Restor'na Forc. Property (Stra'n p.pend.ncy) R.stor'ng
fore. propert"1 at .ach Ih.ar stra'n wh1ch art on. of the fundam.nta1 data
for des'gn of the Menlh'n dev'c. lI.d. of the h'gh damp'ng rubb.r wu meal
ur.d. F'g.S and F'g.6 show the actual hysteres'. curv.s obta'n.d by hor'zontal
load'ng t.ltl. F'g.S shows the on.. of the "lst IIr'.I" wh'ch ,. the f'rlt
exp.r'.nc. of .ach d'iplac....nt to the sP,c'm.n and F,g.6 showl the on.1 of
the ''2nd s.r'es" wh'ch 's the r.p.at.d .xp.r'.nce of each d'.p1acem.nt aft.r
the ftrlt .xp.r'.nc. of the max'lIuIII d'splac.m.nt.
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Flg.7 Influence of Stra1n & StraIn Exper1ence con HorlZJnhl Restor1ng Force

F1g.7 shows both the shear modulus and efhctlve damp'ng rat10 to the
shear stra'n. The features of the result are as follows:

(1) Shear modulus was larger at the sman.r str .. ln, decreas1ng downward as the
stra1n 'ncreas.d. and showed nearly a constant value <l2-13kgf/cmZ

) at a
stra'n over 120S.

(2) Eff.ct've dampIng rat10 tend.d to decrease downward a Httle accordIng to
the 'ncr.... 1n the straIn. and show.d nearly a con.tant value (1SS) In the
above-nlent10n.d reg1on.

(3) A .table restor'ng force was obtaIned at larger stra'n over 200S.
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(4) TMs mater1al was subjected to the effect of 1ts career 1n exper1enced
stra1n. s1m1larly the ex1st1ng other htgh dampIng rubber mater'als. It was
observed In the shear modulus by the1r reduct'on after the large stra1n
experIence. espec1a")' s1gn1f1cant In the lower stra1n reg'on. but was about
30S at such a h1gher (about l20S) reg10n as used as a des1gn d1splacement
for earthquakes. Regard'ng effectIve damp'ng. such var1at10ns were small and
rather tended to 1ncrease.

Influence of Frequency of the Hor1zontal LQad1na To 1nspect the response to a
w1de range of osc"lat1onal components occurr1ng dur1ng an earthquake. hor1
zontal restor1ng force and dampIng under var10us frequency were measured.
F1g.8 shows the results.

As the frequency 1ncreased. both shear modulus
rat10 tended to 1ncrease. By a compar1son at O.OlHz
stra'n. both 1ncrease of about 30S 1n shear modulus
effect1ve damp'ng rat10 were shown.

and effectIve damp'ng
w1th at l.OHz 'n lOOS
and about lOS 1n the

0 Effective stiffness Kcq(tfl en)

0 Effective damping ratio heq

JShear strain (r) : 100%
BeRing stress (p) : 60 (kgf / em' )

;/'V -In
V ; y -

,~ r--cL.-t:[V
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:::
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F1g.8 Influence of Exc1tat10n Frequency on Hor1zontal Restor1ng Force

Influence of BearIng Stress As the bearIng stress subjected to the Menshtn
dev1ce var1es. hor1zontal restorIng force at varIous bearIng stress cond1t1ons
were measured. The results 1s shown 1n F1g.9.

AS a result of hor'zontal 10ad1ng test under 20 - 100 kgf/cmZ of the
bear1ng stress. both the shear modulus and effect1ve damp1ng rat10 d1d not
show an)' s1gn1f1cant change.

Influence of pre-d1splacement As a spec1f1c condlt'on to the Mensh1n devIce for
br1dges. there 1s a stat1c pre-dIsplacement caused by expans10n of the span on
vary1ng temperature and the other•• the restorIng force property under such a
pr.-d1splacellent was tested. and the result 15 shown 1n F1g.l0. The pre-d's
placement (50S 1n shear stra1n) was held for 6 hours before exc1tat'ons.
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At the lower shear stra1n reg10n below SOl. In comparison w1th under no
pre-displacement. the shellr modulus was lower by 25-351. and the effective
damping ratio was higher by 10-151. On the other hand. at the Mgher shear
stra1n reg10n above 1001. both properties were nearly consistent w1th under no
pre-dtsplacement.

Qurab1J1h to CYcl1c Loading The durab111ty to 200 t1mes cycHc load1ng was
tested. The number of 200 t1mes was defined as the number of the mal" exc1ta
t10n of a large-scale earthquake (assumed 0.5Hz. 150S In shear straIn. 20cycles)
mult1pl1ed by ten. F1g.11 shows the result.

After the 200 t1mes of cycl1c load1ng. both the effective stiffness and
effective damping ratio showed a tendency to drop. but no damage and no
unstable change In the1r propert1es could be found. The reduct10n from the
f1rst loadIng to the 200th one was about 401 In effective st1ffness and about
301 1n effect1ve damping rat10. and that for the one after first 20 t1mes of
load1ngs was about 20S and about 12S. respectively.

Vertlca1 Stiffness The vertical stIffness of the h1 gh damp1 ng rub ber bear1 ngs
was tested both w1th and without pre-displacement. F1g.12 shows the result.

The vertical stiffness at an ampl1tude of bearing stress of between 0 and
60 kgf/cm2 was lower by about 10-20S than that between 40 and 80 kgf/cmz•
And the pre-d1splacement lowered It about 201 compared with under no pre
dlsp lacement.
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FIg.9 Influence of Searing Stress on Hor'zontal Restor1ng Force
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Flg.12 Influence of Pre-dlsplacement on Vertlcal Stlffness

DYNAIo1IC LOADING TESTS AT PWRI (Publ1c Work Research Institute)

In the Jolnt Research Program between PWRI and private corporatlons.
PWRI carrled out a dynamlc loadlng tests under a common testlng condltlon
uslng the scale models of the Menshln dev1ces developed by each of the compa
nles. and measured some fundamental propertles of the devices and thelr stabll
lties.

Testlng Method Table 3 shows the testlng cond,tlons. The models used were made
uslng the same spec'flcat\ons as the ones used 1n our laboratory above de
scrlbed (Refer to ng.3).

Table 3 Testlng condltlons

Series Bearin, Prequency Pre- Strain Cycles Model
No. stress strain state

[ka;f/c. 2] [Hz] [%] [%]

1 60 0.1 0 25,50,100,150,200 10 1st

2 60 0.1 0 25,50,100,150.200 10 2nd

3 60 1.0 0 25.50,100,150 10 3rd

4 60 0.1 50 25,50,100,150 10 4th

5 60 0.5 0 150 40 1st

6 60 0.5 0 150 40 2nd
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Stab111h to the excl1c Load1nas (Ser11S 1 and 2) The aIm of th1s test 1s to
Ht1mate whether the change 1n the hor1zontal restor1ng force and damp1ng 1n
tile case of repeat1ng the d'splacement Is stable or d1vergent. F1g.13 and F'g.14
shows the result of the Ser'es 1 and the Ser1es 2, respect1vely.

In the f1rst stra1n (Ser1es I), both the shear modulus and the effect1ve
damp1ng ratIo decreased downward by about 10-301 for each load1ng. However,
2/3 of these reduct10ns occurred dur1ng the fIrst three cycles, so these
changes can be sa'd to be stable. On the other hand, the above-ment10ned
changes could scarcely be observed after once exper1enced a 2001 stra'n
(SerIes 2).

Stra1n Dependency and Influence of the Stra'n Experience (Ser1es 1 and 2) The
dependency on the shear stra'n and the Influence of the exper1ence of large
shear stra1n for the horIzontal restorIng force propertIes were tested. The
result 15 shown 1n F'Il.lS

Both shear modulus and the effect've damp1ng rat10 tended to drop as the
shear stra'n 'ncreased. and after exper'enc1ng a large strain the modulus also
dropped but the damp'ng rat'a 'ncreased. This result was cons1stent w1th both
value and tendency obtaIned at our laboratory ment10ned prevIously. showIng
good reproduct'v1ty.

Influence of Frequency (Series 2 and 3) The 1nfluence of the frequency of
hor1zonhl 10ad1ng on the hor1zonbl restorlnll force propertIes was tested. at
a.lHz and l.OHz. The result Is also shown In F1g.15

Both shear modulus and effective dampIng ratio 'ncreased as the frequency
1ncreased, wh1ch 15 cons'stent 'NUh the test results and tendency obta1ned at
our laboratory described above.

When compar'ng the shear modulus and effective damp'ng ratio 1II1th 1001
strain at O.lHz with ones at 1.0Hz, both were found to be about 10' larller at
100Hz. However. such changes were thought to have no spec' a] 1nterference w1th
the des'gn for the Mensh1n devices.

Influence of Pre-displacement (Ser'es 2 and 4) The 'nfluence of the pre-dis
placement supposed to be objected to MensMn dev1ces for br1dges on the
horizontal restor1ng force propert'es lIIere tested. Fl11.16 shows the result.

The trends of the changes of the shur modulus and effective damp'ng
rat10 aga1nst the shear strain or repeat'ng cycles were equal to the ones in
the case of no pre-d'splacement. The difference between with and w'thout pre
d1splacement was about 3S 1n shear modulus and about 41 'n effective damp'ng
rat10. respect'vely.

purab1l1h to CYcJ1c Loading (Ser1es 5 and 6) It was tested whether the dev1ce
had a SUfficiently stable hor1zontal restor1ng force property aga'nst the ma1n
exc1tat10n of a large-scale earthquake by the hor'zontal load1ng of the tw1ce
numbers (40cycles) as supposed. Flg.17 shows the result.

As numbers of repeat1ng cycle 'ncreased, both the shear modulus and
efhct1ve damp1ng rat10 showed a tendency to drop 11ke the other above de
scr'bed tests, and Us reduct'on at the beg'nn'ng of the test was predominant.

In a test restarted after testtng of 40 cycles and resttng for 3 hours
(S,r"5 6), the f'rst (41 'n total) obtained values of both shear modulus and
effective damp'ng rat,o were found to recover nearly to an average one of
from " to 10 cycles 1n the f'rst test (S,r'es 5).
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CONCLUSIONS

By the fundamental tests carr'ed out at our laboratory and the dynamtc
loadtng tests at PWRI. new h'gh damp'ng rubber bear'ng developed here was
conf'rmed to have about 1.5 ttmes htgher hortzontal st'ffness 1n the stra1n
range from 100 to 200S. and have nearly equal damptng prcperty (about ISS 1n
effect've damptng rat,o). 'n compar1son w.th the exlsttng h'gh damp1ng mater1al
developed for Mensh'n bul1d1ngs. Furthermore. 1t was determ'ned as a result of
these tests that thts bear1ng funct10ns stably for some requ1rements for the
Mensh1n devtce for br1dges. Conclus10ns are summar1zed as follows:

(1) The effect've sttffness ts htgh durtng low shear stra1n. but 1s low dur1ng
htgh shear stra1n. and that b nearly constant (12-13 kgf/cm=-) at a stra'n
over about 120S. The effect1ve damp'ng rat10 shows a low stratn dependency
(about ISS). And th's mater'al shows no damage and stable hortzontal restor
tng force property at large d1splacement up to 300S In shear stra'n.

(2) As numbers of cycltc load'ng 'ncrease. both effective st'ffness and effect've
damp1ng rat10 decrease. but they are almost stab11'zed dur'ng the third
loading. After load'ng 40-200 t'mes at a stra~n of IS0S. thIs mater'al shows
no damage and no dtvergent tendency of reduc'ng propert'es.

(3) As the frequency becomes higher. both effect've stIffness and effect've
damp'ng ratto tend to tncrease. At O.OIHz and 1.0Hz at a stra'n of over
100S. the sttffness and damp1ng ratto shows an tncrease of 30S and lOS.
respecttvely.

(4) The horIzontal restor'ng force properttes are scarcely 'nfluenced by the
change of the beartng stress (20-100 kgf/cm2

) or the pre-dIsplacement (50S).
whtch are the spectftc requtrements for the Menshtn bearlngs of bridges.
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DEVELOPMENT OF HIGH DAMPING RUBBER BEARING FOR MENSHIN BRIDGES (Part 2)

Kazuhiko KA~ASHIMA'. Masahiro ~OSHITOGEI. Kazuo ESU0 1 , Chikafumi YAMADA I and
1a tuo N1SH1H0101

'Public Works Research Institute, Ministry of Construction,
isukuba-sh i, IbCiraki. Japan

zihe ~okoha.a Rubber Co., Ltd., Hi ralsuka-shi, Kanagawa I Japan

This paper describes fundamental properties and dynamic loading test results of
high damping rubber bearings for Menshin bridges which have been developed taking part
in the joint research program between Public Works Research Institute (hereinafter
called "F\lRI" ) and The Yokohama Rubber [0" Ltd. (hereinafter called "YRC"). Through
a series of tests performed, factors which significantly influence the properties of
high damping rubber bearings became apparent. An effective damping ratio of 15~ or
over could be obtained under the assumed largest earthquake.

I!\TRODUTION

Japan is one of the lIost earthquake pronoun countries, and careful considcratioll
for earthquake resistilllce sl.ould LJe requi red when desi gning bridges. Because
earthquake damage of highway bridges yei Ids serious traffic disaster, suitable
earthquake resistance must be provided. ln vie.. of the above background, YRe has
developed a high damping rubber bearing for Mensldn bridges taking part in the juint
research prograa with PII'RI. The properties and characteristics of it high damping
rubber bearing developed were confirmed by a series of dynalic loading lests.

This paper describes dynamic loading tests and fund~mental properties of hiSh
damping rubber bearings developed for Menshin bridges. The high damping rubber
bearings developed have suitable stiffness and excellent high damping properties. The
properties are not seriously affected by a change of vertical load or lateral load
frequencies, and are hardly affected by pre-set displacemenl.(Ref.l,2)

FUNDAMENTAL PROPERTIES OF HIGH DAMPING RUBBER BEARINGS

PhYsical Properties of Rubber In order to evaluate the physical properties of rubber
.the physical tests were carried out in accordance with JIS K-6301 (Ref.3). Dumbbell
specimens as shown in Fig. 1 were used for the tests. The summary of lest results is
shown in Table I.
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Figure I Dumbbell specimen

Table I Summary of physical properties

Tensile strength 210kgf/cnf

Elongation 680~

Tensile stress 20. Okgf/cnf
at IOO~ strain

Hardness 68
(I RHV)

I

Effect of temperature change on the dynalic properties of rubber was investigated
by varyi ng the tempera tures as -IO'C, ~20'C and +40·C. Speci liens of 25mm X 251111 X
4.811. were dynamically loaded as shown in Fig. 2 at a frequency of a.5Hz with St,CH

strain of 100% for ten cycles for each temperature condition. From the
force-displacelet hysteresis loops, the shear modulus Ge • and the effective damping
ratio h•• were defined as

G... = (I( ... x t r )1 Ar

h.. =6\\1 1 C21r W. )
(I)
(2)

where Ke.. is effective stiffness defined by (F~••. FMln)/CU M•• - U.ln). Ar and
t r are effective Grea Gnd thickness of rubher respectively, and ~W and ~. are
energy dissipation and elastic energy per cycle as shown in Fig. 3. The test results
are presented in Table 2, in which the averaged Geq and h.. over 4th to 10th q'c1e
loading are presented. A reaarkable advantage of the high damping rubber developed is
large elongation capability of 680% at break, high shear stiffness and excellent
damping characteristics. As temperature decreases, both G•• and h•• increase,
CODlpared with the values at 20'C, G•• ilrld h.. become larger b)' 274 and 284.
respecti ve Iy, at -lO'C .

figure 2 Specimen for dynamic properties test
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Table 2 Resulls of dyolmic properlies lest

Temperature Go. ~/aJl) he. Cl6l
-10'C 12. 1 21. 9

20'C 9. 5 17. 3
40'C 8. 3 16. 3

Figure 3 Hysteresis loops of rubber

Fundamental Properties of Laminated High Damping Rubber Bearings In order to sludy
the funda.ental properties of lalinated high damping rubber bearings, a dyn~mic

loading test was performed on the 1/3 scaled model. A three-span continuous steel
gi rder bridge wi tb width of 10. and the deck lengtb of 100. was assulled to design tire
prototype. Funda.ental natural period and model damping ratio were assumed as 1.6
seconds and 0.15. respectively. Reaction force was assumed as 100tf in the prototype.
Fig. 4 shows the 1/3 scaled Eodel. It is made by laminating rubber sheets ~ith 176.5mm
diameter and 3.2•• thick and 1.2•• thick steel plates one after another to form 15
rubber layers. The testing condition is presented in Table 3. In tbe series A tested
was the dynamic properties of 1/3 scaled model for shear strain frOD 25% to 200!.
Loading was made twice at an interval of 24 hours so as to investigate the effect ('If
amplitude change and loading hysteresis. In the series B tested was the effect of
loading frequency. The spedllen was subjected to c)'dic loading by varying the
frequency. In the series C tested was the effect of cOIiPressive stress.

Table 3 Testing methods for laminated high d~ing rubber bearings

Series
Bearing

Frewncy Strain Cycles Modelstress
kgf/cnf ~

25
50

A 60 O. 5 100 IOx2 a
150
200

0. 01 25
B 60 0. 1 50 10 b

O. 5 100
l 0 150

30 25
C 60 0. 5 50 10 c

80 100
100 150
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Photo 1 Bi-llill dyna.ic loading lester
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Figs. 5~10 show the Gt • and ht • nbtained by taking average over 4th to 10th
loading cycle. It is understood that as shear strain increases, both Ge• and he. tend
to reduce. It is also certain that Ge• is significantly affected by loading history
whi Ie he. is scarcely effected. Froa Figs. 1 and 8 I as frequency increases, both the
Gt • and ht • increase. Taking O.5Hz at 100% shear strain as the reference. Gt •

beco.es -9% at O.lHz and +5% at 1.0Hz, and heo -5% at O.IHz and +1: at 1.0Hz. Fro.
Figs. 9 and 10. it is understood that as bearing stress increases, Goo decreases whi Ie
ht • increases. Taking 6Okgf/cd at 100% shear strain as the reference. Gt • becomes
+8% at 30kgf!c.z and -3% at lOOkgf/cllz, while h•• -8% at 30kgf!C1I2 and +8% at
100kgf/c.z •

DYNAMIC LOADING TEST AT P~RI

Testing Method Fig. 11 illustrates the 2/3 scaled test Ilodel. which is lade by
la.inating 353.3.. diam~ter, 6.331. thick rubber sheets and 2.2m. thick steel plates
one after another to for. 15 rubber layers (9511. in total) and 14 steel plate la)'ers
(30.S.. in total), respectively. Table 4 shows a testing method and Photo 2 indicates
the defonlation of the lIodel under testing. The test was made in a room controlled at
a constant te.perature of +20 ·C. Series 1 througtl 4 were continuously tested to
evaluate fundamental properties of the .odel. Series 40-1 and 40-2 were tested ~t a
interval of 3 hours to evaluate endurance of cyclic deformations, using a different
model with the salle scale.

Table 4 Testing methods

Series Bearing Frequency Pre-strain Strain Numter
stress Cyg es Model

No.
kgf/cnf Hz

used
I % ±!'6
I

, I ?"

!~I
!

1 60 O. 1 0 10

2 60 O. 1 0 !II 10
No. 1

3 60 L 0 0 1~~ 10

4 60 Q 1 50
I~I 10

40-1 60 O. 5 0 150 40
No. 2

40-2 60 Q 5 0 150 40 j

I
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Test Results Fig. 12 shows the force-displaceaent hysteresis loops in series I, in
which no pre-strain was given to the lodeI in advance. Fig. 13 shows the force
displace.ent hysteresis loops in series 2. which was lade after series 1 causing 200%
strain as laxilul. Figs. 14 and 15 show G•• and h •• vs. shear strain relation for
series 1 to 4. Table 5 shows the test results for G•• and h•• which are averase over
4th to 10th cycle. Fro. the test results of series 40-1 and 40-2. Figs. 16 and 17 sho~

the effect of loading cycle on the shear looulus and damping ratio. It may be
pointed out fraa these results:

(a)Effect of Stress/Strain Experience on the Shear Properties From Figs. 12 and 13,
it is certain that shear stiffness tend to decrease as numl~r of cyclic loading
increases. In particular. a re.arkabIe reduction observed at the 1st and 2nd cycles.
Taking the average over 4th to 10th cytle at 100% shear strain as the reference, G••
is larger by 25% and 6% at 1st ar;d 3rd cycle •respectively • and h•• is also larger
by 10% and 1% at 1st and 3rd cycle.r~"'l'etively. It is certain that reduction of h••
is sialler than the reduction of G••. "he decreasing ratio of Ge • and he. in series
2 is half of that in series 1.

(b)Effect of Amplitude on the Shear Properties Ge• and he. tend to decrease as shear
strain increases. Taking 1001 shear strain as the reference. Ge• becomes double and
b•• grows approxilate)y 15% at 25% shear strain. Ge• becomes 1.7 times larger and
be. 1.1 tiles at tbe same 25% shear strain in series 2 followed by the series 1. in
which loading as large as 200% strain was .ade. Ge• in series 2 is smaller by
approximately 20% than that of series 1 at 100% shear strain, and by 3% at 200% sllear
strain. Changes are hardly seen in he. in the range below 150% shear strain, and h••
in series 2 is smaller than that of series 1 by approximately 8% at 200% shear strain.

(c) Effect of Frequency on the Shear Properties Effect of frequency can be estimated
by comparing series 2 with series 3. As frequency decreases, both G•• and he. tend to
reduce. Taking 1 Hz at 100% shear strain as the reference, G•• and he. decrease by 3~

and 12%. respectively, at O.IHz.

(d)Effect of Pre-strain on the Shear Properties Effect of pre-strain can be
estimated by comparing series 2 with series 4. Taking O~ pre-strain as the reference,
changes are hardly seen in G.. and hee at 50 and 100% shear strains when 50%
pre-strain is applied. ~bile G•• is larger by 10: and he. is smaller by 10% at 150~

shear strain.

(e)Effect of Number of loading Cycle on the Shear Properties Cyclic loading with 40
cycles was lade twice. Figs. 16 and 17-indicate that Ge• and h e. decrease as the
nUlber of loading cycle increase. When the average obtained from 4th to 10th loading
cycle is taken as the reference, G•• decreases by 12 to 15% and he. decreases by 6 to
10% at 40th cycle. Because a surface te-perature increased (20 'C at start and 30.6·C
at end). it is considered that the increase of surface telperature greatly affected
G•• and h••• Wben the test was resuaed after 3 hours. it was seen that the decreased
Ge • and h•• recovered to 84% of the original values as shown in Figs. 16 and 17.
COIParing the average value obtained frol 4th to 10th loading cycle. G•• at the 1st
and 2nd test is 9.1kgf/ci and 8.6kgf/cl', respectively. and he. at the 1st and 2nd
test is 15.9% and 14.6%. respectively. Therefore variation between the 1st test and
the 2nd test lay be Sle~l
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Table 5 Results of dynamic loading test conducted at PIAl

Se~ies Freft~eney Shearxstrain Shear ,0dVlus Damp i ng Ira ti 0
o. kg( em

~8 U:I IrI O. 1

!~8
10. IJR:

~B I': ~ In2 o. 1

!~8 8J

1~8 14. ~ 1;.93 1.0 lA: 1:3
50± ~5

ll~ ~
17.2

4 O. 1
~8f 1 8 I~JO± 150

40-1 0.5 150 9.0 15.9

40-2 0.5 150 8.6 14.6

CONCLUSION

Following conclusions were derived from the dynamic loading tests conducted at
the Publ ic lliorks Research Inst i tute:
0) Effective damping ratio hu of high damping rubber bearings developed is 14 to 16~
at 150% shear strain.

(2) Effective shear lodulus Geq at 150: shear strain is 8 to 9 kgf/cm z •

(3) Shear sti ffness and damping raUo are affected by cycl ic loading hysteresis.
loading frequency. pre-set displacement and loading amplitude. However, the effect
of loading frequency and pre-set displacement are comparatively small.

~) Although cyclic loading with 40 cycles was made twice for studying durability at
±150~ shear strain. any abnouality was not visually observed.
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SIJI1I1ARY

This paper describes the results of property tests of rubber materials and
dynamic loading tests of lIIOdel speecimens. The dynamic loading tests indicated
that the high damping ruther hearing developed has more than 10 % of effective
damping ratio under all experimental conditions. in spite of some changes of shear
modulus G,. and effective damping ratio h,. due to shear-strain. frequency. and
other factors.

I tI'TRODUCT ION

Various base-isolation devices have been used for buildings in order to
reduce earthquake damage in Japan. For highway bridges. I1enshin devices are
expected to be used in the future. In highway bridges. since requirements
different frOll base-isolation bearings for buildings are required. base-isolation
bearings for highway bridges are now being developed in the joint research program
between Public Works Research Institute ( hereinafter PWRI ) and 28 companies. As
a part of this joint research. a high damping rubber bearing ( hereinafter HDRB l
is now being developed. This paper presents outline of the device being developed
based on a series of loading tests.

FUNDAMENTAL PROPERTIES OF HDRB

Physical Properties of Rubber Physical property tests were carried out for
three types of rubbers A. B. and C. conforming to JIS K 6301. Test results
obtained using dUllbbell specimens shown in Fig. 1 are presented in Table l.
Dynamic properties of rubbers Here also measured at -20. 23. and 40 ~ in order to
examine the effect of temperature change on the hysteresis loss. Dumbbell
specimens in Fig. 1 were subjected to dynamic loading as shown in Photo 1. They
were stretched at a strain rate of 200 ma/min. up to 100\ strain and then returned
to the original test configuration at the same rate. This test was made 5 cycles
at each temperature. Hysteresis loss was defined as shown in Fig. 2. as

hysteresis loss area OABCO
area OABDO

( 1 )

The hysteresis loss deteI'llined by eq. (1) for the 5 loading cycle is shown in
Table 2.

Table 1 shows that ul till8te elongations and tensile strengths of the three
rubbers are al.ost same. although the tensile strength of rubber A is a little bit
larger tlum others. and judging frOll values of hardness and lIOdulus. rubber A is
hardest, follOMed by B and C. Table 2 shows that rubber C has the largest
hysteresis loss. follOMed by BandA. and hysteresis losses of the three rubbers
decrease with increasing tE!lllperature with little difference between 23 "C and 40 "(;
but have 20 -3~ larger values at -20"(; tlum at 23 "C. Dependence of the
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hysteresis loss on the temperature is a little larger in rubber C.

Table 1 Summary of Physical Properties of Rubbers

Rubbers A B C

Hardness (JIS-A) 48 48 44

100\ Modulus (kgf/ClII2 ) 13 12 11

200\ Modulus (kgf/ClII1 ) 31 25 19

Tensile Strength Ikgf/ClII 2 ) 150 110 ! 110

Ultimate Elongation ( % ) 680 650 660

Table 2 Effect of Temperature Change on Hysteresis Loss

Temperature I <C )
Hysteresis Loss

A B C

-20 0.40 0.50 0.59

23 028 038 0.44

40 0.26 0.35 0.40

B

100

o o
DisplaCElllellt

Figure 1 Dullbbell Specimen Figure 2 Hysteresis Loop of Rubber
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Photo 1 Testing Oevice for Hysteresis Loop Measurement

FW1damental Dynamic Properties of Small-scaled HDRB Three HDRB lIIOdels as shown
in Fig.3. were fabricated using the three rubbers. end each model was subjected to
the dynaaic loading test under various conditions listed in Table 3 with the
testing device as shown in Photo 2.

High Damping Rubber
Inner Steel Plate

14 layers (2.5mm plate)
13 layers Cl.2mm plate)

Outer Steel Plate

Inner Steel Plate

High Damping Rubber

I I
U") <t>

1 n , nlI
en

I.

t

I _.14> 100 (Sill).
I
I+110 ,

Figure 3 s.all-scaled Model of HDRB
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Table 3 Testing Methods of the \)ynaIlic Loading Test

Series Bearing Stress Frequency Strain Cycles
No. (kgf/ca2 ) ( Hz ) 1'4 )

-
1 0 0.1 +/-100 10

2 0 0.5 +/- 50 10

3 0 0.5 +/-100 10

4 0 0.5 +/-150 10

5 0 05 +/-200 10

6 0 1.0 +/-100 10

Photo 2 Testing Device for s.a.ll-scaled Model
<5urbo Pulser type EHF~V5)

Fig 4 shows force_displacement hysteresis of the three specimens for series
No.2_5 in Tal:>lp' 3. From these force_displacement hysteresis as shown in Fig.5.
effective stiffness K'

A
and effective damping ratio h•• are defined as.

f::,.'rl
h.. - .......,.2.=lr~Wr-.-- (3)

where. f::,. 'rl is 1m area surrounded by the hysteresis loop. and w. is an elastic
energy. Shear DOdulus G•• is defined as.

it x TG. q • _J<....._r-_J...'_
A,

(4)

where. A, is an effective area of rubber. and T, is rubber thickness. Table 4
shOtlS K. q and h•• for the three spechlens.
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F ,,-.,

'"u...
o...

Displacem"nt

Figere 5 Hysteresis Loop of IlDRB

Table 4 Effective Stiffness K" and Effective Damping Ratio h"
of Small ~sca]ed IlD!'.B

Effective Stiffness (kgf/~") Effective Damping Ratio (%) i

Frequency FrequencyRubber Strain
( % )

+1- 50

0.1 0.5

145

(Hz)

1.0 0.1 0.5

12.3

(Hz)

1.0 I
1

A

B

c

+1-100

+1-150

+1- 50

+1-100

+1-150

+1-200

+1- 50

+1-100

+1-150

+1-200

12.4

12.5

9.1

11.7

11.3

10.6

8.6

8.0

9.8

7.9

6.2

5.9

6.6

11.7

8.5

6.1

9.0

110

13.9

10.9

9.1

15.4

14 .2

12.3

9.0

19.6

18.4

16.4

12.7

10.3

13.6

18.8

!
I

I

I

In cOllparing the three specimens. both K •• and h•• decrease with increasing
shear-strain. However. K•• at 200 ~ shear-strain is a little larger than at 150 %
shear-strain. This increase is considered due to the generation of hardening
phelKlllenon in the hysteresis loop near 200% shear-strain. As a whole. rubber A has
the largest K •• ' follOtted by B and C. On the other hand • rubber C has the
largest h... follOtted by BandA. All these have the same tendency with test
results on physical properties shown in Table 1 and 2.
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At 100 % shear-strain. in frequency dependence of K •• and 11, •• K •• at 0.1 Hz is
larger than at any other frequencies. and h ,. at 0.1 Hz is smaller than at any
frequencies.

FrOll above results. the properties of the three rubbers are stlllllllarized as
follows. Although rubber C is considered to be the most desirable in a high
damping aspect. because of its large h ,.' but it is too soft and its h,. is
greatly dependent on frequency . shear-strain and temperature. On the other hand.
rubber A has smaller h,. than any other rubbers. Therefore. though rubber B has a
little smaller h,. than rubber A. since other properties of rubber B are
relatively better, rubber B has been chosen for the dynamic loading test at FWRl,

DYNA!'lIC WADING TEST AT E'WR[

Test Ml:tllods Laminated HDRB was fabricated ... ith rubber B. The HDRB lDodel 300 JDID

in diaJDeter was made by laminating 24 x 5.0 IDD rubber plates and 23 x 2.3 JlIJIl steel
plates. as shown in Fig.5. Table 5 and Photo 3 show loading condition of the
dynamic loading tests. The tests were conducted in a roolD kept at 20"(;. using a
single JDOdel for series 1 _4 in order to evaluate fWldamental properties. A
different model was used for series 5 _6 to evaluate durability of the HDRB.

High Damping Rubber
Inner Steel Plate

24 layers (5.0mm plate)
23 layers (2.3mn plate)

Flange Fixed with
Test Device

Outer Steel Plate

Inner Steel Plate

High Damping Rubbe~

t ..
~ ~ I of ~I II I

-~r
I.

e'! ~ ~ OJ

I Ii N <r:t"

~ ~:~ '" 0
~ C\l

_<D l-II .-

I rn-tn rn-rn I ~ y

~300 t
4>315

(1IIIll)
~320

Figure 6 Model of HDRB
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Table 5 Test Conndition of the Cyclic Loading Tests at PWRI

Series Bearing Frequency Pre-strain Strain Cycles for Model
No. Stress Each Strain Used

(kgf/CIl1 ) ( Hz ) ( '\; ) ( '\; )

1 60 0.1 0 25.50.100.150.200 10

2 60 0.1 0 25.50.100.150.200 10
No.1

3 60 1.0 0 25.50.100.150 10

4 60 0.1 50 25,50,100.150 10 I
5 60 0.5 0 150 40

No.2
6 60 0.5 0 150 40

t'hoto 3 Dynamic Loading Test at PWRI

Test Results Figs. 7 and 8 shaM examples of typical force_displacement
hysteresis loops. Shear IIOdulus G ., and effective dAmping ratio h., were obtained
by Eq. (3) and (4). G • ,and h•• were obtained for each cycle. but Table 6 shows
the values at cycles 1, 3 and 10 in series 1 _4 and the values at cycles 1.10 and
40 in series 5 _6. Figs. 9 and 10 show re18t1onships of G., vs nUIDber of cycles
and h ., vs. mmber of cycles for various strains ffOll 25 % to 200 %. Figs. 11 and
12 shaM relationships of G•• vs. shear-strain and h•• vs. shear-strain from 25 \
to 200 , for series 1 and 2. Furthef80re. Figs. 13 and 14 show relationships of G••

V5. n~r of cycles and h •• vs. nuDber of cycles for series 5 and 6.
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Table 6 Test Results of the Cyclic Loading Test at PWRI
Strain Shear Modulus G ,. (kgf /CID' )Effectlve Damping Ratio h•• (lll)

Series cycle cyCle
No. ( % ) 1st 3rl1 10th 1st 3rd lOth

+1- 25 13.9 12.9 12.4 14.1 13.1 12.8
+1- 50 10.7 9.8 9.4 12.9 12.2 12.1

1 +1-100 8.8 7.8 7.4 12.4 11.5 11.4
+1-15U tl.1 7.5 6.8 11.2 10.5 10.0
+I-,mu tl.<I 7.2 6.6 lU.4 10.1 lU.3

+/- 25 9.5 9.3 9.2 15.4 14.6 14.1
+/- 50 7.9 7.5 7.3 13.7 13.5 13.3

2 +/-lUU b.b 6.1 5.9 13.2 12.7 12.5
+/ 15U b.t! 6.2 5.9 11.5 11.1 11.U
+/-20U 1.2 lUi 5.2 lU.4 10.0 10.1
+/- 25 11.6 10.8 10.3 10.3 15.4 14.4

3 +/- 50 8.9 8.0 7.7 16.3 15.5 14.3
+/-100 1.U 6.0 5.7 16.B 15.6 14.1

50+1 25 9.1 8.ll 8.7 16.8 15.6 15.0
4 50+/ 50 7.8 7.3 7.1 14.5 14 .8 14.7

5u+/-1uu 7.3 6.6 6.4 13.0 12.7 1:.!.7
5U+/ 15U 7.4 6.8 0.5 11.7 11.5 11.8

cycle cycle
1st 10th 40th 1st 10th 40th

5 +/-150 9.7 7.U 6.2 13.7 11. 9 11.u I

6 +1-150 84 6.7 6.1 12.4 11.3 10.7 I

The following results were obtained for shear modulus G., and effective
damping ratio h ., frOID Table 6 and Figs. 9_ 14.

(a) Effect of Cycles
G,. and h•• at O.IHz (series 1) de~rease up to 3 cycles as number of loading

cycle increases. and then they approach to a certain value. However. at
IHz(series3). h ., still decreases up to 10 cycles.

(b) Effect of Strain
G,. and h.. decrease with increasing shear-strain. as shown in Figs. 9_ 12.

Although G •• decreases greatly frOlll ;:'0,; to 100% shear-strain. it slightly
decreases over 100% shear'strain. H,. actually decreases as shear-strain
increases from 25% to 200\.

(c) Effect of Repeated Load~

As shown in figs 11 and 12. G.. and n,. for 2nd loading (series 2) are
smaller than those for 1st loading (series 1). The difference of G,. and h,.
between the 1st and 2nd loading decreases with increasing snear-strain. being
almost negligible at 200% shear-strain.

(d) Effect of Frequency
Comparing series 2 with series 3 presented in Table 6. G,. and h•• slightly

decrease with increasing frequency.

(e) Effect of Pre-strain
C()lllJlBring series 2 with series 4 presented in Table 6. G.. and h" do not

affected by whether pre-strain is presented or not.

(f) Reliability of Long-term Cyclic Loading
As shown in Figs. 13 and 14. G.. and h.. during 2nd loading llI'e slightly

s.aller than those durill8 1st loading. Table 6 also indicates that they approach
to a certain value after 10 cycles.
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Figure 9 Effect of Shear-strain on Shear Modulus
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Figure 10 Effect of Shear-strain on Effective Damping Ratio
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CONCLUSION

From the results presented here. th~ following conclusions were obtained.

(1) Effective damping ratio h. o was within 10"- 15%.

(2) Dependence of G,o and h,o on loading cycle. shear-strain. frequency and pre
strain was investigated. As a resul t. it was fOWld that frequency and pre-strain
dependence of G" and h., was less sensitive.

(3) For studying the durability. 40 times loading with shear-strain of 150% was
made twice leaving 3 hours between the two tests. It was fOWld that G., and h"of
the second test were almost the same with those of the first test. No visible
failure was developed during the two tests.
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FINJTE ELEMENT ANALYSIS OF ELASTOMERIC ISOLATION BEARINGS
FOR DIFFERENT CONNECTION DETAILS

Ian G. Buckle and He Liu
Department of Civil Engineering

State University of New York at Buffalo

INTRODUCTION

Elastomeric bearings are widely used for the seismic isolation of bridges and
buildings, not only in the United States, but around the world. In most cases the
elastomer is natural rubber which may be compounded to enhance its damping properties
or the bearing itself may enclose a lead core for the same purpose, i.e. to increase
hysteretic energy dissipation during cyclic shear deformations.

Of interest to designers is the mechanical attachment of these bearings to the
superstructure above and the substructure below. To avoid the development of high
tensile stresses in the elastomer (during periods of high shear strain) shear-only
connections have been preferred. These may take the form of a set of dowels or pins
which are fixed to the masonry and sole plates and engage in preformed holes in the
outer shims of the bearing. Under these circumstances these two particular shims are
thickened to accommodate the bearing stresses. Thicknesses up to 1" are commonly
specified for this purpose.

However, a shear-only connection has two disadvantages. Since transfer of tension
into the bearing is prevented, the connection cannot be used to resist uplift or inhibit roll
over should the bearing be subjeet to extreme loads (those in excess of the design loads).

For this reason, bolted connections have been proposed and used in some instances
in Japan. Nevertheless the concern reIIl£a.ins as to the added demand such a connection
places on the elastomer and the bond between the elastomer and internal steel laminates
during combined compression and shear loads.

This paper describes some preliminary work done using a nonlinear finite element
computer program, to study the effect of different end conditions on internal stress and
strain states in elastomeric bearings at high shear strain. The purpose is to give some
insight into the above issues.

FINITE ELEMENT ANALYSIS

A nonlinear finite element computer program, ADINA [1], was used for the
displacement and stress analysis in this study. Many different analysis options are
available in ADINA and in this instance the behavior of multilayer elastomerie bearings
under monotonically increasing compressive and shear loads was investigated.
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This displacement-based finite element method can solve nonlinear problems
involving almost incompressible materials. However, the number of elements required
to obtain acceptable accuracy is usually much greater than in a comparable problem
involving compressible materials. A displacement-pressure finite element formulation
has been introduced in ADINA to explicitly replace the pressure computed from the
displacement field by a separately interpolated pressure function. The formulations in
ADINA permit geometrical and material nonlinearity in compressible and almost
incompressible solids. Incremental nonlinear analysis including contact boundary
conditions may also be performed.

A modified Mooney-Rivlin [2] material description was chosen to characterize
rubber undergoing large displacements and large strains. Conventional Mooney-Rivlin
materials assume the material to be totally incompressible; but for an almost
incompressible material like rubber, a better assumption is that the bulk. modulus is
several thousand times as large as the shear modulus [3, 4, 5]. A hydrostatic work term
is also added into the strain energy function.

To reduce the computational effort, the bearings studied in this paper were
assumed to be infinitely long strips, so that two-dimensional plane strain elements could
be used in the calculation. Since theoretical and numerical analysis show that a
displacement pressure element with nine nodes and three pressure variables exhibits the
best pressure approximation [6], a plane strain finite element with these degrees of
freedom was chosen.

To prevent material overlapping at free surfaces during large deformations,
contact boundary elements were used [7]. In the region ofcontact, surface tractions were
evaluated from the extemally applied forces, the nodal point forces and Coulomb's law
of friction. Surface tractions between nodal points were employed to decide whether a
nodal point is in sticking or sliding contact, or is releasing (surface separation).

ISOLATION BEARING EXAMPLES

In this study, six elastomeric bearings were studied using ADINA to determine the
influence of end connection details on bearing deformations and stresses. These six
bearings were all 6 inches in overall width and comprised 4 internal, 1/2 inch thick,
rubber layers for a total rubber thickness of 2 inches. For the purpose of this study, a
1" wide slice of each bearing was analyzed using the plane strain assumption. The six
bearings were characterized by 3 different connection types and 2 different end plate
thicknesses. Details are shown in Table 1 and Figure 1. Material properties for the
elastomer (natural rubber) and steel are summarized in Table 2.

In all cases, the compressive load was maintained constant at 0.5 ksi (total load • 3 kips)
while the shear deformation was increased until convergence could no longer be obtained..
The maximum applied shear strain ranged from 1.5 to 2.3 .
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Width No. of Thickness Thickness Thickness
Group Bearing Connection * Internal of of of

No. No. Type Height Rubber Rubber Steel Steel End
(in*in) Layers Layers Shims (in) Plates (in)

I D-I doweled 6*4.625 4 0.5 0.125 1.0

B-1 bolted 6*4.625 4 0.5 0.125 1.0

F-l fixed 6*4.625 4 0.5 0.125 1.0

2 D-2 doweled 6*3.125 4 0.5 0.125 0.25

B-2 bolted 6*3.125 " 0.5 0.125 0.25

F-2 fixed 6*3.125 " 0.5 0.125 0.25

Note: D = doweled connection
B =bolted connection
F =fully fixed connection

TABLE 1: DIMENSIONS AND lNTERNAL CONSTRUCTION DETAILS
OF EXAMPLE BEARINGS

Material Shear Young's Bulk
Modulus Modulus Modulus

(ksD (ksi) (ksi)

Rubber 0.136 0.408 204.21

(8) Rubber Properties

Material Young's Yield Strain Hardening
Modulus StreSB Modulus

(ksi) (un (ksi)

Steel 30,000 44 300

(b) Steel Properties

TABLE i: MATERIAL PROPERTIES ASSUMED FOR EXAMPLE
BEARINGS
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ADINA MODEL OF BEARINGS

As shown in Figure 2, the finite element mesh for the ADINA model of these
bearings comprised 204, 9-node elements (134 rubber elements and 70 steel elements).
The sole plate (that plate which is fixed to the superstructure) was modelled as a 1" thick
plate which was free to move both horizontally and vertically but not rotate. The
masonry plate (that which is fixed to the substructure) was represented by a fixed
boundary and contact surface as appropriate; this boundary was constrained against
translation and rotation.

Contact boundary elements used a Coulomb friction law with a 0.7 coefficient of
friction. These elements were used on the upper and lower surfaces to permit the
separation of the bearing from external plates as necessary (see for example the doweled
connections in Figure 2(a)) and also on selected vertical surfaces to prevent material
overlapping at high shear deformations.

Material properties have been listed in Table 2. The corresponding Mooney-Rivlin
constants for the elastomer were C1 =0.0424 Itsi and C2 .. 0.0256 Itsi .

RESULTS

As n< ed above, the finite element method was applied in this study to multilayer
elastomeric bearings under large shear deformation. This study was conducted to
determine the characteristics of, and the stress distributions in, multilayer elastomeric
bearings while at large shear strains. In this section, results relating to the following
issues are briefly presented: bearing deformations, shear stiffness and stress distributions
in the outer rubber layers. In each ease the effect of end connection type is illustrated.
Finally some data on bolt forces (in the bolted connection detail) are presented.

Bearing Deformations

One ofthe main benefits of the finite element method is that it provides estimates
of the performance of multilayer elastomeric bearings under extreme loads and
deformation. Each bearing in the present study was first loaded in compression and then
deformed in shear. Figure 3{a,b,d) shows the deformed finite element meshes of the
three Group 1 bearings at approximate compressive and shear strains of 10% and 15Qt1"
respectively. For comparative purposes Figure 3(c) shows bearing 8-1 at 230% shear
strain. It is seen that as the combined compressive and shear deformations increase. the
principal strain distribution changes markedly. The maximum compressive strain in the
elastomer appears to be in the upper left and lower right comers ofthe bearings whereas
the maximum tensile strains appear to be in the opposite corners. It will also be seen
that whereas the end plates remain largely unaffected, the internal shima are
significantly deformed in flexure as the shear load is applied. High flexural stresses are
to be expected in these shims. The effect of end connection type is seen by eompering
Figure 3(a) with 3(b). The separation of the contact surfaces in Figure 3(a) is clearly
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evident due to the lifting (tilting) of the bearing end plate. This action is suppressed
when bolted connections are used, and the only separation evident in Figures 3(b) and
(c) is in the side cover rubber layers. In the fully fixed case, even the separation in these
cover layers is prevented (Figure 3(d».

Shear Stiffness

Figure 4(a) compares the shear properties of the bearings for the different end
conditions. As shown in these force-displacement plots. all six bearings show the same
linear behavior at strains less than 50%, but that nonlinearities and differences in
stiffness occur and become more pronounced at higher shear strains. The bearings with
the bolted connection show the higher shear stiffness while those with doweled
connections show the lower shear stiffness. When the shear strain approaches 100%, the
slope of the force-displacement curve in doweled condition (D-l, D-2) appears to start
decreasing while the shear stiffnesses in the bolted (B-1. B·2) and fixed conditions (F·1,
F-2) remains constant. At about 175%, even these bearings begin to show a decrease in
shear stiffness and may even approach zero at 300%. This is in contrast to observations
made in practice on the bolted bearings where stiffening effects have been reported at
very high shear strains. However, it should be remembered that in these analyses the
rubber is modelled as a nonlinear elastic material with no hysteretic properties. Real
rubber properties at high shear strain are not included and it is felt that the softening
seen here is due to a critical or buckling load state being approached at these high shear
strains. (At 300% shear strain, the top plate has been displaced 6 inches and totally
overhangs the 5 inch bottom plate - i.e. the area ofthe effective column is now negative.)

There are generally three limit states in the design of isolation bearings, ofwhich
two are stability-related deformation modes. The first of these is the stability of the
bearing against buckling and the corresponding reduction in lateral stiffness. This
phenomena may account for the softening of the fixed and bolted bearings as just
discussed. The second is the stability of the bearing against overturning which may
become critical under a combination of low compressive load and high shear force. This
behavior is characteristic of doweled bearings as illustrated in Figure 5(a). This figure
shows a bearing deformed laterally by shear forces (V) while carrying an uialload (P).
If overturning is imminent, the axial forces act at the extreme edges of the upper and
lower shims or dowel plates. Figure 5(b) shows the possible shear force-displacement
diagram for typical linear and nonlinear bearings and illustrates the limiting effects of
overturning [8]. It is seen in Figure 4(a) that, when the nominal shear strain is over
150%, the bearings with doweled connections show a tendency to lose shear stiffness
rapidly. Rollover effects are beginning to control the behavior at these shear strains and
this is illustrated in Figure 4(b). Since it was not possible to use ADINA to compute the
shear-displacement curve through the negative stifliles8 region, the theoretical rollover
curves of Figure 5(b) are laid over those of Figure 4(a), and the result shown in Figure
4(b) is obtained. The match between these curves suggests that the onset of rollover in
the doweled bearings is imminent. These curves also show the restraint provided against
rolloVM' by bolted or fully·fixed connections.
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Stress Distribution in the Outermost Rubber Layers

Stress distributions in the elastomer at a nominal shear strain of 150% are
compared along line 2R (see Figure Ha» in Figure 6. Three stress components are
plotted. These are the vertical compressive stress, au, the horizontal tensile stre88,
0 17 , and the shear stress, a,•.

In every instance the stresses for the doweled end connection are less than either
of the other two cases. Although this trend is consistent with the physical release that
the dowel connection provides, the amount ofrelief is actually very small. In other words
the maximum axial stress in the elastomer in the outer layer is relatively insensitive to
the connection detail. Even when the thickness of the end plate is reduced from 1 inch
to 1/4 inch the changes in axial stresses are small (Figure 7). One conclusion from this
limited study is that the use of dowel connections to protect the elastomer from high
tensile stresses (and perhaps cavitation) during large shear deformations is of marginal
value. It should however be noted that the stresses in the top and bottom cover layers
are not so insensitive to the type ofconnection. Here the doweled and bolted connections
completely relieve all tension, but the fully med detail requires significant tensile
stresses to be transmitted. In this study these stresses peaked at about 0.6 ksi (about
twice the elastic modulus of the elastomer).

Internal Forces in the Bolts

AIial and shear stresses in the two bolts shown in Figure 2(b) were computed and
these are plotted in Figure 8. Three stress points are plotted in each bolt on line 18
(Figure l(a». From these values it is clear that each bolt, in addition to compression and
shear, is subject to flemre. Both actions are defined in Figure B(c) and may be found by
integrating the stresses shown in Figures 8(a) and (b). A summary of these actions is
given in Table 3 for the case of the 1 inch thick end plate. The results for the thinner
plate are not significantly different to those in Table 3.

It is seen that between 80 and 85% of the uialload is carried by the bolts at this
shear strain; the remainder of Py is carried by the steel to rubber contact surfaces. This
relatively high proportion is due to the high compressive stiffness of this confined layer
of thin cover rubber.

By contrast, almost all of the shear is carried by the bolts but this is not
surprising since the shear stiffness of the cover rubber is virtually negligible when
compared to that of the bolts.

Overall equilibrium of the bearings, using the bolt forces in Table 3, can be readily
confirmed as follows:

Overturning moment on bearing • py • 4 + Qh

Restoring moment on bearing • O.5(Nu + N12 + Nil + NlIlI)b + (Mu + M12 + Msi + Ma>
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(a) Axial Forces (8-1)

Line Nu N12 Nj =Nil + N12 Pv N/pv
'I (kip) (kip) (kip) (kip) (%)

1 -2.848 0.468 -2.38 -3.0 80

2 0.387 -2.896 -2.509 -3.0 84

(b) Shear Forces (B-1)

-
Line Qu Qa ~ =Qil + Qa Ph QlPh
*1 (kip) (kip) (kip) (kip) (%)

1 0.505 0.385 0.89 0.9 99

2 0.284 0.604 0.888 0.9 99

(e) Moments (B-1)

Line M.l M12 ~=MIl+~
n (kip.ins) (kip.ins) (kip.ins)

1 0.103 0.119 0.222

2 0.156 0.146 0.302

(B-1, Pv • 3.0 kips, Ph • 0.9 kip, "( - 1.5)

TABLE 3: INTERNAL FORCES IN STEEL BOLTS
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Where Pv = total compressive load = 3.0 kips
Q = total horizontal shear =0.9 kips
~ = horizontal displacement. 3 inches for Q = 0.9 kips
b - distance between bolts • 4 inches
Nil = bolt axial forces as defined in Figure 8(c)
Mil = bolt moments as defined in Figure 8(c)

Using the values for bolt forces given in Table 3:

Overturning moment on Learing at 150% shear strain
Restoring moment calculated from bolt actions

= 13.61 kip.ins
= 13.74 kip.ins

The slight numerical difference between these two moments could be due to the
calculation of bolt actions from a very coarse finite element mesh (only one element was
used across the full width of each bolt).

CONCLUSIONS

A bolted connection gives rise to virtually the same behavior as a fully fixed
connection and essentially prevents rollover from occurring. The reason for using
doweled connections is to reduce the tensile stresses in the elastomer when at high shear
strain. In practice, the results presented above show minimal difference in tensile
stresses within the bearing between bolted and doweled conditions. Additional case
studies should be investigated to determine if this is generally true. The advantage of
being able to use a bolted connection is increased resistance to rollover and a measure
ofuplift restraint against extreme overturning loads. If there is no significant difference
in internal stresses the bolted connection may become the connection of choice.
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FJNITE ELEMENT ANALYSIS OF ELASTOMERIC BEARINGS

by

R. Shepherd· and L. J. BUlin&s··

ABSTRACT

An awareness of the limited understanding of the mechanics of elastomeric bearings under
large compression and shear loads, coupled with the availability of advanced computer codes,
prompted a study using finite element techniques. The analytical results obtained are compared
with those obtained using existing simplistic design considerations and with experimental results
of previous tests. The verification that a representative and reliable computer model can be used
to study elastomeric bearings allows hitherto incompletely understood aspects of the behavior
of bridge bearings at high strains to be studied.

INTRODUCTION

The principle of isolating a structural system from ground vibrations has been understood
for many years. and many successful implementations exist in which bridges or buildings are
mounted on resilient bearings. However, it is only in the last 15 years that designers have
developed sufficient confidence to incorporate isolation as the primary means of protecting
structures from earthquake-generated strong ground motion.

The concept of seismic isolation is simple and not new. A United States patent for an
earthquake-proof building was granted in 1906 [1]. Bechtold's concept involved a building
supported on a rigid base plate riding freely on a mass of hard spherical bodies. Many similar
proposals were made in the following years. All involved the provision of flexible support so
that the system is detuned from the excitation. Developments included restricting the motion
between the supported structures and the surrounding ground to an acceptable level by the
provision of adequate energy dissipation and, in the case of wind or other relatively minor lateral
loads, by incorporation of initial stiffness under service load conditions.

As with many engineering innovations, sl'ccessful application of the concept was delayed
by difficulty in developing reliable and predictable devices which would not only possess the
necessary characteristics at the time of construction, but would preserve these properties
throughout the expected life of the structure. Greater understanding of the nature of strong
seismic ground movements. and the ability to model structural systems using computers,
undoubtedly have benefitted the design process, but the most significant recent advances have
been prompted by the development of a range of viable isolator devices. These include various
combinations of simple rubber blocks, steel torsional and flexural beams, lead extrusion elements
and steel plates interlayered with eJastomeric materials [2].

• Professor and •• Graduate Student, University of California, Irvine
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One of the most promising of these devices appears to be the laminated steel/elastomer
bearing. By sandwiching a series of relatively thin slices of elastomer between horizontal steel
shims, a composite block can be formed possessing the desirable properties of large vertical
stiffness and large horizontal flexibility.

The design of laminated bearings is still at the stage of progressive refinement. Elementary
considerations in typical use necessarily reflect a very conservative approach, as the behavior
ofthc:se bearings at high strains is imperfectly understood. Current practice in the United States
invol"es verification testing of a proportion, as high as ten percent, of the isolators manufactured
for use ;'1 a given project. The tested units are then discarded. In Japan, typically each isolator
is tested befOl~ installation. The object in both cases is to verify the integrity of the units in
the light of the use of a somewhat simplistic design process, and the undoubted difficulty in
assuring quality control of the complex production process.

FINITE ELEMENT MODELLING

The mathematical model widely used currently to predict the behavior of elastomeric
bearings is based on simple small strain elastic theory. Stress is assumed linear with respect to
strain and the vertical stiffness ley may be expressed as:

(1)

where P is the vertical load, ~ the vertical displacement, A the cross sectional area of the
bearing, n the number of elastomeric layers, t the thickness of each layer and Ec an equivalent
compression modulus of the elastomer.

A similar approach leads to the horizontal stiffness ~ being expressed as:

k
h

= F = G A (2)
Ant

where F is the horizontal load, A the horizontal displacement, and G the shear modulus of the
elastomer.

Modifications of these expressions for bearings with many layers have been suggested [3].
Clearly the equations do not reflect the observed non-linear behavior of the elastomer, nor do
they provide any information of the internal stresses and strains within the bearing. If an
improved understanding of the actual behavior of multi-layered isolators is to be developed, a
more realistic mathematical model is needed.

One approach utilizes finite elements to represent the elastomer and the steel shims. The
most significant problem is representing the elastomer and its material properties. It is difficult
to determine the material properties experimentally and the analyses are sensitive to the value
of input constants. The number of elements used to represent the continuum accurately is
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important. Many elements are needed where the stress concentrations are high, but this may not
be known until after the analysis. Adaptive mesh and rezoning techniques based on previous
results are justified. Many bearings with large numbers of layers, some with thirty-two
laminates, are now being used. In such cases, the total number of elements may well be of the
order of several thousand, and the use of a very large capacity computer is necessary.

A bearing chosen for finite element analysis is shown in Figure 1. This low shape factor
bearing was tested at U. C. Berkeley [4,5). Test results for the bearing under compression are
shown in Figure 2 and for 500 psi compression plus shear in Figure 3.

, ,..

- -~
/.."J,., . ..-
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Figure 1. Test Bearing Design:
Bolted Connections [4]

Figure 2. Experimental Results for
Vertical Loading [4]
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Figure 3. Experimental results for shear
tests under 500 psi compression[4]

Figure 4. Finite element mesh of bearing
tested at UC Berkeley
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Finite element analyses were undertaken for the above bearing using the code MARC. The
geometry and mesh are shown in Figure 4. The top plate of the bearing was bolted, therefore
the boundary conditions are for the two end plates to remain parallel and the base plate to
remain fixed. 8-noded plane strain elements were used for a total of 440 elements and 1477
nodes. The analysis was run on V.C. Irvine's CONVEX C240.

The rubber is represented in the code using a potential function WeI" 12) studied by James,
Green and Simpson [6] viz:

where I" 12 and IJ are strain invariants defined oy,

I, = AI 2 + Al + Al
12 = A?A2~ + AlAJ2 + AlA I

2

IJ = ')I}Al~,l

and AI' A2' and AJ are the principle t..dension ratios. The condition of incompressibility
requires that,

(4)

(5)

ClIld hence IJ is not a function of the strain. Thus, the potential function W can be expressed
as a function of II and 12 [1].

Tne MARC code requires the five constants, C10, CO" Cll , C20, and C30, as input.
The material is then modeled as nonlinear elastic. The problem of assigning values to the
constants has been recognized and some unique options have been discussed such as setting
COl and ell to zero and assigning values to C lO, C20, and CJO [8]. The difficulty lies in
justifying the assigned values. Assistance from the Malaysian Rubber Producers' Research
Association (MRPRA) in Hedord, England was sought regarding the above constants. On
the basis of advice received, elastomeric materials used in isolation bearings typically exhibit
hysteresis, therefore, it is justifiable to use simplified forms of the potential function W. It
was suggested to use the simplest of all options and set Gu = C lI = C20 = CJO = 0.0, and
fit C10 from MRPRA's test data. Taking only the first term yields the Neo-Hookean
material model,

(6)

CIO was chosen as 65.3 psi and assigned to all eleme:lls representing the elastomer.

The material properties assigned to the elements representing the steel were allocated a
high yield stress of 100,000 psi to prevent y~elding in the :;l.eel shims.
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50 psi vertical load was applied in 10 increments for a total compressive load of
500 psi. A horizontal load of 3.144 psi was applied in the next 50 increments for a total
horizontal shear of 157.2 psi. This loading condition is the three dimensional equivalent of
10.0 kips horizontal force with 31.8 kips vertical load as was applied in the experiment. The
loading histories are shown in Figures 5 and 6. It was noted that there was a slightly
nonlinear response of vertical displacement with increasing horizontal displacement.

Figure 5. Load Increment versus
Vertical Displacement

Figure 6. Load Increment versus
Horizontal Displacement

COMPARISON OF RESULTS

Comparison of the F.E.M.·s displacement of 0.123-inch for the top plate shown in
Figure 5 with the experimental results shown in Figure 2, reveals that the finite element
model gives a stiffer response.

The horizontal displacement under both compression and shear is shown in Figure 7.
Contact between the elastomer and lower steel plate was allowed for in the analysis and
occurs at the lower right and upper left comers of the bearing. The finite element model's
horizontal displacement of 4.l5-inch compares favorably with the experimental results in
Figure 3 for horizontal displaceme~t from U.C. Berkeley [5]. The hysteretiC effects of the
rubber were not modeled and henl:C were not expected to be replicated.

The maximum stress in the steel plate under compression is 6300 psi as shown in
Figure 8. This was compared with the value determined using the formula below for
internal stress in the steel shims [9]:

(
~ +t X 1 5 )0a = ~l Z • 0

•. -.x """'2't;" 1 +1/ S2 c
(7)

where t1 and t2 are the thickness of the elastomeric layers on each side of the steel shim, .. is
the th:ckness of the steel shim, S is the bearing's shape factor, and o-c is the compressive
stress. Application of .his expression to the particular bearing examined yields a maximum
stress of 6810 psi which is within 8~ of the F.E.M. value.
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Figure 7. Horizontal Displacement under
500 psi Compression and
157 psi Shear

Figure 8. un in Steel Plates
under ~OO psi Compression

The shear strain under compression is shown in Figure 9. The maximum value of 0.86
occurs at the edge of the rubber-steel interface. Its value was compared with that calculated
using an expression for maximum shear strain 'Yc at the rubber-steel interface, 'Yc [6]:

(8)

where f c is the compressive strain. The above expression yields a value of 'Yc = 1.17
which, when compared to the F.E.M. value, provides agreement within about 25%.
However, the strain value improved towards the theoretical value as the F.E.M. model was
meshed more finely in the region of maximum shear strain.

Ongoing work includes modelling the circular bearing in three dimensions and
comparing the results to these two dimensional results. Once the above bearing is adequately
represented, the next goal is to model larger bearings with more layers and higher shape
factors.

Figure 9. Maximum Shear Strain under
500 psi Compression
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JOINT RESEARCH WIm NCEER

In cooperation with the National Center of Earthquake Enginee og Research at the State
University of New York at Buffalo, a bearing was analyzed using MARC with 8-noded plane
strain elements shown in Figure 10. The identical bearing was analyzed at SUNY using
ADINA. Results for vertical displacement are shown in Figure 11 and the internal stress in
the steel shims in Figure 12. The stress results were compared with those obtained using the
formula for a••max above showing a 3% agreement. Recent results have compared favorably
with the ADINA results and are currently being reviewed more extensively.

Figure 11. Vertical Displacement under
500 psi Compression

Figure 12. au in Steel Plates under
500 psi Compression

CONCLUSION

Some aspects of the behavior of elastomeric bearings at high strains are beginning to be
understood better with the aid of finite element analysis. Specifically, the distribution of
stress at the steel rubber interface, the bearing's axial stiffness, especially when combined
with shear loads, and the horizontal stiffness are becoming more clearly understood. As the
work progresses, some questions are answered but many more questions arise such as how
the onset of rollout may be predicted, how the cover rubber's effects may be evaluated, and
how boundary conditions represented by the top and bottom plates being connected by bolts
or dowels influence the tension in the rubber. It is planned to address these aspects in
ongoing work.
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SUMMARY

A new type of Menshin bearing has been developed for seismic isolation of bridge struc
tures by the NKK (Nippon Kokan) Group. The new system is composed ofR+HDR (Roller
type bearing with High Uamping Rubber).

The past broad experience of casting and shoe-making technology provides complete
proof of the bearing mechanism by installing the conventional roller. HDR is only subjected to
the lat"lral forces, free from the vertical bearing loads. It is tested in state of material, then
with the to~al system and verified to have enough energy absorbing capacity of about 12 %
damping ratios.

Extensive tests have been conducted on the new system for: (a) fundamental mechani
cal properties (b) response characteristics due to cyclic loading. Mainly, the experimental
results are presented. Prototypes of R+HDR are made for testing. The configuration and
general features of R+HDR are detailed.

INTRODUCTION

Based upon the recent developments in material, design, and fabrication technology,
seismic isolation systems have become reliable and practical. The idea itself is not new, but
its practical use is new. In Japan, seismic isolation systems have been tried in the Miyagawa
Bridge at Shizuoka in 1991, and now several trials are planned, some of them are under con
struction.

The NKK Group (NKK Corporation + Japan Casting Co.Ltd) has originated the new
R+HDR. It is combined with conventional bridge shoes to constitute seismic isolation systems,
installing high performance damping rubber inside.

The advantage of the new configuration is its easy application to existing bridges as well
as to new projects. For existing bridges, seismic isolation is an effective solution to the problem
of old substructures and superstructures due to the force reduction. An alternative solution
can be achieved by the replacement of the existing bearings with Menshin bearings. R+HDR
consists of conventional shoes plus isolation systems. Use of oonventional roller-type bearings
provides complete guarantee of bearing mechanism and the best fit for the existing position
without any differences in sizes. Small differences in height are adjusted for by using tapered
steel spacer plates to maintain alignment and elevation.

Most bridges have bearings to accommodate thermal movements. In the case of roller
type bearings, they allow movement only in the longitudinal direction. In transverse direction
side blocks restrict against external Corces. In turn, seismic isolation is limited only to the
longitudinal direction oC bridge layout. Commonly, substructures have weak axes in longitu
dinal direction against overturning. Therefore, even if the effects are not limited in all direc:
tiona, R+HDR will be a practical solution, on-site.
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FUNDAMENTAL PROPERTIES OF HIGH DAMPING RUBBER MATERIAL

Physical properties of rubber
Table 1 summarizes the specification of rubber used.

Response of HDR and damping quality
Fig.1 shows the specimen of HDR material used for dynamic shear test to get response

of HDR and damping quality. Testing conditions are as follows;
strain amplitude: ± 10 ..... 200 %
frequency of cyclic loading: 0.5 Hz
temperature at testing: room temperature.

Results are shown in Table 2 and Fig.2. Based on the measured data, shear modulus Geq is
calculated by the following formula;

K*h
Geq = -A- (1)

where
K ; Measured effective stiffness
h : Height of specimen
A : Cross sectional area of specimen

Influence of temperature change
Dynamic test (Fig.3) have been conducted under the following conditions;

shear strain amplitude : ± 100 %
frequency of cyclic loading: 0.5 Hz
temperature at testing: -10, 20, 40°C

Rel>ults are summarized in Table 3.

MENSHIN BEARINGS; R+HDR

With vast experience in bridge shoe making and extensive testing of HDR, the NKK
group originated R+HDR. Prototypes of R+HDR have been made for testing. Its configuration
and general features are described.

Design criteria of prototype
Assuming 3 continuous plate girder bridge of about 100 m in total length, design criteria

for Menshin bearing are described in Table 4.

Configuration and features
A prototype of R+HDR is detailed in Fig.4. Thickness of rubber has been determined so

as to be 150 % of shear strain when maximum allowable design movement is reached. Two
types of rubber, a) solid type, b) laminated type, have been prepared for testing. The laminat
ed one is expected to support earthquake force in transverse direction of bridge.

LABORATORY TESTS

Cyclic loading tests have been conducted for determining mechanical properties of ~he

isolators. Laboratory tests are done to evaluate effective stiffness and effective damping ratios
of the isolators.

Experimental work has been done twice, first at NKK, then at PWRI (Public Works
Research Institute) based on the Joint Research Program between PWRI and NKK Group.
a) Static loading tests at NKK : fundamental tests for full scale model of roller-type

bearing, HDR elements and R+HDR, with an actuator of rather low frequency range.
b) Dynamic loading tests at PWRI : formal tests for R+HDR due to Joint Research

Program '>etween PWRI and each industry, with an actuator of rather high frequency
range.

In principle, both testing methods for R+HDR were similar to each other. The experimental
results are reported based upon both data.
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Testing methods
The test rig for R+HDR shown in Fig.5 is used in NKK Laboratory. A HDR model is

laterally displaced, while sustaining an axial load. Lateral displacement is given by a side
actuator and vertical force, equivalent to dead load (30.5 to, is applied to the bearings by
means of the load-transfer beam accommodated. During testing,lateral movement, lateral
reaction, vertical force, lift-up displacement of upper bearing, and temperature change of
robber have been measured.

For several cases, increasing amplitudes of shear strain % 25 - 200% (cyclic displacement
% 21·... 185 mm), with 10 times laterally loading repeated, load-deformation curves have been
drawn in Fig.S.

The hysteretic curve (Fig.6) tested gives effective stiffness and effective damping ratios
of the isolators.

~=
P..,.,. - Pmill

()mu: - bmill
(2)

!1W
beq:: 21r.W (3)

where, Pmn• Plllill • bmn • bm ' ll are maximum and minimum values of load and displacement
respectively. as a result of hysteretic behavior of model tested. !1W is area of a closed loop
hysteresis. Then, W is calculated by the following formula;

W = ; (Pmu - Pmin ) • (bmaz - ~n) (4)

Effective stiffness is converted to a form of shear modulus Geq by equation (1).

Shear modulus and effective damping ratio
Fig.7 .and Fig.S illustrate shear modulus and effective damping ratio as a result of solid

type R+HDR, obtained from the static loading tests at NKK. When 150 % straining, R+HDR
is; Goq =7.5 kgf/cm2, beq =9.8 %. Results of the static loading for HDR elements and the
dynamic shear test using specimens of HDR material are also shown in Fig.7 and Fig.S.

No big difference exists between test results of R+HDR, and HDR separated when
compared with both data. In turn, it can be observed that no influence of the rollers is recog
nized in the behavior of isolator systems. In the case of R+HDR tests, compared with the
dynamic shear tests, shear modulus goes up slightly, conversely, the effective damping ratios
goes down. These different phenomena result from the varying behavior of HDR;

a) Shear modulus depends upon shape of rubber and history of loading.
b) Effective damping ratio depends upon frequency of loading.

In Fig.9 and Fig.10, no big difference has been recognized between solid type and lami
nated type HDR. Consequently, HDR can be safely designed based upon the solid type data,
even when laminated type HDR is used in case where stiffness in transverse direction re
quired.

When removing HDR from the isolators, horizontal reaction against the roller is record
ed to be less than 200 kgf, which indicates that the coefficifmt of friction must be less than
0.01, and the basic performance of the isolators only depends on the properties of HDR.

Effects of loading velocity. loading history and pre-strain
The comparative test results between NKK and PWRI are shown in Fig.11 and Fig.12,

where the dotted line indicates the results of the static test at NKK. With cyclic loading of
1Hz, dynamic effects are observed as Geq =8.3 kgf/cm2, hoq =10.4 %; which are larger than
that of static loading. Accordingly, shear modulus is very sensitive to the history of cyclic
loading and large decrease in modulus has been observed within a small range of shear
strain. After subjected to cyclic loading, shear modulus of HDR remains unchanged without
any effects from loading frequency and pre-straining.

No change ofeffective damping ratio has been observed, when 0.1 Hz cyclic loading, then
static loading, regardless of the existence of pre-straining and the history of cyclic loading.
When 1.0 Hz cyclic loading, effective damping ratio increases in number within wide range of
shear strain. Fig.13 shows the influence of loading velocity on the quality of HDR, with 150 %
shear strain. Small range bias is recognized to some ,extents due to loading velocity. It is
conservatively estimated that effective damping ratio shall be approximately 12%, at the
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range ofcyclic loading frequency beyond O.5Hz, taking sensitive influence of cyclic loading into
consideration.

Characteristic at earthquake
Fig.14 shows dynamic behavior of Menshin bearings R+HDR when subjected to strong

seismic motion equivalent to a large-scale earthquake at PWRI. Strong forces are defmed as
follows;

displacement amplitude: 126 mm (shear strain: 150 %)
frequency ofloading : 0.5 Hz
cyclic number of loading: 40 times.

Both Geq and beq decrease in quality with an increase in loading cycles, as low as 19 % and
17 % each, compared with average values of 4-10 cycles loading, when temperature of HDR is
recorded to be 7°C change up.

In spite of the fact that these qualities of HDR lessen to considerable points due to cyclic
loading so as to take the vulnerable effects into consideration for design analysis, it is still
considered to be safe in practical use.

CONCLUSIONS

A set of R+HDR seismic isolators was tested. Its basic behavior and performance have
been obtained 1110 a result oftests and analysis.
1) Response mechanism of R+HDR due to seismic motion depends mainly upon the HDR
only, independently from the roller movement with small friction. Therefore the performance
of the isolator can be securely obtained by the independent tests of rubber materials.
2) No difference is recognized in quality between solid and laminated types of HDR. It can
safely be said that HDR is designed on the basis of solid type testing data.
3) As a result of tests, shear modulus and effective damping ratio are;

Geq =8 kgf/cm2, heq =12 %
Effective damping ratio was lower than that of planning prior to tests (at the first stage of
planning, Geq = 8 kgf/cm2, heq =15 %). In reality, no serious discrepancy occurs in practical use
for design.
4) No roller lift-up and slip phenomena have been observed due to strong seismic motion. In
turn, cyclic load-deformation hysteretic behavior of HDR still remains in linear motion even
when subjected to a strong earthquake.

From these results, we have verified that the mechanical properties and the earthquake
response characteristics of the newly developed R+HDR are useful for seismic isolation sys
tems both for existing bridges as well as for new construction. Further study will be required
to formulate the design methods of R+HDR, by normalizing the non-linear behavior ofoscilla
tion amplitude and frequency.
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Table 1 Summary of physical properties of rubber

Type of testing Specimen Testing condition Physical propertlf's

No.3 type dumbbell Room temperature Tensile strength
speclmen 23°C 210 kgf/cm2

Tensile velOCity Elongation at
Tension test 500 nun I min breaking point

680%

I
100% modulus

20 kgf/cm2

Tear test A-type Dttlo Tearing strength
122 kgf/cm~

6speclmens Room temperature I Hardness 68°
Hardness test accumulated wllh 23°C

I2mm thickness each

Table 2 Testtng result of HDR specimens

Strain I (measured) [modifiedl
amplitude Shear modulus Shear modulus Effective damping raUo

y Goq G' hoq
(%1 (kgf/cm21 (kgf/cm21

10 19.35 20.82 0.215
20 14.88 I 16.00 0.201
50 9.77 10.51 0.186
100 7.41 7.95 0.163
150 6.87 7.39 0.136
200 7.69 8.27 0.104

G' = U+1/3 (h/a)2} Gcq
h ; height of speclmc:n. a: length of specimen.

Table 3 Influence of temperature change on HDR

temperature

1.33
0.8'/

1.26
0.96

remarks G. h ; values at 20·':.

Table 4 Design criteria for R+HDR

TouureacUon R
Reaction due to dead load Rd
EffecUve stlft'ness Ka
Damping ratio ha
Natural period of bridge T
Destgn lateral force coemdent Kt.c
Allowable design movement Ua
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59.0 tf
30.5 tf

123 tflm (Gcq=B.O kgf/cm2 assumed)
0.15 (heq=0.15 assumed)
1.0 sec
0.5 (1.0-1.0-0.7-0.714-1.0)
125mm
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SUMMARY

The paper presents a summary of the work on sliding seismic isolation system
for bridges at the State University of New York at Buffalo. Furthermore, the paper
describes a major forthcoming application of sliding isolation bearings in three
bridges.

INTRODUCTION

Seismic isolation systems are typified by use of either elastomeric or sliding
bearings. Elastomeric systems reduce the fundamental frequency of the isolated
structure so that the isolation effect is produced by primarily deflecting rather
than absorbing the earthquake energy. This results in in-phase response with low
accelerations and large bearing displacements. Reduction of bearing displacements
is accomplished by use of energy dissipating devices like mild steel devices and
lead-rubber bearings (Ref. 1). The introduction of significant damping may create
out-of-phase response and large response acceleration in flexible. tall structures.
In bridges, which have squatty and stiff superstructures, this behavior does not
occur and a significant isolation effect may be produced with both low acceleration
and displacement response. Hence, elastomeric bearings/mild stee). devices and
lead-rubber bearings found wide application in bridge isolation in New Zealand,
United States and elsewhere (Ref. 1).

Sliding isolation systems limit the transfer of force across the isolation
interface, absorb earthquake energy and produce the isolation effect. They are
characterized by insensitivity to the frequency content of earthquake excitation,
stability, and low bearing displacements. The insensitivity to the frequency
content of input motion results from the tendency of sliding isolation systems to
reduce and spread the earthquake energy over a wide range of frequencies. Sliding
isolation systems have found several applications in Japan and Italy where they
have been used for longitudinal isolation of bridge decks (Ref. 1).

Research on sliding isulation systems at the State University of New York,
Buffalo started in 1988. The work concentrated first on:

(a) Determination of the frictional properties of Teflon-steel interfaces under
conditions of interest in seismic isolation (Refs. 2-5),

(b) Development, calibration and verification of ~del. of friction for sliding
isolation bearings (Refs. 4,6),

(c) Shake table testing of large scale isolated .adel structures (Refs. 7-10),
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(d) Development of analytical techniques to provide interpretation of the
experimental results (Refs. 7-13), and

(e) Development of a computer code for the dynamic nonlinear analysis of isolated
structures (Refs. 14-16).

The results of this work convinced the researchers at Buffalo on the potential
of sliding systems and the research was directed towards the study and development
of sliding isolation systems for bridges. This paper presents a summary of this
work. In particular, the following are described:

(a) Frictional properties of sliding bearings,

(b) Restoring force devices for bridges,

(c) Shake table test results of isolated bridge decks with (i) spherical sliding
bearings and (ii) flat sliding bearings and displacement control devices, and

(d) A major forthcoming application of sUding isolation bearings in three
bridges.

FRICTIONAL PROPERTIES OF SLIDING BEARINGS

Sliding isolation systems utilize in some form or another Teflon or Teflon
based materials in contact with polished metals as the sliding interface. The
frictional properties of these interfaces were assessed in an experimental program.
Tests were conducted under the following conditions:

(a) Unfilled and glass filled Teflon at compositions of 15\ and 25\ by weight and
woven Teflon were tested in contact with polished stainless steel of roughness
in the range of 0.03 to 0.04 I&m AA (or CLA scale),

(b) Bearing pressure was varied between 500 and 10,000 psi (3.5 to 69 MPa) ,

(c) Velocity of sliding was varied between 0.1 in/sec and 20 in/sec (2.5 to 508
IIII/sec), and

(d> Load on the specimens was maintained prior to testing from a few minutes to
59!. days.

The tests revealed that

(a> The coefficient of sliding friction dep~nds primarily on the type of interface
(Teflon composition and roughness of stainless steel), velocity of sliding and
bearing pressure. In particular, the coefficient of sliding friction drops
with increasing pressure and increases with increasing velocity of sliding.
Figure 1 shows recorded values of the sUding coefficient of friction of
unfilled Teflon In contact with stainless steel. The effects of pressure and
velocity of sliding are evident. In general, the variation with velocity of
sliding follows the relation
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(1)

in which f-.x and fain are respectively the maxillUlll and minilDUlD values of the
coefficient of sliding friction and a is a parameter that controls the variation
of ~. with velocity, V. Values of parameters fllU,fJDin and a have been reported
in Refs. 2,4, and S.

(b) The static (or breakaway) value of the coefficient of friction (which occurs
at initiation of sliding) is larger than fain but always less than f max . In
general. the transmission of force through the sliding interface is controlled
by the value f lllU •

(c) Dwell of load has no effect on the frictional properties.

A model of friction of Teflon- stee1 interfaces was developed (Refs. 4,6). The
model accounts for bidirectional motion, velocity of sliding and bearing pressure
effects. Verification tests with bidirectional high velocity motion were conducted
(Ref. 6) and a sample of results is shown in Figure 2. The motion at the sliding
interface was the recorded ground motion during the 1985 Mexico City earthquake
(compressed in time by a factor of 2). The recorded loops of force VB displacement
in the two orthogonal directions compare very well with the analytical prediction.
The analytical model was based on the implementation of eq. I in a model of
viscoplasticity (Refs. 4,6).

RESTORING FORCE DEVICES

Restoring force devices are important elements in sliding isolation systems.
Their function consists of

(a) Re-centering the structure during earthquake excitation,

(b) Providing additional energy dissipation if necessary,

(c) Providing rigidity under service loads, and

(d) Counteracting the effects of accidental inclination at the sliding bearings.

The accidental inclination of sliding bearings in a single direction may have
important consequences in system. without or with very weak restoring force
capability. Experiments perforaed at the State University of New York at Buffalo
with sliding bearings inclined at an angle of only 0.4 degrees resulted in
excessive displacements in the direction of inclination (Refs. 8,10). The problem
was alleviated by the introduction of sufficiently strong restoring force.

The researchers at Buffalo experimented with a variety of restoring force
devices. Of tbese, two have been used in shake table tests and will be briefly
described herein.
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Sliding Bearing. with Spherical SurfACe

The .1iding .urface in these bearings ha. a spherical shape so that restoring
force is provided by the weight of the structure during ri.ing along the spherical
surface. The bearing carries the trade DaIle Friction Pendulum Systell or FPS (Refs.
7,9,17).

Figure 3 .how. the con.truction of a FPS bearing used in shake table tests.
The lateral force-displacement relation of this bearing is given by

Fa (;> u+IA.1V sgn (I) (2)

in which V is the weight carried by the bearing, R is its radius of curvature, IA.
is the coefficient of .1iding friction at the interface and u is the disp1acellent.
The quantity VIR represents the stiffness of the bearing. Accordingly, the period
of vibration of a rigid structure on such bearings is

1/2

T a 2K(R)
g

(3)

which 18 independent of the _as of the structure. The bearing provides rigidity
to forces up to the static value of the coefficient of friction tilles the weight.

pisp1acegent Control Deyice

A displacement control device (or DCD) for use in sliding isolation systellS
has been described in Ref. 18. It is schematically shown in Figure 4. It consists
of frictional and spring asse-olies connected in .erie.. The frictional assembly
provide. an adjustable characteristic strength, Ft , to the device. The device is
rigid for forces below this lillit. For force. exceeding the characteristic
strength, the spring assembly is activated. The output of the device 11 a bilinear
force-displaceaent loop with very large initial and unloading .tiffn.ss as shown
in th. experimental loop of Figure 5.

The installation of the device in a two-.pan bridge is illustrated in Figure
6. The deck is supported by multi-directional sliding bearings and displacement
control devices are installed at the two abutments. The installation is such that
rigidity for service loads is provided in the longitudinal direction at one
abutaent, whil. the other side 18 allow.d to expand and acco~date thex-l
acve..nt.

The group at Buffalo is currently exp.ri_nting with restoring force devices
1.n the fora of wire rope .pring. and liquid spring-daaper•.
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SHAKE TABLE TESTING

Shake table tests of a 51 Kip (227 kN), quarter scale model bridge deck were
conducted. The model deck was supported by four sliding bearings of either the
flat shape together with displacement control devices or of the spherical shape.
A summary of the experimental results is presented below.

Sliding Disc Bearing and Displacement Control Deyice

A sliding disc bearing consists of a Teflon-stainless steel sliding interface
with an Adiprene (Urethane rubber) supporting disc to provide rotational
capability. An illustration of the bearing is shown in Figure 7. In the tests.
va~ious materials at the sliding interface were used under a variety of bearing
pressures so that different frictional properties were produced.

In a set of tests the frictional properties of the sliding bearings followed
the law of eq. 1 with f max • 0.12 and f llin .. 0.06. One displacement control
device with spring stiffness K-3.85 kip/in (0.67 kN/_) and characteristic strength
over weight of deck ratio, Ft/W, equal to about 0.05 was used. In selected tests
a larger ratio (up to 0.07) was used to demonstrate the importance of friction in
long period excitation. The spring stiffness in the displacement control device
gave a period of free vibration (in the absence of friction) equal to 1.16 sees (or
2.33 sees in prototype scale).

Table 1 presents a sUDllllary of the experimental results. The earthquake
excitation consisted of historic records sOlie of which have been scaled up in
acceleration to create severe excitation. Two of the motions, the Japanese
Hachinohe and Mexico City records, are of long period. In particular, the Mexico
City IIOtion is essentially a sine wave at a period almost equal to the free
vibration period of the isolated 1I0del.

The results of Table I demonstrate a very effective isolation system. The
deck acceleration is ...intained at about 0.2g for earthquake motions of
significantly different content in frequency and peak ground acceleration. The
differences in the various earthquake excitations are accollDOdated by different
movement in the sliding bearings. This is a characteristic of sliding isolation
systems (Ref. 8). It should be noted that the deck displacellents are very low and
in general less than 1 in. (25 _) or 4 in. (100 _) in the prototype scale.

Of interest is the sequence of tests with the Mexico City IIOtion in which the
model is driven at resonance. Despite thh, the isolated deck responds with ...11
di.plac....nt &llpUtude without &llpUfying the ground accel.ration. A minor
increa.e of the charact.ri.tic strength of the displacement control device froll
0.05 to 0.057 of the deck weight r.sulted in reduction of displacements to about
half with a simultaneous decrease in the accel.ration. This r ...rkable property
..y play a significant role in the case of isolated bridge. in which after
construction a detenination is ..de that strong long period earthquakes ..y occur
at the aite. The characteristic str.ngth of the displac...nt control devices aay
be eas11y adjusted in the field to values appropriate for the anticipated
excitation.

Analytical techniques for accurate calculation of the dynaaic response of
sliding isolated structures are available (Refs. 7,10). Such techniques were
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employed in the analysis of the response of the model bridge and results are shown
in Figure 8 for the case of the test with the Pacoima Dam motion. The figures
compare experimental and analytical results on the time history of deck
displacement and loop of base shear versus deck displacement. The base shear is
the combined force from the sliding bearings and displacement control device.
Evidently, the analytical results are in very good agreement with the experimental
results.

Bearings with Spherical Sliding Surface (FPS)

The same model bridge was tested with four spherical sliding bearings having
the construction of Figure 3. The bearing material was a form of woven Teflon with
frictional properties flUX = 0.11 and f lll1n .. 0.03. The period of the isolated
deck is given by eq. 2 as 1 sec (or 2 sec in prototype scale). Accordingly, the
primary difference between the two systems has been the total frictional force at
the isolation interface: 0.11 times the weight in the FPS system and about 0.17
times the weight in the system with displacement control devices (0.12 from sliding
bearings plus about 0.05 from DCD).

A summary of the experimental results is presented in Table 2. In comparing
with the higher friction displacement control device system,we observe higher deck
displacement and lower permanent displacement for all motions. The deck
acceleration is lower in the weaker motions and slightly larger in the strongest
motions.

These experimental results and other results obtained in tests of building
models (Refs. 2-10) lead to the folloWing conclusions:

(a) Sliding isolation systems may be designed with conventional means to deliver
a coefficient of friction at high velocity of sliding. f max , in the range of
0.06 to about 0.18,

(b) Higher friction values are appropriate for strong earthquake excitation and
long period excitation, and

(c) Reliable analytical techniques are available for the prediction of seismic
response of sliding isolated structures.

FORTHCOMING APPLICATION OF SLIDING ISOLATION BEARINGS
IN BRIDGES

The analytical and experimental results obtained for sliding isolation systems
gave sufficient confidence to the researchers at Buffalo to propose a sliding
isolation system for three similar bridges over the Corinth Canal in Greece (Ref.
19). The bridges are located within a few kilolleters of several known faults. The
seismicity of the area is characterized by the design-basis-earthquake having a
peak ground acceleration of 0.27& and containing significant long period
components.

The developed design calls for concrete box-girder structures with a free span
of about lSOm as shown in Figure 9. Each bridge is supported by two rows of
heaVily-loaded bearings at two central supports and two rows of lightly-loaded
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bearings at the abutments. The structure between abutment and central support
represents the counter-weight. It is to be filled with about 3.8m of gravel so
that a sufficient compression force is maintained on the abutment bearings, under
all possible loading combinati<:'.'s of the completed bridge. The dead load of the
structure above the bearing level is 196 500 kN. Each of the central location
bearings is subjected to an axial load of 20 465 kN as a result of dead, live and
thermal loading combinations, and to a load of 17 900 kN due to dead load only.

Bearings with a spherical sUding surface (FPS) were selected, owing to their:

(a) relatively small size under the heavy axial load of 20 500 kN and

(b) anticipated satisfactory performance under seismic loading rich in long-period
components.

Figure 10 shows the design details of the most heavily loaded FPS bearing.
Its size, 813 am x 813 mm, is considerably smaller than what would be required for
(circular) elastomeric bearings (diameter in the range of 1375 to 1950 am). The
concave spherical surface of the FPS bearings has a radius of curvature R - 994 mm,
and the coefficient of friction at the sliding interface has a value of 0.06 at
high velocity of sliding. The displacement capacity of the bearing is 150 mm.

The design of the isolation system was based on dynamic nonlinear analyses
which demonstrated a reduction of internal forces and displacements by a factor of
2.5 in comparison to the conventionally built bridge for the design-basis
earthquake. Dynamic bearing displacements were 85 l1li with a permanent displacement
of 2 am.

Construction of the bridges is expected to start in 1992.
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Tabk 1· Summary of Eltpcrimental Results in System with Displacement Control Device (1 ill. - 25.4 mm)

Fr =Charaderistac Strength of DISplacement Control Device

Excitation PIr.. Table F~ PIr.. Deck PIr.. Deck Permanent
Aced. W Displ. Accel. Displacement

(g) (in) (g) (ill)

1952 TAfT N21E 0.544 0.056 0.337 0.187 0.002

1952 TAfT N21E 0.747 0.052 0.657 0.207 0.029

1940 EL CENTRO SOOE 0.330 0.052 0.214 0.17.5 0.103

1940 EL CENTRO SOOE 0.747 0.054 0.913 0.221 0.130

1968 HACHINOHE NS 0.304 0.051 0.270 0.167 0.172

1968 HACHINOHE NS 0.445 0.052 0.661 0.205 0,041

1978 MIYAGIKEN·OKl EW 0521 0.054 0.252 0.186 0.060

1978 MIYAGlKEN·OKl EW 0.662 0.052 0.691 0.210 0.lJ38

1971 PACOIMA DAM S74W 1.070 0.052 0.847 0.215 0.008

1985 MEXlCO CITY N90W 0.174 0.044 0.295 0.156 0.026

1985 MEXICO CITY N90W 0.203 0.050 0.913 0.205 0.032

1985 MEXICO CITY N90W 0.209 0.057 0540 0.190 0

1985 MEXICO CITY N90W 0.209 0.065 0.430 0.190 0.013
..

Table 2· Summary of Experimental Ruults in System with Spherical Sliding Surface - FPS (1 in. - 25.4 mm).

Excitatioa PIr.. Table PIr..Deck ft. Deck Perm8JICnl
Ac:cel Displ. Ac:cel Displacement

(g) (ia) (g) (in)

1952 TAFT' N21E 0.495 o.m 0.157 0.005

1952 TAFT' N21E 0.670 1.286 0.217 O.(XX)

1940 EL CENTRO SOOE 0.293 0.326 0.118 0.027

1940 EL CENTRO SOOE D.634 1.464 0.221 o.em
1968 HACHINOHE NS 0.233 0.478 0.132 0.005

1968 HACHJNOHE NS 0.358 1.078 0.184 Om>

1978 MIYAGIKEN-oKl EW 0.451 0.413 0.125 0.002

1978 MIYAGIKEN-oKI EW 0.556 0.88) 0.170 0.000

1971 PACOIMA DAM S74W 1.190 1~ 0.2)1) 0.002
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CERTIFICATION TEST OF HENSHIN DEVICES
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SUMMARY

This paper describes the performance characteristics required for menshin devices
which are used in highway bridges, and also proposes testing and evaluation procedures
for certifying the performance. The proposed certification tests intend to verify that
the design p,erformance of menshin devices is maintained stable under static, dynamic and
any other loaded conditions to which menshin devices are presumably sUbjected during
their service period. Certification test items are largely classified into dynamic
characteristio, static characteristic and when a menshin device is placed under its
ultimate state. Specifically with respect to the certification of dynamic
characteristic, seven items including the stability to cyclic live loads, the stability to
the change in vibration frequency and the stability to temperature changes are tested.
The definition of "index· to evaluate respective degree of stability and permissible index
value are also proposed.

CLASSIFICATION OF HENSHIN DEVICES AND BASIC DYNAMIC CHARACTERISTIC

Classification of Henshin Devices Henshin devices are gro~ped three general
clasSlfieatlons dependlng on the aechanism of damping force development; displacement
dependent, frictional force dependent, and velocity dependent menshin devices. Table 1
compiles the classifications and representative menshin devices.

Table 1 Classifications and Representative Menshin Devices

Classifications Representative Menshin Devices

Lead Rubber Bearing
Displacement Dependent Menshin Device High Damping Rubber Bearing

Steel Dall¥)er

Frictional Force Dependent Menshin Device Friction Damper

Velocity Dependent Menshin Device Viscous Damper

205



Basic Dynamic Characteristic The following factors are verified on three types of
mensh1n dev1ces shown 1n Table 1.

a) Displacement dependent menshin device
The effective stiffness and effective damping ratio, which are defined by equations

(1) and (2). of the displacement dependent menshin device are verified.

FIl.. - Filii.
K. =

U ma. - UIIII.

~W

h. =
2 1r xW

(1)

(2)

Where
K.
h.
F .IS t

U mil ,

~W

W

effective stiffness of menshin device
effective damping ratio of menshin device
Filii. ; force at .aximum and minimum displacement
Ulli. : maximum displacement, minimum displacement
area enclosed by a one-cycle hysteresis loop
area shown in Figure 1

Force

Displacement

....•........... FlO'"

Fig,l Force-Displacement Hysteresis Loop

b) Friction force dependent menshin device
The coefficient of friction, which is defined in equation (3), of the frictional force

dependent menshin device is verified, in addition to the effective stiffness and
effective damping ratio which are defined in equations (1) and (2) above.

Fa

R

Where
JJ
Fo
R

coefficient of friction
sectional load at zero displacement in the force-displacement hysteresis loop
vertical load

c) Velocity dependent menshin device
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The coefficient of viscosity. which is defined in equation (4), of the velocity
dependent menshin device is verified, in addition to the effective stiffness and effective
damping ratio which are defined in equations (1) and (2).

Fo
c

(4)

Where
C
Fo
V

v

coefficient of viscosity
sectional load at zero displacement is the force-displace~enthystersis loop
velocity

STABILITY TO DYNAMIC CHARACTERISTICS

Properties to be tested for Certification Stability with regard to each of (a) thru (g)
below 1S ver1f1ed to predefIned character1stic values for menshin devices.

(a) The influence of cyclic loads
(b) The influence of hysteresis experience
(0) The influence of changes in vertical load
(d) The influence of changes in vibration frequency
(e) The influence of static pre-displacement
(f) The influence of loading direction
(g) The influence of changes in temperature

Method of certification
(a) The 1nfluence of cyclic loads.

The application of continuous and repeated loads changes the effective stiffness or
damping ratio of some menshin devices. Here it was postulated that the number of
principal motions in an earthquake is ten. and vet1fication was made as to whether
menshin devices would be brought back to a stabilized co~dition at an early time and with
a small scatter of the characteristic value under such repeated loads.
1) Test method

The displacement dependent menshin device and the frictional force dependent menshin
device are loaded ten times continuously to 1/8, 1/4. 1/2 and 1.0 times the design
displacement at a temperature of +20·C, bearing a stress of 60 kgf/cm~ and a vibration
frequency of 0.5 Hz, while the vibration velocity dependent ~enshin device is subjected
to a cyclic load tern times in five steps of vibration velocities of 10 em/sec. 25 em/sec,
50 cmlsec, 75 em/sec. and 100 cmlsec at the temperature of ·20 ·C. bearing a stress of 60
kgf/cm1 and a vibration frequency of 0.5 Hz.
2) Verification method

The stability index which is defined in equation (5) satisfies equation (6) in terms
of all displacements and all vibration velocities.

IT-L;
R.

L

R. :i 0.30 (Where, j 1, 2, 3)
}

R. :it 0.05 (Where, j 4, 5. 10)

(5)

(6)

Where
Ft. : the stability index with regard to cycle loads
L : the reference characteristic value. mean characteristic value from the 4th to 10th

loading
L; : the characteristic value of the j-th loading

(b) The influence of hystersis experience.
Some menshin devices show change to the characteristic value of the 2nd loading when
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coaposed to that of the 1st loading if the loading to a certain displacement is applied
again after a lapse of reasonable tiae. Here a series of loading which makes the design
displacement the greatest is defined as the Ulst series", and this Ulst series" is
applied twice (the 2nd series) to verify that the change between the 1st series and the
2nd series is small.
1) Test method

Loading as specified in (a)-l) is defined as the 1st series and this 1st series is
repeated once (the second loading is repeated under the same conditions and same
procedure as the first loading).
2) Verification method

The stability index which is defined in equation (7) satisfies equation (8).

=' 0.30

(7)

(8)

Where
R. : stability index with regard to hysteresis experience

le, ~ z : reference characteristic value of the 1st series and the 2nd series.
respectively (mean characteristic value from the 4th to 10th loading)

(c) The influence of changes in vertical load.
1) Test method

Each menshin device is loaded ten times continuously to the design displacement at a
temperature of +20 ~, and bearing stress of 40, 60, 80 kgf/cm l and a vibration frequency
of 0.5 Hz.
2) Verification method

The stability index which is defined in equation (9) satisfies equation (10).

Rv =
IL.o-Lv

L.o

=' 0.15

(9)

(10)

Where
R.

L.o
Lv

the stability index with regard to changes in vertical load
the reference characteristic value at a bearing stress of 60 kgf/cm 2

the reference characteristic value at a bearing stress of 40 kgf/cm Z or 80 kgf/cm

(d) The influence of changes in vibration frequency.
1) Test method

Each men.hin device is loaded ten times continuously to the design displacement at a
temperature of +20 ~, and a bearing stress of 60 kgf/cm 2 and vibration frequencies of
0.1,0.5 and 1.0 Hz.
2) Verification method

The stability index which is defined in equation (II) satisfies equation (12).

ILo. 5 - L.
( 11)

LO.5

Where
R.

Lo.5

=' 0.2

the stability index with regard to changes in vibration fre~uency

the reference characteristic value at vibration frequency 0.5 Hz
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L, : the reference characteristic value at vibration frequency 0.1 Hz or 1.0 Hz

(e) The influence of static pre-displacement.
1) Test method

Each menshin device is loaded tem times continuously to 1/2 of the design displacement
at a temperature of +20·C. a bearing stress of 60 kgf/cm 2 and a vibration frequency of
0.5 Hz by placing the device under static pre-displacement equivalent to 0 and 1/4 of the
design displacement.
2) verification method

The stability index which is defined in equation (13) satisfies equation (14).

IL. -L.
( 13)

Lo

Where
R.

Lo
L.

design

;:;;; 0.2

the stability index with regard to static pre-displace=ent
the reference characteristic value when the static pre-displacement
the reference characteristic value when the static pre-displacement

displacement

(14)

is zero
is 1/4 of the

(f) The influence of loading directions.
1) Test method

Each menshin device is loaded ten times continuously to t~e design displacement at a
temperature of +20 ·C. a bearing stress of 60 kgf/cm 2 • a vibration frequency of 0.5 Hz
and in the directions of 45 and 90 degrees to the reference axis.
2) Verification method

The stability index which is defined in equation (15) satisfies equation (16).

I LO -LD
(15)

RD = ~ 0.05 (16)

Where
RD the stability index With regard to loading direction

Lo the reference characteristic value in the direction of reference axis
t D the reference characteristic value in the direction of 45 or 90 degrees to the

reference axis

(g) The influence of changes in temperature.
1) Test method

Each menshin device is loaded tem times continuously to t~e design displacement at a
bearing stress of 60 kgf/cm 2 • a Vibration frequency of 0.5 Hz and temperatures of -10'C
• +20 ·C and +40·C·
2) Verification method

The stability index which is defined in equation (17) satisfies equation (18).

Where
RT

L 20

:a 0.20

the stability index with regard to temperature changes
the reference characteristic value at +20~
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L T the reference characteristic value at - 20·C or !I0·C

STATIC CHARACTERISTICS Of HENSHIN DEVICES

This paper proses a testing method on the reaction force characteristics of menshin
devices with regard to slowly applied loads such as found during temperature changes.

Reaction force characteristics due to s lowly applied load The displacement velocity of
a menshln device due to a slowly applled loads such as f'ound curing temperature changes is
approximately 0.0001 to 0.0005 mm/sec. It is however normally difficult to do tests at
this low speed. Thus a reasonable displacement velocity of 1.0 mm/sec is used to
estimate the reaction force of a menshin device as follows.
,) Test method

Under a condition in which a menshin device is loaded with a 60 kgf/cm 2 bearing
stress, force is applied at a velocity of 1.0 mm/sec until a half of the static design
displacement takes place and then the menshin device is left as it is for six hours.
After a lapse of six house, the same procedure is repeated until the full static design
displacement is obtained. Then the menshin device is left as it is for another six
house. The reaction force relief at each displacement as shown in figure 2 takes place
during these six-hour periods. A curve obtained by connecting 0, A and B points in the
figure is specified as the reaction force characteristic against slowly applied load.

Reaction
Force

F. .. ~ ..

Reation force relaxation
during the six-hour period

B

Displacement

o u/2 u

u : static design displacement)

Fig.2 Reaction Force Characteristic against a long-period loading

2) Calculation of the reacting force against long-period loading
It is assumed that the relationship between the reaction force and the displacement

can be expressed by equation (19).

F a . U b (19)

U

Where
F the reaction force against long-period loading (tf)

the static design displacement (em)
a, b: tlle constants expressed by equations (20) and (21)
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Log FA xLog u -Log Fa XLog (u/2)
a = (20)

u
Log (-- )

u/2

Log (Fa /F A
b = (21 )

U
Log (-)

u/2

ULTIMATE STRENGTH OF MENSHIN JEVICES

Durability
, ) Test 1l'eth'Jd

A 40-time repeated loading to the design displa:effient at a temperature of '20~C, a
bearing stress of 60 kgf/cm~ and a vibration frequency of 0.5 Hz is specified as one
series of the test. This test is performed tWice within a three-hour stopping tice.

Because one large earthquake is expected to rock 20 times, in order give allowance
for the estimated reciprocation, a number of cyclic loads twice as large, i.e., 40 times,
is adopted: The reason that one-series of testing is repeated twice is to take into
consideration of the influences of aftershocks.
2) Verification method

The menshin device that has undergone excitation should be free of any significant
damage. Moreover. the characteristic values of the menshin device after being excited
should be within ±50~ of those values before excitation.

Large deformation controllability This test is performed to verify that rr-enshin
deVIces, even If subJected to earthquakes larger than those postulated by the design, are
not susceptible fracture or other marked damage.
1) Test method

Two loads are applied continuously at 1.5 times la~ger the cesign displaceme~t at a
temperature of +20 ·C, a bearing stress of 60 kgf/cm~ ?nd a Vibration frequency of 0.5
Hz.
2) Verification method

The menshin device that has undergone excitation snould be free from fracture and
significant damage.

CONC1'JSIONS

The testing and evaluation procedures considered necessary to certify the performance
characteristics reqUired for menshin devices which are used in highway bridges were
proposed. Some of the proposed properties tested items were applied to the performance
verification tests of nine types of menshin devices Which had been developed as part of a
joint research program on "Development of Henshin Systems for Highway Bridges" between
PWRI and 28 private firms and their practicabllity has been verified. However, opinions
prevail that ~cme of the target stability index values for the dynamiC characteristics
proposed herein are too stringent from a viewpoint of those in charge of the development
of menshin devices. This area remains unresolved and is left for further studies.
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INVESTIGATION OF FRICJ10N PENDULUM SYSTEMS

by

Stephen A. Mahin
Nisbkian Professor of Structural Engineering

University of California at Berkeley

INTRODUcnON

Increasing attention has been placed in recent years on the possibility of base
isolating bridges. both in terms of new construction and retrofit of existing seismically
defICient structures. Isolators must be durable under traffic and environmental conditions.
able to sustain large loads under substantial lateral displacements. capable of dependably
and repetitively achieving their specified restoring force characteristics, and hopefully,
easy to design. The applicability of a number of different types isolators has been recently
investigated. In this paper, some of the attributes of Friction Pendulum System (FPS)
connections will be reviewed and the application of these devices to bridge structures will
be discussed.

Friction bearing systems have been long used in bridge construction to
accommodate motions due to thermal expansion and foundation settlemenl A variety of
seismic isolation systems has been developed along similar lines; typically, a teflon bearing
slides along a flat stainless steel plate. This system is inherently able to sustain large loads
and displacements, is able to dissipate dependably large amounts of hysteretic energy, and
utilizes technology long employed in bridge construction. However, post-earthquake
residual displacements are potentially large resulting in disruption of operation while the
bridge is re-centered. Supplemental stiffening elements are usually added to such systems
in order to reduce residual displacements. The design of sucb restoring force systems is
often troublesome and their implementation complex.

FEAnJRES OF TIlE FRIcnON PENDULUM SYSTEM

TIle Friction Pendulum System offers a simple solution to these problems. Figure
1 schematically shows a cross section through a FPS connection. The sliding surface is
spherical in shape, rather than flat. and the bearing material is supported by an aniculated
slider that conforms to the concavity of the sliding surface. Various bearing materials are
available that can provide effective dynamic friction coefficients r&I'~d!lg between roughly
2% to 10% and greater.

This simple device provides ideal bilinear restoring foo:e cbaracteristics as shown in
Fig. 2. When activated, friction provides a restoring force proportional to the supported
weight (R = IlW). The spherical shape of the sliding swface raises the structure in a
pendulum motion resulting in an additional Ies...1I'ing force which increases as the structure
IS displaced away from its original position. This latter term is proportional to the weight
of the supported structure and the lateral displacement, 6. and inversely proportional to the
radius of curvature, r, of the spherical surface. Thus. the total restoring force is given by:

R=IlW +W8Ir
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This relation results in a number of desirable response characteristics. For example,
the activated period of a (rigid) structure supported on FPS connections will not depend on
the weigl;lt of the structure, but rather be governed by the relations for a pendulum. That is,
Tc =2";:";r/g, where g is the gravitational constant. This makes the inelastic response of the
system relatively insensitive to variations in the supported mass. The dependence of the
restoring force on the supported weight also results in the cenler of mass coinciding with
both the centers of strength and stiffness of the activated structure. Thus, the activated
system has little tendency to twist about a vertical axis.

The restoring force characteristics are reliably predicted by Eq. 1 (see Fig. 3).
moreover, they can be easily altered in design by simply changing r or ~ as desired.

It can be noted that a pin connection is provided within the connection. This allows
the connections to be used alternatively at the top or bottoms of columns or piers in
situations where moment transfer is not required or desirable. The pin connection makes
the devices insensitive to rotations associated with thermal movements, load distributions,
foundation deflections and so on. A pin connection at one end of a column may not be
desirable if a stiffer structure is needed or if the column size needs to be limited. In such
cases, the FPS connection can be inobtrusively placed at the mid-height of the column or
pier at its point of inflection. This will result in increased lateral stiffness and lower
moment demands for the same design base shear.

As indicated in Fig. I the FPS connectors are compact in size. Their diameters can
be selected to accommodate the required lateral seismic displacements. The height of the
connection can be as little as 4 inches (100 mm) since the vertical displacements needed by
the pendulum motions are actually quite small. This makes the connections particularly
suitable where aesthetic or retrofit considerations limit the size of the isolator.

Another feature that differs in the devices relative to conventional bridge bearings is
that the bearing materials utilized allow much higher bearing stresses. These usually range
from IS to 2S ksi (Ito 1.7 tflcm2), resulting in bearing areas considerably smaller than
required with elastomeric isolators or conventional pot or spherical bearings. As
schematically indicated in Fig. I, displacement restraints can be built directly into the
connections. Thus, the FPS connection provide the required isolation, restoring force and
displacement restraint in a compact, self contained package. It is interesting, and
important, to nole that the devices can operate either with the concave surface facing up (as
in Fig. 1) or down.

EXPERIMENTAL VERIFICATION

Numerous static and dynamic tests have been carried out to verify the operation of
FPS connections [l and 2]. Results for individual connectors (e.g., see Fig. 3) reflect the
ideal bilinear hysteretic behavior desired for seismic response. This behavior simplifies
nonlinear analysis of structures supported on the connectors. More than a hundred shaking
table lests have been completed on various multilevel structures. In these, the isolators
have been placed at the top of the columns in the lower level. No special framing was
provided a1 the base of the connections to rotationally restrain the connections. In these
tests a variety of ground motions were considered and structures with different weigbts,
periods, height to width ratios. and stiffness and mass eccentricities were examined. Cases
resulting in impact of the isolators against displacement restrainers, and uplift (and
subsequent recontact) of the bearings from the sliding surfaces were included. The FPS
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supported structures all performed according to expectations and experimental results could
be accurately predicted using conventional nonlinear analysis programs.

The tests indicated that the FPS connectors SUbstantially reduced the forces
deve~oped in the supported system. The connections absorbed increasing proportions of
the total lateral displacement as the period of the supported system decreased. For
structures with periods greater than the predominant period of the ground motion. the total
lateral displacement virtually equalled the elastic displacement of the structure computed
considering the initial elastic period of the structure and conventional damping values
associated with non-isolated structures. In the short period range displacements of the FPS
supported structures exceeded those of comparable elastic systems. This behavior can be
seen by referring to Fig. 4 in which the maximum total and connector displacements are
plotted for different structural periods on the same graph as the elastic response spectrum
for the ground excitation used. This behavior is expected considering the observation by
Newmark [3] and others that the displacement of elastic and inelastic systems are nearly
equal if: the moderate and long period ranges. and that conservation of energy may be used
to predict the increased displacements in the short period range. The nearly ideal bilinear
hysteretic response characteristics of FPS supported systems lends itself to simplified
analysis and design utilizing Newmark's procedures.

In addition. the easily predicted bilinear restoring force characteristics simply
nonlinear ar:a1ysis. Fig. S compares the experimental and analytical results for one shaking
table test. "ibe results are in excellent agreement

IMPLEMENTATIONS

FPS connectors have thus far not been installed in bridge structures. However.
they are being considered in feasibility studies for the design and retrofit of several bridges
in California. In addition, FPS connectors have been installed in been installed in other
types of structures, such as a four story apartment building in San Francisco's Marina
DisUiet [4] and an elevated liquid storage tank.

TORSIONAL RESPONSE OF ECCENTRIC STRUClURES

As indicated above. one of the unique features of the FPS system is that the centers
of mass. stiffness and strength all coincide once the connectors are activated. Structures
with significant mass and stiffness eccentricities in the elastic range are generally prone to
severe torsional motions. It is often difficult to tailor the distribution and properties of
elastomeric bearings to correct for these performance deficiencies. The FPS system does
so automatically. generally with a substantial reduction in torsional response.

For example, consider Fig. 6 in which experimental shaking table data for a FPS
isolated structure is plotted against analytical simulations for identical non-isolated
structures. In these structures. a variety of eccentricities were introduced by moving the
center of mass and modifying member properties to shift the center of elastic stiffness. It
can be seen in Fig. 6 that the FPS connectors reduced the torsional motion of the structure
relative to the non-isolated structure by 80%,85% and 89% for eccentricities of 10%, 20%
and 30% of the shaking table model's maximum dimension. Eccentricities represent the
horizontal distance between the center of elastic stiffness and center of mass. Dt in the
figure RpresenlS the difference between the displacement at the corner of the strue:ture and
at its geometric center, D. This results in very signiflClDt reductions in torsional response.
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Torsion introduced by "accidental" variations in connector properties have also been
investigated. It has been shown [2] that. by introducing a 20% error in the friction
coefficients in the FPS connections supporting one half of a structure. increases in comer
seismic response are less than S% of the displacement at the center. This increase is less
than half that which would have occurred in a non-isolated structure with a S% accidental
mass eccentricity. Thus, the FPS characteristics tend to attenuate accidental torsional
effects associated with structural as well as isolator induced eccentricities.

DISPLACEMENT RESTRAINT EFFECTS

A major concern in seismic design of isolated structures is the effect of
unexpectedly large displacements in the isolators. A series of shaking table studies were
also carried out to assess this behavior for FPS connections. In these tests the isolated
structure was subjected to unusually intense ground motions. As in the previous tests, the
structure was supported by columns, fixed at their base and with FPS connectors at the
top. A restraining ring in the FPS connector (Fig. 1) limited lateral displacement in the
connector.

When the restrainer ring limited connector displacement. a very brief increase in
structural load occurred resulting in increased deformations in the supported structure.
Figure 7 shows the results of an experimentally verified series of analyses. The ductility
demand on the supported structure is plotted as a function of the ratio of the displacement
required in a ideal system without a displacement restraint to the limiting displacement
provided by the restrainer ring. In Fig. 7 it can be seen that the increases in ductility
demand are negligible until the required displacements exceed Ihe limiting displacements by
a factor of two. In this case the ductility demands are similar to those that would have been
required had the FPS isolators not been present at all.

100 velocity and momentum of the structure is decreased by the FPS connectors at
the point of impact so the impulse provided by the impact is small. In addition. positioning
the connectors at the top of columns lessens the effect of the impacL It would appear that it
is prudent to provide ductile detailing in FPS supported structures. but that it is not
necessary to increase the strength of the structure to resist the effects of displacement
resttainL

CONCLUDING REMARKS

fPS connections provide an alternative fonn of isolation that should prove useful in
the design and relrofit of bridge structures. Their compact size. easily controlled bilinear
hysteretic characteristics. and use of proven bridge bearing technologies make them
particularly attraetive. Simplified design procedures based on methods suggested by
Newmark provide a quick and reliable means of preliminary design. There beneficial
behavior under conditions of mass or stiffness eccentricities may be utilized in bridge
construction. Additional research is needed to study in depth the applicability of FPS and
other types of connections to bridge structures.
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LATERAL LOADING TESTS OF KNOCK·OFF MECHANISM
FOR MENSHIN BRIDGES

Toshio KIKUCHI and Yozo GOTO

Technical Research Institute, Obayashi Corporation, Kiyose-shi, Tokyo, Japan

SUMMARY

Experiments with 1/2 scale models were performed on the knock-off device, which
absorbs bridge girder displacement by transforming one section of the bridge abutment
towards the backfill earth when the Menshin designed bridge girder collide with the
abutment during a major earthquake. In the experiments, both resistance, as well as
damage to the backfill earth and pavement when the knock-offdevice slides due to girder
collisions were investigated, and necessary information for a rational design of the
knock-offdevice was obtained.

INTRODUCTION

The girder response displacement of Menshin designed bridges becomes greater
than that of non.Menshin designed bridges. For that reason, it is necessary to leave a
large interval of space between the girder and the abutment. as well as between the
girders themselves. and to incorporate an expansion device with a large capacity of
expansion. Incidentally, this kind of expansion device is not just expensive, it results in
the loss ofstability of automobiles, harm to the surrounding environment from noise and
vibration, and traffic stoppage due to frequent damage and its repair work.

Therefore, if the large and expensive expansion device is used in a bridge for major
earthquakes which occur in such a small probability of occurrences as once or twice
during its lifespan, but if such an earthquake should actually occur and the expansion
device is damaged, allowing the girder to collide with the abutment or to collide among
themselves, then it would be reasonable to think that it can be designed so that one
section of the girder or abutment is allowed to move and is damaged within a
predetermined range for ease of repair when a major earthquake hits the bridge. As one
example ofthis ingenuity, the knock-offdevice has actually been applied in New Zealand
as shown in Fig. 1 (Ref. 1). In this case, when the girder collides with the abutment
during major earthquake. the knock-off element built on the abutment crest detaches to
the backfill earth, so structural damage to the abutment and girders from collision is
avoided and repairs can made easily.

There are no cases in which this kind of device has been used in Japan and no
design method has yet been established. Japan, which has more traffic than New
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Fig. 1 Knock-offDevice (Moonshine Bridge in New Zealand)

Zealand and which is likely to experience an earthquake with a great magnitude causing
response displacement large, needs to develop a knock-off device, confirm its function,
and establish a design method taking into consideration both the concept developed in
New Zealand (Ref. 2) and the domestic circumstances ofJapan.

Therefore, this research consisted of producing knock-ofT models of a scale 1/2 that
of the actual structures including backfill earth as well as asphalt pavement, and
performing tests on them under both static and dynamic loads applied with an actuator.

EXPERIMENTAL METHODS

Loading System A rough outline of the test device is shown in Fig. 2. The bridge
abutment<D and the backfill soil ® are loaded onto the test table ® and then the girder
@ is fixed to the reaction wall. The test table is supported by a hydro-static pressure
bearing @ and the actuator @ causes it to slide in a lateral direction. From the static
and dynamic motion of the test table caused by the actuator. the knock-ofT element (1)
and girder can be made to collide. A load cell is installed in the tip ofthe girder to enable
measurements ofthe reaction during col1i~jon.

Model Configuration The size of the models is 1/2 that of the actual structures and the
knock-off element of each model is made of reinforced concrete with a depth of 2 m, a
width of 0.25 m and a height of approximately 0.25 m. The asphalt pavement model has
the same strata as the actual structure and uses asphalt pavement material with a layer
thickness 1/2 that of the actual structure. Fig. 3 shows details of the knock-off element
and asphalt pavement models. The knock-off element models simulate cases in which
the anchor dowel is present and others when it is not. In the New Zealand ex.ample,
there is no anchor dowel, but when Japanese traffic conditions and expansion device
installation conditions are considered it is thought that the anchor dowel becomes
necessary (Ref. 3). The necessary section area for the anchor dowel is determined to be
the section area that can resist the extraction force from the moment of overturn that is
generated by wheel and brake loads as shown in Fig. 4.
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Fig. 4 Design Load ofAnchor Dowel

Table 1 Test Cases

Test \lodel Type Loading Speed Backfill Condition
No.

Witnout With Dynamic (em/sec) Without Dry Asphalt
Anchor Anchor Static Backfill Sand Pavement
Dowel Dowel 10 15 20

I 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

& 0 0 0

6 0 0 0

7 0 0 0

a 0 0 0

9 0 0 0

10 0 0 0

11 0 0 0
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Test Cases Six knock-off models were produced and a total of 12 different experiments
were performed under different conditions. The test cases are shown in Table 1. The
sliding resistance of the knock-off element was examined in the experiments without
backfill earth. In the dry sand test, it was easy to analyze the generative mechanism of
the resistance when the knock-off element slid towards the backfill by using material
with know properties. The purpose of the experiments conducted without the anchor
dowel was also to analyze the mechanism of resistance.

The purpose of the J,ynamic test was to study the effect of velocity when the knock
off element is pushed in to the backfill earth. The test velocity is set taking into
consideration the nonnal earthquake response veloci ty of girders.

Measurements Items measured include the reaction at and after colli:;ion, horizontal,
vertical, and rotational displacement of the knock-off element, as well as land surface
displacement ofthe backfill earth and the pavement.

EXPERIMENTAL· RESULTS

Displacement - Resistance Relationship The relationship at collision between the
sliding resistance force of the knock-off element and the lateral displacement at the
central position is shown in F:gs. 5 - 7.

Fig. 5 'depicts a backfill of dry sand with no anchor dowel. The maximum resistance
is between 1.3 - 1.6 tonfs and the effect of the knock-off velocity is small. On the other
hand, Fig. 6 shows the results when the surface of the backfill paved with asphalt, also
with no anchor dowel. In the case of asphalt pavement, the maximum resistance
increases between 5.6 - 24.4 tonfs and the effect of the velocity becomes prominent.
When the resistance reaches the maximum value, the displacement with dry sand ofFig.
5 is from 0.5 to lern, but is almost twice this amount with asphalt pavement of Fig. 6.
From these observations, it is understood that the effect of pavement on the knock-off
device is great and that the effect of viscosity, a special property of asphalt_ becomes
strong on the generative mechanism of the resistance.

Fig. 7 compares the presence of the anchor dowel with the a.bsence orit under the
conditions of asphalt pavement. With the anchor dowel, thE' resistance increases
substantially and the maximum displacement also increases, attaining a value of 4 em.
The anchor dowel, which does not break off even when the knock-ofT component starts
sliding, bears the majority of the resistance after sliding while causing post-yield
expansion and extraction. These experiments in which the reinforced section area for
the area of the knock-off sliding surface is 0.08% while that for the section area of
asphalt pavement is 0.28%, revealed that resistance when this amount ofanchor dowel is
present is almost equivalent to that ofasphalt pavement.

Failure Mode Damage conditions with dry sand backfill are shown in Photo 1. It is
understood that a slip line appeared on the surface of the sand at a position 75 - 100cm
from the end section of the knock-off device and the area rose up, causing slip damage
when the backfill earth was subjected to passive earth pressure. The angle of inclination
for the lateral slip surface was 15 - 20 degrees. In the case ofasphalt pavement as well, it
was observed that the earth surface below the pavement surface caused slip damage. On
the average, the inclination for that lateral slip surface was 30 degrees.
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Photo 1 Rise up of Bac.kfill Sand
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Photos 2 and 3 show the damage features of the pavement surface when paved with
asphalt. In Photo 2, the pavement surface in a vicinity of approximately 50 cm from the
knock-off section bent and caused damage during static load. In Photo 3, the pavement
peeled up and the knock-off section crept under the pavement causing damage during
dynamic load. These damages were the same in each of the two cases of static load and
the four cases of dynamic load.

It is thought that the difference in the form of damage between static load and
dynamic load depends on the effect of the visco-elastic property I); a~phalt. Assuming
that there may be high-speed run-away automobiles during or immediately following a
major earthquake, it is not desirable for the pavement to rise up as shown in Photo 2, but
is desirable that the form ofdamage be as shown in Photo 3.

Reparabili ty Since major damage does not occur to the knock-off section when there is
no anchor dowel, repair can be made by removing the damaged section of the pavement
and repaving the area. Since the anchor dowel is not easily broken off when it is present,
damage can occur when a fissure appears in the concrete from the root insertion section
of the anchor dowel and the concrete peels. It is necessary to improve the design method
of the anchor dowel by making a knock-off device with good reparability.

Photo 2 Deformation by Static Load
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Photo 3 Deformation by Dynamic Load

NUMERICAL A~ALYSIS

Analysis by Plastic Equilibrium Theory Resistance was calculated based on the plastic
equilibrium theory in which friction and adhesion act on the slip surface of each analysis
model considering the wedge-shaped soil block shown in Fig. 8. It is assumed that
adhesion acts on the inside of the asphalt pavement. In addition, it is assumed that the
resistance of the anchor dowel is from extraction. The material property values used in
the analysis are shown in Table 2, and a comparison of the test values and analysis
values is shown in Table 3. The static load test results can be virtually explained by this
analysis, but there is a great disparity with the analysis values from the results of the
dynamic load test, and it is understood that it is very important to correctly evaluate the
dynamic material properties of asphalt pavement.
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Table 2 Material Constants
r--

Concrete Dry Sand Gravel Asphalt Pavement

Unit Weight (tflm") 2. 4 :. 52 2. 1 1. 03

Friction Angle -- 41. g. 40. O· O'

Cohesion Force (tflm") -- O. O. 15.

Table 3 Maximum Resistant Force (Static Loading)

\lodel Backfi 11 Experiment Analysis
Type Condition (t f) ( tf)

Without Backfill O. 12 O. 12

Without Anchor Dowel Dry Sand 1. 27 1.31

Asphalt Pavement 5. 57 4. 78

With Anchor Dowel Asphalt Pavement 19. 0 7. 92

Without Anchor Dowel Asphalt Pavement
19.0-24.0 --

Dyna.ic Load
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CONCLUSION

(1) From the results of the model experiments, resistance when the knock-off element
slides toward the backfill could be analyzed by using the plastic equilibrium theory, and
it was made clear that resistance mainly arises from asphalt pavement and steel
reinforcement. In particular, it is thought that the asphalt resistance with dynamic load
reaches a level that is several times that of static load, and it is important to adequately
estimate that resistance.

(2) From the results of the model experiments, it was made clear that the backfill
material of the knock-off element causes wedge-shaped slip damage. In the case of static
load, damage occurred when the surface of the asphalt pavement rose up and buckled,
but in the case of dynamic load, the asphalt peeled up and the knock-off element crept
under it. Improvement of the design so that the knock-off element normally creeps
under the pavement is desirable to insure the driving safety of automobiles during and
immediately following an earthquake.

(3) Repair of backfill material and pavement damaged in a wedge is relatively easy.
Design improvements on anchor dowel are needed because it damages the concrete at the
point where it is attached.

(4) In the future, analyses concerning test result values, asphalt properties, and the
reduction effect from the absorption of energy from the knock-off procedure will be
conducted and further development of the knock-off device and design methods used iu
Japanese highway bridges is planned.
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DEVELOPMENT OF FALLING-OFF PREVENTION DEVICES
FOR MENSHIN BRIDGES

Daisuke OZAKI I and Fumio MATSUMOT02

I Civil Engineering Division, Taisej Corporation. Shinjuku.ku. Tokyo. Japan
2 Technical Department. Tokyo Fabric Industry Co., Shinjuku-ku. Tokyo, Japan

SUMMARY

This repon deals with the development of anchor bar type falling-off prevention
devices for Menshin bridges equipped with shock absorber (laminated rubber> [Fig.!).
The effectiveness of the falling-off prevention devices with absorbers in reducing the
relative displacement between the super and substructures of Menshin bridges and 'he
horizontal reaction force was demonstrated through numerical analysis on a bridge
model. Clarifications were then made on the compression-reaction force properties of
the falling-off prevention devices through element tests involVing static compression
loading on laminated ru bber with round steel bars (anchor bars).

INTRODUCTION

Falling-off prevention devices, as restrainers for reducing the large inertia force
and displacement of the superstructure during severe earthquakes, should desirably be
installed not only at the ends of the girders but also at the support points in between to
disperse the horizontal reaction force during earthquakes. That is to say, since a
certain amount of relative displacement occurs at each support point on Menshin
bridges or reaction force dispersion bridges, it is desirable to disperse the horizontal
reaction force at each suppon point. They should also have a structural capability of
accommodating the relative displacement between the super and substructures with
flexibility so as not to impair the basic performance of the Menshin devices for
support, restoration, damping and deformation. (Ref.!)

A shock absorber, as shown in Fig.I, made up of anchor bars and laminated rubber
and capable of flexible accommodation of the horizontal forces was developed as a
falling-off prevention device that can be installed on piers and abutments. The results
of the numerical analysis on a bridge model and element tests on the device are
reported below.

Outline
Details

Girder

I ShC/,;._:.._A_t...._u_,,,_e_r

Steel Bar

Bridge Pier Steel Bar
I (Abutment)· (Anchor Bar)

Fig. I Structural Outline of Falling-Off Prevention Device
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NUMERICAL ANALYSIS

Analysis Conditjons Non-linear time hi~tory response analysis was carried out on the
two-dimensional bridge model shown in Fig.2 using seismic input along the direction of
the longitudinal axis. for the purpose of demonstrating the effectiveness of the falling
off prevention devices equipped with shock absorber in reducing the relative
displacement between the super and substructures of a Menshin bridge. as well as the
horizontal reaction force. and to determine the spring stiffness of the absorber to be
developed. The node weights. properties of the super and substruclure members and
spring stiffnesses are given in Tables 1. 2 anJ 3.

105(00

I
I
I.
I

~I

Pier PO Pier PI Pier P2

Abutment A2

Menshin Device and
Falling-Off Prevention Device

Fig. 2 Bridge Model (frame model)

Table I Weight of Node

Node Weight NC'de Weight Node Weight

(t C) (t t) (t t)

1 180. 3 1 3 O. 0 2 5 0.0

2 360. 7 1 4 1O~. 3 2 6 106. 1

3 360. 7 1 5 O. 0 2 7 0.0

4 360.7 1 6 Z36.9 2 8 69.8

5 360.7 1 7 0.0 2 9 0.0

6 360.7 1 8 468.1 3 0 Z08.~

7 180.3 1 9 0.0 3 1 0.0

8 10~. 3 2 0 IOS.3 5 1 0.0

9 0.0 2 1 0.0 5 3 0.0
1 0 236.9 2 2 236.9 5 5 0.0

1 1 0.0 2 3 0.0 5 7 0.0

1 2 468.1 2 .. U8.1 6 0 360.1
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Table 2 Properties of Members in Super and Substructures

Sectional Geo.etrleal Youn" s Pol sson' s Da.plng

Me.ber Area Mo.e.t of CoeH I el en t Ila t io Constant
(.2) Inertia (.4) E (tf/.2.) II b

Girder co 0:> 2. 7£~6 0.167 Sl

Pier S.OU 2.120 2. 7£+6 0.167 Sl
Abu lien t 8. S53 O.20S 2. 1£+6 0.167 51

Table 3 Ground Spring Stiffness

Horizontal Rotat ional Vertical Duping

Member Spring Spring spr i ng Constant

(tf/.> (tf 'II/rad) (tf II) h

Pier 5.76E+5 4.58£+6 FIXEND 10'
Abutllent 4. 11E+5 1. 37£+6 FIXEND 10'

The falling-off prevention devices were designed to come into operation under
seismic motions which has a magnitude of the Kanto Earthquake or above. The seismic
motion for such an earthquake had the acceleration response spectrum shown in Fig.3.
Two simulated seismic waves were used for input seismic motions in the time history
response analysis. one corresponding to tbat for the earthquake of the same magnitude
as the Kanto Earthquake (input level for Menshin device design. Wave WI) and the
other approximately 1.3 times that (input level for falling-off prevention device design

Wave W2). The input accelerations of the simulated seismic waves are shown in Fig.4.

5:320.5 0.7 10.2 0.3

I
I I.......- i 'II "-

I " i'.

I I '\
i\.

I II I
.....

I

h=5%

I I
1~.1

200

300

, ((X)

700

500

S
::I...-u
e,)

0.
til

e,) -en r;...
0 !:J)

0- '-"
or.
e,) C

=' tI:I

C
0-'"...e,)

e,)
u
u
<

Period T I (Seconds)

Fig. 3 Acceleration Response Spectrum
(The same magnitude of the Kanto Earthquake)
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Maximum Input Acceleration Amax = 4\7gal
600

'"'-.; 250e.o.....,
U 0
u
-<

- oOO+---~--I---'-----:-:---4--'-----;"'--4- --...I-_~----l

o 10 20 Time (Seconds) 30
(a) The same magunitude of the Kanlo Earthquake
(Input Level for Menshin Device Design .Wave WI)

::= 542galAmaxAccelerationMaximum Input

.mJ:~~:~··:·(·
---- :W=~_W! ..-;'-"'-: -----

I I • , I
• \ , t \
I , , • ,

- 600+--_.+-_........_ ..........._--<._---'"''"_-........- ....--1-'----'-'_--1-'_---""""_---<

o 10. 20 Time (Seconds) 30
(b) The 1.3 times magunitude of the Kanto Earthquake

(Input Level for Falling-Off Prevention Device Design .Wave W2)

COOl i \ i
250 -_._-~- ... j--_.)._.

, ,

:.i a
OJ

<: -250

Fig. 4 Input Acceleration

MQdels Qf Menshin and falljni-Of( Prevention Devices The Menshin devices were
represented as non-linear spring members with bilinear hysteresis properties as
shown in Fig.5 and Table 4, while spring members with their spring stiffness varying
alQng the hysteresis IOQp as shown in Fig.6 and Table 5 and three cases were
established for the falling-Qff prevention devices. (Case B was subdivided into 3 types.)
The fQIIQwing cQnditions are requried in establishing the mQdels.

(a) The clearance XO in the falling-off prevention devices (See Fig. I. ) was made about
the same as the max.imum relative displacement of the bearings in the analysis at
input level for the Menshin device design (Wave Wl).

(b) A rigid model (Case A) with an extremely large spring stiffness was used as a model
of the conventional falling-off prevention device without the shock absorber.

(c) C'dse 8 was used in investigating the optimum 5pring stiffness fQr the shock
absorbcr with thrce different spring stiffnesses fQr Types CD. Q) and <» .

(d) Case C. correspQnding to Case B Type @, was established for investigations on how
accurately the spring properties of the shock absorption materials needed to be
represented.

The spring members of the Menshin and falling-off prevention dcvices were
placed parallel to each other in the bearing models.
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(j y Us X(ern)

Fig. 5 Idealized Force-Displacement
Loop of Menshin Device

Table 4 Physical Propenies of
Menshin Device

1tea PO PI PZ A2

Kl(tf!el} 49.4 126.0 126.0 n.4
K 2(tf/tl} 10.2 26.4 26.4 10.2
Qy(tf) 30. ~ 17. 1 11.1 30.5
lSY(CI) O. 62 O. 62 0.62 O. 62

Strict Model
F Case C

(to
F

(t f)

Rigid Model
Case A

K1

Xo

F
(t1)

Bilinear Model
Case B

X (em) Xo X(L

Fig. 6 Idealized Force-Displacement of Falling-off Prevention Device

Table 5 Physical Propenies of Falling-off Prevention Device

Nodel Case I tea PO PI P2 A2

All Cases x 0 (cal 1~ 15 I ~ 11

Case A K l(tf/ell 10 000 25 000 25 000 10 000
Type<D K 1(tf/ta) 33 83 83 33

Case B TypeC:> K 1(tf/ca) 100 250 250 100

Type(3) K l(tf/tal 300 750 150 300
K l(tf!el) 6 15 15 6

Case C K 2(tt!ea) 30 15 15 30

K S(tt!ca) 100 250 250 100

Analysis Ruu!l$ The maximum horizontal displacements between the super and
substructures are shown in Fig. 7. The analysis results indicate that the falling-off
prevention devices effectively reduce the muimum horizontal displacement. (Compare,
for example. the maximum horizontal displacement of 2J.7cm on Pier PI without
falling-off prevention device to that of 16.9cm with falling-off prevention device in
Case B Type <D) There is no difference in the response between the bilinear model (Case
B Type(V> and the strict model (Case C).
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'51---.JlE===~=*===~:::::.---_+___I

Legend

<> : None (Wave W1)

X : None (Wave W2)

o :Case A (Wave W2)
20..---+-----i.........----+-~,L.--r-~___i

OJ : Case l::S J:iWave W2)

C : Case B (Z(Wav'3 W2)

• : Case B ~(Wave W2)

c::. : Case C (Wave W2)

Maximum Horizontal Displacement
(Cm),---.----~----:__---~_,_------_,

2S..---+------i-------L.-------±---I

Po PI

Fig. 7 Maximum Horizontal Displacement between Super and Substructures

The maximum horizontal forces in the falling-off j>revention devices are shown
in Fig.S. The analysis results indicate that the falling-off prevention devices equipped
wilh shock" absorber are particularly effective in reducing the maximum horizomal
force. (Compare. for example, the maximum horizontal force of 2,023tf in the falling-off
prevention device for Pier PI in the rigid model (Case A) to that of 474tf in Case B Type Q)
) A large horizontal reaction force was generated at the Abutment A2 in the rigid model
(Case A), creating umbalance reaction forces between the piers and the abutment.
There is no difference in the behavior between the bilinear model (Case B Type G) and
the Strict model (Case C).

/~ Legend

o :Case A (Wave W2)

2023 tf / o :Case B (i)(Wave W2)

V o :Case B (i)(Wave W2)

• : Case B <J)(Wave W2)

474 tf A : Case C (Wave W2)

I

I
[/

~

(to

30c0

200)

HXO

o
Po

Maximum Horizontal Force

PI
Fig. 8 Maximum Horizomal Force of Falling-Off Prevention Device
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The time histories of the horizontal forces in the falling-off prevention device on
Pier PI are given in Fig.9. These figures show that the horizontal reaction force
(impact force) acting on the falling-off prevention device decreases and the collision
time increase as the spring stiffness of the ~llock absorber decreases. The falling-off
prevention device came into operation twice in each analysis case in this occasion.

500 I ' . , '11\ 'Case B : Type\l.J ~

; i i ~ ~ Spring Stiffness
a . , . . , . .

I : j : : : ! :K1:= 8:3 tf~cm :
- 500 •....• ~ ; ~._ ~..· ;· ·~ ·~ ·; ~ ~ _.; .

I
: ~ : : ~ MaKimum Horizont~1 Force

1 Fmax = 281 tf i I
-H)C'.oO 10 20 30

Time (Seconds)

':::
o
:::

20 30
Time (Seconds)

'0f)

~ sao Case B: Type<l) :
o : I: Spring Stiffnessig 0 )...1-';",- ...., -..,..:-~:-Lf ! K 1 ,= 2~O t~/cm,

:~ - 500 r·····y···-T···T···-r····i·M~~i~~~ ..H~ri~~~t~·i·F~·;~~·
o :::::: Fmax = 471 tf::c -1(XX) : : : : : :

Spring Stiffness

I : : : : : : Kl:: 750 tf/cm.I : : ; : : : : : : : :S -500 ; .....~......;......~ .....~._...;......~ .....~•••... ;......~ .....~._._--;.....-
.~ I! 1 ' ; iMaximum Horizontal Force
o I; : Fma" = 746 tf::r: -'000 ' , ,

o 10 20 50
Time (Seconds)

2CXX' ' . , ,I i Ca~e A ~ 1 ; Spr~ng ,Stiffness

~ 1CXPr·-··1··....j..__··;·····i··r:·-··..~· Kl = 25 OOOtf/cm

~S 0 : : : : : : " "

i -- t 000 L··l·--.. j···..L ~- ; ~ L j L_..L) .
•~ : j ! ;Maximum Horizontal Force
::t: j: Fmax' = i 023 tf

-25-M--~--.:-~-~~_...:...-------_---:.
o '0 20 30

Time (Seconds)

Fig. 9 Time Hislory Df Horizontal Force (Pier PI)
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The analysis result~ m;IY be summarized as follows.

(a) An extremely large ma",imum horizontal reaction fon:e "as found acting on the
falling-off prevention devices in the rigid model (Case A), creating an umbalance
in maximum reaction forces acting on each of the SUppMt points.

(b) The relative displacement between the super and substrul'tures can be restrained to
some elltent and the horizontal reaction force acting on the falling-off prevention
devices was reduced by using shock absorher with appropriate spring stiffness. In
this occasion. appropriate spring stiffness value is about 150- 500tf/cn1 at the pier
and about 60-2001f/c01 at the abutml'nt.

(c) There was no difference in the analysis results bet .... een the bilinear model(Case B
Type (1 ) and strict model(Case C).

(d) The horizontal reaction forces (impaCl force I acting on the falling-off prevention
devices decrease and the collision time increase as the spring stiffness of the shock
absorber decreases.

LLEMENT TEST

Qw~ Static compression loading tests on laminated rubber .... ith round steel bars a~

shown in Fig.IQ and Photograph 1 "cre carried out, for the purpo~e of clarifying the
compression-reaction force properties of the anchor bar type falling-off pre\'ention
devices equipped with shock absorber. and investigating the methods for determining
appropriate spring stiffnesses.

t Round Steel Bar
I

~~ Displacementlit Gauge

Fig. 10 Outline of Compression Test

Photo' Compression Test
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The materials and dimensions of the laminated rubber was delermined by selling
the development target for the spring stiffness at between 100 and 500 tf/em, a level at
which it was found that one could expect adequate shock absorption effect in the
numerical analysis. The diameters of the round stee I bars were set at 100. 150 and 200
mm. selected as size at which one could calculate the estimated maximum horizontal
forces from the yield strengths. The cross, sect ion of lhe test piece (laminated rubber)
is shown in Fig.II, the material properties of the test piece and round steel bar in Table
6 and the dimensions of the test piece and the test cases in Table 7.

Shock Absorption Rubber

Hard Internal Steel Plate
Rubber

Fig. II Test Piece Cross",Section

Table 6 Material Properties of Test Piece

Meaber Material Physical Properties

Shoek Absorption Higb Duping G ,. 6klf/ca~

Rubber Rubber Hardness ; SO degrees

Test Hard Rubber Synthetie G .. 150kgf/ea z

Piece Rubber Hardness ; 90 degrees

Internal Steel Steel (1 y .. HOOkgf/ea~

Plate

Round Steel Bar Steel U). :& HOOkgtlea:Z

Table 7 Test Piece Dimensions and Test Cases

Rubber La,er Nuaber of Total

Test Case Thickness La,ers Th i ckness

(n) (n)

A- I 1 2 2 5 0
A-2 1 2 3 6 5

A-3 1 2 .. 8 0
B-1 1 6 2 5 5

B-2 1 6 3 8 0
0-3 1 6 .. 1 o 0
C - 1 2 0 2 6 5
C-2 2 0 3 9 0
C-3 2 0 4 1 1 5

Note: The telt piecel are ZOO •• I ZOO ••.

N'ote: Round aleel ban 11th dia.eters of 100.150 and

200.. were used in 111 the tesls.
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Melhod of petermjnjn& Sprini Stiffness The compression displacement-reaction force
properties shown in Fig.) 2 were obtained in the test. The spring stiffness is determined
from the gradient of the envelope drawn in the figure and the intersection of the
envelope and the horizontal allis is then sought. The Intersection "a" of the envelope
and the horizontal axis. which is thought to represent the amount of settlement before
the spring stiffness of the laminated rubber reaches a constant level. corresponds to
the value "a" (2cm) in the strict model shown in Fig.6 and is thought to be an imponant
physical value in determining the clearance XU.

It was confirmed in the test that the envelope of the peal point under eye lic
loading in which the load was gradually increased as shown in Fig.12 more or less
coincided with the compression displacement-reaction force properties when the load
was increased within a onetime loading.

Test Case: A-3 • ¢ 150

Intersection of Envelope
and Horizontal Axis: a

2015105

Spring Stiffness

200
c:
'-"

-::l
~

.5
c 100
""""':.l
=:.
::
8

0
0

Compression Displacement (mOl)

Fig. 12 Compression Displacement-Reaction Characteristics

Test Results The spring stiffnesses are given in Table 8 and Fig. I3 and the Intersection
"a" of the envelope and the horizontal axis in Table 9 and Fig.14, while the variation in
the compressIOn properties under the cydic loading test in the range up to 150tf is
shown in Fig.) 5. Since the values shown on the displacement gauge were returned to
zero for the second and subsequent loadin~s. the residual displacement is not included
in the values shown in the figure.

The test results may be summarized as follows.
(a) When the same shock absorption material is used. the spring stiffness increases

with the diameter of the round Meel bar.
(b) When the diameter of the round steel bar is maintained constant. the spring

stiffness varies with the variation in the thickness of the shock absorption
material.

(c) The Intersection "a" between the envelope and the horizontal a~is remains more or
less constant so long as the same shock absorption material is used. regardless of the
steel round bar diameter

(d) The variation in the spring stiffness is greater in the second and subsequent
loadings than in the first loading, but remains cOllstant in the subsequent loadings.
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Table 8 Spring Stiffness

Unit (tl/el)

Table 9 Intersection of Envelope and
Horizontal Axis: .. a ..

Uni t (.. )

Test Cases Dia.eter of Round Bar

¢J 100 ¢ 150 ¢ 200

A-I 218 321 361

A-2 231 300 321

A-3 191 212 269

B-1 202 273 295

B-2 162 205 228

B-3 142 16( 191

C - 1 173 214 231

C - 2 149 180 201

C-3 129 131 171

Test Cases Dialeler of Round Bar

¢J 100 ¢J 150 ¢J 200

A-I 1.2 7. ( 7. 2

A-2 9.9 8.9 9. 3

A-3 11. 9 10. 9 10. 6

B-1 11. 4 11. 1 10. 5

B-2 U.9 14.4 13. 3

B-3 17. 5 16. 6 16. 3

C - 1 16. 6 17. 6 16. 0

C-2 21. 1 20.2 19. 3

C-3 25.3 23.9 23.0

Test Cases

c - 3

lil-.. -r--- ..~"- .. . C - 2...-. .._..~ ,---
"-"-4S-3

t:-,.._..::==:::-.::,:::-~
C - 1.--- - ....

----~

: : ~d A-2

o t/ll00 </> 150 "" 200

Diameter of Steel Round Bar (mm)
tillCO t/l150 ,p200

Diameter of Steel Round Bar (mm)

o

Test Cases
:r.

400 A - 1 l(

-<-~I" """
"""

c Eo ~

E N =
0 300

.- ...,...;: o "..., ::: ..
... -= 20... c
u c:
c.... 200 u'- c.

CI)
0
C)

co >cc UJ 10.;:
~ 100 ....

0

Fig. 13 Spring Stiffness Fig. 14 Intersection of Envelope and
Horizontal Axis: .. a ..
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Test Case : B-1 • ¢ 150

200
.-.. 2nd Time....
...... 3rd Time
"'0 4th Time 1st Time
~

0
....J 5th Time- 100.0
'"

'~
'"0...
~

$:
;;
U 0

0
0 5 10 15 20

Compression Displacemenl (mm)

fig. 15 Repetition Characteristics

CONCLUSIONS

The fonowing conclusions were drawn from the numerical analysis and element
test.
(a) Effective reduction of the relative displacement between the super and

substructures and the horizontal reaction force can be achieved through use of
shock absorber with appropriate spring stiffness

(b) The spring stiffness of the shock absorber was made as small as possible within the
range that would effectively reduce the relative displacement between the super
and substructures. This is desirable also from the point of view of reducing the
impact force.

tc) Regarding the reaction force displacement properties when compression loading is
carried out on laminated rubber with a round steel bar. there is a certain amount of
displacement (settlement) before the spring stiffness becomes constant. Accurate
evaluation of this displacement is vital in determination of the clearance for the
falling-off prevention device.

While it is thought to be profitable to apply the falling-off prevention devices to
actual bridges. further studies will be needed on the fonowing points in order to raise
the reliability of the devices and to gain more detailed knowledge of their behavior
during earthquakes.
(a) Behavior of falling-off prevention devices during earthquakes taking into account

the non-linearity of the bridge piers.
(b) Proposal of experimental equations for calculation of spring sliffnesses.
(c) Method of determining optimum dimensions of the shock absorption materials.
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SUMMARY

Using falling-dawn-prevention devices (FDPC) will allow bridges to sustain
only minor damage when subjected to strong earthquake motion and will permit
restoration later.

The mechanical properties we can use under present conditions involve three
groups: Visco-elastic, restoring force and friction, and hardening-elastic.

In this paper, the method of calculation for estimating the effectiveness of
the device (FOPD) is presented. And the actual results of calc~lations using ~he

three groups of mechanical properties are also presented. Bridges can be made more
resistant to large earthquakes when the suitable mechanical properties have been
selected in light of the particular condition of the bridge.

INTRODUCTION

Studies of bridges in real earthquake disasters show two definite patterns.

1) Substructure can support superstructure when sufficient. seat length is
prepared. even if the earthquake produces relative displacement greater than
the movable length of the bearing.

2) Irregular collisions occur during an earthquake when the gap distance between
the edge of a superstructure and the face of an opposing parapet wall of the
abutment, or the edge of an adjoining superstructure is insufficient. It is
difficult to estimate behavior after a collision has occurred. This
phenomenon particularly happens when one superstructure is heavier than the
other.

Both these patterns require sufficiently wide top surface of the substructure
compared to peak response displacement of the superstructure. This is an important
requirement for menshin bridges, because considerably large displacement is used in
menshin bridges to reduce the inertia force. An effective measure to prevent the
excessive displacement of the superstructure under an unpredictably severe
earthquake is the installation of a device that can prevent excessive movement of
superstructure.
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Seat LellBtbn FDistanca

Girder

a) Abutment

Parapet Wall

Bearin

Gap Distance

b) Pier

Bearing

Fig. 1 Seat length and Gap distance

DESIGN CONCEPT

This study assumes that when the device by which we can prevent excessive
displacement without significantly increasing the inertia force is prepared,
collapse may not occur. This is the design concept of FDPD. The device calls for
restoring force which starts to work when excessive displacement occurs, and calls
for energy dissipation that can be obtained while the device works.

For designing FDPD, stiffness of the devices, amount of energy disipation, and
the displacement over which FDPD works, have to be properly established. If the
stiffness of FDPD is excessively high, it tends to cause large impacting force due
to collision between FDPD and the deck. Although energy disipation is important to
constrain the deck movement, it would work as "stopper" instead of energy
dissipator. If the displacement where FDPD is initiated to work, which is
designated hereinafter as gap distance Xs is too small, that would disturb smooth
energy dissipation by menshin device.

Although precise study is required to determine the appropriate gap distance
Xs, it was assumed here as the peak deck response displacement relative to the pier
or the abutment when the bridge is subjected to design response spectrum as shown in
Fig. 2. Because it is considered that FDPD is for preventing excessive relative
deck movement when subjected to larger ground motion than assumed in the design, the
effectiveness of FDPD was assumed here to be studied against a 1.5 tillles larger
ground motion than that presented in Fig. 2. Fig. 3 represents the definition of
gap distance Xs.
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Fig.
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subjected to ,c::::;ul¥l to or ].. S t.i"'es larger ground motion t'J~
design Spectr~ pI, esent_d in Fi9- 2

POS~I~LI FALL:¥NG-!)Of'ffl P!lEVENTION DEVICES

Although various tl>f.1tS ~f r~ tiD h• ...,e been developed. they ",ay be cV8S1f ~ild

into the following three ~i~uP'. blS_d on t.heLt Illechanical properties.

1) Visco-elastic t~
2) Restoring Force ,- ~zict. ion t)'P
3) KU<Sening-el..st~~ t~
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Fig. 4, 5 and 6 show the reaction force versus. relative displacement
relationship for the three types of FDPD as well as typical devices for developing
the reaction force. It should be noted in Fig. 6 that the reaction force versus.
relative displacement relationship is provided by strain hardening of rubber rings
placed around a rod stopper, so energy dissipation is very small. Thus it is
designated as "hardening-elastic". The reaction force of FDPD can be writen as FA'

a. Visco-elastic type

FA • SGN (X) ·K" Ix-xsl +CA'X

where

(11

FA - reaction force
X displacement of superstructure
X velocity of superstructure
Xs - clearance of FDPD.

Xs - SA ( .!D.)2 (2)
271:

SA - design spectrum value shown Fig. 2
KA - stiffness of spring

KA - H.( 271: ) 2 (3)
TA

M deck mass
T", - natural period of a system consisting of deck mass and spring of

FDPD
CA - damping coefficient of FDPD

2n
CA - 2'hA'H'( - ) (41

TA
hA - damping ratio of a system consisting of deck mass, spring and

viscous element of FDPD

b. Restoring force and friction type

FA • SGN(X)·Fr+SGN(X)·KA·lx-xsl

where

(51

FA 
Fr 
Fr 
W

JL

reaction force
friction force amplitude
w'JL
vertical reaction force
friction coefficient of FDPD

(6)

c. Hardening-elastic type

where

(7)

FA - reaction force
~ - reaction force of rubber for compression strain of 100'
~ - M'CK (8)
W deck weight
CK - coefficient for normalizing RA
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total thickness of rubber
(UB3 - Xs ) 'Cs (9)

coefficient for normalizing St
peak deck displacement subjected to 1.5 times SA without FDPD
coefficient of hardening (4.81

ClUJ Distance

Relative Dlsplace.eDt

./
K._-...-

x.

Reaction
Porce

Fig. 4 Visco-elastic Type

Reaction
Force

FA ---_.-_

Relative Displace88Dt

x.
Clear Distance

Fig. 5 Restoring Force and Friction Type

ReacUon
'orce

x.
Cleu OiltlDCe

Fig. 6 Hardening-elastic Type
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IDEALIZATION OF FOPO BY A SINGLE-DEGREE OF FREEDOM SYSTEM

Fer studying the effect of FOPO, only deck. menshin device and FOPO were idealized
by a sinqle-deqree-of-freedom oscillator as shown in Fig 7. Foundation and pier
were disregarded in this model for the sake of simplicity.
The menshin device is idealized by a spring and a dash pot. Viscosity of dash pot
is assumed to be estimated by the equivalent linear analysis. The equation of
motion of a model presented in Fig 7 is:

where

H'se + C.' *: + K, X + F.· H . e(t) (10)

H - deck mass
C. - damping coefficient of the menshin device
Ks - stiffness of the menshin device
F. • reaction force of FOPO, given by Eq. (1) to (9)
i(t) - ground motion. and was assumed similar as sinusoidal
acceleration
.. 21t
e(t) - 2,h.,S. ,1.5 ,COS (T;'t) (11)

T. • natural period of the single degree of oscilator
idealizing the deck and merishin device
~ • damping ratio of the single degree of oscilator ideali%in9

the deck and menshin device
5.. - design spectram shown in Fig. 2

Assuming the initial velocity X•• as Eq. (12) can be solved through the direct
integral me,thod.

X• - S . 1 5 (1&.)o .. • 2lt

In this paper, it is assumed that T. - 2.0 second, h. - 15%

(12)

X (Displace.ent of Superstructure)
~--....~

Clear Distance of FDPD

Mass of Superstructure

*FaU ins-down
Prevention Device

"eusbin Device

rig. 7 Dynamic Analysis Model
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PARAMETRIC STUDY

Results of dynamic response analysis for various devices are shown in Fig. 8
to 12.

Visco-elastic type Figure 8 shows calculation results for when the effective
damping ratio (hAl of the visco-elastic type is 15' and the spring stiffness (KA) of
the device varies from 0.5 to 3.5 times the stiffness of the menshin device.

This case is equivalent to FDPD consisting of a damper using oil or viscous
material and a steel spring.

Calculations when the effective damping ratio (hA) of the visco-elastic type
is 2% and the spring stiffness (KAI of the device changes in the same manner as
above is shown in Fig. 9. This case is equivalent to FDPD consisting of a steel
spring only, without a special device to produce a viscous effect.

Comparison between Fig. 8 and Fig. 9 reveals the following:

The superstructure stops with smaller displacements if a damper is used
jointly.

A damper is indispensable if a practical effect is to be expected from the
FDPD.

RestrQriDQ' fgrce aDd friction type The calculation results for when the
coefficient of friction (~l of the system is changed from 0.1 to 0.6 is shown in
Fig. 10. This case is equivalent to when a friction damper is used.

Figure 11 shows the calculation results for when an elastic spring having a
natural period (TAl of 2.0 seconds is used in addition to the above. Comparison
between Fig. 10 and 11 reveals no Significant difference in effect. The elastic
spring is provided for the purpose of giving the friction damper the ability to
return to its original position. However, achieving this aim using the mechanism
shown in Fig. 5 is more reasonable than using a spring.

Hardening-elastic type The calculation results using a coefficient of C.-l.O
and a coefficient C. of 0.25 to 2.0 is shown in Fig. 12. It is clear from the
figure that this hardening-elastic type causes an abrupt increase in reaction force
and has a very small bUffering effect. When using the hardening-elastic type.
therefore, it is desirable to devise means (for example, a friction bar) so that the
reaction force is directly transferred to the ground behind the abutment instead of
being transferred to the pier.
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-
SHOCK ABSORBING EFFECT

Figure 13 shows the calculation re.ults of the energy balance for each type of
FDPD. These values vere obtained to study the devices' shock absorbing eftect, the
most important characteristic among all other characteristics required for a FDPD.
Figure 14 shows how the response velocity of the superstructure changes. These
figure. reveal that the device utilizing friction brings about a relatively good
shock absorbing effect.

Without: ropt!

10.....--------..-~-..,.iAq1-.....,.1-••-t:-:l-C~'f=-ype-=-=-------,

Cs -1.0 Cs-l.O

vi.co-el••t:lc Type
,...,
•u
.....
·'"..
x
'-'
e 5
u

=..•lD...•..
I..,

0 10 20 30 to 60 70
a.lative Dlsplac...nt

Fig. 13 Energy balance of menshin device and ropo

300

without mPD

~ 200
II>•.....•
~

100
~.....
u
~ a•..
•..
~... 100:I....•..
!.
:I ZOO
til

"~ift9"l••t:ic Type
Cs -I. C. -1.0

300
0 10 20 3D 40 50 60 70

ael.t1•• D1lplac...nt (ca)

Fig. 14 Response velocity of the superstructure
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CONCLUSIONS

It is important for falling-down prevention devices (FDPD) to provide
appropriate stiffness and energy-dissipating capability for preventing an excessive
impacting effect and excessive movement of girders, even if subjected to
unexpectedly severe earthquake motion.

1. A practical design method was proposed by which a menshin bridge designer
can evaluate the capability of rDPD, with regard to energy dissipation and
displacement over which FDPD works.

2. If it is assumed that the resistant force of the pier in its ultimate
state is 1.2 times the girder weight W, the upper limit of stiffness of FDPD should
be 3.0 times the stiffness of the menshin device. The required distance to stop the
movement after FDPD works is 15 em at the lowest estimate.

3. The visco-elastic type and the restoring force and friction type bring
about relatively good buffer action. The velocity of a girder when it returns to
the point where FDPD starts to work decreases by approximately 20\ for the visco
elastic type, 30\ for the reStoring force ~nd friction type respectively.

4. The hardening-elastic type brings about relatively pcor buffer action.
The velocity of a girder when it returns to the point where the FDPD started to
work decreases by approximately 3\.

The response spectrum assumed for the calculation of this paper is of an
earthquake which may occur on medium-hard ground, so the results of this paper show
only the general tendencies of the effects of FDPD. The benefit of using FDPD may
be greater if the menshin bridge is located on softer ground than postulated. This
is due to the fact that the required amount of seat length and gap distance may
become large unexpectedly, according to accommodation to the bridge shape. Since
the earthquake motion on sC'ft ground contains large amounts of components of
relatively long period, the eventual displacement of the girder may be rather large.
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SUMMARY

Earthquake response analysis for a ~enshin bridge was performed parametrizing
the st iffness and damping ratio of Menshln bearings and the stiffness of the
bridge's piers and foundation. and the effects of these factors on earthquake
responses of the Menshin bridge were exaained. As a result. it was confirmed that
the stiffness and daaping ratio of Menshln bearings greatly affected earthquake
responses of the bridge, while the stiffness of the pIers and foundation affected
thea only slightly. It was also confiraed that the sectional force of a pier can
be increased by increasing the stiffness of Menshln bearings for the pier and the
pIer itself.

INTRODl;CTIOS

In conducting studies on the application of Menshin (seismic isolation)
devices to bridges or in designing Menshin bridges, it is Iaportant to understand
the effects of dynaaic properties of Menshin bearings and the stiffness of piers
and foundations on eartbquake responses of Menshin bridges.

ThIs paper reports the results of analyses of a Menshin bridge, para.etrizlng
the dynaalc properties of Menshin bearings and the stiffness of piers and
foundation, performed to investigate into the following:
(l) Effect of the stiffness of the Menshin bearings and the substructure on

earthquake responses of the Menshln bridge
(2) Effect of the daaping of the Menshin bearings on earthquake responses of the

Menshin bridge

PARAMETRIC ANALYSIS

Analytical Model A five-span continuous prestressed concrete box-girder bridge
as shown in Fig. 1 was analyzed.

As Menshin bearings, lead rubber bearings (LRB) were assuaed.

Table 1 shows pr iury structural data of the bridge, and Table 2 shows
specifications of the Menshin bearings. It was assuaed that restorIng force
characteristics of the Menshin bearings could be aodeled bilinearly, as shown in
Fig. 2, and thus can be expressed by equivalent linear spring constant and
equivalent da.ping ratio.

In the analysis, a aultl-aass-spring aodel as shown In FIg. 3 was used.

Da.plng ratios for eleaents or the standard aodel are as follows:
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Girder 3%
Pier 5%
Foundation 10%
Menshin bearing 20%

:

I IiI 1:1 Iii ';1 I;- - - - --
.. 1.2aO. l-20..

~' -i © © ® ®
Fig. 1 Menshin Bridge for Analysis

Table 1 Structural Data

Type of Superstructure 5-span continuous prestressed concrete box-girder

Type of Substructure Coluln-type reinforced concrete pier (rectangular

cross section)

Type of Fouddatlon Cast-In-place concrete pile (~ 1200)

Span 5 @39.5m - 197.5m

Effective Width 1l.Dm
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Table 2 Data'on Menshln Bearing

Pier A Pier B Plor C

Velght of Superslructure tf 5160

"axll~ (per bearing) tf 270 715 645
Reaction

Deal Load (per bear Ing) tr ZOO 350 flI0

Ilorlzonlal DlsplacClcnl
(ordl nary) I. 64.5 52.9 10.5

Design DIspl aCCllen l Rotational Angle
RequIre-enls (ordl narr) 1/300 1/600 1/600

NUlher of bearl ngS per pier piece 2 2 2

Sllffness or Pier Kp tf/_ 5UO 10'60 10560

nalplng factor of Pier h p % 5.0 5.0 5.0

Shear Modulus of Rubber Go kgf/cl: B.O 8.0 B.O

Configuration Plane r1gure AxB CI 95 x 100 120xl25 125)(130
and DI.enslons
of Rearing Lead PI Ult nXql CI 2x~I~.4 4x¢16.0 4xql14.9

I. 6)( 33\ arers 2. Ox 20layers 2. Ox IZlarers
Th Ickness or Rlilbcr t CI -52.8 -40.0 -24.0r

Initial K1 tt/_ 2577 6200 10366StIffness

Drn.. ' c !'roper lies rost-yield
1(: tf/_ 896 954 1595

of BearlnR Stiffness

Yield Load Q tf 50.1 125.5 108.0

B

A

Fig. 2 Analytical Model
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rorce

Fig. 3 Force-Displacement Relationship of Menshin Device

Analytical Method Seis.ic motions along the bridge axis were considered. and
corresponding .axillum response values were calculated by the response spectru.
method.
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Spectra based on the Specification l'or Highway Bridges in Japan, as shown in
Fig. 4. were used as response spectrum curves.

Igoll
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I sec I

02 0.3 05 0.7
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Fig. 4 Acceleration Ke~ponse Spectrum

50
01

Modification of spectra to consider the effect of damping was made by
aultiplying the spectrum values shown in Fig. 4 by the following factor (ev):

CD : 1.5
40h; + 1

where h, is the daaping ratio for the ith iiiodp.. It was assuaed that as shown in
the following equation, the damping ratio could be expr~~sed as a weighted average
of damping ratios for eleaents with the aaount of strain energy in each element.
or a strain energy proportional damping ratio.
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where,
hk da.plng ratio for ele.ent K
EK (i): .axl.u. strain energy In ele.ent K in the ith .ode

Cases of Para.etric Analysis Analyses were conducted for six cases. Para.eters
used in each case and the ranges of the para.eters used are shown in Table 3.

Table 3 Analytical Cases

Case No. Paraleler Ranre of Para.eter

CD Sllffness of lenshln burlnc Slndudvaluc lI.cs O.~ -4
Irot all piers)

t'Zl 011\0 Slaa4ud va Ille 1'le5 1.5
Iror onl, one plcr)

~
511 Hness of pier and fOllndatlon Stu(arhaluc \l.cs 0 .• -5
(lo, all pie,s)

CJ) SII Hnus of pI er Sla.dardvalue lI.es 0.3 -3
(for lInl, ORe pier)

$ StlfTness of roundatlon Inflnll) Hhed) or Sialdard

(for a hair of Ihe bridle) ulue ll.es O.S

lID Da.plnt faclor of .".shln bearlnl 10%. 2~%. ao~,

Iror all piers)

RESULTS AND DISCUSS lOS

Vibration Characteristics of Standard Model Table 4 shows aodes of Vibration
caused by seis.ie .otions In the bridge axis direction. The participatIon factors
and effective .ass ratios indicate that in the standard .odel. earthquake
responses are governed a1.ost exclusively by the pri.ary .ode responses shown In
Fig. 5.

Table 4 Results of Elgen Value Analysis of Standard ~odel

Plode nalural pe,eod pa,HelpaHon errectlve ".5
Mo. T (5) 'aelor ratIo (" )

I I.S2U fI.'sa 53 .•

I D. ZIZI '.an 1.2

10 D.ZO" 10. &40 II .•
f-

It .tUt T.11I 4.'

II 0.0111 '.111 '.2

ZO 8.8121 It. ItI '.S

U ...... 7.U• 5.'
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Fig. 5 First Vibration Mode of Basic ~odel

Results of Panmetric Analysis (11 When the s t i ffness of the Menshin bearings
for all piers were changed:

Fig. 6 and Fig. 7 show prhary natural periods and pri.ary-mode duping
ratios for the bridge with stiffness 0.5 to 4.0 tilles as high as the standard
level of stiffness of the Menshin bearings. Fig. 8 and Fig. 9 show horizontal
displace.ents of the girder and bending .o.ents at the botto. of the pier.

1*1..-- -.

4.0

a 30....
Q.

2.0
~,.
= 1.0

o0':---'-1--~2--~3---41--.........5--1

Sllffnell gf Menlhln Device
Norlallzed by Slandard Value

Fig. 6 Stiffness of Menshin Device vs. ~atural Period
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Stiffness ~I Ncnshln Device
Nor.allzed br Standard Value

Fig. 7 Stiffness of Menshin Device VB. Mode Da.ping Ratio
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Stiffness of Menshin Device vs.Fig. 8
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Fig. 9 Stiffness of Menshin Device vs. Bending Moment

These results indicate the following:

al The natural period of the bridge changed considerably when the stiffness
of the Menshin bearings became about 0.5 times as high as its standard level. but
the natural period of the bridge remained almost the same even when the stiffness
became about four times as high as the standard level.

b) Like the natural period. the mode damping ratio for the bridge tended to
reDlain ahost the same even .'hen the stiffness of the ~enshin bearings became
about four times as high as its standard level.

c) "'hen the stiffness of the Menshin bearings rose, the response displacement
of the girder decreased. At the same ti.e, however. displace.ent at the top of
the pier increased and bending aoments at the bottom of the pier rose.

Fro. above. it ,,'as confirmed that the stiffness of the Menshin bearings
affected not only the natural period of the bridge, but also the da.ping ratio.
thus greatly affecting response displace.ents of the girder and bending Dlo.ents at
the bottom of the pier.

(2) Jhen the stiffness of the Menshin bearIngs for only one pIer was changed:

FIg. 10 and Fig. 11 show horizontal displaceaents of the girder and bending
.o.ents at the bot to. of the pier when the stiffness of the Menshin bearings for
only one pier (Pier·!)l increased to beco.e 1.5 ti.es as high as its standard
level.
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0: Standard Plnde!
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267



--

(l-ml..
Q

~c.

~ '0 ~,OOO
o,., .

o
! ~ 2,000
." ""c::
<ll_

~ " IlX1J

0: Standard Node I

A: Changed Model

A
o~:---'--:::-_-'-_....L...._---'-_

A B © c 8
Nul' of rlcrs

Fig.11 Distribution of Bending Moaent

These results indicate that although the displace.ent of the superstructure
decreased slightly in the ~hole region when the stiffness of the Menshin bearings
for only one pier rose. only displacement at the top and bending aoment at the
bottom of the pier for which the stiffness of the JIIenshin bearings increased
became greater.

(3) When the stiffness of all piers and foundations was changed:

Fig. 12 and Fig. 13 show the results of analysis ~here the standard levels of
stiffness of all piers and foundations were changed by 0.4 to 5 times.
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Fig. 12 Stiffness of Pier and Foundation vs. Displacement
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HorIzontal dlsplaceaents of the girder and dlsplace.ents at the top of the
pier decreased as the stiffness of the piers and foundation increased, but the
relative displace.ent of the bearings (dlsplaceaeDt of the superstructure In
relation to the top of the pIer) did not change substantiallY. Therefore, it can
be said that the influence of changes In the stiffness of the piers and foundation
on earthquake responses of Menshln bridges is saall.

(4) When the stiffness of only one pier was changed:

Fig. 14 and Fig. 15 show the results of analysis where the standard level of
stiffness of only one pier (Pier(£) was changed by 0.3 to 3 tiaes.

0: Standard IIodd
6: Softened Model
0: n~rdened Model
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Fig. 14 Distribution of Displace.ent
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Fig. 15 Distribution of Bending Moaent

The results obtained In this case were siailar to the ones obtained When the
stiffness of the Menshin bearings for only one pier 1I'8S changed. When the
stiffness of one pier rose, horizontal displaceaents of the rirder invariably
decreased and only the sectIonal force of the pIer witb increased stiffness becaae
greater.

ThIs case corresponds to a case where unequal piers exist. This should be
taken into consIderation when brid,es haVing unequal heicbt piers are designed.

(5) When the stiffness of only a balf of the foundation was changed:

Fir. 16 and FIr. 17 show the results of analysis where the basic leVel of
stiffness of the foundation for piers of only a half of the bridre was decreased
to 1/2 and was fixed.
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In this case, no substantial changes in response displacement and response
sectional force were indicated.

This case corresponds to a case where conditions of the bearing ground of a
continuous bridge vary fro. place to place. It can be said. holtever. that in
Henshin bridges. the influence of such condi tions on earthquake responses is
s.a11.

(6) "'hen da.ping ratios for ."eoshin bearings for all piers were changed:

FIg. 18 and Fig. 19 show the results of analysis \there the damping ratio for
the Menshin bearIngs was set at 10\. 20\ and 30\.
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FIg. 18 Da.plng Ratio of Menshln Device VS. Displace.ent
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It was confirmed that as the damping ratio for the 'enshin bearings rose,
response displacements and response sectional forces decreased as expected.
However, as the daaping fatio fOf the ~cnshin bearings rose, this tendency becomes
,,'eaker.

CO~CU:SIO!\S

I\S a result of a series of analyses aimed at determining the effects of
various factors, it was confir.ed that the following ite.s should be taken into
conslderatlon when a Menshin bridge is designed.

(1) The stlffness of Menshin bearings affects not only the natural period, but
also the .ode da.ping ratio of a bridge. It also affects response displace
.ents and response sectional forces considerably.

(2) Changes in the stiffness of piers and foundations affect response displacement
and response sectional forces only slightly.

(3) If the stiffness of Illenshln bearings for only one pier or the stiffness of
only one pier increases, then the pier should be designed carefully because
the sectional forces of the pier increases.

'4) Changes in the stl ffness of only a half of the bearing ground of a bridge
affect earthquake responses only slIghtly.

(5) The da.ping ratIo for Menshin bearings greatly affects earthquake responses.
and earthquake responses decrease as the da.ping ratio rises. The degree of
this effect decreases as the daaping ratio rises.
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EXPERIMENT AND ANALYSIS ON SEISMIC RESPONSE OF MENSBlN BRIDGES

Kazuhlko KAWASHIMA. Kinji HASEGAWA and HIroyuki NAGASHIMA

Earthquake Engineering Division, Public Works Research Institute

SlMt1ARY

To provIde with realistIc seIsmIc response data of Menshin bridges. a
series of shakIng table tests were conducted at the Publlc Works Research
Institute. Structural response characterIstics were presented with emphasIs on
the effect of stopper and vertical excItation. Hysteretic behavior of Menshln
bearIngs was studied by means of cyclic shear tests and a comparison with the
seismic behavIor during the excitation tests Is presented. Analytlcal
simulations are also presented for the e~citatlon tests. Depending on the
ideallzatlon of the nonlinear hysteretlc behavIor of the Menshin bearings. the
equivalent linear analysis and the bilinear analysis were made. Analytical
simulation for the effect of collision between the deck and the columns due to
the stoppers was also presented.

INTRODUCTION

Seismic response of Menshin brIdges SUbjected to slgnlflcant earthquakes
is of great Interest for desIgning Menshin bridges In Japan. Because there have
been so far no Menshin bridges which experIenced signIficant earthquakes with
the magnItude over 8, It Is required to study their crItical behavior carefullY.

The most Important issue in the structural response of Mensbin brIdges Is
the analytical idealization of the nonUnear hysteretic behavIor of the Menshin
bearings. Effect of stoppers which are provIded to prevent excessive deck
response Is of another interest. When collIsion of deck wIth columns occurs,
thIs would cause large Impact force. Because brIdges are subjected to large
vertical e..<citatlon during destructive earthqUakes, it is also important to
study the response of Menshin bridges subjected to lateral and vertical
exci tations slmul taneously.

For aiming to study the response of Menshin brIdges. a series of
excitation tests was made at the Public Works Researcb Institute. Two types of
large scale model were used for the excitation tests. Analytical sImUlations by
Deans of the equivalent linear analysis and bilinear analysis were made.

This paper shows structural response characteristic of Menshin bridges
through shaking table tests and analytical sImulation (Ref. 1,2.3).

STRUCTlllW. RESPONSE OF MENSBIN BRIDGES THROUGH S~G TABLE TESTS

Model and Test Procedure To provide a realistic sels.lc response data of a
Menshln bridge. a series of shaking table tests ..ere made at the Public Works
Research Institnte. A Menshin bridge :Dodel tested WhIch Is referred as "model
I" Is a sl.ple girtjer brld.e supported by two colurms placed 011 a shaking table
as shown in Pboto 1. The s,~an length [s 6 • and the deck weight Is 39.8 tf. Two

273



types of Menshln bearing, I.e., lead rubber bearing (LRB) shown In Photo 2 and
hIgh damping rubber bearing (HDR) shown In Photo 3 were used. Two bearlncs
were Installed on each colu.n. and totally four bearln~s sUPP Jrted the girder.

Pboto 1

Pboto 2 Lead Rubber Bearl....

Pboto 3 B..... Duplq Rubber Bearlq
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Thf' LRB (Ref. 4.5.6.7) was forlled by laminating 20 layers of rubber with
thickness of 5 m. and 19 steel plates with thickness of 2 IDID. and the lead plug
with diameter of 35 .. was pressed Into at the center hole of the bearing. The
HDR (Ref. 8) Is cOllposed of special rubber which Is distinguished by duping
characteristic from regular llnear rubber. Therefore. the rubber Itself would
work as an energy dlsslpator as well as an Isolator without any unique
mechanism such as the lead plug. when It Is subjected to shear deformation. The
HDR was formed by vulcanizing 31 layers of the rubber with thickness of 2 DIID.

each layer of which was laminated between two steel plates with thickness of
0.6 DIDI. Both bearings are simple and compact as Menshin bearings for brIdges so
that they are very likely to be used In Menshln bridges.

Specific. scale rule was not taken Into consideration when the dimension
of the model was decided. and the model was assumed as a small prototype. When
the deck Is supported by a fixed bearIng at one end with the other end being
supported by roller bearIng. the fundamental natural period Is about I sec.
The stiffness of the Menshln bearings was designed to make the fundamental
natural period about 2 sec. two times of regular one, so that the Menshin
system performs effectivelY.
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F:xcltatlon by sinusoidal motions and earthquake ground motions was made.
Frequency as well as Intensity was varied In the sinusoidal excitation to study
the natural period of the model. Two ground motions 1Io'hlch were recorded on
the ground near the Kalhoku bridge during the Mlyagl-ken-okl earthquake (M7••)
of 1978 and on the Hachlro-gata bank during the Nlhon-kal-chubu earthquake
(M1.7) of 1983 were used for the excitation. They are hereafter designated as a
Kalhoku record and a Hachlro-gata record. respectively. The time of the
Hachlro-gata record was reduced one half of the original. The Intensity of the
records was varied. FIC. 1 shows the response acceleration spectrum ratio
(acceleration response/peak Input acceleration) of the two records.
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Sinusoidal Excitation Flp. 2 and 3 show the resonance curve of acceleration
and dIsplacement. The fundamental natural frequency varIed from 1.62 Hz to
0.67 Hz for the LRB model and from 1.95 Hz to 0.95 I{z for the HDR model by
Increasing the Input acceleration from 0.01 g to 0.04 ~. This clearly shows the
shear-strain dependence of the stiffness of LRB and HDR. The fundamental
natural frequency of the model supported by regUlar fix and roller bearings
does not depend on the Input acceleration.
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Table I shows dallplng ratio by the half-power lIethod with use of the
resonance curves. The damping ratio Is about 2 \ for the Dlodel supported by
the regular fIx and roller bearings, and about 11 \ and 9 \ for the model
supported by the LRB and the HDR, respectively, when subjected to the
sinusoIdal excitation wIth peak Input acceleratIon of 0.04 g. It means that an
Increase of the damping ratio of 9 \ and 5 \ was made by adopting the LRB and
the HDR, respectively.

Table I Equivalent Viscous Duping Ratio
by Balt-Power Method

10 _ 20 _ 30 _
BEARING (cm/s"') (clll/s"') (cm!s"')

LRB 0.08 0.092 0.113

HDR 0.064 0.087 0.092

FIXED/MOVABLE BEARING 0.02

The hysteresIs loops of shear force vs. shear deformation of the bearIngs
are shown In FIC'. 4. The hysteresis loops of the LRB look bilInear shape,
especially In small amplitude, while the HDR is featured by the spindle-like
shape. The lead plug of the LRB, which gives high Initial stiffness, produces
the bilinear shape. On the other hand, the HDR does not create hIgh stiffness
In small deformation and does not form the bllInear shape.

Figs. 5 and 8 show the dependency of the equivalent stiffness and the
equIvalent damping ratio on the deformatIon acquired from the sinusoidal
excitation tests. The equIvalent stIffness Is defined as gradient of a lIne
connectIng the two points at the maxillum and mInimum displacement of a
hysteresis loop. and the equivalent dampIng ratio is defIned as a value
proportIonal to the ratio of dampIng energy loss per cycle to strain energy
stored at maxImum dlsplacellent as shown In FII'. 7. An empIrIcal equatIon for
the equIvalent stIffness k. was obtaIned as shown In FIC'. 5. Though the
equIvalent dampIng ratio Is scattered, compared wIth the equivalent stIffness
k•• the dampIng ratio h••ay be consIdered 0.16 for the LRB and 0.13 for HDR In
the range of the shear deformation from I to 50 mm.

The equivalent stiffness and the equivalent dampIng ratio from the cyclIc
shear loadIng tests of the bearing alone, which were conducted prior to the
shakIng table tests. are also shown In Flp. 5 and 8 for co.parison. In the
cyclIc shear loadIng tests, alternating shear deformation was repeatedly
applled to the bearIngs under constant vertical force corresponding to the
dead weight of the deck. The equivalent stIffness and equIvalent damping ratio
estImated froll the sinusoIdal excItation tests are In good agreellent with the
result of the cyclic shear loading tests of the bearing alone so that It can be
deduced that the test lIethod, a shaking table test or a cycllc shear loadIng
test. does not affect the equivalent stiffness and the equivalent damping ratio
of a Menshin bearing.
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Ground Motion Excitation Flp. a and 8 show how the peak deck response
acceleration and displacement Increase with the peak input acceleration. The
effect of Menshin system can be apparently observed In Fl.c. IS. where the
acceleration of the regUlar bridge amounts to more than two times acceleration
of the Menshln bridge under the same Input motIon.
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EFFECT OF STOPPER AND VERTICAL EXCITATION

Tested Model For aiming to study effect of stopper and vertical excitation.
another series of excItation tests were made. The columns and the Menshin
bearIngs were replaced with new ones. The column was designed to have hIgher
stiffness than an actual column sInce a flexible column could soften Impact
force due. to collIsIon developed at a stopper. The ~nshin bearings. the lead
rubber bearIng and the high damping rubber bearing, were designed to make the
fundallental natural period of the model about 0.6 sec. Photo 4 shows the
Menshin brIdge studied for the effect of stopper and vertical excitation. To
dIstInguIsh the model wIth the one presented In Photo 1. It Is referred as
"model 2".

.i'
'I

Pboto 4 setup of Sbaklnc Table Test (Model 2)

The LRB was fabricated by vulcanIzing 12 layers of rubber with thIckness
and dlalleter of 5 D and 320 "DI. respectlvely. They were l8llinated with 13
steel plates with thickness of 2 .a. The total thIckness of rubber is 60 D. and
the total thickness of the enUre bearing after fabrication Is 110a•. The
dlaaeter of the lead plug Is 40 aa. The "DR was fabrlc~ted by VUlcanizing 16
layers of high d8llplng rubber with thickness of 1.3 .11. and by laalnating with
steel plates with thickness of 3 ••.
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Two stoppers which prevcnt excessive relative displacement between the
deck and the columns were provided with the top of the each column as shown In
Photo 5. A rubber was placed on the stopper to lessen the Impact force of
collision. Although the gap space of the stopper at both columns was adjusted
to equalize each other as lIuch as possible, It Is noted that collision did not
always take place simultaneously at each stopper.

Photo 5 Stopper

Excitation was made either In longitudinal direction or in longitudinal
and vertIcal directIon. The horizontal and vertical components of the Kaihoku
record and the Hachlro-gata record were used for the excitation. Ratio of
acceleration intensity between horizontal and vertical components was assumed
the same with the original records.

Effect of CollIsion and Vertical E~cltat1on Fig. 10 shows the response of the
lIodel when the stoppers are not provided, and Fig. 11 shows the response when
the stoppers wIth the gap space of 2 cm each were provided. CollIsions, which
took place when the stoppers of 2 em gap was provided, developed greater
acceleration at the deck and the columns.

Flit. 12 shows the hysteresis loops of the LRB for the tests shown in Flp.
10 and 11. Since the shear force computed by multiplying the acceleration
developed at the deck by the lIass of the deck is presented in Fig. 12. It should
be noted that the shear force represents the total force transmitted to the
columns through only the bearings when not colliding, and through both
bearings and stoppers when collidIng. The shear force Jumped up significantly
due to the collIsion.

Flp. 13 and 14 show the peak input acceleration vs. the peak deck
response. It Is seen in Flits. 13 and 14 that when the collision did not take
place at the stoppers. the response displacement and acceleration of the deck
are al.ost proportioned to the Input acceleration. Ho"'ever, when the collision
took place at the stoppers. the displacement of the deck Is controlled by the
stoppers within a little bit more than the gap space as shown In Flc. IS (b). The
acceleration of the deck Is raised by the collision as shown In Fie. 14 (b). For
example. the acceleration 8II0unts to 0.69 g and 0.83 C for the cap of 3 ca and 2
ca, respectively. contrasted to 0.59 g without stoppers. under the excitation
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of 0.6 g acceleration. This means that the seismic lateral force transmItted to
the columns Is Increased by 1.2 times and 1.4 times for tne gap of 3 and 2 em.
respectively, due to the collision.

FIg. 15 shows the effect of vertical excitation in terms of peak deck
response. Al though some effects of slmul taneous excitation which was
presumably caused by changes of the equivalent stiffness of the LRB due to
variation of vertical force are seen, they are practically small.
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Flg.I5 Effect ot Vertical Excitation

Deck response when the HDR was adopted is basicallY analogous to that
for the LRB, and so they are not presented here.

ANALYTICAL SIMULATION BY EQUIVALENT LINEAR ANALYSIS

Because the eqUivalent stiffness and the equivalent damping ratio of
Menshin bearing depend on the displacement developed In It as shown In Figs. 5
and 6. they have to be evaluated for a specific response displacement ue In tbe
equivalent linear analysis. Therefore the response displacement u.. was assumed
to be specified In the forll of

(1)

where Um .. ,. is the peak displacement of the Menshln bearing, and c Is a
coefficient (0 ~ c S 1.0) representing the Intensity of the specific response
displacement. The coefficient c was assigned as 0.7 and 1.0. Because the
purpose of this study Is to clarify the coefficient c. a simplification was
Introduced In the calculation. I.e.. since the peak displacement Un,,,,., is
unknown before the analysis, the iteration of analysis Is inevitable In the
equivalent linear analysis. However, since the peak dIsplacement obtained frOIl
the tests should be the right peak displacement, it was used In Eq. (1) instead
of the Iteration.

Mode d8llplng ratio of the entire bridge model wJth Menshln bearings was
co.puted by the proportlonal-to-straln-energy da.plng co.putln&, IIethod (Ref.
9). The .ethod Is to estl.ate the duping ratio for each IIOde shape of an
entire structure as the weighted average of damping ratio of each elellent with
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proportion to Its strain energy as

¢/ .K' ¢,
(2)

where hi Is the damping ratio of I-th mode. ~I Is an I-th lIode vector for j-th
structural element, hI Is the damping ratio of j-th element. K.I Is the
stiffness matrix of J-tb element. t/J I Is I-th mode vector. K Is stiffness matrix
of the entire structure and n Is the number of elements.

The model I supported by the LRB was analyzed. Table 2 shows the
fundamental natural period and the DIode damping ratio for the fundamental
natural DIode. Damping ratio of the columns was assumed as 0.2 ~. which was
estImated froll the shaking table test results of the bridge model supported by
the regular flx and roller bearings. It Is seen in Table 2 that difference of the
fundamental n'ltural period and the mode damp:ng ratio between for c " 0.7 and
c " 1.0 Is up to only 1 ~ and 2 ~ at most. respectively. This means that the
fundamental natural perIod and the mode damping ratio are less sensitive on
the coefficient c.

Table 2 Natural Period and Daap~Ratio

(a) Natural Period

LRB HDR
INPUT MOTION

c--0.1 ca l.0 c-0.1 c-1.0

KAIHOKU A 1.04 1.11 0.84 0.88

RECORD B 1.13 1.18 0.90 0.93

HACHIRO-GATA A 1.08 1.14 0.80 0.85

RECORD B L.15 1.20 0.89 0.92

(b) Vlsoous Daaplnl' Ratio

BEARING INPUT MOTION c-0.7 c-l.O

KAIHOKU A 0.149 0.150

RECORD B 0.151 0.152
LRB

HACHIRO-GATA A 0.150 0.151

RECORD B 0.152 0.152

KAIHOKU A 0.111 0.112

RECORD B 0.113 0.114
HDR

HACHIRO-GATA A 0.109 0.111

RECORD B 0.113 0.114
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FIe. 18 compares the predicted and measured deck response acceleration

for the Kalhoku record. The predicted response assuming c = 0.7 and c = 1.0
sufficiently assesses the experimental response, and these two values of c do
not give lIeaningful difference on the response. Table 3 compares the peak
response between the predicted and the measured. Al though the analysis
assulling c "' 1.0 gives a llttle better outcome compared with the analysis
assulIIng c • 0.7, It may be said that the accuracy of both cases are
satisfactory enough In practical sense.
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FIc.18 Deck Response Acceleration for KaJ.boku Record 8
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T.ble:l ColIParlson between EXl)er1Jlental and An.lytlcal
by Equl....lent Linear Analysis

EXPERIMOO SllIlJIATlON

!£NSIll!I PE.41 c• 0.1 C' 1.0
1ti'P~lIlOTION I!ll'UT PEAl DECl PE.JJDECl

BEARING ACCELERATION RESPONSE RESPONSE PEAl DECl PEAl DECK PEAl DECK PEAl DECK
ACCELERATlON DISPLACE.!'m RESPONSE RESPONSE RESPO~SE RESPONSE

(Cl/s2) ACC~O~ nISPLACOC\1 ACCD.ER.&TION DISPLACE!I\E.\'
(ea/51 (u) (ea/ (u) (CI!s1 I.ul

KAllIOIl1 A 273.2 72.5 21.0 10.2 (l.l1l 18.2 (0.17) 10.2 (1.11) 20.6 (0.98)

RECORD B 481.3 101.0 35.& 134.1 (1.33) 36,6 (1.02) 130.4 (1.29l 39.1 \1.09\
LRB

HACBlRO-GATA A 85.1 81.1 26.1 120.0 (1.47) 30.411.16) 111.5 (1.361 31.3 (1.211

RECORD B 115.8 llO.~ U.~ 163.7 (1..49) 41.511.15) 151.3 \1.31) 41.9 (1.16)

KAllIOIl1 A 276.4 124,6 18,6 125.1 (I.OU 17.9 (0.961 llB.6 (0.95) 1&.9(1.02)

RECORD B 484.7 18l.9 33.1 190.9 (1.051 32.2(0.97) 182.2 t1.00) 33.1 (1.00)
BDR

HACllliO-GATA A 83.1 10%.7 14.0 1l2J (1.10\ 14.1 (1.06\ U3.& (1.111 17.0 (1.21\

RECORD B 1ll.S 176.4 30.4 186.2 (1.01) 3U (1.04) 197.3 (1.16) 36.211.19)

AVERAGE OF RATIO (1.211 (l.l5\ (Un lUll

(1Represents Ratio of uper1lental to .\nalYtlcal

ANALmCAL SIMULATION BY BILINEAR ANALYTICAL JlIIODEL

An analysis was also .ade for the model 1 by ideal1zing the nonllnE:ar
hysteretic behavior of the Menshln bearings by a bilinear analytical model. The
Initial stiffness kl. post-yield stiffness k~ and the characteristic load Q are
the basic parameters for deflnlng the bilinear model. As shown in Figs. 17 - 19.
they were estimated frOID the sinusoidal excitation test results presented In
FIC. 4. Empirical equations were derived for k,. k., and Q
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Fig. 20 compares the hysteresis loop thus idealIzed with the bilinear
model and the experimental result. The model remarkably agrees with the
experimental loop.
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It should be however noted here that because the parameters k 1. k;? and Q
depend on the shear deforllaUon of the Menshln beL rings. the Idealization with
the bilinear model has to be made depending on the shear deformation
developed In H.e Menshln bearings. Because a computer program In which the
dlsplacement-Indcpcndent billnear Rlodel Is assumed was used, iteration similar
with the equivalent linear analysis was requIred to determine the most
appropriate shear deformation of the Menshin bearings. Therefore. the
response dIsplacement of the Menshln bearings ue was assumed as

(3)

where C,H.. Is a coefficient (O~ CNL ~ 1.0) and u".",,, Is the peak displacement of a
Menshln bearing developed during excitation. Although It was anticipated from
the preceding analysis by the equivalent linear analysis that the coefficient
Cr IL of 0.1 and 1.0 gives practically small difference. analytical simulation was
made assuming these two values for the coefficient C"L. Similar with the
equivalent linear ana' ysls, the peak response displacement actually developed
In the Menshln bearings during the excitation tests ",'as assigned for u,,, .. ,, In
Eq. (3). and the Iteration was avoIded In the analytical simulation.

The same cases studied as In the equivalent lInear method were analyzed.
To represent energy dIssipation at the columns, Rayleigh dampIng was Included.
Coefficients of Rayleigh damping were determIned so that It gives the mode
damping ratio computed by the proportlonal-to-straln-energy damping
computing method for the first and second vibration modes, I.e.. h,. 0.0 and
h2 -0.02.

FIg. 21 compares the deck response between the analysis and the
experiment. The analysis gives good agreement wIth the experiment. and no
significant difference can been observed between CNL. '" 0.1 and CNL. '" 1.0. Only
slIght dIscrepancy Is the decay of the deck response after the main vibration.
The tests show faster attenuation than the analysis. This Is because the
bilinear hysteresis loop of the Menshln bearing was so adjusted to be
applicable for the larger shear deformation during the main vibration. and Is
not fitting for the smaller deformation after that.

Table .. compares the peak deck response. Defining a ratio of the
predicted and experimental peak deck response. the ratio ranges from 0.9 to
1.1 for CNL. = 1.0, while It scatters widely for CNL. Z 0.7. Based on such
evaluation. CNL. Is proposed to be assigned 1.0.
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(c) DECI RESPONSE ACCELERATION (ASSOMING ~. 7)

(b) DECI RESPONSE ACCELERATION (EXPERIMENTAL)

(e) DECI RESPONSE DISPLAcewn' (EXPERIMENTAL)

(tl DECK RESPONSE DISPLACE)IIEN'I' (ASSUMING e-o.7)
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Table 4 eoaparlson between Exper1aental and Analytical

by Nonlinear Analysis

EXPERlIIEN1 SOOlLATION

resllJN PE.U c·0.7 c·1.0
I.''PL''I' l4OTION lllPIlT PWDECr; PEU DECr;:

BEARING ACCELERATION RESPONSE RESPONSE PWDEC( PWDEC( PEAl DECr; PEAl DECK
ACCELERATION DISPLACEEn' RESP~SE RESPONSE RESPO~SE RESPOSSE

(ea/s2
) ACCEURATIO~ DlSPLArEM.~T ACCEllJl...nO~ DISPL\CN\l

lei/52
) (n) leIIs2

) (n) tells1 (oJ

Mom A 213.2 72.5 21.0 92.2 0.211 25.3 0.201 83.6 (1.15) 25.7(1.221

RECORD B 481.3 101.0 35.& 1IB.3 (W) 43.4 (UI) 102.7(1.02) 4O.W,13)
LRB

KACBJR(H;ATA A as. I al.7 2C.I 123.70,51) 40.3 (1.54) 97.3 (l.19) 34.1 (1,311

RECORD B 115.6 110.2 41.6 148.4 (1.351 GO.7 (1.46) 123.0 (1,12) 53.8 (1.29)

KAmOIU A 27U 124.6 1&.6 12U 0.03) 22.1 (1.19) 116.5 (0.93) 20.7 (1.1ll

RECORD B 484.T 181.9 33.1 1713 (US} 34.4 (1.04) 156.9 (U6) 31.7 (0.96)
HDR

HACillRO-GATA A 83.1 102.7 14.0 95.0 (0.93) 15.6 lUll 93.6 (0.91) 15.4 0.101

RECORD B il\.S 170.4 3D.4 1&9.9ll.1ll 39.3 (1.29) 1&5.3 (1.091 39.1 (1.311

AVERAGE OF RATIO (1.171 (1.25) (1.03) (1.16)

( )Represents Rltlo of ExperiHntal to AnalYtical

ANALYTICAL SIMULATION FOR COLLISION

The stopper of Menshln brIdges has to be properly modeled in Menshln
desIgn since it would cause great impact force to the columns due to collision.
As shown in Fig. 22, the stopper was Ideallzed as a llnear sprIng functioning
only when collision takes place. In the range over the gap space ~ '::. of the
stopper. a spring with the compression stiffness of the rubber Installed on the
stopper resists for further compression. Energy dissipation due to collision
was disregarded In this Idealization (Ref. 10).

Force

(Op.n) (CLose)

ReLative Displacement

Flg.22 Idealization or Stopper
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The width w, height h, thickness t, and young modulus E of the rubber are
40 cm, 20 cm, 7.1 cm and 40.0 kgf/cm:?, respectively. so that the compression
stiffness kc Is obtained as

k.:=Exwxh/t
= 40.0x 40X 20/7.1
= 4,507 kgf/cm

(4)

The deck response of the model 2 supported by the LRB was simulated with
nonlinear dynamic analysis. The l\1enshin bearing was modeled as a bilinear
model. The initial stiffness, post-yield stiffness and characteristic load of the
Menshln bearing were determined by the method proposed In the preceding
chapter. The damping of other structural elements than the :vIenshln bearings Is
taken into account by Rayleigh damping with the same method as described also
in the preceding chapter.

Figs. 23 and 24 compare the deck response acceleration and the response
displacement of the bearing between the analysis and the experiments. The
analysIs can successfully simulate the effect of colllsion. Figs. 25, 26 and 27
show the hysteresis loops between the force transmitted to the columns and the
relative dIsplacement of the bearing. Sudden increase of the force when
collision occurred can be realistically predicted by the analysis, although the
effect of strain hardening of rubber can not be sImulated In the analysis.

Table 5 compares the peak response of the analysis and the experiment.
The accuracy of the analytical predIctIon expressed In terms of a ratio of the
peak predicted response to the peak measured response ranges from o.n to 0.95
for the acceleration and from 1.03 to 1.16 for the dIsplacement. They are quite
suffIcient.

Table 5 eo.parlson between Exper1aental AnalytIcal Deck. Response

EXPERIMENT SIMULATION

GAP SPACE PEAK INPUT PEAK DECK PEAK DECK PEAK DECK PEAK DECK
ACCELERATION RESPONSE RESPONSE RESPONSE RESPONSE

ACCELERATION DISPLACEMENT ACCELERATION DISPLACf)IENT
(ell/52

) (ell/s2') (all) (ell/s2) (D)

No Stopper 751.6 785.8 43.1 744.7 <0.95) 44.5 (l.03)

3 c. 768.6 937.4 39,1 891. 9 (0.95) 44.0 (1.13)

2ca 787,2 1023.1 35.7 936.8 (0.92) 41.4 (1.16)

( ) Represents RatIo of ExperlEDtal to Analytical
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(a) No stopper Is ProvIded

~~8001 ~~! 4000 ~~'I1lll. ..&~1I'11l1",1l1..... • . IIa 0"" ""lij\fhi"""'~f"~' ""Vi""".""•.."........"'/,---------
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(e) Stopper with 2c. Gap .. ProvIded

Flg.23 CoIIparlson between Experlaental and Analytical Deck Response
Acceleration

294



-

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I tit I I j I I I I I t I I I I I I ~ I I SEC)
o 10 20 3D 40 :·0

TIME{SEC)

<a> No stopper Is Provided

...

II II I IIII I II I I Itt I II III I I 1 I I II I I 1'1 I I "1 I. I I I I! I I I

C 10 20 3D 40
TlMEH._

(b) Stopper with 3c. Gap Is Provldl

1111 I II III II III III II lit II II I II III II I I t II III II III I

o 10 20 30 40
TIJlIE(SEC)

(e) Stopper with 2ca Gap Is Provided

Flg.24 eo.parlson between Ezper1llental and Analytical Deck Response
Dlsplaee.ent
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CONCLUSIONS

Response characteristics of two Menshln brIdges were Investigated
through a series of shakIng table tests. The response data of the model bridges
were analyzed by the equivalent llnear and bllinear analysis. The following
conclusions may be deduced from the result presented herein.

1) The stoppers. which can effectively control the excessive relative
displacement between the deck and the column, could develop great impact
forces at the columns. Effect of such impact force needs to be considered in
the Menshin design. The force and the displacement can be assessed by
nonlinear dynamic analysis wIth the model of stoppers functionIng as a lInear
spring only when the collIsIon occurs.

2) Effect of vertical excitatIon Is less sIgnificant to lateral response of the
deck.

3) The response of the Menshln bridge can be successfully simulated by the
equivalent lInear analysis if the equivalent stIffness and the equivalent
damping ratio are appropriately assumed In the analysis. The coefficient c in
Eq. (1) Is proposed to be assigned as 1.0 although the difference of the
response by assuming c = 0.7 is small.

4) The response of the Menshin bridge CRn be successfUlly assessed by
Idealizing the nonlinear hysteretic behavior of the ~enshln bearings with the
bilinear model. The coefficIent CrH.. of 1.0 gIves better result than C"L of 0.7
to determine the Initial stiffness, the post-yield stIffness and the
characteristIc load of the Menshln bearing.
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ABSTRACT

On-line hybrid loading tests (pseudo-dynamic tests) have been used to detennine earthquake response
and resonant response of seismic isolation devices in addition to usual cyclic loading tests. Thus, effective
ness of the seismic isolation system can be evaluated directly in terms of eanhquake response clwacteristics.
High-damping robber (HDR) bearings were tested and have been verified to have energy-absorbing capacity
equivalent to about 11-15% damping ratio of the linear elastic models. Response for shear strain level omder
100% can be modeled with bilinear hysteretic model. Isolation effectiveness in tenns of lower eanhquake en
ergy input and high energy-absorbing capacity is evaluated with calculation of energy partitioning in structural
systems. In addition. the response of the HDR isolators for extreme load conditions has been experimentally
verified in which strain hardening is tapped as an inherent safety measure against excessive deformation.

INTRODUCTION

In recent years, there has been a tremendous amount of interests in using seismic isolation as an
effective and practical approach to eanhquake-resistant design. New isolator techniques and configurations
continue to be developed. For these to be widely accepted for use by the structural engineering profession. their
fundamental engineering properties and their expected behavior during earthquakes should be well established.
Extensive experimental tests are very much needed to study their behavior and provide data for analytical
modeling and design.

Extensive experimental tests on high-damping rubber (HDR) seismic isolators were conducted using
an on-line hybrid computer-aetuaetor experimental system for earthquake response analysis developed at the
Earthquake Engineering Laboratory, Department of Civil Engineering, Kyoto University. Seismic performance
of HDR-supported systems can be evaluated under different earthquake ground motions. Resonant response
under frequency-sweeping sine input excitations can also be determined. In addition. the nonnal procedure
of repeated cyclicl~ test can be conducted using the same testing facility. Thus. the intepued testing
system can test for. (a) fundamental mectwlical properties. (b) resonant response. and (c) earthquake response.
Effectiveness of the isolators is discussed in terms of stJuctulll1 acceleration and displacement response which
is directly connected to design requirements. Earthquake response of equivalent linear elastic models and that
of bilinear hysreretic models are numerically simulated and compared to that of the test results for &:curate
modeling of the isolators. Earthquake input energy and its partitioning in a seismically isolated structure are
calculated to investigate seismic effcets of the isolators in terms of energy concepts. With these ranges of
obtained results. the developed IC*ling system offers a versatile testing system in the early development slaBe.
u well u for final verification and proof tests.

HIGH-DAMPING RUBBER SEISMIC ISOLATORS

A total of four tested HDR is(\lator specimens are presented in this report. Two different robber mixtures
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were used; compound A with target equivalent damping {=15% and compound B with e=10%. Composition
of compLllnd A is shown in Table I and physical properties are given in Table 2.

Geometrically. the specimens are of 2S-em x25-em square in plan. A 3-layer configuration. a 4-layer
configuration. and a 9-layer configuration (Fig. I) were fabricated to determine differences in stiffness and
damping properties due to geometrical effect. All of the specimens tested have the same thickness (t=12mm)
for each single rubber layer. 1be shape factor is then the same (S.f.=5.2) for all specimens. Except for a few
cases when axial loads were differed to check for effect of axial load level on damping ratios and stiffnesses,
the specimens were loaded venically with 40 tonf giving an axial bearing pressure of 64 kg/cm2

.

1--"'-

,tIJ.. .

:1 :--~
A· ·

'"
T

• II
I

• a
I

• I...

Fill:. I Plan and Dimensions of HDR IsolalOr Specimens Tcsled

TEST SET-UP

The test rig shown :.n Fig. 2 is used in this experiment. The specimen is bolted to the underside of the
load-transfer beam and to a rigid platform that is attached to the rails of the strong reaction floor. Different
heights of isolator specimens could be accommodated by insening spacer plates between the specimen and
the test platform. Photo I shows a full view of the set-up of loading system.

Ma. 2 . Specimen is uc,.)ly Di,plKed. While SustAinin& UI Axial LoId

For senera1 applications to testing of Stnlc:tural components. the load-transfer beam can be commanded
to displac:ed the specimen in three de~s of freedom {lateral 6r • venical 6.". anC rotational (J~). For the
present teSl cues. the lold-uansfer beam is controlled to impose horizontal displacements while maintaining.
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constant allialload on the isolator specimen. The actuator for horizontal molion (labeled no. I) has a maximum
stroke of ±125 mm and maximum load capacity of 40 lonf, Each of the venical actuators (no. 2 and no. 3)
has load capacity of 40 tonf.

Photo 1 Setup foe Testing Seismic Iwlarort

A computer that can be highly programmed to control inslrumentations is used 10: (I) comrol the load
actuators; (2) receive feedback forces; (3) do dynamic struetural analysis in on-line hybrid tests; and (4) do
other data acquisition and recording functions. Digital displacement connol values are sent to a digital-to
analog converters (DAC). while analog feedback signals are received through an analog-to-digital convener
(ADC). TIming t>arameters are set within the connol program to operate the loading system at the desired
loading rate.

Phoco 2 A HDR Seismic: IsollUll'S IIllCIer Ttll
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Table 1 Composition (by Weight) cI
Rubber Compound A Used

components A

Table 2 Physical Ptopenics cI
Rubber Compound A Used

property

natural rubber components 58.6%
strengthening agents 29.3%
plasticizers and accelerators 2.0%
age resistors and others 10.0%

hardness (JIS K 6301 Type-A duromeler) 64
statiC elastic shear modulus (kgf/cm") 10
tensile strength (kgf/cm") 164
elongation at break (%) 510

TEST PROGRAMS

The specimens were tested for: (a) fundamental mechanical properties, (b) resonant response. and
(c) earthquake response. The test programs are described in the following.

Cyclic Loading Tests Cyclic loading tests are the most common standard tests for determining mechanical
properties of the isolators. These are usually done to evaluate lateral stiffness and equivalent damping ratios
of the isolators. In this experiment, the main cyclic loading tests were done first up to 150% shear strain
and finally up to 200% shear strain (Fig. 4). Besides the two main cyclic loading testS (QS ISO and QS2(0).
cyclic loading tests at different levels of axial loads and coostant amplitude sinusoidal tests at different loading
speeds dooe on a few specimens to check effects on lateral stiffnesses and hysteretic behavior.

On-line Hybrid Tests for Earthquake Res~se On-line hybrid test (pseudo-dynamic test) i:: a computer·
controlled expenmentaI technique in whicdirect numerical time integration is used to Sl'lvc the equations
of motion. The computed displacement at each step is statically imposed on a specimen through a computer
controlJed load actuators in order to measure its restoring forces at the current deformation slate. The measured
restoring forces are then fed into the equations of motim to compute the next set of displacements. lbe
development, current activities and future prospects of on-line hybrid test methoos have beer. reported by
lemura (1985], Takanashi and Nakashima (1987], and Mahin et at [1989].

On-line hybrid tests were conducted on
the HDR isolators in order to determine
earthquake response of a seismically-isolated
structure. It is to be noted that natural Nhber
component is used in these specimens and
in most currently used laminated bearings.
For natural rubber, dynamic stiffness does
not vary much with temperarure and fre
quency [Derham and Thomas 1980]. Hence,
the specimens are suitable for on·line hy
brid tests. A few cyclic loadings tests under
different loading speeds were done to verify
the insignificant effects of loading speed on
the mechanical properties of the tested spec
imens.

II can be assumed in this very preliminary
stage that the isolated superstructure would
move as a rigid body. More refined an
alytical modeling of the superstructure can
be implemented in a substJuctured on-line
hybrid test. The structure is modeled as
a single-degRC-of-freedom (Soof) system
with a natural period of 2 seconds. For this
relatively flexible SooF system, numerical
stability of explicit form of direct integra
tion schemes poses no special problem. The
central difference scheme is found sufficient
for this experiment.

~__--I ' ••• 11

...

Ft•. 3 On-line Hybrid Test Procecltre for Elnhqlllke Response
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For a nonlinear SOOF syslem, the equation of motion for on-line hybrid lesl is expressed as follows:

(1)

where m,c : IIU'~S and damping of the SDOF system; x"x"i t : displacement, velocity, and acceleration.
respectively, at time t; Pt : equivalent load due to ground acceleration; and (ft)Ul't : restoring force of the
isolator at time t due to displacement Z I measured directly from a loaded specimen by an on-line computer.
Using the velocily and acceleration approximation based on the central difference scheme and substituting
these exptessions into the equation of motion above and solving for ZI+~t

(2)

Effectiveness of seismic isolators an: very much dependent on the characteristics of the input earthquake
motion and the supported strUctures. 1Wo representative types of earthquake records are used These are:
(a) the NS<omponent of the EI Centro record during the 1940 Imperial Valley Eanhquake (Fig. 6); and (b)
the NS<omponent of the Hachinohe record during the 1968 Tokachi-olti Earthquake (Fig. i). These records
are scaled to evaluate isolator petfonnance at differenl range; i.e., 100% strain for ideal bilinear behavior and
150% suain for assumed overload range.

On-line Hybrid Sweep Test In order to check for resonance, a model is usually subjected to sweeping
mquency sine input in a 5haking-table test. This can also be implemented in an on-line hybrid test. A typical
sweeping-frequency sine inpUI is shown in Fig. 5. 'The first sine wave has a frequency of 0.2 cps or period of
T =55. The period is then reduced by an decrement of 02s until T =3s. Between T =3s and T =Is, the
period of the sine wave is decrement by a smaller interval of O.ls to give bener detail to the resonant range.
Finally, period is decremented again by 0.2s after T = Is. In this experiment, the final period used was 0.65.
The input sine waves are discretized at 0.02s, the same integration time step used in the tests. The constant
amplitude level is scaled to give response within some desired ranges. c.g., at 100% strain and 150% strain.

-~
: :! r" , i-'" .

i~==~
--I - ~ ~ - -_...-

Rio 4 DispillCe1llent Histor)' forRc~ Cyclic Lorodinl
Test (QS200) of HDR-A(4)

n~. , . ,. . . .--Fi•. 6 Inpul £1 Ccnvo l!anllquake Reccrd
(A..._ = 0.101) for HEIOO rA HDR-A(4)

...
J . ,
I"
i ..
i··.
L.

• •• ..
Fig. 5 Input Ft'equcllCy·Sweepinl Sine Ground Excitation
for HS100 of HOR-A(4)

,..-
Fil. 7 Input Hachinohe Eanhquakc R«oId
(A..... =D.IO&) for HHlOO of HDR-A(4)
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TEST RESULTS AND ANALYSIS

Only the results of one specimen will be presented in detail to illustrate the features of the loading system
developed. Specimen HDR-A(4) is a four-layer steel-reinforced high-damping (e = 15% nominal) rubber
seismic isolator (Photo 2). The specimen was subjected to the following sequence of loading programs:

• Cyclic loading up to 150% shear strain QS150
• El Centro record for 100% shear strain HE100
• Hachinohe record for 100% shear strain HH100
• sweeping-sine excitation for 50% shear strain HS050
• sweeping-sine excitation for 100% shear strain HSIOO
• sweeping-sine excitation for 120% shear strain HS 120
• swt'.eping-sine excitation for 150% shear strain HSI50
• and finally, to cyclic loading up to 200% shear strain QS200.

Static Cyclic Loading Tests In this experiment. the main cyclic loading tests were done first up to 150%
Shear stram and iinatly up to 200% shear strain (Fig. 4) in the last sequence of the testing program. The
specimen was first subjected to the cyclic loading program QS150 to evaluate static cyclic behavior. The
displacement loading history consists of cyclic displacements of ±25%, ±50%, ... , ± 150% shear strain (i.e.•
proportional to specimen height) at two repetitions of each cycle. Fig. 8 shows the hysteretic cyclic behavior.
Comparing the curves traced by the two repetitions at each cycle shows stable hy,;leretic behavior for the
specimen. Material hardening can be observed to have been starting to commence at about 125% for this
specimen.

10.

·10.

·20 ~~ ~.....
·1(10. ·50. O. SO. '00

DISPlACeMeNT (mm)

Fig. 8 HysleRtic Belllvi\X of HDR-A(4) under Repeated
Cyclic Loadina Tests (Q515O)

·10. I-f"~"·".".·"".,,,,,·.· ... ·· ..... i ........·.. -t

·so. o. so. '00.
DISPLACeMENT (mm)

Fig. 9 Hysteretic Behavior of HDR-A(4) under Repealed
Cyclic Loading Tests (QSl50)

After being subjected to different earthquake and sweep excitations. the specimen HDR-A(4) was finally
subjected to cyclic loading up to 200% shear strain (±96 mm). Fig. 9 shows the hysteretic cyclic behavior.
Comparing the two hysteresis curves in Figs. 8 and 9, there is not much degradation in the mechanical
properties of the specimen even after the previous tests.

Fig. 100a) shows the lateral stiffnesses against shear strain for three-. four-, and nine-layer HDR-A
isolators. Fig. 1O(b) shows the equivalent viscous damping ratio against shear strain for the same set of three-.
four-, and nine-layer HDR15-A isolators. Equivalent damping ratios are not much affected by the number of
layers for three spec:imcns tested. However. differences in lateral stiffnesses are very much significant between
the three specimens of different heights. A more extensive coverage of this plOl through testing of more sets
of specimens will constitute an important data base for structural design, i.e.• specifyin:; a set of isolators
giving appropriate flexibility to the total structural system. It can also be observed from Fig. 100a) that strain
hardening effects are initiated earlier (at about 75% for HDR-A(3) and at about 125% for HDR-A(4» and
stiffer in the shorter specimens.

Effects of axial bearing pressure on lateral stiffnesses and damping ratios were also tested and confinncd
using the 1000ing system. For shear strain of 100"". Fig. II (a) shows the effect of axial bearing pressure on
lateral stiffnesses, while Fig. ll(b) shows the effect on damping ratios. The level of axial load (or the axial
bearing pressure) is an important factor in both the stiffness and damping propenies of an isolator.
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In Fig. 11(a), it can be observed that lateral stiffnesses are reduced with higher axial bearing pressure.
1be reductions in lateral stiffnesses for the same percentage of shear strain are also higher in the more
compressed cases. On the other hand. equivalent damping capacities as shown in Fig. ll(b) are higher in
specimens subjected to higher axial bearing pressure. However, the reductions in damping capacities for the
same percentage of shear strain are not significantly higher for the higher levels of axial bearing pressures.
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From the plot of Fig. 11(8). it can be observed that strain hardening effects are initiated at 'Y=8QlJ, and
stiffer for the specimen subjected to higher axial bearing pressure. Going back to the plot of Fig. 100a). it has
been mentioned earlier that strain-banJening effects are initiated earlier and stiffer in the shorter specimens
than the taller specimens. 1bcse are important considerations if strain-hardening property is to be tapped lIS

an extra measure against excessive displacements upon reaching the assumed overload range (say. more than
I~ shear strain).

On-line Hybrid Tests for=t Rcs~ Performance of the HDR isolator under the two eartbquake
grouna motion input 15~ maxunum displacement corresponding 10 1~ shear strain. For the
EI Cenuo earthquake. the earthquake record was scaled to have maximum acceleration of O.lg (Fig. 6).
Displacement and acceleration time histories are shown in Fig. 12. Hysteretic loed-deformation behavior of
the isoI8tor is shown in Fig. 12(8). Also shown in the same set of plots are the response of an equivalent
viscously-damped linear elastic model giving the same level of maximum displacement. It can be said that the
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HDR-isolator system has an equivalent viscous damping ratio of 15%. Response of an approximate bilinear
model is given in Fig. 13. Overall, good correlations are obtained within loo<k shear strain for rcsp<lIl5e under
El Centro excitation.
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For the HKbinohe eanhquake, the earthquake record was scaled to have maximum acceleralion of
0.069 (Fig. 7.). Hysteretic load-deformation behaviar of !he isolator is shown ir Fig. 14(a). Displacement and
acceler.u.on time histories are shown in Fig. 14(b) and (c).
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Also shown in the same set of plots are the response of an equivalent viscously-damped lincIr elastic
model giving the same level of maximum displacement. It can be said that the HDR-isolator system has an
equivalent viscous damping ratio of II %. Response of an approximate bilinear model is given in Figs. 1S(b)
and (c). Overall. good correlations are also obtained within 100% shear sttain under the Hachinohc eanhquake
input.
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On-line Hybrid Sw~'lau For this puticular specimen. four resonant-response tests using ftequency
swept SIDeInput grOU exiwion were conducted. Thking the case of HS100. hysteresis is given by Fig. l6(a)
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The dispacement response is compared to the response of an equivalent vlscously-damped linear elastic model
giving the same level of maximum displacement as shown in Fig. 16(b). It can be said that the HDR-isolator
system has an equivalent viscous damping ratio of II%. Response of an approximate bilinear model is given
in Fig. 17. Overall. good correlations are also obtained.
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In the previous response tests. the input earthquakes were scaled such that the isolator would behave
within the %100% shear displacement range. Based on the comparisons of on-line hybrid response with the
bilinear response. it can be stated with confidence that the isolator behavior shows ideal bilinear approximation
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within the ±100% shear displacement range. Due to its simplicity. structural designers would prefer to have the
isolators behave within this displacement range during moderate eanhquakes. However, due to the possibility
of the occurrence of strong earthquakes, the behavior of the isolators into the overload range (taken as ±150%
in this case) should be property tested and taken into consideration in the design of fail-safe devices such as
stoppers or restraints.

For the purpose of establishing the response behavior of the isolator into the overload range, the maxi
mum acceleration amplitude of the input sweeping excitation is laken at 15. gal giving maximum displacement
response of about ±150% range. Hysteresis for the case HS 1SO is given by Fig. 18(a). It can be observed
in the hysteresis that strain hardening is induced at about ±60. mm. The dispacement response is compared
to the response of an equivalent Viscously-damped linear elastic model giving the same level of maximum
displacement as shown in Fig. 18(b). It can be said that the HDR-isolator system has an equivalent viscous
damping ratio of 9%.

In order to study the effect of the strain hardening on the response of an isolated system. the on-line
hybrid response is compared with the bilinear response analysis. Response of an approximate bilinear model is
given in Fig. 19. From the comparison. it can be observed in Fig. 19(a) that strain hardening has the effect of
limiting excessive displacements during the overload range of the isolator. In addition. no significant increase
in acceleration response is induced by the strain hardening effect comparing the on-line hybrid response with
the bilinear response. as can be observed in Fig. 19(c).

It is important to conduct extensive testing on the isolator behavior during the overload range for the
purpose of modeling if the advantage of strain hardening effect is to be tapped as a fail-safe system. Using the
developed loading system under which cyclic loading tests and on-line hybrid tests for earthquake response can
be conducted, mechanical propenies and response behavior of isolators under large loads and displacements
can be tested and observed.
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Eanhquake Ene?t Panitioning in Seismic·lsolated System Two most essential requirements of a seismic
isolator are: (l onzontal ftexlbility to decouple or detune the structure from the: destructive horizontal
ground motions, which in effect reduces the seismic loads transferred to the superstructures; and (2) adequate
energy-absorbing or damping capacity to limit excessive translational displacements due to the flexibility.

To investigate the functions of seismic isolators from the energy point of view, eanhquaKe input energy
and its partitioning in seismic-isolated structures are calculated and compared with linear elastic stroetures
with flexibilityand/or damping characteristics. Integrating the equation of motion of a simple strUcture from
time 0 to f o• the following energy equation is obtained.

(3)

'The above energy equation can be simply rewrinen as

(4)

where WK : kinetic eI1CIIY at t =to; We: viscous damping energy from t =0 to to; WE : strain energy at
t = to; WH : hysteretic absorbed energy from t =0 to t; Er ; loW input earthquake energy to a structure
from t ,-: 0 to to.

Using the above energy expressions. energy panitioning in the tested SU\1ClUral model with the HDR
isolator subjected to the EI Centro earthquake is plotted in Fig. 2O(a). It is clearly observed that most of the
earthquake input energy is absorbed by hysteretic behavior of the isolator. Consequemly. the kinetic energy
and viscous damping energy are suppressed to small values.

Similar compuwioo of eanhquake energy panitioning is done for the following three linear elastic
SUUCIUlCS: (l) a stiff JightJy-damped structure (T:::O.Ss. e=3CJ1); (2) a flexible Jightly-damped structure (T-2.0s.
e=3CJ1); (3) a ~tiff higbly-damped struCture (T=O.Ss. (=ISCJ1). Results are given in Figs. 2O(b), (c), and (d).
Comparing the re~ults. the following can be observed:

• For the ftexible lightly-damped struetu~ in Fig. 20(c), the unetic and strain energy shows very high
values resulting from high dyrwnic oscillation. However. the tOlal input energy is a linle lower than
those of stiff systems. 310



• In stiff s1J'\lctures. the earthquake input energy is found similar for both the light damping system and
the high damping system. except that large fluetation of the kinetic energy in the fonner case.
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Similar computation of energy partitioning for the seismic-isolated s1J'\leture and the linear elastic SlNe
lureS subjected to the HKhinohc NS (1968) Eanhquake. Results are plotted in Fig. 21. Because of the large
amount of inherent damping possescd by the HDR isolator, most of the earthquake input ellClBY is abosrbed
by hyste~tic damping. However. it should be well noted that the earthquake input energy is signiticantly
increased compared to those of stiff structures. This is due to the amplification effects due to ~sonance of the
assumed flexible stnlCtures (T=2.0s) with the predominant period of around 2.05 of the Hachinohe Earthquake.

Funber Coosidclllims In the tests conduc:ted so far. the load-transfer beam of the set-up was controlled
to impose lateral displKcments on the installed isolator specimen without rowion. This constitute the usual
boundary conditim for desirable isolator performance. However. in actual situations. rtUticnal 5uains miaht
be induced due to possibility of bearing uplift. Nat much studies have been dooe on this. althoup it has been
noted tbal rotational mains have very significant influences on bearing behavior. Tests are impoRlnt in order
to understand this behavior and in order to device means to prevent them. 1be set-up developed is capable of
testing for bearing uplifts since it has been designed 10 impose axial. lateral, and rotational defonnations on a
specimen.
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It has been shown thai axial loads have very significant effects on lateral stiffness and damping propenies.
Axial loads 00 isolators may vary during a strong eanhquake due to tendency of uplifts espec;ially in exterior
columns of frame slNCtures and also due to POWlding from venical accelerations. Testin& for this behavior
would involve JIIOdeling the whole structure. A subsuuetured on-line hybrid procedure has been developed
into which the bridge superstroeture and substructure are modeled analytically while the restoring force of the
isolation system is directly measured from a tested specimen.

Most recently, a substructured hybrid loading system for MOOF SlnJCtures with seismic isolators has
been developed. In the substructured loading test, the isolator elements are taken as experimental substructures
and are tested. This test provides a proof test of the effectiveness of the isolator for a spec:ific application. After
me ~cnfication tests of the HDR isolators preesnted above. the second phase of the test program on the HDR
isolators includes subsuuctured hybrid loading lest of the isolator for inelastic eanhquake response of a MOOF
bridge structural model.

312



-
CONCLUSIONS

Extensive tests have been conducted on the developed high-damping Nbber seismic isolator bearings
to establish the mechanical propenies, as well as on response characteristics during earthquakes and resonant
conditions. 1be following conclusions can be stated;

• The new on-line hybrid loading system for earthquake response using three actuators is developed. The
system is an ideal and versatile ellperimental system to verify earthquake behavior of seismic isolators.
Most recently, the performance of a MDOF structure with seismic isolation devices can be determined
and verified by the newly developed substructured hybrid loading system.

• The HDR seismic isolators were first tested with the usual cyclic loading test. It has been confirmed that
the HDR isolators behave as bilinear elements without strain hardening when shear strain is below 100%.
Equivalent stiffness and damping decreases with increasing strain. Also. lateral stiffness decreases but
damping increases with increasing uial bear'.ng pressure.

• HDR bearings subjected to sweeping sine input acceleration with constant amplitude were tested by the
on-line hybrid system. From these tests. resonant response of a 2.sec SooF HDR system was obtained
and has been found to possess sufficient damping to suppress excessive amplification. The beneficial
effect of strain hardening at the overload range of 150% shear strain is verified to have controlled
excessive displacement.

• The HDR bearings were tested for earthquake response under both the EI Centro Earthquake and
the Hachinohe Earthquake. Under EI Centro earthquake, equivalent damping of about 15% has been
observed for strain below 100%, the same level obtained from static tests. However, equivalent damping
of only 11% was observed when subjected to the Hachinohe earthquake which contains long-period
waves. The simple procedure of using equivalent viscous damping ratio in linear elastic analysis should
be used cautiously since the effectiveness of seismic isolation is very much dependent on the input
earthquake ground motion.

• In addition to the displacement and acceleration response time histories, seismic effectiveness is evaluated
for the tested HDR bearings in tenns of energy input earthquake energy and hysteretic damping energy.
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ACTIVE CONTROL FOR BRIOOE APPLICATIONS

• CASE STUDIES -

T.T. Soong

Department of Civil Engineering
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Buffalo, New York 14260

ABSTRACT

Active control R:search for structures againsllarge environmental loads has received considerable
attention in recent years. Large-scale laboratory experimentation and the development of full
scale active protective systems have taken place in the area of building structures. For bridge
applications, however, the feasibility ofusing active control has been limited to swdies ofanalytical
and simulation nature. In this paper, three case studies of active bridge control are summarized in
order to provide added impetus to conducting more in-depth studies of active control as a possible
protective systems principle for bridges against earthquakes and other environmental loads.

INTRODUCTION AND BASIC PRINCIPLES

The possible use of active control systems as a means of structural protection against seismic
loads has received considerable attention in recent years. It has now reached the stage wheR:
active systems have been installed in full-scale structures [1]. While the applications of active
protective systems have so far been directed tob~structures, the principle ofactive control is
equally applicable to other types of structures. For bridge applications. several studies have been
performed and it is the purpose of this paper to summarize the results of three case studies in order
to stimulate further studies of active systems as possible seismic protective systems for bridges.

In terms of basic ~ples, an active structural control system bas the basic configuration as
shown schematically 1ft Fig. 1. It consists of <a> sensors located about the structure to measure
either external excitations, or struaural response variables, or both; (b) devic::es to process the
measURd information and to compute necessary control forces needed based on a given control
algorithm; and (c) actuators, usually powe~ by external eocrgy sources, to produce the Rquired
forces. When only the structural response variables are measured, the control configuration is
refemd to as closed-loop control since the strueturaI response is continually monitored aDd this
information is used to make continual COI'I'CCtions to the applied control forces. An o~,.-loop

corurol JeSults when the control forces are regulated only by the measured excitations. In the
case where the information on both the response quantities and excitation are utilized for conuol
desiJR, the term oPfra-closed loop control is used.

To see the effect of applying such conuol forces to a structure UDder ideal conditions, consider
a structure modeled by an n-depe-of-freedom lumped mass-spring-dasbpot system. The nwrix
equation of motion of the structural systeM can be written as

Mi(t) ... C:i:(t) ... KK(t) = Du(t) + Ef(t) (1)
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where, M, C and K are the n x n mass, damping and stiffness matrices, respectively, x(f) is
the n-dimensional displacement vector, the r-vector f(f) represents the applied load or external
excitation, and the m-vector u is the applied control force vector. The n x m matrix D and the n x r
matrix E define the locations of the control force vector and tht excitation, respectively.

Suppose that the open-closed loop configuration is used in which the control force u(f) is
designed to be a linear function of the measured displacement vector x(f), the velocity vector it(f)
and the excitation (f). The control force vector takes the form

(2)

where Kit Cit and E 1 are respective control gains which can be time-dependent.

The substitution of equation (2) into equation (1) yields

Mi(f) + (C - DCdx(f) + (K - DKdx(f) = (E + DEdf(f) (3)

Comparing equation (3) with equation (I) in the absence of control, it is seen that the effect of
open-closed loop control is to modify the structural parameters (stiffness and damping) so that it
can respond more favorably to the external excitation. The effect of the open-loop component is a
modification (reduction or total elimination) of the excitation.

It is seen that the concept of active control is immediately appealing and exciting. On the
one hand, it is capable of modifying properties of a structure in such a way as to react to external
excitations in the most favorable manner. On the other hand, direct reduction of the level of
excitation transmitted to the structure is also possible through active control.

The choice of the control gain matrices K I, c I , and E1 in equation (2) depends on the control
algorithm selected. A number ofcontrol strategies for structural applications have been developed,
some of which are based on the classical optimal control theory and some are proposed for rr.ceting
specific structural performance requirements. The reader is referred to [I) for discussions of some
commonly used structural control algorithms.

CASE STUDIES

A number of feasibility studies using active control principles in strengthening existing bridges
or in leading to more efficient designs have been carried out. In what follows, three such studies
are summarized which may stimulate more in-depth studies of using active protective systems for
bridges against large environmental loads.

A Cable-stayed Bridge [2,3) A cable-stayed bridge is considered in this case stud)' where active
control is used to increase its critical speed, thus enhancing its aerodynamic stability. As shown
in Fig. 2, cable-stayed bridges are ideal for active control implementation since their existing
suspension cables can be used as active tendons to which active feedback control systems are
attached.

For the purpose of this feasibility study, the structural model is the Sitka Harbor bridge at Sitka,
Alaska. Design information on this cable-stayed bridge provided in [2,3) gives the fundamental
natural frequency in flexure Wfl =5.083 radlsec, the fundamental natural frequency in rotation
wJ =8.589 radlsec, and the critical wind speed fer = 155.5 mph (69.52 mls). For simplicity, the
critical wind speed is considered here as the performance criterion. Wmd speeds higher than the
critical will cause aerodynamic instability in the bridge.
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(4)

-

It is of interest to ask whether the critical speed can be si,-ni6cantly increased when the existing
suspension cables operate in an active mode. As a possible configuration for active tendons.
the bridge cables can be connected to elecuohydraulic servomechanisms located at the points of
anchorage. One transducer is installed at each anchorage point to sense the motion at that point.
The sensed motion. in the form of electric voltage. is used to regulate the motion of a bydraulic
ram, thus generating the required conttol force in each cable. For this configuration, the ram
displacement 8(t) is related to the feedback voltage II(t) by

. R1II(t)
a(t) + R1a(t) =-R-

where R1 = the loop gain; and R = the feedback gain of the servomechanisms. The feedback
voltage lI(t) is in tum proportional to the sensed motion. Suppose that the sensed motion is the
flexure velocity ';'(t) at the anchorage. We then have

lI(t) =ptiI(t)

Let the two nondimensional conuol parameters be defined by

(5)

and (6)

The critical speed ill for the actively controlled strueture thus becomes a function of £ and r; the
results are shown in Fig. 3. The case of £ = 0 corresponds to the passive structure. It is observed
that the value of UI increases as e and T increase, and this increase can be rather dramatic when
certain values of e and T are chosen. Indeed, the critical wind speed for the actively controlled
structure can be raised to any desirable level provided that the required control forces are realizable.

It is also shown that the power required for the active control system in order to increase the
critical speed is quite modest [3]. Thus, the required capacity of the servomechanism is small and
feasible for practical application.

A PlpeliDe SuspeDSion BricI&e [4] The purpose of this case study is to provide necessary flexural
and torsional stiffness to the girder of a large pipeline suspension bridge, as sbown in Fig. 4, by
the addition of an active stay system. Structures designed to carry low working loads such as a
pipeline suspension bridge must be adequately weighed or stiffened in order to withstand large
dynamic loads. An active control system for the oscillations of this type ofstr1JCtlJle, and in general
for very slender and light bridge structures may have the following advantages:

• eliminating, or at least reducing, the projected limitations imposed by dynamic effects,

• providing a general control system for oscillations induced by various causes: vortex shedding,
buffeting, Butter, crowd action on pedestrian bridges, etc.,

• providing a control system applicable to existing structures with a minimum of intervention.

For practical application of the active control to bridges~, it is necessary to resolve
first the problem of ensuring the functioning of the control devices (if possible independently
from an energy network) and of minimizing the size of the force applied. A number of control
str'ldegies were considered in this feasibility study. Tbe system depicted in Fig. S was chosen as
the most efficient which, however, requires the pre-stressing of the control tendons with the aim of
providing the structure with both positive and negative control forces.
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Figures 6(a) and 6(b) show the control results with respect to the first bending mode and the
first torsional mode, respectively, together with requiJ'ed control forces. 1\\'0 conclusions can be
drawn from this study. Firstly, the peak control forces are again shown to be within practical
limits. They largely depend on the strategy adopted and become most economical for early control
intervention. Secondly, the energy required also depends on the time interval programmed to
reduce oscillations to the prescribed values.

A Simple-span UtiUty Bridge [5,6] This feasibility study addresses a broader issue of opti
mization of an actively controlled structure. The basic question to be answered here is whether
substantial changes in structural configuration can be realized by allowing some members of a
structure to become active. The fonnulation of this problem is more complex than that outlined in
Section I since the structural parameters together with control parameters must be simultaneously
optimized. As shown in [5,6], a system of nonlinear equations must be solved in this case.

The utility bridge in this case study is modeled as a king-post beam as shown in Fig. 7. The
two king-posts, serving as active members, are located along the beam and are capable of applying
point forces directly to the beam. Sufficient pre-tensioning of the cables is assumed to allow both
upward and downward control forces. A moving load of constant magnitude P(z) and velocity
V(t) is applied to the beam.

This feasibility study is investigated through a number of different cases. Specifically, the
following four cases are identified.

Case 1. Passive Structure. The only design parameter considered is the beam width 6,
subjected to the simple bounds: 0.10 in. (2.254 em) :5 6 :5 10.0 in. (25.4 em).

Case Z. Two active members (i.e.. king-posts) located at z/L =0.30 and 0.70, as well as the
beam width. are the design variables. The two active members are capable of generating both up
and down control forces. No bounds are imposed on the magnitude of the control forces. The
bounds on 6are the same as in Case 1.

Case 3. Identical to Case 2 except that, along with the two active members and the width,
the locations of the two active members are also considered as design variables, Hence five design
variables are considered with the bounds on the active member locations of: zlL =0.0 ~ XL :5
1.00; zlL =0.0 :5 X R:5 1.00, which force the two locations, XL for the left member and X R for the
right, to be along the beam.

Case 4. In this variation, the effect of allowing the two active members to change position
with tiIM is considered. The simple bounds are identical to those of Case 3. Note that while tItis is
a logical extension of the active structure concept. the realization of such a "fully" active structure
may be difficult

The solution to these four cases is obtained using a simultaneous search procedure. The results
for each are summarized in Table 1. The quantities listed in Table I are the performance index
(PI), the beam width (6), the maximum centerline deftection of the beam (",-), the maximum
control force (urn..:>. and the active member location (XL and X R). Comparison of the centerline
displacement response and required control force in the left king-post is shown in Figs. 8 and 9,
respectively. Also, the moving locations of the two king-posts for Case 4 are illustrated in Figs.
lOand 11.

It is seen from Table 1and Figs. 8 and 9 that Case 4, with a PI of 93.96, represents the optimum
configuration of the king-post beam. This is expected since this cue has the highest capBcity to
act as an active structure.
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CONCLUDING REMARKS

The: case studies presented above are intended to demonstrate the possible use of active systems
for bridge protection against large environmental loads or for more efficient strUetura1 design.
Certain types of bridges, particularly suspension bridges, are shown to be good candidates for
active control implementation since existing structural members can be augmented to provide
active control capabilities.

As mentioned in Section I, considerable progress in terms of full-scale active control system
development has been made in the area of building structures. It is hoped that these successes
together with encouraging results obtained in these case studies will provide added impetus to
conducting more indepth studies of active control for bridge applications.
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Abstract
This study deals with a hybrid isolation system using friction control1a.ble sliding bearings

Pl. During ea.rthquakes, this isolation system controls the friction force on the sliding interface
between the structure and the ground to confine the sliding displacement within an acceptable
range, while keeping the transfer of seismic force to a minimum. This is the advantage of the hybrid
sliding isolation system tha.t can not be duplicated by the passive sliding system. Instantaneous
optimal control and bang- bang control algorithms a.re developed for controlling the friction force.
Sbking table tests are performed using a bridge model equipped with such a hybrid isolation
system. Computer simulations show good agreement with the experimental results, demonstrating
the effectiveness of the hybrid sliding control system and the feasibility of its applications for
bridges.

'On leave from Princeton University
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1 Introduction

The sliding isolation system is beginning to find its applications in civil engineering structures
having the advantage that its isolation performance is not influenced by the frequency content of
ground excitation. The sliding isolation system, however, has some limitations in its capability; It
is not necessarily efficient for small to medium earthquakes, and tends to suffer from a large sliding
displacement during large earthquakes.

The objective of this research then is (1) to physically develop a hybrid isolation system using
friction controllable sliding bearings, and (2) to experimentally demonstrate that such a hybrid
isolation system can indeed control the friction force on the interface between the structure and
the ground to confine the sliding displacement in an acceptable range, and at the same time, to
minimize the transfer of seismic force to the structure.

Instantaneous optimal control and bang-bang control algorithms are developed for controlling
such an isolation system. These algorithms are relatively simple and yet robust for on-line control
operations, and they effectively achieve the objective mentioned a.bove.

A model bridge structure equipped with the sliding isolation system is constructed, and shaking
table tests are conducted under earthquakes of various intensities. Both experimental and analytical
studies demonstrate the advantage of the proposed hybrid isolation system.

2 Hybrid Isolation System

The hybrid isolation system using friction controllable bearings is conceptually depicted in Fig.
1, where a bridge structure is shown to be resting on the bearings. Each bearing has a fluid chamber
which is connected to a pressure control system composed of a computer, a servo amplifier, a servo
valve and a pump. The friction on the interface between the bearing and the ground is controlled
by adjusting the fluid pressure in the chamber. The control of the fluid pressure is based on the
observed structural response such as acceleration and sliding displacement. As shown in the section
view in Fig. 2, the bearing is of disk shape with the fluid chamber inside which is sealed by an
O-ring around the circular perimeter just inside the sliding interface.

3 Control Algorithms

3.1 Analytical Model

The motion of a girder bridge in its axial direction is considered for analysis and experiment.
The friction controllable bearings are installed between the girder and piers. Considering the pie"
to be rigid, the bridge can be modeled as 8. rigid mass with 8. single degree of freedom u .hown
in Fig. 3. The equations of motion of the bridge in the longitudinal direction under eartbquake
excitation can then be written as follows.

324



Displacement Sensor

Pressure Sensor

Accelerometer

~ii!a-~~::IF--IllliBl:j....lof~
I

rp7:"J. I I Cant rol
B••ring ~ I I I Deviee

I I I
Restorinll I I I C?ntrol
Force Device l I I gSlinalI I L_

I L___ C
I omputer
'--------

Figure 1: System Concept

Fluid PipeSeal

. . . . . Fluid·:-: :-:-:-:.:-:-:-:-:-: -:.' :-

.' ' ' .... ""-~.. . . . Steel Plate .'.................~. Fluid .

.' :. :. :. :.:. :.: .. '.' 'Pressure ..:.:.:.:.:.:.:.:.:.:.:.: '.' .

Figure 2: Friction Controllable Sliding Bearing

325



I

i
Figure 3: Analytical Model

1. Sticking - Phase I
± =0, x = canst.

2. Sliding - Phase II
x=-z-fsgn(x), f=l-Ik9

3. Changing Condition (Phase I --+ Phase II)

Izi > P. 9

4. Changing Condition (Phase II -- Phase I)

x=0, Ii + oil $ II. 9

where

x: sliding displacement of mass relative to ground
z: input earthquake acc1eration
P.: static coefficient of friction
Ilk: kinetic coefficient of friction

(1)

(2)

(3)

(4 )

The dynamic characteristics of the pressure control system is assumed to follow the first order
time delay model:

where

Tpt p =u

p: pressure in bearing chamber
U: pressure control signal
T: time constant

(5)

The relationship between the pressure p in the fluid chamber and the friction force J on the sliding
interface is idealized by a linear equation:

where tl and C2 are constants.
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3.2 Bang-Bang Control

Bang-bang control approach provides a simple and yet often effective algorithm. The particular
algorithm used in this study facilitates the following control: When the sliding displacement and
velocity of the mass are in the same direction, the pressure control signal ult) will be decreased
to a minimum value Um;n to increase the friction force. On the other ha.nd, when the sliding
displacement a.nd velocity are in the opposite direction, the pressure control signal will be increased
to a maximum value Um,n: to decrease the friction force.

(t) _ {umin, if sgn(x) = sgn(x)
U - UrnliZ , if sgn(x) =-sgn(x)

in which Umin is set at a level of maximum response acceleration that can be tolerated by the bridge
girder and Urn<lZ is limited by the maximum chamber pressure corresponding to the lifting force
equal to the girder weight.

3.3 Instantaneous Optimal Control

The optimal pressure control signal u(t) is determined by minimizing the following time de
pendent objective function J(t) at every time instant t for the entire duration of an earthquake
(2).

in which, the friction force I also represents the response acceleration, and 0, fJ and '"I indicate
the relative importance, in the control objective, of the sliding displa.cement, response acceleration
and pressure control signal, respectively. Assuming that the system motion is always in Phase II
(Eq. 2), numerical solutions for Eqs. 2,5 and 6 are obtained on the basis of the linear a.cceleration
method, and are used as constra.ints when minimizing the objective function J(t);

where

x(l) =a I(t) sgn(i(l» +6i(t) +d1 (t - At)

1(1) = -c u(t) +d'l(t - AI)

(8)

(9)

~t2 cl~t
G = b = -6' c = 2 T + ~t (10)

d1(t - At) =x(1 - At) +:i(t - At)At +i i (t - At) At2 (11)

2 T C'l At 1 .
d2(t - At) = 2 T +~t(2T +1(1 - AI) +2/(t - At)At) (12)

Thus, the generalized objective function is established by introducing Lagrangian multipliers A1
and A2:

H(I) = a z2(1) + J3 i'(t) +"1 u'l(t)

+Al [z(t) - a I(t) sgn(i(l» - 6 %(1) - d1 (t - ~I)}

+A2 [/(1) +C u(l) - d'l (t - ~t)]
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The necessary conditions for minimizing the objective function J(t) are:

8H 8H 8H _ 0 8H 8H
a; = 0, af = 0, au - , 8>'1 = 0, a>.'l = 0,

Substituting Eq. 13 into Eq. 14 yields the optimal pressure control signal:

u(t) =Al f(t) +BI z sgn(:i(t»

where

(14)

(15)

e fJ eaa
AI = -, BI = - (16)

.., 'Y

In the development of the optimal control algorithm shown above, the time delay of control device
shown in Eq. 5 is incorporated. In this case, the control is referred to as "instantaneous optimal
control with time delay".

If the response of the control device is so fast that the time delay can be ignored, the relationship
between the pressure and the control signal is given by:

p(t) = u(t) (17)

The control algorithm is also developed for this case, in which, the objective function and Hamil
tonian become respectively:

and

H(t) = a z'l(t) +fJ f'l(t) +.., u2(t)

+>'1 [z(I) - a f(I) agn(x(t» -" i(t) - d l (t - ~t)]

+>'2 [f(I) +CI 1£(1) - C2]

(18)

(19)

(20)

The control based on Eq. 19 is referred to as "instantaneous optimal control without time delay".
By letting the foUowing partial derivatives equal to zero,

8H 8H 8H _ 0 8H 8H
8z = 0, 8f = 0, au - , 8>'1 = 0, 8>'2 = 0,

the optimal control signal is obtained as:

u(t) =A'l +B, z sgn(z(I»

where
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Figure 4: Structure Model with Isolation Devices

4 Experimental and Analytical Studies

In order to examine the performance of the proposed hybrid isolation system and the feasibility
of its applications to the bridges, computer simulations and experiments are performed. For this
purpose, a pilot hybrid isolation system with friction controllable bearings has been developed.
Installing the system to a bridge model, shaking table tests are carried out at Taisei Technology
Research Center in Yokohama, Japan.

4.1 Experimental Devices

Figs. 4 and 5 show the experimental devices. The model representing a rigid bridge girder
consists of a steel frame and a number of steel weights. The total weight of the model is 12 tonf.
The model is supported equally by four friction controllable bearings. The sliding surface of the
bearing is a brass sheet of 1 mm thick, and a rubber O-ring of 5.7 mm in diameter is used as a
seal. The sliding plate fixed on the shaking table is made of stainless steel and has a sliding area
of 50 cm x 50 cm. A servo valve is connected to the fluid chamber of each bearing to adjust the
fluid flow to and from the chamber.

Sensors are placed to measure (1) accelerations on the shaking table and on the structural
model, (2) relative displacement between the table and the model, and (3) fluid pressure at each
beariog chamber.

A schematic of the control system is shown in Fig. 6. The controUer is a 16 bit microcomputer
(80286) with a numerical co-processor (80287) to facilitate faster computation. The response signals
measured by the sensors are sent to the microcomputer through 12 bit AID converters. Then the
control signal is calculated according to one of the feedback control algorithms mentioned earlier,
and sent to the servo valve through a 12 bit D/ A converter and servo amplifier. The sampling
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Figure 5: Friction Controllable Bearing
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x

Pump Servo Valve
Figure 6: Control System

interval of measurement is 0.002 sec and that of control is 0.004 sec. The control program is
written with C language.

4.2 Identification Experiments

The dynamic characteristics of the pressure control system is identified by using (i) step signals
and (ii) sinusoidal signals of various frequences as inputs to the servo valve and then measuring
the response pressure in the bearing. It is found that the first order time delay model (Eq. 5)
fits the experimental results reasonable well. The value of the time constant T is given in Table
1, in which Ti is the time constant to be used when the pressure is increasing, and Ttl is the time
constant when the pressure is decreasing.

The relationship between pressure and friction is identified by passive isolation experiments.
For this purpose, the El Centro (NS. 1940) record is used as ground motion, and the pressure is
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Table 1: Identified Parameters

Ti 20 ms Cl 2.5 cm3 I(s~kgf)

Td 40 ms C2 135.1 cm/s l

k 0.3 cm/s fJ 400.0 81m

kept at a certain value. It is observed that the assumed model shown in Eq. 6 is not really good
enough to describe the experimental results. Indeed, the friction forcl' depends not only on the
pressure in the bearings but also on the sliding velocity of the mass. Based on the experimental
result, the analytical model for the friction is modified as follows:

1.2
f =(-rIP + (2) x2 + 1;2

Where the values of the parameters involved are given in Table I.

4.3 Computer Simulation

The analytical model shown in Eqs. 1-5 and 24 is used to simulate the response of the physical
bridge model isolated passively and with the hybrid device. However. t he discontinuous function
sgn(.i') in Eq. 2 is replaced by

I - e-6r
sgn(x) == 6" c::> I, (25)

1 +e- r

which is found to be a reasonable approximation of the actual behavior. The parameter value of fJ
used in the simulation is shown in Table 1. Also, in the simulation, the kinetic coefficient of friction
I'/c is assumed to be equal to the dynamic coefficient of friction I'd, and the time interval used for
numerical intergration is 0.002 sec. The computer simulation demonstrates the effectiveness of the
hybrid isolation system, and will be elaborated later.

4.4 Isolation Experiments

The following experiments a.re performed on the shaking table. The EI Centro (NS, 1940) record
is used as input earthquake. Its peak acceleratio'l, however, is linearly adjusted to 100, 200, 300
and 400 gal, respectively.

1. Passive isolation

The pressure control signal is kept to a certain value for each shaking table test (at 10, 20,
30,40 a.nd 45 kgf/cm2).

2. Hybrid isolation using bang-bang control
The pressure control signal is switched between the following two values: Umu = 45 kgf/cm2

,

"min =10 kgf/cm2
•
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3. Hybrid isolation using instantaneous optimal control

3a. algorithm with time delay

3b. algorithm without time delay

In case 3a, both response acceleration and sliding disJ-Iacement are used for the feed backed purpose,
while in cue 3b only sliding displacement is used for the same purpose. The pressure control signal
is bounded by u....z = 45 kgf/cm'J, and Umin = 10 kgf/cm'J for both cues.

Other earthquakes such as Hachinohe, Akita and Taft are also used for shaking table tests
although the results are not shown here.

4.5 Experimental and Analytical Results

Fig. 7 shows the maximum response acceleration, maximum sliding displacement and the
residual displacement of the model with passive or hybrid isolation system under different intensities
of input seismic motion. Hybrid isolation results shown in this figure used instantaneous optimal
control algorithm without time delay. It is evident that the hybrid isolation system performs better
than the passive system in the sense that a reduction of response acceleration has been achieved for
small to medium seismic inputs, and at the same time, the maximum values of sliding displacement
and residual displacement have been reduced considerably.

Some examples of time histories from experiments and computer simulations are shown in Fip.
8, 9 10 and 11. These example time histories show remarkably high degrees of agreement ~tween
experiments and simulation results. Fig. 8 is the passive isola.tion result, in which the pressure in the
bearing is kept at 30 kgf/cm'J with the corresponding values offriction force, f =~dg =60.1 em/s2

•

Fig. 9 illustrates the response under bang-bang control. Figures. 10 and 11 respectively depict
the responses under instantaneous optimal control with and without time delay. The feedback
gains in the former case are At = 1.0 kgt's'J/cm3 and Bt = -45.0 kgf/cm3 • and in the la.ter case,
B2 = -16.4 kgf/cm3•

The response is numerically simulated always taking into consideration the following facton
that involve some modelling and parameter uncertainties: (i) time delay, (ii) influence of sliding
velocity on the friction force and (iii) continuous and hence more realistic approximation (Eq.
25) for sgn(x). In this respect, it ill important to observe that (i) the optimal contra. algorithms
with and without time delay taken into account show little difference in the isola.tion performance,
(ii) the optimal control algorithms are developed under the assumption that the friction force
is a. linear function of the chamber pressure only, again without adversely :dI'ecting the isolation
performance and (iii) the continuous approximation used for sgn(z) has made it easier to carry out
the numerical simulation, and, in spite of its rather arbitrary nature, has resulted in the simula.ted
response in good agreement with the experimental result. These observations clearly indicate that
the system is robust particularly with respect to the three critical facton which could otherwise
become problematic.

332



150

•0.........• 100III
,.l
III'"
tJ
tJ ...·"(,:I
III 50Ul .....

•0
Do
CIl
III•

0

HlB.ID •

PASSIVE
P • 4.41 MPa 0
P • 2.94 Mra ~

P • 0.98 MPa C

c
i/,.-----~ -Q--

/1 /'
L.- e

~ A
A A - --

/ V
1--- 0 - .-"C -

1/

•

0 100 200 300 400

150

'" /
••(,:I

100..........
"" .......
...llll
CIlll:

III
lI:tJ
~j 50
.... 0.
"enc ...
EO

0
0 100 200 300 400

150...•/II
Z
III
tJ
c
,.l
0.
CIl.....Q.
...........
=g....
In
IlII•

100

50

o

q/
A .~

v
1-; --A /'

/"V .....", .....
/ .....;~ /

.-/ .,1 1-

'" .
o 100 200

IIPUT ACCELE1ATIOI
300

( Cal

400

Figure 7: Comparison of Passive and Hybrid Isolation

333



-

...

klpuI-

Simulation

t
-3Gll~ .,.•• CIII• -.."'~"'.b'."'..."""'..._~''''..I;oolj........,'\;1"-_."" _ ...............-

-300 __":!_~:..,.!_-__Ii~r:_'_v_A_~.:_.__~

o 5 10 "

Experiment
klpuI-

i- ~""'~""\J~I,l"'II,."-_I"I'N'J~'....,./.,;,_........'Io!....-_...rN.......CIII........._
j.:..~"rr. .Of; iT A'.. :

a • 1a •• 2Q

" 2Q

SIIdiIIoo...

Il:l~_~o.<:=c:::.:====.....::=::-===,..=2=...===
!-'!lC '--~--~---~---~,- __--,

o 10 11 Z

.....IU..J: Jr------------..-..
7

----

o ro'5 ~

e-Sig....

I
_...13_

~:]~----
co a

SIiOong DiIOI-..t
I'!lC == .... 121.21N11

i.l~~
• 10 ,. ...

I:J
--. _:lG_

a la •• ...

110

]

Col1trDI Sill... _3Cl_
,oj a

• '. 15 ...
n...1..c..1

Figure 8: Passive Isolation

Experiment

......-
o 5 '0 15 •

Simulation

......-
5 1D " m

10 ..

III

-. ....-

"" •.7011~--
i'a!lCL~"'Hf"'41 (I .... + a...
~.'50L41~ ~ ...~! ..... ' - ': .~i'" t''''." '$4

o 5 10 "

Iua]
i.,~~t:~"~::e:~:::::c;::::::::==:::::, :::::::

o 10 11

I - _..-
I. : ~rrp....,IMi"'-T'=--

a • '0

-I --...,~
: ~"""'''"'''"'WI,Ir-T'''~'U1I r 'I

.. a •

ConInlI SignoI

I _..-
• : IJI1fW1l!DJ----..II......-T111RI II I I I

o • 10 II
n-e-.I

Figure 9: Hybrid Isolation under Bang-Bang Control

334



Expl'Timent
InDul AocoWIIIan

.... _.20.1:
I~ ~ t J"I - .4 I . t ....

'f :"'" .,.; Grp~
10 15 :iIO

Simulation
.....~

-......-
[~}

..... 10I.• a.
~ A'~

eo

oJ· : ~ 'i+ : 4 y :::• IJ F

• 5 '. 15 ..
I''''

_ ..D-.
..... US?"...

i.l~l <>-e=:'• 5 I. ,. ..
Pres....

i,., _ .....-
t.~'1.... 5 ,. --'''''5---~''

I
Pres....

'" linnrmn r--IIr"""Il nI II....~
o 5 10 II

Control Sill....I __ ...ot~2
1: rmrmrur-----rl/n-/-r/"n/!f11 /I I •

.. • 5

Figure 10: Hybrid Isolation under Optimal Control without Time Delay

Experiment....- Simulation
.....---

i""__-.ll-~PfA....fllrJlA_--,..w.....lwC\:_......-_.....olo··...IW__' • ~ .... , f III 1"'4' 1 III - II L , .. ' :'v!!. r~r- ...'":' 1( .

o 5 •• '1 .. • 5 '0 15 ao

'1

t~]_"l._'G_.._~__~_~.....~ ·_'....._+_"_"II_.._."._~~_I7_·.q_·_c:_·_ ..~
5 10

" lD

-......-
'0

{'lOl~ 0 -.....::lO_...........=r.:::::.::::>..:c",==- f'==-----
!.'!IO ~~-_-~---~-_~

•
".......

I _...-.:~f:::.,"",""
"0 5 1'l 'I 20

Cottlnll SIQnoI

I ---: In!I11llI1r-''llWD...,lrwllnll!~llInl..II..lnl,.!lI1lmllni-....IIWI...
"0 5 '0 II til

-(--I

Figure 11: Hybrid Isolation under Optimal Control with Time delay



5 Concluding Remarks

The following conclusions are obtained from the experimental and analytical studies.

1. Significantly beneficial effects of the hybrid control on the reduction of the sliding displace
ment, residual displacement as well as of the transfer of seismic force, have been verified.

2. The hybrid isolation system using the friction controllable bearings appears to be quite robust
in the face of uncl'rtainty involved in various aspects of the control model.

3. Experimental results have good agreement with computer simulations, implying that the
analytical model used represents the actual system very well.

In the immediate future, possible implementation of the hybrid sliding isolation system to
existing full-size structures such as simple span girde" bridg"~ will be explored.
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SUMMARY

Investigations on the application of active control systems to long-span bridges subjected to strong
earthquakes have been made recently. The results indicate that the application of an active control system
alone may not be practical, because the requirements for the stroke of the actuator and for the external energy
supply may be excessive. This paper presents some results of the preliminary study for the applications of
two types of aseismic hybrid control systems to bridge structures. These include a combined use of rubber
bearings and either actuators or active mass dampers. Hybrid control usually involves active control of
nonlinear or hysteretic systems. The instantaneous optimal algorithm recently developed for applications to
control of nonlienar and hysteretic systems is used in this study. Numerical simulation results demonstrate
that performance of the hybrid control systems investigated is quite satisfactory and that the hybrid control
systems may be practical for applications to long-span bridges.

INTRODUCTION

Active control of civil engineering structures has progressed to the stage where full-scale
implementations are currently underway. in particular for building structures subjected to seismic loads.
State-of-the-art reviews in this field have been available [e.g., 1-6]. Early investigations for possible
applications of active control systems to lona-span bridges subjected to strong wind turbulences can be found.
for instance. in Refs. 7-10. Studies for the possible applications of active control to long-span bridges under
stronl earthquakes were conducted recently by Kawashima et al (e.g., 11-13]. It was found in Refs. 11-12
that the applications of an active control system alone to lona-span bridges subjected to strong earthquake
ground motions may not be practical, because of excessive external energy requirements and the excessive
displacement (stroke) for the actuator.

The passive base isolation systems, such as rubber bearings. are capable of reducing the horizontal
seismic force transmitted to the superstructure by lowerilli the fundamental natural frequency of the bridge
(e.g., 14-20]. However. there are limitations for the passive isolation systems for bridge applications: (i) the
fundamental natural frequency of the base isolated bridge cannot vary to respond favorably to different types
of earthquakes with different intensities and frequency contents. (ii) the fundamental natural frequency cannot
be too low, otherwise the relative displacement of the rubber bearings may be too large to satisfy the desip
requirements, and (iii) when bridges are on a relatively soft ground, the effectiveness of the rubber bearings
is limited.

On the other hand, the active control systems are capable of varying both the fundamental natural
frequency and the damping coefficient of the structure at every time instant in order to respond favorably to
different types of earthquakes, such as strong or weak earthquakes with different frequency contents. 1be
active control systems are independent of the ground (or foundation) condition and are adaptive to exteraal
around excitations. However, when the active control system is used alone as a primacy aseismic protective
system. the required active control power (or energy) provided by external sources or the required IC1UatOr
stroke may be excessive as demonstrated by Kawashima et at (11.13]. Likewise. unlike the buUdin&
structures, there are serious physical limitations for the installation and maintenance of. IICle ICtive control
system on bridges.
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Since passive base isolation systems have been used for bridge structures [e.g., 14-20], it is suggested
and demonstrated by Kawashima et al [II, 13] that a combined use of active and passive control systems,
referred to as the hybrid control system, is beneficial and practical for control of bridge structures under
seismic loads. A combination of variable viscous dampers and rubber-bearing isolators was demonstrated
to be quite effective [13].

Another type of hybrid control systems for bridge structures was investigated in Refs. 21-25 in which
a variable frictional-type sliding isolation system was developed. In this system, the weight of the
superstructure can be regulated (or lifted) actively by the oil pressure. This is equivalent to an actively
controlled frictional-type sliding system in which the frictional force or the coefficient of friction can be
controlled actively. Preliminary experimental and simulation results indicate that such a hybrid control system
is effective for seismic-excited bridge structures [21-25].

Various types of hybrid control systems have also been shown, theoretically, to be effective for seismic
excited building structures [e.g., 26-33]. These include the combinations of passive base isolation systems,
such as lead-core rubber bearings and frictional-type sliding bearings, and active control devices, such as
actuators, active mass dampers and active tendons. The idea of hybrid control systems is to utilize the
advantages of both the passive and active control systems to extend the range of applicability of both control
systems to protect the integrity of the structure, whereas the required capacity of the active control system
is not too large. In particular, under extreme environments, such as strong earthquakes, hybrid control
systems are superior. With aseismic hybrid control systems, the advantage of the base isolation system,
which is the ability to drastically reduce the horizontal motion transmitted to the superstructure, is preserved,
whereas the active devices can be adaptive to different types of earthquake ground motions.

It is well known that nlU:it passive control systems behave either nonlinearly, su~h as sliding isolation
systems, or inelastically (hysteretically), such as lead-core rubber-bearing isolation systems. As a result,
hybrid control involves active control of nonlinear or inelastic (hysteretic) structural systems. Unfortunately,
control theories for nonlinear or hysteretic systems are very limited [e.g., 27, 34, 35, 36]. Recently,
instantaneous optimal control algorithms have been proposed and developed for applications to active control
of linear, nonlinear and hysteretic structural systems [e.,., 37,29-33]. These control algorithms have been
demonstrated to be suitable to some types of aseismic hybrid control systems [e.g., 29-33] and they have been
used in Refs. 21·24.

The purpose of this paper is to explore the feasibility of applying different types of aseismic hybrid
control systems to bridge structures. These include the installation of either actuators or active mass dampen
at the locations of rubber bearings. The hysteretic behavior of rubber bearings is taken into account and the
instantaneous optimal control algorithm recently developed [29-33] for control of nonlinear and hysteretic
structural systems is used. Numerical examples are worked out to demonstrate the feasibility and
performance of these hybrid control systems for bridge structures subjected to strong earthquakes.

FORMULATION FOR HYBRID CONTROL

Consider a lumped-mas.1l bridge structure equipped with rubber-bearings and active control devices, such
as actuators or active mass dampers, as shown in Fig. 1 [13]. The rubber bearinas are inelastic and their
hysteretic behavior will be described later. The structure is idealized by an n-dearee-of-freedom system aDd
subjected to a one-dimensional earthquake around acceleration Xo(t) in the lonaitudinal direction. The matrix
equation of motion of the entire structural system can be expressed u

1I:I(f) + Ci'(f) + E,lX(f)] • Eio(O + IlIJ(f) (1)

in which X(t) = [xl,x2""'Y' = an n vector deootinl the deformation between adjacent masses, M = an
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Fig. 1: Highway Bridge With Hybrid Control System; (a) Rubber Bearing and Actuator,
(b) Rubber Bearing and Active Mass Damper

(nxn) mass matrix, t. = an (nxn) dampins matrix, 1!(t) = a r-dimensional control vector, H = an (nxr)
location matrix denoting the location of r controllers and E is an n vector denoting the influence of the
earthquake ground acceleration io(t) on each desree of freedom. For the notations above, an under bar
denotes a vector or matrix and a prime indicates the transpose of a vector or matrix. In Eq. (1), E.lX(t)) is
an n vector denoting the nonlinear (or hysteretic) stiffness restoring force that is assumed to be a function of
X(t).

Introducing a 2n state vector Z(t),

Z(t) _I ~(t)]
X(t)

(Z)

one can convert the second-order nonlinear matrix equation, Eq. (1), into a flfSt order nonlinear matrix
equation as follows:

Z(t) • ,[Z(t)] + Ill(r) + lf1XO(t)

where 1(Z(t)) is a 2n vector which is a nonlinear function of the state vector Z(t),

I Je<r)

,[Z(t)] = -_~~ {~i(t~ : ~.~I~';]}-

Bis a (2nxr) matrix and WI is a 2n vector
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Based on instantaneous optimal control, the time dependent objective function is given by [29,32)

J(t) • ret) QZ(t) + U(t)IU[(t) (6)

in which Q is a (2nx2n) positive semidefinite weighting matrix and R is a (nr) positive defmte weighting
matrix.

The optimal control vector can be obtained as [29, 32)

lI(t) .. - t.-' B'QZ (7)

in which .=4t13 is a small positive constant. In addition to being a positive semidefinite matrix, Q should
also guarantee the stability of the controlled structure (33). One possible way of choosing the Q matrix using
the Lyapunov direct method is presented in Ref. 33.

Substituting Eq. (7) into Eq. (3), one obtains the matrix equation of motion for the controlled structure

Z(t) ·,[Z(t)] - tl&-'B'QZ(t) + Jr1io(t) (8)

To guarantee the stability of the controlled structure, the weighting matrix Q can be determined using the
Lyapunov direct method as follows (33). Let

Q.~~ ~

in which cf»2>O and consider the Lyapunov function, VW=Z'(t)QIZ(t), so that its derivative is
V=1'(t)QiZ(t)+Z'(t)Q~t(t). Taking the derivative of Eq. (8) and neglecting the term Xo(t), one obtains
1(t)=[AW -~-IB QllZ(t) where

A(Z) • a.(Z)faz (10)

is a (2nx2n) matrix. Substitution of the expression for t(O obtained above into the equation for V leads to
the following results [33]; V=Z'(t)[A'(Z)Q1 + Ql~W - 2HzQ1BR-1B'Ql)Z'(t). For V!i:O, one obtains

A'(Z)o. + 0. A(Z) - 2t.zo.'Cl B'a. • -lg (11)

in which 10 is a (2nx2n) positive semidefinite matrix. Eq. (11) is a Riceati-type matrix equation from which
the 01 matrix can be deteremined. Since the system without control is stable, ~W is neeative definite and
01 is positive definite. Furthermore, since 01 Di-I D' 01 is positive semidefinite, O. can also be obtaiDed
from the following linear algebraic equation

A!.ez>a. + a. A(Z) • -" (12)

In derivm, Eqs. (11) and (12), the term Xo<O bas been neelected, since it does not affect the stability of the
structure.

Simulation of Brid,e iesponse The inelastic stiffness restoring force, F.(xJ, ofthe ith element, i.e., between
i-I and i nodal points, can be expressed as [29-32]

F,,(~,) • CI,l,~, + (l - Cl4)l,D,.", (13)

in which ~= elude stiffness, Oi • ratio of the post-yieldinl to pre-yieldin& stiffness, Dyi= yield deformation 
constant. and Vi is I nondimeDsional variable introduced to describe the hysteretic component of the
deformation, with Ivil!i: 1. where
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VI = D;t[A•.i. - P.l.i.llv.l",-t v. - y•.i.lv"-'] =J.(ij.v j ) (14)

In Eq. (14), parameters ~, Iii and 'Yi govern the scale and general shape of the hysteresis loop, whereas the
smoothness of the force-deformation curve is determined by the parameter ~.

T'te stiffness model given by Eqs. (13) and (14) is capable of describing different types of hysteresis
loops, sr;\:h as those of lead-oore rubber bearings. If the ith element is elastic, then OJ in Eq. (13) i~ set to
be 1.0, i.e., Qj= 1.0, and the elastic restoring force becomes FB(x)=~xi [29, 32).

With the introduction of the hysteretic model, Eq. (13), the stiffness vector E.lX(t») in Eq. (1) can be
expressed as

E. [I(t)] = K I(t} + K Vet)
, t I

(15)

in which y(t) = [vl(t), v2(t), ... , vn(t\]' = an n vector denotina the hysteretic variables, Vj(t), of each
element, and Land KJ are (nxn) elastic stiffness matrix and hysteretic stiffness matrix, respectively. All
elements ofL and K. are zero except KC<i,i)==CXj~, KI(i,i)=(I-aj)~Dyj for i=I,2, ... ,n and Ke(i,i+l) =
-aj+ 1~+1' K1(i,i+ I)=-(I-ui+ I)~+ I Dyi +I for i= 1,2,... ,n-1.

To simulate the response of the bridge structure equipped with hybrid control systems, the optimal
control vector l!(t) given by Eq. (7) is expressed as

Jl(t) = -.B-1B'QZ = G.zX(t) + YIX(t) (16)

in which Eq. (2) has been used, and Yl and Y2 are (nn) matrices which are functlons of the weighting matrix
2. Furthermore, a 3n state vector, Z(t), a (3nxr) matrix, I, and a 3n vector, !il' are introduced

ZCt) • [~~~~1, j. [ ~ ]; WI .. [ ~ ] (11)
X(t) arl H 141E.

Then, the second order matrix equations of motion, Eqs. (I) and (15), can be converted into a first order
matrix equation as follows

•
2(t) .. IUZe')] + dZ(t) + ]fl Xo(t) (18)

in which l2lZ(t») is a 3n vector consisting of nonlinear functions of components of the vector Z(t), and Q is
a (3nx3n) matrix

{l'l
o
Q
o[

0
a.. Q

K1HQ,
12[%<t)] .. I(t. £)

_1£1 (ex + K. I + K,E)
where f<X.Y>=(fl(XI.VI). f2(*2,v~,... ,fD(t... vol)' = an n vector with the ith element, f#i,vJ=vi given by
Eq. (14).

The response z.(t) of the controlled bridge can be simulated by solvinc Eq. (18) numerically using the
Fourth-<>rder Rqe-Kutta method [29-32].

Approximation for ACZl By EQuivalent LinearizatioQ 1be wei&btinc matrix 2 are determined from Eqs.
(9) and (11) or (12). In Eqs. (11) and (12), however, the nonlinear matrix A(Z)-3i(Z)J3~, Eq. (10). is I

t\mction of the response state vector Z(t). Hence, the Q matrix should be computed on-line at every time
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instant t when the state vector Z(t) is measured. To simplify the problem for practical implementations. two
equivalent linearization techniques have been proposed in Ref. 33, so that AflJ can be approximated by a
constant matrix A. Then, the constant Q matrix can be determined off-line. For the rubber-bearing isolation
system, a linearization of the I!rJJ matrix at the equilibrium point. Z= Q and Y=Q. is shown to be quite
reasonable (33). i.e.•

(10)

Substituting Eq. (IS) into Eq. (4), taking the derivativl: with respect to Z, and evaluating the resulting
I!rJJ matrix at Z=Q and Y=O. Eq. (20). one obtains

Ii = [- - ~ - j - - ~ - -] (21)
-M-1K: -M-le.

in which C and K are (rum) band-limited damping and elastic stiffness matI"ices. respectively. with all
elements equal to zero except C(i.i)=ci' K(i.i)=k; for i= 1.2•...•n and C(i.i+ 1)=-ci+I' K(i.H I)=:-~+I for
i= 1,2, ... ,0-1. where Cj and ~ are the damping coefficient and the elastic stiffness, respectively. of the ith
element. In Eq. (21), I is a (oxn) identity matrix.

Thus, the QI matrix can either be obtained from Eq. (11)

AIQt + Qtli - 24141ZQ
1
BB-1B'Q

1
= -~

or from Eq. (12)

A/Q + Q A = -1
1 1 "0

DEMONSTRATIVE EXAMPLES

(22)

(13)

The same single-span girder bridge analyzed in Ref. 13. as shown in Fig. 1. is considered. where the
strong earthquake is applied in the longitudinal direction. The differences between the bridge system analyzed
in Ref. 13 and in this paper are as fo))ows: (i) The rubber bearing considered in Ref. 13 is elastic, while it
is considered as inelastic in this paper. and (ii) instead of using variable viscous dampers, actuators and active
mass dampers are used, see Fig. 1. As in other feasibility ~tudies, such as Refs. I I and 21-24, the bridge
structure is modeled by a single~egree~f-freedom system. as shown in Fig. 2, for simplicity. The weight
of the bridge deck is 241.S tf. The hysteretic behavior of the rubber bearing is defined by Eqs. (13) and
(14), in which Dy1 =I6cm, k l =9542 kN/m, al =0.8, AI =1.0, fJ 1='YI=O.S and nl =3.0. The hysteresis loop

Xo(t) <a) •
Xo<t) (b)

Fig. 2: Idealized Bridle Model; (a) Rubber BeariDa and Actuator,
(b) Rubber Bearing and Active Mass Damper
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of such a rubber bearini, i.e.• vI versus xI' is shown in Fig. 3. For such a bridge structure, the fundamental
natural period at small oscillation is 1 second. The damping ratio is assumed to be 2%. A simulated strong
earthquake with a maximum ground acceleration of 0.5g shown in Fig. 4 is used for the excitation.

Without active control devices, time histories of the relative displacement and absolute acceleration of
the bridge deck have been computed. The time history of the relative displacement of the bridge deck is
presented in Fig. Sea). Within 4S seconds of the earthquake episode, the maximum response quantities are
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(c) Hybrid Control System (11), and (d) Hybtid Control System (III)

presented in Table 1, designated as "Inelastic Bearing." When the rubber bearina is considered elastic. the
maximum response quantities are shown in Table I, desipated as "Elastic Bearing". for comparison. As
expected. the inelastic bearing results in smaller response quantities due to the energy dissipation by the
hysteresis loop.

With the application of an actuator, i.e., the hybrid control system shown in Fig. 2{a), the response of
the bridle deck depends on the weigbq matrices 12 and B. For the present example with only one
controller, die I matrix coasw of only ODe element. deuoteel by Ro. aDd the dimension of the Q. Qt and
10 matrices. Eq. (23). iI (2x2). For illustrative purpose. Ro-O.OOS and .-4tl3-0.00s are used. The 12
matrix iI obtaiDed from Eq. (9) and (23) in which ~.I. 1o(1.1)-1o(1.2)=1o{2.1)=0 and 10<2.2)=50 xiD'.
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Fig. 6: A Hybrid Control System; (a) Rubber Bearing and Active
Mass Damper, and (b) Idealized Structural Model

Although the Q matrix is a full matrix, only elements in the second row are relevant to the control force l!(t),
Eq. (7). These elements are Q(2, 1)=0 and Q(2,2) = 198.94, indicating that only the relative velocity of the
bridge deck should be measured. The time history of the relative displacement of the bridge deck is
simulated using Eq. (18) and the results are presented in Fig. 5(b). The maximum response quantities in 4S
seconds of the earthquake episode are shown in Table I, designated as Case "I", under the hybrid control
system (actuator). The maximum active control force of 10.1 tf is also presented in Table 1.

With the increase ofIo(2,2) to 150 x 10', Le., 10(2,2) = ISO x 10', we obtain Q(2,1) =0 and Q(2,2)=
296.83. The time history of the relative displacement of the bridge deck is shown in Fig. S(c), whereas the
maximum response quantities are shown in Table 1, desipated as Case "II", under the hybrid control system
(actuator). Finally, for Case m in which 10(2,2)=500 x 10', we obtain Q(2,1)=0 and Q(2,2)=1989. The
resullin. time history of the relative displacement of the bridge deck is displayed in Fig. S(d), whereas the
corresponding maximum response quantities are shown in Table I, designated as Case "m", under the hybrid
control system (actuator).

TABlE 1: Maximum R'&pOnM of Bridge Deck

Pa..lv. SySt.m Hybrid Control Syat.m
Elastic In.la.lic Actuator Activ. Ma..
Bearing B.arlng 1 n m 1 n

Di.plac.m.nt
34.5 24.8 18.8 12.2 8.7 11.5 11.4(em)

Acc.leratlon
1241.' 812.3 711.1 481.2 313.7 420.6 418.3(em/.2\

Actlv. Control
0 0 10.1 20.2 38.1 13.0 12.2ForceClf)

345



It is observed from Table 1 that the maximum response quantities of the bridge deck reduce as the
control force increases. For Case II, the maximum response quantities are reduced by 50% and the maximum
control force is 20.2 tf that is less than 10% of the weight of the bridge deck. For Case III. the maximum
displacement is reduced by 73% and the maximum acceleration is reduced by 66%, whereas the maximum
control force is 38.1 tfthat is about 16% of the weight of the bridge deck. Such a performance of the control
system is consistent with that observed in building applications [29-32J.

Instead ofusing an actuator. an active mass damper is used as shown in Figs. I(b). whereas the idealized
structural model is shown in Fig. 2(b). The weight of the mass damper is 5% of that of the bridge deck.
The natural period of the mass damper is 1 second and the damping ratio is 10%. Since this is a two-degree
of-freedom system, the dimension of the 0, 0 1and 10 matrices is (4x4). For illustrative purpose, Ro=0.005,
ct>=~t/3=0.005 and ct>-z= 100 are used. The 0 matrix is computed from Eq. (9), in which 01 is computed
from the Riccati-tpe equation given by Eq. (22). In Eq. (22), elements of the 10 matrix are zero except
10(4,4)= 150 x 10. In this particular case, only the elements in the third and fourth rows of the 0 (or 01)
matrix are relevant to the active control force !let). These elements are !!J(3.i)= [-6736.5. 2336.2, 6061.9,
258.5] and 01(4,i)=[-2439.8, 111.2,258.5,51.8]. The maximum response quantities and the maximum
active control force within 45 seconds of the earthquake episode are simulated using Eq. (18) and the results
are presented in Table 1. designated as Case "n", under the active mass damper.

When the same active mass damper is arranged in a different form as shown in Fig. 6(a). the idealized
structural model is given by Fig. 6(b). With such an active mass damper, the active control force 1[(t)
depends only on the third row of the 0 (or 0 1) matrix. In this case. Ro=0.005, ct> = 4t/3 =0.005 and ct>-z= 100
are used. Elements of the (4x4) 10 matrix are zero except 10<4,4)= 150 x 109. The (4x4) 01 matrix is
computed from Eq. (22) and the third row of the 0 1 matrix is as follows: 01(3,i)=[l04.9, -2099.4, 41.7,
157.0]. Within 4S seconds of the earthquake episode, the maximum response quantities and tht: maximum
active control force are simulated using Eq. (18). The results are presented in Table 1, designated as Case
".. , under the active mass damper.

It is observed from Table 1 that the performances of the hybrid control systems using an active mass
damper for two different configurations are almost the same, and that their performances are quite
~.itisfactory. Because the mass damper is capable of drawing the energy from the bridge system through its
own motion. the performance of the active mass damper is better than that of the actuator as indicated in
Table 1. However. the hybrid control system using the actuator is easier for practical implementations.
Extensive simulation results indicate that. unlike the case for the actuator, the performance of the active mass
damper is not satisfactory when the bridge response should be reduced by more than 7S~, such as the Case
1lI in Table 1.

CONCLUSION

A preliminary study has been conducted to explore the feasibility of applying two aseismic hybrid
control systems to bridge structures. These include a combination of rubber-bearing isolators and actuators
or active mass dampers. The ineleastic behavior of rubber-beariq isolators is taken into account. Numerical
simulation results indicate that these two types of aseismic hybrid control systems are promising for
applications to long-span bridges.

One important advanta&e of hybrid control systems is that the active control devices are capable of
respondina favorably to different earthquakes that have different magnitudes and frequency contents. For
bridge applications, several types ofactive control devices in combinations with passive isolation systems have
been investigated to-date. These include variable viscous dampers [11-13. 21], fritionaI-controllable slidina
bearings [22-25], and actuators and active mass dampers investigated herein. From the standpoint of external
energy supplies, the use of either variable viscous dampers or frictionaI-controllable sliding bearings is very
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favorable. For these two systems, the external energy is required to regulate either the oil flow rate or the
magnitude of the oil pressure and hence the energy demand may be small. The applications of actuators or
active mass dampers, however, require a larger energy supply to produce large control forces in order to
counter the motion of the base-isolated bridges. Aseismic hybrid control systems are very promising for
applications to bridge structures; however, further research is needed.
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Selecting Bedrock Motions for the
Seismic Design of Bridges

by
Andrew W. Taylor" and William C. Stone"

Introduction

A recent advance in the seismic design of reinforced concrete bridges has been
the development of a number of time-step hysteretic failure models [Park et al. (1987),
Powell (1990), Rodriguez-Gomez et al. (1990)]. These models have made it possible to
track the inelastic behavior, and damage state, of a bridge through the course of an
earthquake. While most time-step hysteretic failure models are still in the development
stage at this time, and all are computationally intensive by today's standards, these
models may soon become the primary method for designing reinforced concrete bridges
in seismic regions.

Acomprehensive rational seismic design procedure for reinforced concrete bridge
piers is currently under development at the National Institute of Standards and
Technology (NIST). The procedure is outlined in detail elsewhere [Stone and Taylor
(1991)], but can briefly be described as incorporating a time-step hysteretic failure model
[Park et al. (1987)] to evaluate the seismic performance of the pier; a shear wave model
[SHAKE (1990)) to propagate earthquake bedrock motions upward through the overlying
soil layers; and a cost optimization algorithm to determine the most economical design
for a given site, earthquake magnitude, and specified acceptable level of damage.

A critical step in the implementation of any time-step analysis is the selection of
appropriate earthquake motions to drive the analysis. In order to design a new bridge,
evaluate the potential for seismic damage to an existing bridge, or evaluate the
effectiveness of earthquake protection systems, it is first necessary to obtain an estimate
of the seismic forcing function. In the case of the NIST design procedure, the desired
earthquake motions are bedrock acceleration-time records: the motions at the ground
surface are obtained by employing the shear wave model [SHAKE (1990)) to propagate
the bedrock motions upward through the overlying soil layers. This paper describes a
method for selecting site-specific bedrock motions for the seismic design or evaluation
of bridges.

Earthquake Record Selection and Scalina Method

There are two common approaches to the selection of site-dependent earthquake
bedrock motions. Both methods require that a ·design- or -target- acceleration response
spectrum first be established. This spectrum serves as the model against which other
spectra are compared. The target spectrum is derived from statistic:al studies of response

"leIean:b SlNc:tural EoaiDeer, Buildilll aDd Fire Re8careb Laboratory. N.tiouallDldlllte ofStaDlLIrdJ aDd
Tec:bDolo&>,. Gaithenburl, Maryland, 20899.
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spectra, calculated from all historically-recorded ground motions in the region of interest.
(Development of the target response spectrum used in this study is described in the next
section).

In the first approach to record selection, synthetic ground motions are generated
which have response spectra similar to the target response spectrum. In many cases an
historically-recorded ground motion is selected to serve as a basis for the synthetic
motion. This record is then altered (sometimes radically) in frequency content, duration
and intensity to arrive at a synthetic motion which has a response spectrum close to the
target spectrum. This method is often employed in regions where little or no historic
earthquake data are available.

In the second approach, -naturalw response spectra, from historically-recorded
ground motions, are compared to the target spectrum. The natural response spectrum,
or spectra, which best match the target spectrum are chosen for design purposes. If no
natural spectra match the target spectrum closely, the natural spectra can be altered to
some degree. Amplitude scaling of the natural spectra is accomplished by multiplying
the ordinates of each spectrum by a constant scale factor. Once appropriate scale factors
have been determined, the acceleration record corresponding to each natural spectrum
is multiplied by its scale factor. This approach is best suited for areas where there is a
catalogue of historically-recorded ground motions: the more extensive the catalogue, the
greatef the likelihood of finding natural response spectra which, after minimal scaling,
match the target response spectrum.

The second approach has been chosen for use in the NlST seismic design
procedure fOf several reasons. First, the NlST study has focused initially on the San
Francisco Bay region. Since there is a relative abundance of historic earthquake data
from the West Coast of the United States it is possible to derive relationships for the
target response spectrum and attenuation equations in the region of interest. Second, the
method relies mainly on natural earthquake records which are minimally altered to match
the target response spectrum. It is preferable to make use of natural earthquake records
whenever possible, rather than synthetic records, as the natural records may reflect
aspects of the ground motions which are not accounted for in the synthetic record
generation procedures. Finally, the use of a suite of three to five natural earthquake
records, which together span the target spectrum, provides a more realistic loading
history than a single synthetic record, which is forced to match the entire target
spectrum. In reality, a structure is subjected to a series of earthquakes over its lifetime.
Taken together, these earthquakes tend to cover the entire range of the target response
spectrum. A single synthetic earthquake record which covers the entire target response
spectrum represents an unrealistic agglomeration of earthquake effects.

Taraet l'esponse Spectnam and Attenuation Relationships

A number of methods for computing site-dependent target response spectra have been
proposed [Campbell (1981), Idriss (1985), Joyner and Boore (1988), Youngs et a1.
(1988)]. The development of the spectral equations of Idriss (1985) was based
exclusively on seismic data from California. As pan of the present study, these
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equations were revised to reflect the seismic data collected from the 1989 Lorna Prieta
earthquake. Thus the equations represent up-to-date target spectra for the region of
interest in this study. Figure 1 illustrates schematically how the target response spectrum
is computed, as a function of magnitude and distance. The method of computing the
target response spectrum is summarized briefly below. (While the target spectrum
equations are presented here in their present complete form, it is anticipated that further
research may result in a more compact version of the equations).

The method begins with a basic normalized spectral shape for a magnitude 6.7S
earthquake. The ordinates of this curve, shown in Table 1, were determined from a
statistical study of historically-recorded earthquake bedrock motions in California.

Period, leCoudl Normalized Period, leConcll Normalized
Spectral Ordi0ate8 Spectral Ordinate.

(S./a) (S./a)

0.03 1.000 0.50 2.170
0.05 1.275 0.55 2.020
0.075 1.635 0.60 1.875
0.10 1.920 0.65 1.724
0.11 2.022 0.70 1.600
0.13 2.210 0.75 1.411
0.15 2.375 0.80 1.375
0.18 2.525 0.85 1.210
0.20 2.610 0.90 1.200
0.22 2.666 1.00 1.065
0.25 2.rn 1.50 0.648
0.27 2.769 2.00 0.452
0.30 2.755 3.00 0.266
0.32 2.751 4.00 0.110
0.35 2.690 5.00 0.130
0.37 2.630 6.00 0.100
0.40 2.530 8.00 0.065
0.45 2.340

Table 1. Bedrock motion, normalized spectral ordinates for magnitude 6.75

The next step is to alter this basic normalized spectrum to account for a magnitude other
than 6.75. This is accomplished using Equation 1 below, which was derived from a
statistical study of earthquakes in California, and accounts for the variation of spectral
amplitude as a function of magnitude, M, and period, T, in seconds.
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when a(M) = -7.427 + 1.6S4(M) - 0.082(M2
)

and b(M) = -3.224 + 0.718(JI) - O.036(M~

The peak acceleration, -a- (in g's), is computed using Equation 2, which is a function
of magnitude, M, and the surface distance from the earthquake source, 0, in kilometers.

a = exp[«(M) - P(M).ln(D + 20») (Eq,..2)

wMre «(M) = exp[2.261 - 0.083-M] for M ~ 6.0

«(M) = exp[3.477 - 0.284.M] /or M > 6.0

P(M> .. exp[l.602 - 0.142.M] lor M :s 6.0

P(M> = exp[2.47S - 0.286.M] /or M> 6.0

Finally, the normalized spectral ordinates are multiplied by the peak acceleration to
obtain the absolute spectral ordinates.

S
S. = (~) • (a) (Eq,.. 3)

a"

Demonstration Computer Procram

The method of selecting and scaling bedrock motions outlined above is well suited
for implementation in a computer program on a work station with interactive graphics
capabilities. Such a program called EARTHGEN was written at NIST for .. Silicon
Graphics IRIS 4D/210VGX work station." It is anticipated that EARTHGEN will
make up one module of the comprehensive seismic design procedure for bridge piers
currently under development at NIST. A block diagram of EARTHGEN is shown in
Figure 2, and the operation of EARTIlGEN is summarized below.

Initially, EARTHGEN displays a menu and prompts the designer to enter the
distance of the bridge site from the fault of interest, and up to five earthquake

-EARTHGEN c:ould bay. heea implemeDled oa 1IIl)' work 1tati0ll with hi&b reIOIutioll 1J1IPbic••
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magnitudes. EARTHGEN then displays the target response spectrum for the first
magnitude value. The 84th and 16th percentile limits (the target spectrum plus and
minus one standard deviation) are also displayed (Fig. 3).

The designer may then select, from a list, the name of an historically-recorded
bedrock motion. EARTHGEN retrieves the corresponding acceleration-time record from
a data base, computes the response spectrum, and overlays this natural response spectrum
on the target response spectrum already displayed (Fig. 4). (As part of this study some
60 recorded bedrock acceleration records for the state of California were compiled and
incorporated into the EARTHGEN data base). The designer may then alter the vertical
scale of the natural response spectrum by adjusting a scaling dial (Fig. 5). EARTHGEN
continuously updates the display to reflect, in real time, this scaling of the natural
response spectrum.

The designer may repeat the record selection and scaling procedure for up to five
other historically-recorded bedrock motions, all of which are displayed simultaneously
on the screen (Fig. 6). When the designer is satisfied that this suite of scaled natural
response spectra adequately covers the target spectrum, a new magnitude value is chosen
and the record selection and scaling process is repeated. The designer may re-display
and adjust the scaling of the spectra for any of the five magnitudes at any time. An
automated scaling option is also incorporated in EARTHGEN. When invoked, this
routine determines the scale factor for each natural response spectrum which results in
the least total difference between the natural spectra and the target spectrum. The
designer may use this feature to provide an objective measure of the agreement of the
natural and target spectra.

Finally, when records have been selected and scaled for all five magnitude values,
the designer terminates the interactive session, and data is written to an output file. This
data includes the initial input data (distance and magnitudes), and up to 25 historically
recorded bedrock motions and their scale factors (up to 5 records for each of 5
magnitudes). The scaled bedrock motions may then be used for later non-linear analyses
of the bridge structure subjected to five earthquakes of varying magnitl~Je.

Conclusions

A method has been demonstrated for selecting and scaling bedrock earthquake
motions for the seismic design and evaluation of bridges. The method lends itself well
to implementation on a computer with interactive graphics capabilities. A demonstration
program, EARTHGEN, has been described. EARTHGEN allows a designer to rapidly
view response spectra from a large number of historically-recorded ground motions, then
select and scale the records which are mOSl appropriate for a particular site and structure.
EARTHGEN has been initially configured for the San Francisco Bay region, but could
be re-configured for other localities. To do so it would be necessary to supply
attenuation relationships (such as those developed in the studies of Idriss (1985),
campbell (1981), Joyner and Boore (1988), and Youngs et al. (1988» and specify a data
base of bedrock motion records which are appropriate for the geology of the region of
interest.
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Figure 1. Schematic of the method used for computing the target response spectrum.
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Figure 3. EARTHGEN display of target spectrum and 84th and 16th percentiles.

Figure 4. EARTHGEN display of un-scal« natural response spectrum.
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Figure S. EARTHGEN display of scaled natural response spectrum.

Figure 6. BARTHGEN display of multiple scaled natural response spectra.
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AASHTO SEISMIC ISOLATION DESIGN REQUIREMENTS
FOR HIGHWAY BRIDGES

Ronald L Mayes!, Ian G. BuckJe2
, Trevor E. KeUyt, Lindsay R. Jonesl

Members, ASCE

Ab*-=t: In October, 1990 the Amcriam AsIOciatim ofState fIiBhwayT~tion
Officiab (AASHTO) adopted Guide Specifications for the seismic bolation Deailn
of Highway Bridges. This paper overviews the ,*ic concepts and dQiIn principles
ofseismic isolation and discusses the objectivc$ and philoroophy of the provisions. A
~ummary or the provisiolllt is presented and the paper concludes with a proa:dure
to compare tbe performance of isolation systems with different damping values.
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INTRODUCTION

In the past 15 years a relatively new technology called "seismic isolation" has
emerged as a practical and economic alternative to conventional design. This concept
has received increasing academic and professional attention (ASCE 1989, Applied
Technology Counci11986, EERI 1990) and is being applied to a wide range of
civil engineering structures. To date there are several hundred bridges in New
Zealand, Japan, Italy, Iceland and the United States which use seismic isolation
principles and technology for their seismic design. The basic intent of seismic
isolation is to increase the fundamental period ofVJbration such that the structure
is subjected to significantly lower earthquake forces.

One of the major impediments to the implementation of seismic isolation has
been the lack of code requirements (Mayes 1990). With liability issues being a
major concern to design professionals in todays litigious society many firms have
been unwilling to use the technology without the protection of professionally
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acceptable code provisions. Thus the October, 1990 adoption ofSeismic Isolation
Design Requirements by AASHTO (AASHTO 1991) is a key step forward in the
more widespread use of seismic isolation. This paper summarizes the AASHTO
Guide Specifications for Seismic Isolation Bridge Design and provides a comparison
of design forces with those obtained with conventional design requirements. A
summary of the design issues for isolation systems is also presented.

OBJECTIVES OF THE PROVISIONS

In the development of the seismic isolation design requirements for bridges
there were three basic objectives as follows:

• To be as consistent as possible with the recently adopted AASHfO Standard
Specifications for conventional seismic design.

• To be as consistent as possible with the recently adopted Uniform Building
Code provisions for seismically isolated buildings.

• To be applicable to a wide range of possible seismic isolation systems.

The first objective necessitated that the requirements fit within the Seismic
Performance Category (SPC) concept of the new seismic design provisions. This
concept provides a gradation of requirements from minimal requirements for the
lowest category SPC-A with an acceleration coefficient less than 0.10, to the most
stringent requirements for the highest category SPC-Dwith an acceleration coefficient
greater than 0.29. The second objective formed the primary basis for the isolation
design requirements. Some modifications were required due to the differences
between building and bridge structural form and design loads. Others were required
to provide consistency with the first objective.

The third objective necessitated that the requirements remain general and
as such rely on mandatory testing of isolation system hardware to confirm the
engineering parameters used in the design and to verify the overall adequacy of
the isolation system. Some systems may not be capable ofdemonstrating acceptability
by test and, consequently, would not be permitted. In general, acceptable systems
will:

• remain stable for required design displacements,
• provide increasing resistance with increasing displacement,
• not degrade under repeated cyclic load, and
• have quantifiable engineering parameters (e.g., force-detlection charactetRcs

and damping).

Both static and dynamic analysis procedures are included (depending on the
SPC) and are based on the same level of seismic input and require the same level
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of performance from the bridge. The design basis earthquake load corresponds
to a level of ground motion that has a 10 percent probability of being exceeded
in a 50 year time period, i.e. 475 year return period.

PHILOSOPHY OF THE PROVISIONS

Seismic isolation provides a significant reduction in the elastic seismic forces
the bridge must resist when compared to conventional fIXed base design (Buckle
et all986, 1989, 1990). As a consequence there are two possible design philosophies
that can be used and both are included in the AASHTO Seismic Isolation Guide
Specifications (AASHTO 1991). 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. The
advantage of this design option is that if seismic forces are governing the design
of the bridge, cost savings up to approximately 10% of the total bridge cost can
be realized (Billings 1985).

The second design option is to provide a bridge with much better seismic
performance characteristics than that ofa conventional design using the AASHTO
Standard Specifications. The intent of this design option is to eliminate or
significantly reduce damage (inelastic deformation) to the subitrueture and abutments.
In this case an R-Factor of I to 1.5 will ensure essentially elastic response by
eliminating the ductility demand on the substructure. In bridges this design optiln
can generally be achieved for similar or less cost than a conventional design.
Furthermore, it provides protection for earthquakes that may exceed the 475 year
design event.

METHODS OF ANALYSIS

The basic premise of the seismic isolation design provisions (consistent with
those for buildings and hospitals) is twofold. First, the energy dissipation of the
isolation system can be expressed in terms ofequivalent viscous damping; and second,
the stiffness of the isolation system can be expressed as an effective linear stiffness.
These two basic assumptions permit both the single and multimodal methods of
analysis to be used for seismic isolation design.

For sliding systems without a self-centering mechanism or for pure elasto-plastic
isolation systems the equivalent viscous damping concept is no longer valid. The
equivalent viscous damping formula produces a value that is independent of the
coefficient offriction for sliding systems or the yield point for elasto-plastic systems.
Furthermore, because these systems lack a restoring force, the Total Design
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Displacement may be underestimated. Consequently, it is necessary to perform
a nonlinear time history analysis for all seismic isolation systems that have '10 self
centering mechanism.

Statically Equivalent Seismic Force and Coemeient

For the design of conventional bridges the form of the elastic seismic coefficient
(Ca) is

C,= l~S (1)

with S (soil type) values that range from 1.0 to 1.2 to 1.5 for different soil types.
A is the Acceleration Coefficient and depends on the location of the bridge in
the seismic risk map and T is the fundamental period of vibration. Although the
ground response spectrum decreases approximately as Iff for longer periods, the
form given above does not decrease as rapidly as Iff. In fact, at a period of 2.0
seconds, Ca wiD be approximately 50% greater than the ground acceleration response
spectra. The two major reasons for introducing this conservatism in the design
of longer period (tall columns, long spans) conventional bridges is stated in the
commentary of the AASHTO Standard Seismic Specifications as follows:

a. In longer period conventional bridges, high ductility demands will be
concentrated in a few columns.

b. Instability of a conventional bridge is more of a problem as the period
increases.

For seismic isolation design, the elastic seismic coefficient is directly related
to the elastic ground response spectra. This is because the intent of seismic isolation
design is to introduce flexibility and damping in specifically designed and tested
elements with the goal ofeliminating or significantly reducing the ductility demand
on the substructures. Consequently, the conservatism of the seismic coeffICient
required for long period (long span, tall column) conventional bridges is not necessaIy
for short span, regular column height isolated bridges. The form of the seismic
coefficient is therefore slightly different from that for a conventional design and,
for 5% damping, is given by

AS.C- I

'-7 (2)

In this case, A is the acceleration coefficient, Sj is the site coefficient for seismic
isolation design and the Iff factor accounts for the decrease in the ground response
spectra ordinates as T increases. The specific ~ values for the isolation requirements
reflect the fact that above a period of 1.0 second, there is a 1.0 to 1.S to 2.0
relationship for the spectral accelerations for Soil Types I, II and III. respectively
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(Figure 12 of AASHTO Standard Seismic Specifications). Once again, C. should
not exceed a value of 2.5A.

(3)

If the effects of damping are included, the elastic seismic coefficient is given

AS.
C=-'sTS

where B is the damping term for the isolation system. Note that for 5% damping,
B=1.0.

by

The quantity C, is a dimensionless design coefficient, which when multiplied
by g produces the spectral acceleration. This spectral acceleration (S...) is related
to the spectral displacement (Sn) by the relationship

(4)

where w is the circular natural frequency and is given by 2."rr. Therefore, since
S... = C,-g

(5)

and

1 AS.
So=- --' g

w2 TB
9.79ASjT= inches

B

(6)

Denoting So as D, which is the displacement across the elastomeric bearings,
equation 6 is approximated by:

lOASjT
D = inches

B
(7)

An alternate form for C, is possible. The quantity C, is defined by the
relationship

(8)

where F is the earthquake design force and W is the weight of the structure.
Therefore,

F Ik4 X D
C = - = --"===---

• W W
(9)
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where Ikur is the sum of the effective linear springs of all isolation bearings
supporting the superstructure segment. The equivalence of this form to the previous
form is evident by recalling that Ilcar = (0)2 Wig. from which

Ca)
2wC = __ X

I g

AS.
C =-'

I BT

(10)

Thus in summary, equations 7 and 9 are used to determine the statically
equivalent seismic force. The isolated period of vibration is given by

T= 2..JrK':.g (11)

The base shear (V), (which is equal to the statically equivalent seismic force)
is obtained by substituting equations 7 and 11 into equation 8.

v = F = rxqr' D

v = AS . W
TB

Sin&ie Mode Spectral Analysis

(9)

(12)

The single mode method of analysis given in Section 5.3 of the AASHTO
Standard Seismic Specifications is also appropriate for seismic isolation design.
In fact, use of the method is simplified with seismic isolation. Steps 1, 2 and 3
of the procedure are not necessary since the use of an isolation system will ensure
a simple rigid body deformation pattern of the superstructure.

In Step 4 of the procedure the value of Pe(x), the intensity of the equivalent
static seismic loading, is determined as

Pe(X)=W(X). C, (11)

where C. is calculated by Equation 9 and w(x) is the dead load per unit length
ofthe bridge superstructure. In Step 5 ofthe procedure the loading Pe(x) is applied
to the superstructure to determine the resulting member forces and displacements.
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Multimode Spectral ADalysis

The guidelines given in Section 5.4 of the AASHTO Standard Seismic
Specifications are also appropriate for the responsespectrum analysis ofan isolated
structure with the following modifications:

a. The isolation bearings are modelled by use of their effective stiffness
properties determined at the design displacement D (Figure 1).

b. The ground response spectrum is modified to incorporate the damping
of the isolation system (Figure 2).

The response spectrum required for the analysis needs to be modified to
incorporate the higher damping value of the isolation system. This modified portion
of the response spectrum should only be used for the isolated modes of the bridge
and will then have the form shown in Figure 2.

TIme Histol')' Analysis

When a time history analysis is required for systems with a non-centering
capability, it is necessary for the time histories to be frequency scaled so they closely
match the appropriate ground response spectra for the site. In addition, the anaIyticaJ
model should incorporate the nonlinear deformational characteristics of the isolation
system.

DESIGN DISPLACEMENTS FOR SEISMIC AND OTHER LOADS

Adequate clearance shall be provided for the displacements resulting from
the seismic isolation analysis in either of the two orthogonal directions. As a design
alternate in the longitudinal direction, a knock-otJ abutment detail may be provided
for the seismic displacements between the abutment and deck slab. Adequate
clearance for the seismic displacement must be provided between the girders and
the abutment. The shear deflections in the isolators resulting from braking loads,
wind loads and centrifugal forces will be a function of the nonlinear force-deOection
characteristics of the isolators. Adequate clearance at all expansion joints must
be provided for these movements.

DESIGN FORCES FOR SEISMIC PERFORMANCE
CATEGORY A

The AASlITO Standard Specification (AASHIU 1991) for romentional design
has only two requirements for SPC-A. All bearing and column connections are
required to be designed for 0.2 times the dead load and the minimum support
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length requirements need to be met. In the isolation design requirements the
isolation bearing connections are required to be designed for

F = ~D
where

Kar = Effective linear stiffness of the isolation bearing
D = Displacement of the isolated superstructure using a minimum

acceleration coefficient, ~ of 0.10.

This permits utilization of the real elastic force reduction provided by seismic
isolation and will result in a lower connection design force than conventional design.

DESIGN FORCES FOR SPC B, C, AND D

Design forces for a seismically isolated bridge in SPC B, C and D are obtained
using the same load combinations as for a conventionally designed bridge. The
two design philosophies discussed previously are incorporated in the determination
of the design forces. The provisions permit the use of the same R-factors as
conventional design with a lower limit on the design forces being the yield level
of the isolation system. This option permits a more economic design with the same
performance level as conventional design. Ifa higher level of performance is desired
it is recommended that an R-factor of 1.0 to 1.5 is used to ensure essentially elastic
response.

A comparison of the design forces for a conventional and an isolated design
can be obtained from the lateral force design equations (AASHTO 1991). The
lateral force (V) is the uniform load applied in a manner similar to wind loads
and calculated as follows:

v = CaW (1)

Conventional C = I.24S (2)1TJ13

AS.
Isolation C=-' (3)

I TIJ
where

A =

S =
Sj =
T =
Tj =
8 =

Acceleration coefficient obtained from the seismic risk map. A varies
from 0.4 for SPC D to 0.1 for SPC B. A is less than 0.1 for SPC A
Soil Coefficient (1.0, 1.2 and 1.5 for Soil Types I, II and III, respectively).
Soil Coefficient (1.0, 1.5 and 20 for Soil Types I, II and III, respectively).
Period, seconds
Isolated period seconds
Damping Coefficient of the isolation system (1.0 for 5%, 1.2 for 10%
and 1.1 for 30%).
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For most conventional bridges with column heights less than 30 feet the
fundamental period calculated for use in the above equation will be less than 0.6
seconds resulting in C. attaining it's maximum value of 2.SA. A comparison of
the elastic design forces resulting from Equations 1, 2 and 3 is given in Table I,
together with the ratio of the conventional to isolated (VeNl) base shear value.
It wi)) be noted that seismic isolation provides a factor of 3 to 8 reduction in the
elastic forces. In order to compare column, foundation and connection design
forces, a factor of 5 reduction wi)) be assumed in the value of elastic base shear
(V) for the isolation design. The actual reduction in elastic forces will vary between
3 and ~ and depends on several factors including; the isolation period which generaJly
varies between 1.5 and 2.5 seconds; the soil type, with stiffer soils producing higher
factors of reduction; and the damping of the isolation system, with higher damping
values producing higher factors of reduction.

Table 2 presents a comparison of the design forces for 3cases. A conventional
design where the elastic force C.W is obtained, assuming the period of the bridge
is less than 0.6 seconds resulting in an elastic force of 2.5AW. For SPC B where
A may be as low as 0.1, this results in a lateral force of 0.25W. The two isolation
design cases are based on the assumption that there is a factor of 5 reduction in
the elastic force with V = O.SAW. The two columns of results presented for an
isolation design are the two design alternates permitted by the AASHTO Guide
Specifications. The first uses the same R-Factors as conventional design, whereas
the second uses an R-Factor of 1. The second design alternate will result in an
elastic design with no damage, whereas the use of the same R-Factors will produce
the same performance as a conventional design.

It will be noted from Table 2 that when the same R-Factors are used for a
conventional and isolation design the reduction in design forces for the isolation
design are the same as the elastic force reduction, which in this example is a factor
of 5. For the no damage isolated design option (R= 1) a column design force
reduction is only obtained for single columns. However, for the foundations, a
factor of 2 to 3 reduction is obtained, and the factor of 5 elastic force reduction
is also obtained in the connection design forces.

REQUIRED TESTS OF ISOLAnON SYSTEM

The code requirements are predicated on the fact that the isolation system
design is based on tested properties of prototype isolators. The testing section
of the provisions provides a comprehensive set of tests to both establish the design
properties of the system and then determine the adequacy of the tested properties.
Systems that have been previously tested with this specific set of tests on similar
type and size of isolator units do not need to have these tests repeated.
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ELASTOMERIC BEARING DESIGN REQUIREMENTS

Elastomeric bearings which are used for seismic isolation will be subjected
to earthquake induced displacements and must therefore be designed to safely
carry the vertical loads at these displacements. Since earthquakes are infrequently
occurring events, the factors of safety required under these circumstances will be
different from those required for more frequently occurring loads. Since the primaIy
design parameter for earthquake loading is the displacement of the bearing, the
design procedures must be capable of incorporating this displacement in a logical,
consistent manner. The requirements of Section 14.2 of the AASHTO StandDrd
Specifications limit vertical loads by use ofa limiting compressive stress and therefore
do not have a mechanism for including the simultaneous effects of seismic
displacements. The British Specifications BE 1/76 and BS 5400 recognize that
shear strains are induced in reinforced bearings by both compression and shear
deformation. In these codes, the sum of these shear strains is limited to a proportion
of the elongation-at-break of the rubber. The proportion (1/2 or 1/3 for service
load combinations and 3/4 for seismic load combinations) is a function of the loading
type.

Since the approach used in BE 1/76 and BS 5400 incorporates shear deformation
as part of the criteria, it can be readily modified for seismic isolation bearings.
The design requirements given in the seismic isolation code provisions are based
on the appropriate modifications to BE 1/76 and BS 5400.

DESIGN ISSUES FOR ISOLATION SYSTEMS

The global design issues for the isolation system involve the desired isolation
period, the base shear, the damping of the system and the required margins of
safety for the system. 1bere are many interrelated variables involved in an isolation
system design and to provide an overview of how these variables impact the structural
design process the new AASHTO seismic isolation design requirements are used.

The displacement across the isolators (D), the elastic base shear (V) and the
isolation period (T) are given by the following formulas.

lOAS.T.
D = ' , (4)

B

T ; 21TJ w (5)
, K 0g

AS.
V=KD=-'·W

TIJ

372

(6)



--

where
D = Isolator Displacement. Inches
K = Overall Isolator Stiffness (GMr for plain reinforcedelastomeric isolators

where Tr is the total elastomer height).
V = Elastic Base Shear. Kips
W = Structure Weights. Kips
G = Shear Modulus of Elastomer. Kips/lnch.
Tr = Total Elastomer Heights. Inches

The important design variables are impacted by the isolation system properties
a.; follows:

DISPLACEMENT - The isolator displacement is given by equation 4 and the
two isolation system properties that impact isolator displacements, D, are the
isolated period T and damping coefficient B. D increases as the isolation period
T increases and decreases as the damping coefficient 8 increases.

BASE SHEAR· The base shear, V, is given by Equation 6 and is inversely
proportional to the isolation system period T and damping coefficient B. That
is V decreases as both the isolation period T and damping coefficient B increase.

PERFORMANCE COMPARISON OF ISOLAnON SYSTEMS

In order to compare the relative perfonnance of isolation systems with different
damping values a basis for the comparison must be established. There are three
possibilities.:

• The isolated structure must have the same base shear.
• The isolated structure must have the same displacement.
• The isolated structure must have the same isolated period.

If different isolation systems have different damping values, these luee options
are mutually exclusive, i.e. only one of these criteria may be satisfied at anyone
time. From a structural engineering design perspective. the key design parameter
is the equal base shear option since the structure wiJl have the same degree of
protection and safety margin regardless of the isolation system used.

This option is evaluated and for the purposes of numerical comparison a 10%
damped (810 = 1.2) and a 30% (BJO = 1.7) system will be compared since this
is the practical range of currently available systems.

If the elastic base shear of two isolated systems are to be equal then the
relationship between the isolated periods and resulting displacements of the two
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Numerical Comparison
if V10 = V]O
then T10 = 1.4T30

and 0.0 = 2.00]0

systems, defined by subscripts 1 and 2, can be derived from Equations 4, 5 and
6 as follows:

Set Ve2 =
then T2 =
and 02 =

_ B.
where r - -

B2

and B, and ~ are the damping factors for the two isolation systems.

Thus, for an equal base shear comparison a 10% damped system will require
a 40% longer isolated period, and will experience twice the displacement ofa 30%
damped system. For an equal displacement comparison a 10% damped system
will require a 40% lower period and will produce twice the base shear of a 30%
damped system. Clearly from a structural design perspective, the damping of the
isolation system is an important design variable.

SUMMARY

Seismic isolation offers panicular advantages to bridge structures. Reductions
in eanhquake loads can be significant and savings can be achieved in the foundations
of new designs along with improved seismic perfonnance (elastic response). Isolation
also offers an elegant solution to many of the common retrofit problems encountered
in existing bridges. Limited experience to date has shown that isolation can be
adapted and implemented to meet a wide variety of different site and bridge
conditions.

The adoption of the seismic isolation code requirements discussed herein is
a key step in the implementation of any new technology and these code requirements
should significantly increase the implementation phase of the technology. They
provide engineers with professionally acceptable procedures without which, liability
issues dominate decision making. The Jack of code provisions to date has been
an impediment to the more widespread use of the technology and thus these new
code requirements are a key step forward in the application of this benefICial
technology.
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FORCE

DISPlACEMENT

Qd = Characteristics strength (kips)
Fy = Yield force (kips)
Fmax = Maximum. force (kips)
KcJ = Post-elastic stiffness (kiprmcb)
Kg • FJastic (unloading) stiffness (kip/inch)
Keff = Effective stiffness
lim • Maximum bearing displacement

FIG. 1. Characteristics of EIastomeric Bearing
with Bilinear Characteristics
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BRIDGE MODELING HETHOD IN ME~SHIN DESIGN

Hinoru SHIMADA] Katsuyuk1 DEWA] and Tamotsu TAMURA'

'SHIMIZU CORPORATION, Minato-ku, Tokyo, Japan
~PENTA-OCEAN CONSTRUCTION CO. ,LTD. Shinaga~a-ku. Tokyo, Japan

ABSTRACT

Th1s paper presents the modeling method and the se1smic design method of
the Henshin bndges. First, comparing the earthquake responses of a Hensh1n
brldge modeled 1n four simplified frame models, the most approprlate model is
proposed. Second, comparing the seismIc responses obtained b)' tlo10 types of
response spectrum methods, which are "Single-~ode Method" and "Mult1-Hode
Method", it is observed that there is no remarkable difference bet ..een the tlo10
methods. The Single-Hode Method is, therefore. recommendl"d to the Menshin
design.

INTRODUCTIOS

Superstructure and substructure are flex1bly connected 1011th Henshin
bearings. It is. however, expected that the seismic response characteristics of
Menshin bridges are more simplified compared w1th those of non-Henshin bridges.

A frame model is widely used for the seism1c design of h1ghl'ay bridges.
~e have modeled a Henshin bridge in four frame models with dlfferent degree of
approximation. Through comparing the seismic responses of each model, their
differences and characteristics are examined, and the recommended model is
proposed accordingly.

The response spectrum method is generally adopted for the seismic design.
ThlS method is classified into two methods. One 1S the Single-Hode Method ~hlCh

considers a fundamental mode of the structure and the other is the Muh i-Mode
Method ~hich takes into account maJor modes. Comparing the seismic response
accelerations, displacements and response forces obtained by each method, it 1S
observed that there is no remarkable difference between the two methods. As a
result the effects of higher vibration modes for Menshin bridges can be
definitely negl1gible.

CHARACTERISTICS OF THE EXAMINED MENSHIN BRIDGE AND STRUCTURE TYPES

Figure shows an exa=ined three-span continuous prestressed concrete
bridge. Three types (structure type 1 throuah 3) of this bridge, with the
different pier lengths shown in Table I, are nUMerical eKperimental Models. The
abutllent height is 4.5 • in all .odels and the cross-section of the abutments
and the piers is 2.5 II by 2.5 II. The foundations of abutMents and piers are
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rigid foot ings, and they are supposed to be constructed on firm ground.
rubber bearings are installed as Henshin devices.

Z
!

Lead

--~=!---'

P1

.-n, ,
L2 I:

~----=e=!5t~!:::---

P2

b_: l3
/ A2

Fig.1 Dimensions of example bridge

Table 1 Dimensions of structure types

Structure Pier PI Pier P, Abutments AI ,A~

type L, (Ill) L2 (m) L, (m)

1 15.0 15.0 4.5

2 7.5 7.5 4.5

3 15.0 7.5 4.5

MODELING OF THE MENSHIN BRIDGE

The Menshin bridge has been modeled by the simplified frame model. Both
superstructures and substructures are modeled in beams and lumped masses. The
Henshin devices are modeled in equivalent shear springs and substructures are
supported by elastic shear and rocking springs of the ground.

To compare the seismic responses and to study the possibility of
simplification of the models, four models have been prepared (sho~n in Figure 2
through 5).

• ::oJ ~ --~ •- .. ,

'f
_vv..,

t -",'-r r- r r
I

~,~
, • •

• t~~J"'i
'> • -' • •

i f... ..•..-i
~ ~

1 I
r,

• t-?-il-,,,·-t

1 J-
Fig.2 Bridge design Hodel 1 Fil·3 Bridle design Model 2
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Fig.5 Brldge design Nodel 4

The characteristics of each model are summarized as follows;
Hodel 1 is the strict model of the Menshin bridge.
Model 2 has neglected the stiffness and mass of abutments, since it is
supposed that they have almost no influence on the seismic responses.
Model 3 has. moreover, neglected the shear and rocklng springs of the ground.
Hodel 4, the simplest one, is modeled in only one pier of the bridge.

DESIGN ACCELERATION RESPONSE SPECTREH

Standard acceleration response spectrum (S5 (T,» is stipulated in Table 2
and Figure 6. Then the design spectrum (SA (T, • h.» is determined by

S. (1. )

CD
h.

¢ "
h,
k,
¢ ,
K

CD· S. (T.)
1. 5/ (40h. +1) + 0.5
!: {¢ "T. h,. k,. ¢ OJ I (¢ T. K· 9,»

design acceleration response spectrum corresponds to
s-th natural period and s-th damping constant,
standard acceleration response spectrum corresponds to
s-th natural period,
damping constant factor,
s-th modal damping constant,
s-th modal vector of j-th element,
damping constant of j-th element,
stiffness matrix of j-th element,
s-th total modal vector. and
total stlffness matrix.

(1)

(2)
(3)

The damping constant h., which corresponds to each vibration mode, has been
calculated to be proportional to strain energy.

Table 2 Standard acceleration response spectru.

Natural Period

T (sec) T lO 1.4 1.4 < T

Standard acceleration

response spectrum 700 980/T

5. (T) (gal)
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Fig.6 Standard acceleration response spectrum

RESPONSE SPECTRUM METHOD

The Single-Hode Method takes into account a fundamental mode of ~ibratic~.

Io"hile the Multi-Mode Method considers major modes •• hlCh are considered to :.
effective to the seismic responses. The Square Root of the Sum of the SquarEs
(SRSS) method is generally appl ied to this !'lui t i-~ode Method and maxllr::~_

seismic responses are calculated as follolo"5:

_here

0: ii, Z ) J/ 2 = [!: {{3 •• 5, (T•• h.) • ¢ .}:] .
(~ U. 2 ) J d = [E {{3 •• S, (1•• h.) I tu .: • ~ • >; ): / Z

(~F.,)J·z= [E {K. U.)Z]I/2

(4)
(5)

(6)

til t ti ......

U., Urn. J[

w.

response acceleratlon of s-th mode and maximum response
acceleration,
response displacement of s-th mode and maximum response
displacement,
nodal force of s-th mode and maKlmum nodal force,
s-th participation factor, and
s-th natural circular frequency.

RESULTS OF THE BRIDGE MODELISG

To study the differences of the bridge modeling, the Multi-Mode Method has
been applied to the seiuic design. The natural periods. the participaticZl
factors and the damping constants of structure type 1 are tabulated in Table J.
From the first to the third natural periods of longitudinal direction IX
direction) of the four lIodels are represented. There are shgM differences
among theID, i. e ...odel 4, the simplest one, indicates the longest first natural
period, but, generally, the simpIer the model becomes, the shorter the natural
periods beco.e (except the case of lIodel 4).

HaltiliUII shear forces, bending mOllents and relative displacements of tl:e
Menshin device are tabulated in Table 4. The percentage of each response val~e

ratio divided by the response of Modell is also indicated in the 38l1e tabIe.
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Figures 7, 8 and 9 show the response accelerations, displacements and relative
displacements of the l1enshin device, respectively. These results are the
responses of structure type 1. Figures 10 and 11 show maltillUIl shear force lind
bending moment at the bottom of the pier, respectively.

Alllong the four models, model 4 indicates notable differences. The larger
shear forces and bending moments appear particularly in comparison wi th the
other three models. Comparing models 1 and 2, it may be concluded that there is
almost no remarkable difference between them. The abutments which are far
stiffer than the piers have little influence on the seismic responses and
therefore, they can be negligible. On the other hand, when comparing models 1
and 3, there are some differences in both response accelerations and
displacements because of the eltistence of elastic ground springs. However,
there is no remarkable difference in the maltimum shear forces and the bending
moments. Since these differences are less than 9 1 compared with those in model
1, both the simpler model 2 andlor 3 can be applicable as a seismic design
mode I.

As for the structure types, though the seismic responses differ, those of
all structure types show the same tendency as type 1.

Table 3 Natural perIods, partiCIpation factors

and damping constants

Hodel Hode Natural period Participation factor Damping constant

(sec) (X)

1st 1.342 1. 071 15.32

1 2nd 0.290 0.995 18.29

3rd 0.173 1.436 6.63

1st 1.301 1. 059 16.53

2 2nd 0.290 1.005 17.94

3rd 0.122 -1. 00' 5.93

1st 1.229 1. 043 17.39

3 2nd 0.297 0.937 16.60

3rd 0.072 0.599 5.32

1st 1.389 1. 062 15.11

4 2nd 0.246 0.931 16.85
--------

3rd 0.072 0.599 5.32

Non- 1st 0.720 1.068 5.00

l1enshin 2nd 0.105 0.782 5.00

model 3rd 0.060 -0.261 5.00

Note: Structure type I
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Table 4 Maximum shear forces, bending moments and

relative displacements of Menshin device

MaxillUIl shear force Maximum bendina 1I0lllent Maximum relative

Model (t f) (tf.) displacement(t.)

Pier PI Pier PI PI Henshin Device

Top Bottoll Bottom

1 Multi 289.9 351.4 4931 9.04

Mode (100) (100) ( 100) ( 100)

2 Hul ti 263.1 323.8 4511 8.21

Hode ( 91) ( 92) ( 9\) ( (1)

3 Hult i 287.6 333.7 4762 8.97

Hode ( 99) ( 95) ( 97) ( 99)
'-

4 Multi 39 i. 2 437.3 6333 12.20

Hode ( 135) ( 124) ( 128) ( 135)

2oo~---1-----~
1 2 3 4

MODEL NO.

1oooF;r;t---I--~
• •800 -~._--_._----.-.

-'
~ o.
- 60011---....,...-.-;---......---• •U .,:::\ g. -.:.
~ 400t-------,---,--~--t--_t

Fig.7 Response accelerations of four models

Note: Structure type 1

i c. SUPERSTRUCTURE~
io. P1 PIER I
! X y

30 --------- -- .-. 30 -------- --~

.-. o· • ::. 9
~ ( a:0 •20 en 20 ~-----_ ..- --- "a: :::1. • o. 0
en :2 o.o· ~Q 10 -- w 10 I-J • "8- ::....

CC

0 0
1 2 3 4 1 2 3 4

MODEL NO. MODEL NO.
Fig,8 Response displacements of Fig.9 Relative displace.ents of

four .odels Henshin device of four .odels
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RESULTS OF COMPARING TWO RESPONSE SPECTRUM HETHODS

To study the differences of the two response spectrum methods, model 1 has
been applied. The lIaKimum shear forces, the maximull bending moments and the
maximum relative displacements of the Henshin device for structure type 1 are
tabulated in Table 5. The percentage of each Single-Mode response value ratio
divided by the Multi-Hode response is also indicated in the same table. A
correlation of .a~imum accelerations obtained by the Single-Hode Method and the
Multi-Hode Method is shown in Figure 12. Figures 13 and 14 show correlations of
maxilllull displacements and relative displacements which occur in the Menshin
device, and Figures 15 and 16 show correlations of luximUIll shear forces Ind
maximum bending moments, respectively.

Some of the .altimull response accelerations calculated by the Multi-Mode
Method are larger than those by the Single-Mode Method, and consequently, it may
be considered the response accelerations are influenced by the higher vibratlon
modes. However, there is ahost no difference in relative displacellents which
relate to stiffness and energy dissipation of the Kenshin device. While,
maKimum shear forces and bending moments which decide the cross-section of piers
are generally correlative.

The effect of higher vibration aodes is less for the Henshin bridge, and
hence, the Single-Hade Method is suitable for the seislIic design. As for Table
5, there is a high degree of agree.ent between the responses by the Single-Hade
Method and those by the Multi-Mode Method.

MUlIerieal integration tiae history analysis by the aodal aethod is carried
out to co.pare with the seisaic responses by the Single-Mode Method. An
artificial earthquake record with the sa.e acceleration spectru. as that of the
response spectrum .ethod is applied to this analysis. Figures 11 and \8 show
correlations of lIaltiaUIl relative displaceaents of the Henshin device and the
l1lall.iaua bending .o.ents obtained by these two lIetnods, respectively. There is
not significant difference in the seisaic responses between the tiae history
analysis and the Single-Hade Hethod, and hence, this siaplified aethod is
reco••ended to the Henshin design.
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Table 5 Maximu~ shear forces, bending moments and

relative displacpmeLts of Menshin device

Haxilllum shear force Maximum bpndIng moment Maximum relative

Model (t f) (tfm) displacement(cm)

Pier PI Pier PI PI Menshin Device

Top Bottolll Bottom
-1 Hulti 289.9 351. 4 4931 9.04

Mode (l00) (l00) (100) (100)

Single 288.2 342.7 4914 8.99

Mode ( (9) ( 98) (100) ( 99)

2 Multi 263.1 323.8 4511 8.21

Hode (100) (100) (100) ( 100)

Single 261. 2 314.1 4493 8.15

Hade ( 99) ( 97) (100) ( 99)

3 Multi 287.6 333.7 4762 8.97

Hode (100) ( 100) ( 100) (100)

Single 286.8 J24.9 4739 8.95

Hade (100) ( 97) (100) (100)

4 Multi 391.2 437.3 6333 12.20

Mode (100) (100) ( 100) ( 100)

Single 390.6 430.8 6317 12.18

Hade ( 100) ( 99) (100) (100)

Note: Structure type 1
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CONCLUSIONS

The authors have confir=ed that Henshin bridges can be designed usina the
siaplified fraae aodel 2 and/or 3. Because the abutllent is far stiffer than the
pier and it effects little on the seisllie responses of the Henshin bridle. And
the shear and roclting springs of the ground can be nellec:ted because seisaic
displace.ent of footina on fira ground is nellilibly sliall.

Heanwhile, concernina the design lIethad, it is reco.aended that the siaple
Single-Hode Hethod is an effective design aethad for the Henshin bridle since
there 15 no reaarkable difference in the seisllic responns between Sinlle-Hode
Hethod and Hulti-Hode Hethod. That is, the Henshin devices connect the
superstructure with the substructure softly, thus the hiaher vibration 1I0des
contribute less to the seisalc responses.
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DESIGN AND CONSTRUCTION OF MIYAGAWA BRIDGE

(FIRST MENSHIN BRIDGE IN JAPAN)

MATSUO Yoshiro1 and HARA Koji Z

l.Director. Road ConsbUction Division. Public Works Department. Shizuoka PrefectUral

Government,

Shizuoka city, Shizuoka, Japan

2.Technological Staff. Road Construction Division, Public Works Depanment. Shizuoka

Prefectural Government.

Shizuoka city, Shizuoka, Japan

SUMMARY

The Miyagawa bridge in Shizuoka prefeewre is me fU'St Menshin bridge consuucted in Japan.

Although base-isolation bridges have been already consuuaed in New Zealand and U.S.A., the design

method of base-isolation could DOl be direaly applied to me Menshin bridges in Japan because of the

different seismic and odler conditions such as dle higher possibility and larger size of eanhquakes. and

softer ground. This repon introduces the Menshin design method of the Miyagawa bridge to distinguish

the difference from me base-isolation design method. Loading tests of the Menshin bearing used in the

Miyagawa bridge and field vibration teSts of the bridge are also presented briefly, which were carried out

prior to the construction and after the completion, respectively. to conflllTl the dynamic performance of

the bearing and the bridge.

INTRODUCfION

All of Shimoka prefecture where the Miyagawa bridge is located. has been designated as an area
under intensified measures againS( earthquake disasters, since the significant Tokai earthquake is

predicted to occure off the coast of Shizuoka in near future. Therefore, the national government and the

Shizuoka prefectural government has been already promoting various countenneasures for the prevention

of earthquake damages and disasters. As one of the imponant measures, funher improvement of seismic

performance of highway bridges is required from the view point of ensuring emergency transportation

system during the earthquake.
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Under these circumstances. the Miyagawa bridge was selected as one of the pilot Menshin bridges

by the "Menshin Highway Bridge Comminee". which has been founded in the Road Bureau. Ministry of

Construction. in order to discuss the applicability of Menshin design. 1be bridge was designed and

constructed by the Shizuoka prefectural government under supervision of the Ministry of Construction.

and opened for public traffic as the fll'S[ Menshin highway bridge in Japan on March 15. 1991. as shown

in Phot 1.

Photo 1 Completed Miyagawa Bridge

DESCRIPTION OF MIYAGAWA BRIDGE

The Miyagawa bridge is a 3-spans continuous bridge with a non-eomposite steel plate girder. whose

total length and width is 108.5rn and 1O.5m. respectively. The bridge was erected across the Keta river

as a renovated bridge of National Highway No.362 in Harono-cho. Syuchi-gun. Shizuoka prefecture

(See Figs.lto 4). The bridge specifications are shown in the foUows.

Horizontal Alignment

Vertical Alignment

Skew Angle

Ground Condition

: R=oo (Straight Bridge)

: i=O.45%

: a =90
0

: Stiff Ground (Ground Category I in the Specifications (Ref. I)

Although the Menshin effect could be taken in both longitudinal and transverse direction. the effect

only in longitudinal direction was intended in the Miyagawa bridge. and devices for restraining the

transverse deformation of Menshin bearings were installed at the bearings. Therefore. the Menshin

design was applied in the longitudinal direction while the bridge was designed as an ordinary bridge in

the transverse direction.
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MENSHIN DESIGN OF MIYAGAWA BRIDGE

The Miyagawa bridge was designed in accordance with the regulations of the Design Specifications

for Highway Bridges (Ref. 1). We ~so referred to some items on Menshin design in "Guidelines for

Design of Menshin Highway Bridges (Draft)" published by the Technology Research Center for National

Land Development in March 1989 (Ref. 2), since there was no previous example of a bridge designed by

the Menshin concept in Japan.

Fig. 5 outlines the flow chan of Menshin design used in the Miyagawa bridge. According to the

Specifications, two levels of seismic force shall be taken into consideration in the seismic design of

highway bridges. The lower level, which is designated hereafter as Level I, represents the effect of

moderate earthquakes which are expected to take place with high possibility. The higher level, which is

designated hereafter as Level 2. represents the effect of larger earthquakes with the Richter scale more

than 8 which are supposed to take place very rarely, such as the Kanto earthquake (M=7.9) of 1923. For

the Level I, allowable stress method is adopted in the Specifications so thaI the stress developed due to

the Level 1 seismic force be less than the seismic allowable stress which is almost equal to the yielding

stress. For Level 2, the ductility of reinforced COhCrete piers shall be checked to avoid brittle failures

during significant earthquakes.

Deterllination Period of Bridge

~enshin Bearing

Design of Substructure against Levell Seislic Force

Ductility Check of Reinforced Concrete Piers
against Level 2 Seismic Force

Determination of Gap Space at Expansion Joints
and bet*een Girder and Abutment

Analysis
Z SeislDic Force

Design of Falling-off Prevention Devices

Safety Check by
against Levelland.~;';';:"',=-;':;":'-=-"';::'::'':'':'':::'':''::'''''':''::':''::''::...I

E" 0
Fig. 5 Flow Chart of Menshin Design

According to the flow chan the preliminary design was done at fIrst to detennine the rough

configuration, and the Menshin design was performed as foUows.

Fundamental NatUral Period of Menshin Bridge Since it is significantly required in Menshin bridges to
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avoid the resonance vibration between the Menshin deck and the substructure, the fundamenlal natural

period of the Menshin bridge have to be enough longer than that of the non-Menshin bridge where

Menshin bearings would be replaced with flXed bearings. The Guidelines reconunend that the

fundamenlal natural period of the Menshin bridge should be twice or more longer than that of the

non-Menshin bridge to avoid the hannful resonance vibl'31ion. As the fundamental natural period of the

non-Menshin Miyagawa bridge was computed as 0.30 sec, the target value of the fund,.menlal natural

period of the Miyagawa bridge was set at 0.80 sec.

Selection and Design of Menshin Bearing Table 1 shows the Menshin bearings which could be used for

highway bridges. After surveying and comparing characteristics of Menshin bearings shown in Table I,

the lead rubber bearing (LRB), which was originally developed in New Zealand and has been often used

in many foreign countries, was adopted as Menshin bearings of the Miyagawa bridge. The key point of

the comparison was on durability, reliability, compactness, and easiness of being handled during

construction and being replaced if damaged.

Table 1 Menshin Devices

~o Description
I Lead Rubber Bearing (LRB)
2 High Dalping Lalinated Rubber Bearing (HOR)
3 High Dalping Lalinated Rubber Bearing ~ith Built-in Plastic Ru bber
4 Steel Bar Dalper Systel
5 L31inated Rubber Bearing + Steel Bar Dalper + Lead Damper
6 Lalinated Rubber + Friction DalPer
7 Steel Dalper + Lalinated Rubber Bearing
8 Slide Bearing + Restoring Spring
9 Lalinated Rubber Bearing + Viscous Shear Oa~per

10 Laminated Rubber Bearing + Steel Bar Dalper

Figs. 6 and 7 show the LRB at the abutments and the piers, respectively, which was designed in

accordance with the Guidelines. Table 2 gives the specifications of the LRB.

n
~.~

410

A-A

770

Fig. 6 LRB for Bridge Abutments
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Fig. 7 LRB for Bridge Pier

Table 2 Specifications of LRB

'iotation L"nit
LRB Design Specification

.\bu tIIIen t Pier
~idth and Depth of Bearing a x b mm 350 X 350 ~50 X 450
'iet Area of Rubber .-\ R ell2 1.818 2.321 I

'iet Thickness of Rubber n x te" L te mm I~ x 9" 126 IOX11:110

Section of Lead Plug ~ X ¢ mID 1x ¢ 75 4 X ¢ 70
Shear ~odulus of Rubber G kgf lema 8. a 10. C
Shape Factor S 9.4 10.6
Compressive Stiffness of Bear i ng Ku t f/in 46.63 156.60
Yield Strength of Lead Qd tf 3. ~~3 12.00
Initial Stiffness K" tf!. 706.3 2463.0
Post-Yield Stiffness Kd t fill 108.7 378.9

Design of Substructures A significant feature of a Menshin bridge is to intentionally disuibute the inenia

force of a deck. to substructures. The distribution ratio of each substructure could be easily adjusted as

desired by changing the lateral stiffness of Menshin bearings. Considering the lateral strength of the

substrUCtures of the Miyagawa bridge, 38% and 12% of the total inenia force was to be allocated to each

pier and each abutment, respectively. The total weight of the deck is 1,32Otf and the lateral force

coefficient of the Level 1 is 0.2 so that the total inertia force was computed as 264tf by multiplying the

weight with the coefficient. The piers and the abutments were designed in allowable suess method

against the disttibuted inertia force of the deck as well as the inenia force of the substructure itself. Figs.

4 and 8 show the configuration and the arrangement of reinforcing bars of the PI and P2 piers.
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Fig. 8 Cross Section of Piers D22

Table 3 summarius the design values of the LRB and the substructures for the Levell. It should

be noted here that the energy dissipation effect of the Menshin bearings was not taken into account when

designed against the Level 1 seismic force. The relative displacement in the bearing was about 28mm

(22% shear strain in rubber) and 20mm (18% shear strain in rubber) at the abutments and the piers,

respectively. The fundamental natural period was computed as 0.76 sec, which is satisfactorily near to

me target value of 0.80 sec. The fundamental natural period of 0.76 sec is not so long as that of

base·isolation structures. This is because too much elongation would bring problems at the expansion

joints discussed later in this paper.

Table 3 Design Values of LRB and Substructures for Levell

I tell Cnit A 1 P 1 P 2 A2
Total of Equivalent Stiffness of Bearing Ka tUm 1.154 4.634 4,685 1.159
Dallping Ratio of Bearing he These are not Considered
Stiffness of Substructure K D t fI- 40,510 14.090 11 , LBO 3l.750
Total Stiffness of Bearing and Substructure K tflll 1.122 3.487 3,71B 1.118
Distribution Ratio of Deck Inertia Force 1/ 0.1231 0.3825 0.3718 0.1226
Funda.ental ~atural Period of Bridge T sec O. 764
Design Seisaic Lateral Force Coefficient kh O. 20( I. 0*0. 8*1. 0"'1. 25-0. 2)
Design Relative Displaceaent of Bearing Ca a. 28. 2 21. B 20.2 28.0
lnertia Force Translitted to Substructure F tf 32.5 101. 1 98. 2 32.4

Ductility Oleck of Piers The ductility of the reinforced concrete piers against the Level 2 seismic force

was checked to avoid brittle failures during significant earthquakes. Table 4 summarizes the design

values of the LRB and the subsuuetures for the Level 2. The relative displacement in the bearing was

about 130mm (110% shear strain in robber) and llOrnm (100% shear atrain in rubber) ar the abutments

and the pieni, respectively.
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Table 4 Design Values of LRB and Substructures for Level 2

Itel [nit A 1 P 1 P 2 A 2
Total of Equivalent Stiffnes~ of Bearing Ke tf/II 673 2,450 2,~66 676
Damping Ratio of Bearing he O. Iii 0.137 0.139 O. 119
Stiffness of Substructure Kp tfllll 40,510 10,300 8.680 17,950
Tutal Stiffness of Bearing and Substructure K tUm 622 I 1,9i9 1.920 651.5
Distribution Ratio of Deck Inertia Force 7/ 0.1270 0.3797 0.3683 0.1250
Fundamental -;atural Period of Bridge T sec I. 010
Damping Ratio of Entire Bridge h O. 119(Cn=0. 760)
Design Seismic Lateral Force Coefficient k ~c O. j~ (1. 0*0. 7*0.76*1. 0)
Design Relative Displacement of Bearing L'B 11I11 133 109 105 130

The lateral force coefficient for the Level 2 was computed as 0.54 with the fundamental natural

period of 1.01 sec. when energy dissipation effect of the LRB was taken into account However. since

the bridge is one ofthe fIrst Menshin bridges constructed in Japan. the damping effect was disregarded in

the ductility check. Therefore. the lateral force coefficient of 0.7 which was obtained by assuming that

the energy dissipation of the LRB is zero, was used in the check.

Fig. 9 illuslrales the lateral forcd vs. laIeral displacement (P- 0 ) curve of the piers used for the

ductility check. Table 5 shows the result of the check. Since the ultilTlale flexural slrcngth p. is lower

than the shear strength PI' the flexural failure is expected to take place. The allowable flexural strength p.

and the allowable ductility ratio P. are obtained as :

P.=Py+(P•.py)/ a

,£1.=1+( 0.- 0)/ a Oy

(1)

(2)

( ) represent the displacement

Pu-1896 03 655)-
/

f:;, py":' 174.8 O.J7J

P e = 155.4 (1.102)

/
100

200

where Py and 0 y are yielding flexural strength and yielding displacement. p. and o. are ultimate

flexural strength and ultimate displacement. and a is a safety factor over yielding to ultimate. Although

the safety factor a is usually assumed as 1.5 for an ordinary bridge. a of 3.0 was used for the

Miyagawa bridge not to develop progressive plastic hinges at two location, i.e., at the Menshin bearing

and at the bottom of the piers. resulting unstable mechanism during significant earthquakes.

P ( t )

5.0 10.0 15.0 d (em)

Fig. 9 P- Ii Curve of PI Pier
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Table 5 Result of Ductility Check of Pier

Itel Calculated Value
llttlate FleKural Strength Pu=189.6tf
Shear Strength Ps-467.5tf
Allowable Duct;!tty Ratiu IJ. =il. 672
Design Seislic Latera! Force Coefficient Khc =1. 0-1.0-0.7.1. 0-0. 7
Equivalent SeisDic Lateral Force Coefficient Khe =0.22
Allowable FleKural Strength P,=\79.7tf
Lateral Inertia Force r=153.2tf<P.

The Level 2 seismic force and the allowable flexural strength was computed as 153.2 tf and 179.7

tf, respectively. By comparing the force and lite strength, it was judped that the piers have enough

ductility against the Level 2 seismic force.

Determination of GaD SDace Since large displacement of a deck relative to a substructure would be

developed in Menshin bridges, a sufficient gap should be kept between an abutment and a deck, and at

expansion joints. On the other hand, the larger gap at expansion joints would bring vulnerability to the

traffic load, especially in Japan due to heavier traffic on highways. Therefore. the following concept on

the gap space was adopted in the Miyagawa bridge, that the space between the abutment and the deck

should be decided so that the deck would not collide to the abutment when subjected to the Level 2

seismic force, and the space at the expansion joints should be made equivalent to the relative displacement

developed there by the Level 1 seismic force. It followed that lite space between the abutment and the

deck was 150 mm and at lite expansion joints was 50 mm. Rubber expansion joints with movable range

of ± 115 mm were actually used, considering their installation and size.

Design of Falling-off Prevention Devices Falling-off prevention devices were installed at the deck end

and at the bearings on the piers. The device at the deck end consists of two plates flXed to the deck and to

the abutment each, and a rod which was inSt!ted into the holes of the two plates to connect them as

shown in Fig. 10. When excessive relative displacement between the deck and the abutment is being

developed, the collision bet" een the rod and the plates would take place to control the displacement.

Since great impact force due to the collision would disturb the Menshin effect, narrower gap space is not

appropriate. The gap space of the device installed at the bearing. which is a shear-key restrainer, also

should not be too narrow. Therefore, the space of the device at the bearing was set at a value of the

relative displacement developed there by the Level 2 seismic force, and the space of the device at the deck

end was adjusted at lOmm longer as additional space than the space of expansion joints.
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Fig. 10 Falling-off Prevention Devices

Safety Check by Dynamic Analysis The seismic safety as a whole bridge structure was checked by

linear dynamic analy:iis for both the Levelland the ~vel 2, where the LRB was idealized into a linear

spring and a linear viscous damper by the equivalent linearizing method. Dynamic anal}'sis was executed

by the response spectrum method and the time-history response analysis method which compute the

response by the mode-superposition method with eigenvalue analysis. Since the damping effect is of

importance in the Menshin design. the damping ratio of each vibration mode have to be properly

calculated from the damping ratio of each snuctural element such as the Menshin bearing and the

substructure. The proportional-to-suain-energy damping computing method shown in the Specifications

was used. by which the damping ratio of each vibration mode is obtained as a weighted average of

damping ratio of each element with proponion to its strain energy.

Table 6 shows the natural period and the damping ratio of each vibration mode. The damping ratio

of the LRB. the substructure and the foundation were assumend as 27%.5% and 10%. respectively. in

the Levell. and 13%. 5% and 10% in the Level 2. The first to founh vibration modes for the Levell are

shown in Fig. II. Since the fU'St is a vibration mode where only the deck is swaying with large shear

deformation of the bearing and slight flexural deformation of the substruCtures. the damping ratio of 24%

for the flJ'Sl vibration mode is predominated by the damping ratio of 27% of the bearing.
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Table 6 Natural Period and the Damping Ratio

~ode
Level 1 Level 2

Satural {)alping Satural Dallping
So.

Pe r iad (sec) Ratio P~r iod (sec) Rat io

1 O. 7724 0.2355 1. 0156 0.1216

2 0.274~ 0.0324 O. 27 ~8 0.0312
3 0.2121 O. 177'3 1. 2419 0.0987

4 0.1941 0.0996 0.2206 0.0938
;) 0.1906 0.1080 O. 1927 0.0341
6 0.1593 O. 0464 O. 1594 0.0416
i 0.1425 0.1457 0.1583 0.08-\8
8 0.1103 0.1523 0.1108 0.1000
9 0.0876 0.1138 0.0885 O. 0882
10 0.0812 0.1341 0.0867 O. 0790

I~

(a) 1st Mode

r-----r(-----l·------l
(b) 2nd Mode

(a) 3rd Mode

----~~

(b) 4th Mode

Fig. 11 Vibration Mode

Fig. 12 shows the acceleration response obtained through the time-history response analysis for the

Levell. The wave component with shon period is cut in the deck response with reduction of peak

response. compared wim the pier crest response. Table 7 compares the ber-ding moment and the shear

force between the design and the dynamic analysis. The significant difference between the design and the

dynamic analysis is the damping effect of the Menshin bearing. While the damping effect was

disregarded in the design. it was taken into account in the dynamic response. Therefore. the sectiooal
force developed al the piers. the deck displatement and the relative displacement al the bearing obtained

through the dynamic analysis are lower than the design value. and the seismic safety of the Miyagawa
bridge as an entire structure was confmned.
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Fig. 12 Acceleration Response

Table 7 Comparison ofSectional Foeces of Bridge Piers
P 1 Pier P2 Pier

SectiOD Shear Force (tf) Bendine ~o.ent(tf·.) Shea r Force (t f) Bendine ~o.ent(tf·.)

Itu.ber
Des ien

Dynaaic
Desien

Dynaaic Dell ign Dynaaic
DesieD

Dyna.ic
Analysis Analysis Analysis Analysis

1 (Top) 101.0 69.8 0 0 99.0 64.2 0 0
2 72.3 72.2 34.9 68.9 71. 3 32. 1
3 92. 7 288.8 143.3 85.8 285.4 135.3
4 109.8 649.8 367.5 101. 2 642. I 342.8
5 123.4 1010.8 642.0 115.1 998.8 595.9

6 (Botto.) 190.0 123.4 1299.6 890.5 189.2 115.1 1284.2 826.0

FIELD TESTS OF MIYAGAWA BRIDGE

Since the Menshin bearing is a key of Menshin design, loading tests of the bearing alone were made

prior to the construction and field vibration tests were conducted after the completion to confum the

dynamic performance of the bearing and the bridge.

Loading Tesrs of Menshin Bearing Prior to the installalion of the bearings. the loading tests of the LRB
were condueted to confmn the dynamic perfonnance of the bearing alone (See photos 2 and 3). Two

kinds of the LRB were manufactured. II sets of the LRB were for the abutments and the other 11 sets of

the LRB were for the pie~. 10 sets ofeach kind were actually installed in the Miyagawa bridge and each
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extra 1 set which was randomly selected among the II sets. was used in the lodding tests. TIle tests

consists of compression tests. cyclic shear loading tests and shear rupture tests. Table 8 shows the test

cases and conditions. and Table 9 summarizes the test results.

Photo 2 Cyclic Shear Loading Tests Phow 3 Tested Bearing

Table 8 Test Cases and Condition

(a) Tes t Cases
Test I te'!l LRB at Abutment LRB

--.
at ?i,:~

~ Compression Test Done Do~e

CD Cyclic Shear Loading Test Done Done
QD Shear Ruptu~e Test - Done

(b) Compression Test
Un i ts LRB at .'b(;l1Dent LRB at Pier

COlpressive Lcad(~) tf 51. 0 161. 0
Load AIlPlitude(R. .. -Rd) tf ~ 8.0 ± 22.0
Number of C~cles tiles 5 5

(c) Cyclic Shear Loading Test
Uni ts LRB at Abutlent LR!l at Pier Renrks

COlpressive Load tf 43 139

CD I' 2S ( 22~) 22( 20~) Equi~alent to Level 1
Lateral ~ .. 63 ( 50~) 55 ( 50\)

Displacelent '3) I. 95( 75\) 83( 75\)
(Shear Strain) ~ I. 133 (I 06\) 10B( 98\) Equivalent to~

@ II 200 (l59~) 162 (l47S) 1.5 Tiles Level 2
~u.ber of C~cles tiles 5 5
Loading Velocity CI/S 1.5 1.5
Input Displacement - Sinusoidal Wave Sinusoidal "ave I
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Table 9 Test Results

Tes t 1tel ~oution ~nit
LHB at Abuuent LRB at Pier
Test Desiln Test Desi,n

hxilul Load V tf 58.12 59.00 182. I 183.0

COlprelS!on COlpressive Displacelent a II I. 197 I. 270 I. 24 1.17
at Nllilul Load

Teu
Static Vertical Stiernes. Ku tf/.. 48.55 46.63 146.8 156.6
Dynalic Vertical Stirfnels Ku. tf /11 100.3 - 312.8 -

'l. tf 3.80 3.443 11. 49 12.00
221 Shear Strain K. tfll 103.2 108.7 381. 8 378.9

(Correspond!nl to Level I) K. I tfll 242.2 231. 7 923.0 924.4

h .. % 31. 7 26.8 30.3 27. 7
Q. tr 4.08 3.443 13.98 12.00

501 Shear Strain K. tUI 64.8 108.7 233. 7 3i8. 9

K•• tUI 130.5 163.4 497.0 597. I
hi. % 29.4 19.4 28.8 20.8

Cyclic 'l. tf 4.14 3.443 13.24 12.00
Shear

75S Shear Strain K. tUI 52.1 108,7 183.0 378.9
Load!nl K•• tfll 94.6 144.9 342.6 523.~

Tesl h .. % 27. I 15.0 I 28. 0 16.4
'l. If 4.06 3.4~3 12.31 12.00

1061 Shear Strain K. tfll 48.5 108.7 166.9 378.9
(CorresPOnd!nl to L~vel 2) K.. tf/. 78.4 134.6 280.3 490.0

h .1 % 24.0 II. 7 26.2 13.7
'l. tf 4.05 - 12.41 -

159S Shear Strain
K. tf/I 45.7 - 157.3 -(Correspondinl to K.. tf/I 65. 7 - 235. 7

1.5 Tiles Level 2)
h .. % 20.4 22. 1

.-- -
Ultilate Lateral Force at RuPlure F. tf - 95.2 -Shear
Ultilale Lateral Displacelent

Rupture L·. II - 3C7 -
Teu

at Rupture
Ultilate Shear Strain at Rupture Y. '" - 279 I -

In the cyclic shear loading te~ts• .:yclic lateral force were repeatedly applied ti the bearing under a

con."tant compressive load equivalent to the vertical reaction force in the actual "ridge in order to examine

the stability of the hysteresis loop. the damping ratio, and the dependency of lazeral stifi'ness on lateral

displacement. Comparing the test results with the design values shown in Table 9. the damping ratio

from the tests drastically exceeds the design value at any lateral displacement. However. the equivalent

stiffness gained from the tests was Significantly lower than the design value over the shear strain of 75%.

Fig. 13 and Fig. 14 show the hysteresis curves oflateral force and lateral displacement of the LRB.

The displacement of the tests shown in Figs. 13 and 14 corresponds 10 the Level I (shelf strain of 22%).

and the Level 2 (shear strain of 106%). respectively. The hysteresis curve assUI1le(J in the design was

shown in Figs. 13 and 14 as reference. The above-mentioned difference of the stiffne..s between the

design and the tests in large strain range can be apparently observed in Fig. 14.
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Fig. 14 Load Displacement Curves (Level 2)

TIle dynamic performance of the whole bridge at the Level 2 was reevaluated with use of the

stiffness obtained from the tests, and it was confinned that the lower sliffness would C••use no practical

problems on the ductillity of the piers and the gap space between the deck and the abutment.

Field Vibration Tests Field vibration tests were conducted under the joint research program with the

Public Works Research Institute. Ministry of Consuuction. in February 1991 prior to the opening in

order to verify the Menshin effect. The tests consist of lateral free vibration tests and the traffic vibration

tests.

In the lateral free vibration tests, three hydraulic static jacks owned by the Laboratory of Japan

Highway Public Corporation were placed between the temporary steel frames assembied under the deck

and the A2 abutment as shown in Photo 4. The force capacity of each jack is 180 tf and the maximum

stroke is I5Omm. The force generated by the jack can be raleased more rapidly than the regular static jack

to develop the free vibration. TIle deck was forced by the jack to move against the abutment in the

longitudinal direction to a certain displacement. The maximum displacement was decided as Scm so that

the total force of the jacks should not exceed the lateral bearing capacity of the abutment The acceleration

on the deck at each substructure (8 points). the acceleration on the crests of the substnJClUres (8 points)

and the displacement of the deck relative to each substructure (8 points) were recorded during the free

vibration tests.
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Photo 4 Hydraulic Static Jack

Fig. 15 shows the rl'larive di.splaremem of the deck at the A2 abutment when the force of the jack

was released at 8cm. It is observed in the figure that the free vibration was developed in 0.75 sec after

the rdease. and the deck came nearly to a stop at 4 sec. remaining the residual displacement of 5.4cm by

the plastic resistant force of the lead plug. The analysis using single~egree-of-freedomsystem with a

linear spring model and a friction model could successfully assess the field test only in the first 0.75 sec

(Ref. 3). The gradual decrease of the relative displacement after 0.75 sec observed in the test. is thought

to have to do with the creep of the lead plug. Further analysis is being proceeded to verify the

distribution of deck inertia force to the substructures.

E

~8 ....

lLJ~ r:J:-::=::-----;:==::::;:=;~==:=::==:~~---~ffi6r f
!;i2] 4 STOP OF MOTION LEG EN 0
.....J(J
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en
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TIME (second)

Fig. 15 Relative Displacement of the Deck at A2 Abutment

Traffic vibration tests were carried out by running heavy vehicles with the weight of 20tf. The

purpose is to check the harmful vibration of the bridge and surrounding ground. The tests consist of

constant speed tests and braking tests. No unusual vibration due to the Menshin bearing was not

monitored around the bearing and the surrounding ground.
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Suong-eanhqualce-motion observation is being done to measure the earthquake response and to

analyze the dynamic behavior. A~lerometers were installed at three locations, at the deck, at the pier

crest and in the bedrock behind the Al abutment. The analyzed data would be also used to confmn the

appropriateness of the Menshin design.

CONCLUDING REMARKES

A shon repon of the Menshin bridge h3S been given in this paper, we will be very pleased if this

paper becomes a useful reference to assist in the planning for Menshin bridge. which will become more

common in future. We hope to repon the results of various tests done on the actUal bridge, at another

time.
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SUMMARY

In this paper, the results of seismic response analysis performed
on Menshin devices are presented. This analysls is basically to inves
tigate the validity of the equivalent linearizing method in predicting
the seismic response of the Menshin device. As a result of comparison
of equivalent linearizing methods. it was observed that Dynamic Stiff
ness and Geometrical Stiffness methods are valid for use in equivalent
linearization of restoring force characteristics of Menshin devices.

It was confirmed that the equivalent linear analysis by using
these two methods .is a practical analysis for the pu~poses of design.
Reported here are the methods of representing lead-rubber bearing and
high-damping rubbeI bearing in models and also a proposal of a simpli
fied model in determining the properties of Menshin devices.

INTRODUCTION

In recent years. usage of Menshin device is expanded by using it
in highway bridges, in addition to that in buildings, and successfully
applied to practical use l ). While the restoring force characteristics
of these Menshin devices are usually non-linear, the equivalent linear
i zing method is generally used to facll i tate the design of t'1enshin
bridges.

A fundamental principal of this method is that every hysteresis
loop of Menshin device is first replaced approximately by that of Voigt
model with a certain assumed spring constant. Then equivalent damping
ratio is defined so as to make the loss of energy per cycle of actual
hysteresis loop be equal to that of Voigt body. Jennings2 ) shows that
the equivalent damping ratio defined from a unique hysteresi!; loop
gives different value if th~ assumed spring constant is different. 3 )

It is the purpose of this paper to examine some of the different
equivalent linearizing methods, using six kinds of actual Menshin
devices. And the appl ication of the equivalent 1 inear analysis to
seismic response of Menshin bridge is examined.
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DESIGN OF MENSHIN DEV~CE

A design was carried out for the Menshin devices for the bridge
shown in Fig. 14) The "Guideline on the Design of Menshin Highway
Bridge (Draft)"S) was referred to in the structural design of the
Menshin devices and care was taken to maintain the displacement of the
Menshin devices at the seismic force level for ultimate ductility check
between IS and 20cm. The designed Menshin devices and their properties
are given in Table 1. They are all hysteresis type Menshin devices and
are represented by non-linear models on the basi s of the force-dis
placement curves obtained in tests. Examples of the models for the
spiral steel bar damper are given in Fig. 2. The damper can be repre
sented fairly well with a elasto-plastic model, while greater accuracy
can be achieved with the Ramberg-Osgood (R-O) model. Test calculations,
however, indicate that there is no great difference in the maximum
response values, which are of importance in the design, obtained using
these two models (Fig. 7). The bi-linear model was selected as a prac
tical non-linear model for use in the design in view of the resul ts
Cobtained. Similar results were obtained with the other devices listed
in Table I confirming the decision to use the bi-linear model as the
non-linear model.

ISO

400

Az

32850

Pz

lOS 800
39 000 lOS SOC

§
::I--..m-----r---::t---m----~

FiC. 1 General View of Three Span Bridge

Table I Properties of Menshin Devices

llenshin Devices Q,Ctf) K,Ctr!caJ K.Ctr!CI)

lad Rubber Ilearin. 60.0 123.2 18.9

Hlp !)upins Rubber Bearlns 61 . 1 98.0 19.7

Rubber Bear ins
64.5 46.4 16.9 i'th+ Friet ion o.-r Q'.........

£ll5to 5lidilll Bearins
49.0 81. 7 16.9 { K,

+ Itor lzontll Spr ins

Rubber Bear ins
68.2 32.0 10.8 L-'-l'I.I':',

+ Slain less Steel Iins o-r

Rubber Bear ins
75.9 70.3 15.3

+ Spir.1 5t..1 Bar [)qler

...._"a..l
(a) Experilental Hysteresis Loops

D..

rmfZT[7".../1117 7777
(b) Idealised ftrsteresls loops

(ElasLo-Plastic Model)
(c) Idealised ftrsteresis loops

(IuberrOscood Node I)

Flc. 2 Hysteresis Loops of Spiral Bar Duper
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The gradient of the
point on the force-dis
used as the equivalent

EQUIVALENT LINEARIZING METHOD FOR MENSHIN DEVICES

There are several methods for equivalent linearizing of the force
displacement curves obtained in tests. Here, the following 3 methods
were selected as those appropriate for Henshin devices out of the
methods listed by Jennings 2). The equations for calculation of the
equivalent stiffness and damping ratio when the 3 methods are applied
to the bi-linear mooel are given in Table 2.
Resonant Amplitude Method (R.A. Method) The initial tangent stiff
ness is used for the equivalent stiffness. The equivalent stiffness
remains constant and the equivalent damping ratio tends to be smaller
than in other methods. The calculations involved in this method are the
simplest.
Dynamic Stiffness Method (0.5. Method) The equivalent stiffness and
damping ratio are determineo ensuring an agreement between the station
ary resonant frequency and energy absorption. While the non-linearity
is evaluated most faithfully, the calculations involved are more com
plex than in other methods.
Geometrical Stiffness Method (G.S. Method)
straight line joining the maximum deformation
placement curve and the point of origin is
stiffness. It is the method most widely used.

The equivalent stiffness and damping ratios when the methods are
applied to laminated rubber and spiral steel bar dampers are compared
in Fig. 3. While there is little difference between the methods
in the region with low ductility factors, the differences become great
er in the range with ductility factors of 10 to 15 where Menshin de
vices are used.

Table Z Equivalent Stiffness and DaIPins Ratio

I.Resonlnt A.plltude Method

K•• =K,
2 #-1

• (1-r)h ••=- . --
If 11 2

2.D,nl.lc Stiffness Method

K•• =K , • C,
S,

h •• =-
2C,

1 1-.,
51n28 IC,= - { (J -r) 6+111'--- x.> x.

I( 2
= 1. 0 J(o~ J(.

5,=-
4 (J -.,) #-1

xo> x •.
1f p'z

=0. 0 x 0:1 x.
(J -COS-' (l-ZlIl)

3.Geoletrlclt Stiffness Method
1+(r-1) 2 #-1 1 - r

K•• =K I' h •• = - .--.
# If # 1+1 (1l-1)

Q·di~I !
1-~ xo r=K./K,

#=xo/x.
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Fi,. 3 Ductility factor vs. Equivalent Stiffness and Dalpinr Ratio

COMPARISON OF RESPONSE RESULTS

Analysis Conditions The pier PI in the bridge shown in Fig. I was
selected for the analytical model and analysis was carried out on the
behavior along the bridge axis. The model and its properties are shown
in Fig. 4 and Table 3. For the input earthquake motion, the artificial
earthquake waves for Group I ground taking into consideration the
seismic coefficient method and seismic force level for ultimate ductil
ity check (Levels I and 2) in the "Highway Bridge Design Specifications
for Highway Bridge - Earthquake Resistant Design" 6} were used. The
response spectra of the artificial earthquake waves are given in Fig.
5. In the eqUivalent linear analysiS, the maximum response value was
used as the effective amplitude and calculations were repeated until
the response displacement of the Menshin device agreed with the assumed
value.

Table 3 Properties of Analytical Model

Fi,. 4 AnalJtlcal Model

Node No.
EI(t-.2

)

Level-l Level-2

1 2 -- ---
2 3 ], 423X 10 7 6. 690X IDe

3 4 1.38lX 107 6. 492X 10°

4 5 1.233X 107 5.801XlOo

5 6 1.023XI0 7 4.810X 10°

6 7 9.113X 10° 4,313XIOo

7 8 co co

8 9 co co

Sprln, K N"2. 261 X 105(t/a)
Const. KIl"2. 770X lOO(t ••/rad)
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Fie. 5 Acceleration Response Spectra of Input Earthquake Motion

laximum Response Value The maximum response values obtained through
lon-linear (bi-linear model) and equivalent linear (R.A, D.S. and G.S.
lethod) analysis are compared in Fig. 6. There was little difference
lmong the eq~ivalent linear analySis values in the response analysis at
,evel 1 and they agree closely ~ith th~ results of non-linear analysis.
t is thought that the small response displacement of the Menshin
evice (ductility factor: 1 to 5) led to there being no great differ
'nces in the external forces accompanying the differences in the fre
:uency characLeristics in each method. In the response analysis at
.eve1 2. there was little difference in the response values for the 0.5 .
.nd G.S. methods and both agree closely with the non-linear analysis
·esults. With the R.A. method, however, while there was no great
ifference in the maximum accelet'ation, maximum bending moment and
,hear force, the response displacement was around a half of that ob
ained in non-linear analysjs. This is because the use of the initial
.tiffness as the equivalent stiffness resulted in a large difference
rem the non-linear analysls result in the frequency characte~istics in
egions with large response displacement and indicates that the appli
ation rnnge of the R.A. method has been exceeded.

ime History Response Wave The response wave of the superstruc
ure when laminated rubber and spi ral steel bar damper are used are
hown in Fig. 7 as typical examples. The input earthquake motion was
t Level 2. The response waves obtained with the R-O model in Fig. 2
re also shown for reference. The comparison indicates that there is no
ignificant difference between the response waves obtained with the R-

and bi-linear models. Although the response waves in the 0.5. and
.5. methods agree closely with the non-linear analysis results in the
<:!gion around the main motion, the long-period components begin to
.edominate in the small-amplitude region after the main motion, making
he results differ from those in the non-linear analysis. This is
ecause the equivalent stiffness and damping ratio are determined using
he maximum response value as the effective amplitude. While it is
ossible to reduce the effective amplitude through use of some reduc
ion coefficient, the methods used here are thought adequate at least
or evaluation of the maximum response value.
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FiJ. 7 RespOOSe Waves b~ Non-linear and Equivalent Linear Analysis (LeveI-2)

MODELING OF FORCE-DISPLACEMENT HYSTERESIS LOOPS FOR LEAD-RUBBER BEARING
AND HIGH DAMPING RUBBER BEARING

Lead-rubber bearing (LRB) The modeling of force-displacement hys
teresis loop for LREs adopted in Japan is based on the design guide of
the Ministry of Works and Development in New Zealand 7). The shape of
the idealized hysteresis loop can be defined by three parameters.
characteristic dissipator strength: Qd. post-yield stiffness: Kd and
initial stiffness: Ku(see Fig. 8). The methods of estimation for these
parameters are shown in the second column of Table 4.

However. the tests carried out recently in Japan to confirm actual
dynamic properties of LRBs have made clear that the idealized hyster
esis loop disagrees with the actual ones in the following points:

1. Actual characteristic dissipator strength is apprOXimately 10 per
cent larger than the idealized one.

2. Actual post-yield stiffness is in good agreement with the ideal
ized one at shearing strain up to 50 p~r cent. However. It decreases
gradually at strain over 50 per cent. In fact, the actual post-yield
stiffness at strain of 100 per cent is approximately 50 per cent of
that of the idealized one. Accordingly the actual equivalent stiffness
is 40 per cent smaller and the equivalent damping ratio is 90 per cent
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larger than the idealized ones at the strain of 100 per cent. This
means that the post-yield stiffness is not constant but varies depend
ing on the strain.

In Fig. 9. the idealized hysteresis loop is compared with the
actual one for the LRB of 450mm*550mm in plain and 110mm in effective
thickne_3 of elostcmers at 100 pel cent strain (llOmm displacement).
In this paper, a new method is proposed in estimating parameters of
the LRB so that the hysteresis loop can be modeled reasonably well.

Based on the test resul ts the characteristic yield stress and
shearing stress at the strain 1 are taken as Shown in Table 4. These
relationships have been substantiated by testings of several LRBs with
sizes different to each other at various strain rates. The character
istic dissipator strength. the post-yield stiffness and initial stiff
ness can be obtained as shown in Table 4.

In Fig. 10, the hysteresis loop estimated by proposed method is
shown comparing with the actual one for the LRB of 450mm*550mm i~ plain
nnd 110rnm in effective thickness of elastomers at 100 per cent strain
(llOmm displacement). The figure shows that they a=e in good agreement
to each other.

F

---+----t---+---~u

Displaceaent

FiC. 8 Idealised H)'s~eiesis Loop

Table' CoiParison of Method for Estill8tinr LRB Properties

Present Method Propesed Method

Characteristic
Dissipator Qd=78A~ Q.=85A..
Strencth Qd

Post-rield Stiffness A.. Kd=- (F-Q.) /u
01 Dissipator K. Kd=KR(l+12 -) F =FIt+F,.

Ait F ..=Klt e U
F,.=A,. e q( r)

q( 7)=-283.6 '(2+183.8 r +85.0
(0 ~r<0.5)

q(7')= 28.31'2-128.1 T +163.0
(O.5:i 7' :liZ.O)

Initial Stiffness
Ku K.. =6.5Kd Ku=6.5Kd

where
Kit : shear stiffness of without lead (klf/ca) F : shear force (kef)
A,. : cross-sectional area of leael" pllll (cs2) F, : shear force 01 rubber without lead (kif)
Art : area of bear ins rubber (ca2) F, : shear force of lead (kef)
q(r): &hearinc stress of lead at strain ?,(kcf/Cll2) 7 : shearinc strain
u : dlsplaee.ent (CII)
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High damping rubber bearing(HDRl Fig. 11 shows the force-displace
ment hysteresis curve for HDR. and reveals that restoring force
characteristics have a great influence on shearing strains. Fig. 12
shows the test results of the second series carried out subsequent to
those of the first series in Fig. 11. Restoring force Characteristics
vary even in the same strain according to the series: first. second
~tc"thus indicating its greater dependence on the history of the
shearing strain.

JUdging from earthquake response analysis. i. t is quite proba
ble that the maximum acceleration depends on the stiffness of the first
series while the maximum displacement. depends on the stiffness of the
second series. Consequently. substitution of the equivalent linear
model for the hysteresis loop is made in light of shear strains and
history of deformation. The formula for calculating the effective stiff
ness and equivalent damping ratio are as £0110111:5: In conformity with
the dependence on the history of deformation, the design maximum
shear strain is determined beforehand as 200% for high damping rubber
to be SUbjected during earthquakes. and up to 200% as the average of
two corresponding values prior to and subsequent to the undergoing of
the maximum shear strain. And for the range of over 200% of the
strains it is adopted as a given value from the rubber in which no
maximum shear strain has over taken place before. (see Fig. 13)
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Fi,. 13 Influence of Deforl8tion History on Shear Iodulus

a. Equi ...·alent stiffness
rubber bearing is estimated

Equivalent stiffness of High damping
from the following Eq. (1).

equivalent stiffness of High
area of rubber bearing(cm2 )
total thickness of rubber(cm)
shear modulus ~kgf/cm2)

G( y ) =al +a2Y +a3Y +a4T 3+ asr 4
ai : coefficient of influence

modulus
shearing strain of rubber

KS = A*G(y )1 t e
where,

KS
A
t e
G( y )

( I )

damping rubber bearing(kgf/cm)

(2 )
of strain dimension on shear

Table 5 Coefficient of Influence of Strain Di.ension
(case of HDR401 b~ Bridrestone Corp.)

ranee 01 shearin. strain a1 a2 a3 a. as
o :::5i r :::5i 180S 28.3 -48.0 45.7 -21. I 3.88

180< r :::5i 300S 0.31 -6.89 -1.08
300< r 10.03 0.41

b. Equivalent damping ratio
rubber bearing is estimated

Equivalent damping ratio of High damping
from the following Eq. (3).

equivalent damping ratio of High damping rubber
bearing(kgf/cm)

shearlng strain of rubber
coefficient of influence of strain dimension on damping
ratio

hS = bl+b2T+b3T 2 +b4T 3
where.

hS

( 3)

Table 8 Coefficient of Influence of Strain Di.ension on De.pine Ratio
(cese 01 HDR401 bl Brideestone Corp.)

rlnae of shelrina strlin b, b2 b3 b.
o :i r ~ 200X 0.172 -0.00693 0.00276 -0.00694

200< r 0.392 -0.240 0.0618 -0.00561
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DETERMINATION OF PROPERTIES OF MENSHIN DEVICE

The equivalent stiffness and damping ratio of the device need to
be known for determination of the properties of the Menshin device that
would ensure the required Menshin effects. For this, it is vital to
evaluate cOlrectly the maximum response generated in the Menshin device
during earthquakes. Because of the non-linearity of the resto~~ng force
properties of Menshin devices, however, it becomes necessary to repeat
the 4 steps of 1. assumption of response in device, 2. determination of
equivalent stiffness and damping ratio, 3. response calculations and 4.
return to step 1. until the response agrees with the assumed value. It
is hardly practical to carry out these complex calculations on the
Menshin bridge model (Fig. 14) used for the design of the substructure.
Charts have been proposed with calculations already made for various
a~sumed values for factors such as the Menshin device, design input
earthquake motion and bridge type but their range of application is
extremely limited.

0950

AI

Fir. 14 .ulti Decree of Freedol Model

Simplified Model of Menshin Bridge The model shown in Fig. 15 was
devised in view of the above with a view to ensuring i) accuracy of the
response of the device obtained and i1) simplicity. The primary vibra
tion mode predominates in the response of the device. If the considera
tions are limited to the primary mode. the superstructure will behave
as a rigid body and it was thought pOSSible to represent it wi th a
single degree of freedom model consists of the mass of superstructure
and the stiffness calculated from the stiffness of the Menshin device
and the substructure. By using such a model, the displacement (uEi) of
the Menshin device can be calculated using the following equation.

( 4 )

inertia force of each pier (= Kh~W~Ki!IKi)

design lateral seismic force coefficient taking equivalent
natural period and damping into account

weight of superstructure
equivalent stiffness of Menshin bridge

llKi = l/KBi.l/Kpi (5)
KSi. Kpi : stiffness of Menshin device and substructure

Superstructure

lIenshln
device K.,
Pier

F1,. 16 Sll\Ile Delree of Freedoll 1b:Ie1 or IleRshln Bridie
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Fir. 16 Displacelents of Superstructure and Kenshin Device

Investigation of Simplified Model The validity of the proposed
simplified model was investigated using the bridge shown in Fig. 1. The
spiral steel bar damper in Table 1 was used for the Menshin device and
the maximum response value under Level 2 in~ut earthquake motion was
sought through repeated calculations. The calculations were made ac
cording to 2 methods, one using Eq. (4) for the single degree of
freedom model shown in Fig. 15, and the other replacing the bridge as a
whole with the frame model shown in Fig. 14 and seeking the response
val ue under stat ically applied inertia force. The responses obtained
with the 2 models are compared in Table 7. The response displacements
and equivalent properties agree closely. indicating the validity of the
model in Fig. 15. The results indicate that it is possible to determine
the properties of the Menshin device and to predict the maximum re
sponse through repeated calculations using the single degree of freedom
model in Fig. 15. The substructure design can be conducted using the
model in Fig. 10 without repeated calculations by using the equivalent
stiffness and damping ratio thus obtained.

Table 7 ColIParison of Maxilul Displacelent of Menshin Device

Menshin Device Equivalent Equivalent
Displace-ent(cI) Natural Daapilll

Period Ratio
IIodeI AI PI PO? A2 T••(sec) h••(")

Static SiRcle Decree
of Freedoll Model(Fi,. 15) 15.6 13.3 12.9 15.3 1.095 11.9

Static Frate Model
(FIr. J4) 16.4 13.0 12.3 15.8 1.075 12.0

CONCLUSIONS

1. Comparison was made between the seismic response analysis results
when the Menshin device on a single pier multi mass model was repre
sented by a non-linear model and an equivalent linear model. It was
discovered that Dynamic Stiffness and Geometrical Stiffness methods are
valid methods for use in eqUivalent linearization of restoring force
characteristic of Menshin devices.

2. It was observed that the eqUivalent linear analysis by using these
methods is a practical analysis for the purposes of design.

3. A new method was proposed by which more accurate evaluation than
in conventional methods of the properties of lead-rubber bearing and
high-damping rubber bearing.
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4. The properties of the Henshin device are determined through re
peated calculations. A proposal was made for a single degree of freedom
model made up of the stiffness calculated from the equivalent stiffness
of the substructure and Menshin device and the mass of the superstruc
ture, as a simplified bridge model for accurate prediction of the
Menshin device response.
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SIMPLIFIED DETERMINATION METHOD OF SUBSTRUCTURE DPtIEliSIOSS OF MBSHIN BRIDGES

Yoshitake SAWAUQIV , Yoshihiro HISHIKl2 and Kazuhiro UTSUGII

1.2,3 Civil Engineering Design Division, KAJlMA CORPO~\TIO~

Minatoku, Tokyo, Japan

S\,;MMARY

The inertia of the superstructure of a menshin bridge during earthquakes is
affected by the characteristics of the substructure and menshin devices of the
bridge. It is therefore necessary, in determining the sectional form of the
substructure, to perfor. trial-and-error calculations con&idering the interaction
between the substructure, the .enshin devices and the superstructure. This paper
proposes a simplified method for determining the initial dImensions of the
substructure of a .enshin bridge, considering the bridge's dynamic
characteristics, describes trial designs based on the proposed method, and
discusses the effectiveness of the proposed method.

ISTRODUCTIOS

When an ordinary bridge is designed, spatial, temporal, environmental and
other restraints and aesthetic aspects are considered, and the type of structure
and details of members which are structurally safe and economical are adopted. In
the case of a type of structure whIch has separate superstructure and
substructure, the superstructure is designed first, and based on its reactIon and
other conditions, the structural type and dt.ensions of the substructure are
determined accordIngly. In this case. specifications of the substructure usually
do not affect the reaction of the superstructure, and the reaction can be
estImated unequivocally. Therefore, the substructure can be designed rather
easily.

Also, in the case of a type of structure ~hose superstructure and
substructure are designed as an integral body, structural desi~n can be performed
in a sbllar manner. This comes from the facts that there is a considerable
accuaulation of design records and data, which the desIgner can refer to, and
those minor design changes of the substructure do not seriously affect sectional
forces used for the design of structural aeabers.

However. since a menshin (seismically isolated) bridge is a aultiple-point
support continuous bridge which softly supports its superstructure through menshin
devices Installed on the top faces of the substructure, the dispersibility and the
a80unt of horizontal inertial force of the superstructure during earthquakes are
subject to cl'ange depending on the characteristics of the substructure and aeoshin
devices. In addition. changes in the stiffness and daaping characteristics of the
.enshin devices are nonlinear. Therefore, even at the stage of preliminary
design, the desIgner is forced to go through a series of trials and errors, which
make the design process very ti.e-consuming.

Such a tiae-consu.ing trial-and-error approach to the design of .enshin
bridges could become a serious obstacle to the diffusion and progress of aenshin
bridges. It is important, therefore. to try to mini.ize such trIals and errors by
properly setting the Initial diaensions of the substructure at an carly stage of
.enshin (seismic isolation) design. This paper proposes a .ethod for
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deteraination of the initial diaensions of a menshin bridge which can be applied
in actual design as easily as in the design of an ordinary bridge.

PROCEDURE

In designing a .enshin bridge, the determination of the substructure (cross
sections of pier members) and the menshin devices (stiffness of the D1enshin
devices) are of vital importance.

This section describes an efficient design method of a mcnshin bridge ~hich

minimizes trials and errors by sImplifying the estimatIon procedure of the
vibration characteristics of the bridge. The proposed .ethod can be applied to
desIgns following the Seismic Coefficient Method of the Japanese Design
Specification for Highway Bridges.

According to the Specifications for Highway Bridges. the design lateral force
coefficient is calculated as follows.\

kh = Cz • co • CI • Cr • kh 0 ••••••••••••••••••••••••••••••••••••••••• (l)

~'here .
kr,: desIgn lateral force coefficient (to be rounded off to three decimal

places)
kh0: standard design lateral force coefficient (O.2}
C2 seismic zone factor
Co ground condition factor
Cr importance factor
c\ natural period factor

Fig. 1 shows response factors indicated in the Japanese Design Specification
for Highway Bridges.
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Fig. 1 Response Factor

Assu.ptions and Basic UnderstandIngs The following basic assu.ptions are .ade:

1) The structural type, structure and spans of the superstructure have already
been fixed.

2) The. cross sections of the SUbstructure are deteuined by sectional forces
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acting on the substructure durIng earthquakes which are predo.inant in all
loading conditions.

3) The predo.inant vibration llIode of the menshln bridge In the bridge axis
direction is the primary 1I0de. which dominates the sectional forces of the
substructure during earthquakes.

4) In the prlaary lIIode the girder .oves like a swinging log. and relative
displace.ent between the girder and the top face of the pier is absorbed by
menshin bearIngs.

Assumptions 1) and 2) above can be applIed to many highway brIdges.

The validity of Assumptions 3) and 4) is indlcuted In Reference 2.

Froll Assumptions 3) and 4). the behavior of the lIenshin brIdge durIng an
earthquake can be eKpressed by an analytIcal model having one degree of freedom as
shmm in FIg. 2. As is generally knmm, In this case natural period T can be
expressed as follows:

! w
T = 2ll' J G' rK I· •••• 0 ••••••• 0 0 ••••••••• 0 •• 0 ••••••• 0 ••••••••• 0 • 0 • • • • •• ( 2)

where,
W total weight of superstructure
G gravIty acceleration
K : equivalent stiffness of stiffness Ke, of the mcnshin device at Pier and

stiffness K?, of the pier

l design displacement
durIng earthquake

R horizontal reaction
K. Ii

during earthquake
K equivalent stiffness of\ K,. the .enshin device and the pier

M~ KE, : equivalent stiffness of
the .enshin device

K" ~ )(~ equivalent stiffness of the pier
M moment at the bottom of the pier

M,

Fig. 2 Modeling of the Behavior of Menshin Bridge During Earthquake

Using dlsplace.ent V,. vertical reaction W, of the superstructure acting on
the piers. and desIgn lateral force coefficient K~, horIzontal reaction Ri of the
piers during an earthquake can be expressed by EquatIons (3) and (41.

R, = U, oK,
R, = I,' Kh

Therefore. the relationship In EquatIon (51 can be obtaIned.

(31
(4 )

w; .. V, -K; •••••••••••••.. 0 o' 0 •• 0 •••••••••• 0 •••••••••••••• 00 ••••• (5)
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From W=~w, and the fact that U, becomes constant value U. the relationship in
EquatIon (6) can be obtaIned.

U
W '" - ~K, ••••••••••••••••••••••••••••••••••••••••••••••••.•••••••• (6)

Kh

By substitutIng Equation (6) In Equation (2). the relationshIp between natural
period T and design displacement U in Equation (7) can be obtained.

T
U = (-) 2 • G' Kt, ..•••..•...•.•••..•••••••••••..•.••••....••..•....... ( 1 )

271

Design Procedure Fig. 3 shows a flowchart for the proposed lIethod. First,
natural period T is calculated based on the equations in Section (1), and then
sectional force is calculated by assuming design dIsplacement U. After that, the
initial dimensions of the substructure are determined. considering the expected
stiffness of the lIensMn devices. Finally. the _ensh!n devIces to be used are
selected.

The design procedure in the flowchart is described in detail below.

!Establlsh design conditions\
~

\Determine natural period \

I
r-------------------~Assu.e design displace.ent I

\

IEvaluate sectional force atl
the bottom of pier

'

DesIgn lateral force
coefficient

IEvaluate equivalent stIffness of\
the .enshio device and the pier I

&

IDeter.ine di.ensions of the I
pier's cross section

I

IEvaluate required sectional I
area of reinforce.ent

I

!Evaluate equivalent I
stiffness of each pier

I

i
!

IEvaluate equivalent stiffness,
lof the .enshin device I

._____J -_ Select .eoshin devIce
------------------<

-----1 -/ Verify stress in the pierL..-. _

~D-;
Fig. 3 Flowchart for Deter.ination of the InItIal Di.ensions of the Pier
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(a) Natural Period and Design Displace.ent

The natural period of the bridge Is set so that it falls within either Region
A (constant response acceleration spectru. region) or Region B (variable response
acceleration spectru. region). In this paper. the proposed .ethod is applied to
Region A. Table 1 shows the natural periods of the bridge in Region A for
different ground conditions. If the natural period is fixed, design displace.ent
U can be easily esti.ated using Equation (7).

Table 1 Satural Periods in Region A

Natural period of bridge (T)

Acceleration
response
spectru. (5)

Region A

RegIon B
Type of Ground !Xatural Period

Type I ground I 1<1.12 sec

Type II ground i 1<1. 40 sec

Type III ground i T<1.68 sec

Fig. 4 Acceleration Response Spectrum

(b) Sectional Force at the Bottom of the Pier

Sectional force which is necessary to determine the dimensions of the cross
section of the pier and evaluate the equivalent stiffness of the menshin device
and the pier is evaluated here.

1) Vertical Reaction of the Superstructure

Assuaing that each pier carries the weight of a portion of the superstructure
corresponding to a half span on both sides. vertical reaction Wi of the
superstructure can be obtained by the (ollowing equation:

L. Li.?: span lengths on both sides of Pier i
L: length of the overburden load zone

W, '"
(L, + L'.1 ) W
-----.- (8)

2 L
It,

.... R,

Fig. 5 Forces Acting on Pier

2) Horizontal Reaction During Earthquake

Horizontal reaction Ri acting on pier i during an earthquake can be
eValuated. using Equation (41. as the product of vertical reaction Wi of the
superstructure and design lateral force coefficient K~.

3) Bending Moaent at the Bottoa of Pier

Bending aoaent M, acting on the bottoa of Pier
following equation:
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M, = R, .~, = I, 'I<~ .a., (9)
a.i : height of Pier i

(c) Dimensions of the Pier's Cross Section

By using the sectional force of the botto. of the pIer. the dimensions of its
cross section were deter.ined and the required reinforcement is calculated. Then,
whether the required sectional area of reinforcement satisfies the rules of the
maximum and minimum sectional areas of relnforce.ent is checked. Also, whether
the re inforcellent can be arranged wi thi n the cross sect ion is checked by going
over structural details, such as cover and clearance.

(d) Equivalent Stiffness of the Pier

By using the dimensions of the pier's cross section. equivalent stIffness Kp,
of Pier j is evaluated by the following equation:

Kp, 3E, ,1 la., -: •.•••...........•........•.......................... (10)

E, : Young's modulus of Pier i
L: geometrical mOllent of inertia of Pier
l,: height of Pier j

(e) Equivalent Stiffness of the Menshin Device and the Pier

By using the bending 1I0ment at the bottom of Pier i evaluated in (b) above,
equivalent stiffness Ki of the Jlenshin device and the pier is evaluated by the
following equation:

K, =
~, R,

.••••.• , ....•••.........•. , .....••.••..•...•••..... (11)

For the purpose of verification, the natural period of the bridge is
evaluated by Equations (2), using equivalent stiffness K .

(f) Equivalent Stiffness of the ~cnshin Device

By using the equivalent stiffness K; of the menshin device and the pier
evaluated in (e) above and the equivalent stIffness 1<" of Pier i evaluated in (d)
above. required equivalent stiffness Ke, of the .eoshin devIce Is determined.

Each pier can be modeled as a singie-llass, sIng] e-degree-of -freedo. sys tem
with a series spring as shown in Fig. 6. Therefore, the equivalent stiffness of
the menshln device can be given by the following equation:

KB' =
K~ , -K,
---
Kp , -K,

................ (12)

Fig. 6 Modeling of Henshin Device and PIer

426



(g) Selection of Menshin Device

The relation between yIeld load Qi and secondary stiffness K2' ~hich

satisfIes the required equivalent stiffness ~, of the menshin device is expressed
by the following equation:

Q, = U, (Ke, - K2') (13)

A combination of the yield load and the secondary stiffness is selected.
considering the attaInable level of perforllance and dimensions of the lIenshin
devIce. When the device that satisfIes the requIred equivalent stIffness is not
avallable, the dillensions of the pIer's cross section may be revised. If it is
illPossible to change the dimensions of the pier's cross section, the assumed
design displacement lIay be revised.

(h) Verification of Stress in the Pier

Stress in the lo~est part of the pier is checked using the initIal dimensions
of the pIer determined thus far. Sectional forces acting on the bottom of the
pier are axial force, horizontal reaction during earthquake and bending moment at
the bottom of the pier.

1) Axial Force

Axial force Vi is 11 sum of the vertical reactIon 1f, of the superstructure
obtained by EquatIon (8) and the dead loads of the pIer.

v, = w, + W, 1 + fI, 2

W'1: dead load of the projecting portion of the pier
W,2: dead load of the pier column

(14 )

2) Horizontal Reaction DurIng Earthquake

Horizontal reaction R: during an earthquake is a sua of the horizontal
reaction R, of the superstructure during an earthquake obtaIned by Equation (4)
and the horizontal reactions of the pIer Itself during an earthquake.

R: = R, + w,o • K~ + W'2 • K~ (15)

3) BendIng ~oment at the Bottom of the Pier

Bending aOlllent M: at the bottoll of the pier Is a sum of bending moment 'I
caused by the horizontal reactIon of the superstructure during an earthquake ~hich

can be obtained by Equation (9), and the bending moments caused by the horizontal
reaction of the pier itself during an earthquake.

M:=M, +W,,' Kh' 1,\ +"'~' Kh '1" (16)

1,1: distance fro. the botto. of the pier to the point of application of the
horizontal Reaction of the projectIng portion of the pier during
earthquake

1,2: distance fro. the botto. of the pier to the point of applIcation of the
horizontal reaction of the pIer column

The step follo"lng the stress verification .ay be one of the followIng:
(i) Review of the sectional area of relnforce.ent

(ii) Review of the di.ensions of the cross section of the pier
(111) Review of assu.ed design displace.ent U, or review of the natural

period
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If the stresses In concrete or relnforce.ent do not satIsfy theIr
requirements. (I), (ii) and (iii) are consIdered In this order so that theIr
require.ents are satIsfIed. If the requlre.ents are satisfied. the next step Is
to move on to (I), (iI) or (iii) to improve econo.y. performance and workability,
or to the design of menshin devIces based on the dimensions of the cross section.

EXAMPLE OF APPLICATIOS

This section exemplifies the determination of the dimensions of the pler's
cross sectIon using the proposed method.

Design Conditions A three-span contInuous prestressed concrete bridge as sho""n
in FIg. 7 is consIdered here. DesIgn conditions shml"n in Fig. 7, and seismic
force in the direction of the bridge axis Is assumed.

: 3-span continuous prestressed
concrete composite girder
bridge (4 piers)

load): 2,884tTotal weight (dead
Substructure

Type of structure

Type of Bridge:
Superstructure

Type of structure

Rectangular cantIlever-type
pier, spread foundation

DesIgn SeIsmic MotIon: Levell seismic motion
• Ground condItion Type I ground

Direction of seismIc motIon: Same as the bridge axis

" ..

Loading area

50 000
Lz

Study area H, 15 000
7 000

UKIT:
Fig. 7 Menshln Bridge for AnalysIs

Natural Period and DesIgn Displacement The estimation of the primary natural
period of the brIdge .ay be arguable. In this exa.ple. following the argument
described In Section 2. target natural period T is set as T=1.12 seconds.

In this case, according to the SpecIfications for Highway Bridges, design
lateral force coefficient K~ is evaluated as follows:

K~ = 1.0 x 0.8 x 1.0 x 1.25 x 0.2 = 0.2

Hence. using EquatIon (7), dIsplacement is
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U = 0.062.

The subsequent dIscussIon Is based on thIs dIsplacement.

ReSUlts Table 2 and Fig. 8 show the results determined by the proposed method.
These values can be determined relatIvely easIly.

unT: .\l'I

,t'~8r I 1 I 2
PI 10 000 1 500
P2 15 000 12 500
P3 11 500 15 000
P4 10 000 7 500

",,"'1,

8 000 2 500
I 'I-I.I 2 5QO '
;~ 1~' 2 1S"(i

1 ~50i2 500 Ii 750 J % 50G t
I. 6 000 .! 1506 000 1., 50

Fig. 8 ConfiguratIon of Pier

Table 2 SpecIfications of Deterained ~enshin Devices

I

Pier No. I Characteristic Shear Strength I Post-yIeld Stiffness
i Strength Q( to I K2(tf/a)
I

p\ ! 20.3 200

P2 27.2 400
I

P3 \ 32.7 500I
P. 20.3 I

200I

Coaparlson of the Siaplified Method and the DetaIled Method Table 3 compares the
displaceaent of the s~perstructure and the bending mo.ents at the bottoa of the
pier determined by the simplified .ethod. with those deterained by aodeling the
.enshin bridge as a multiple-aass fraae structure and converging the relative
displaceaents of the aenshin devices by repeated calculation to reflect the
nonlinearity of the stiffness of the aenshin devices.

The displace.ent and bendIng aoaents deterained by the slapl1fied .ethod
falls wi thin a range of no\ of those obtained by the detailed aethod. This
Indicates that the proposed aethod Is an effective aethod ror deteraining the
initial configuration.
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Table 3 Comparison of SI.plified Method and Detailed Method

Itea Sillpl1fied Method Detalled Method

Natural Period (sec) 1.10 1.04

Displacement of
Superstructure (ca) 6.00 5.45

Pier Pl 1091 901

Moment at the Pier P2 2318 2100
Bottom of Pier

(tf.) Pier Pl 27B8 3101
--

IPier P, 1091 901

CO~CLlSIOS

This paper has described a .ethod for easier deter.Inatlon of the
configuration of thE' substructure and menshin devices of a menshin bridge ,rhlch
reduces trials and errors in the desIgn process by simplifying the dynamic
characteristIcs of the bridge. and has indicated the effectiveness of the proposed
method.

On the basis of the results of this study. the applicabIlity of the proposed
method to other types of bridge and to the synchronous bands of lo~ acceleration
spectruIII ranges needs to be investigated.
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SUMMARY

The response characteristics of Menshin bridges are examined by several earthquake
re~ponse analysis such as nonlinear time history response analysis, equivalent linear time
history response anal}'sis and response spectrum anal}'sis in which equivalent linear ~pring

constant.s &nd damping ratios for Menshin bf-arings are utilized. Frame models for five span
continuous steel girder bridges a.re utilized. It is confirmed that response spectrum a.nalysis
gi\'es appropriate response values.

INTRODUCTION

Response characteristics of Menshin bridges are quite different in comparison with those
of ordinary bridges and earthquake response analysis is general)}' carried out on the seismic
design to confirm the response characteristics of such bridges. Response spectrum analysis
applicable only for linear strudures is usually utilized on seismic design. However, Men
shin bearings have nonlinear hysteresis. Therefore, it is necessary to linearize the nonlinear
h,)'steresis in order to utilize response spectrum analysis and to confirm the \'alidit}, of lin
earitation. Also, it should be confirmed that the equh'alent linear response spectrum analysis
gives appropriate r~ponse values.

In this paper, seismic response analysis are carried out for ... multi-span continuous steel
girder bridge in order to examine response characteristics of Menshin bridges and appropri
ateness of the equivalent linear method. Three response analysis methods are utilized. The
first one is equivalent linear response spectrum anal)'sis in which equivalent linear spring
constants and damping ra.tios are utilized. The second one is equivalent linear time history
response analysis, in which equivalent linear spring constants lLnd damping rati06 are also
utilized. The last one is nonlinea.r time history response analysis where nonlinear hysteresis
or lead-rubber type Menshin bearings are taken into account a.:curately by using nonlinear
hysteresis elements.
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THEORETICAL ANALYSIS

MATHEMATICAL MODEL A five-span continuous steel girder bridge is utilized as an
analysis model. Fig.1 shows the general plan of the model bridge. The span is 65m and the
lotallength of bridge is 325m. The classification of ground condition is second class as defined
in Design Specifications for Highway Bridges of Japan Road Association)). Physical properties
of superstructure and substructure are shown in Table 1. Lead-rubber type Menshin bearings
are installed in the inside supports(Pl,P2,P3,P4) and both end supports(Al,A2) are assumed
to be mm'able bearings.

The frame model of this bridge for analysis is shown in Fig.2. Distributed mass beam
elements are utilized for steel girders and reinforced concrete piers. Sway-rocking spring
constants of the foundation and ground are determined from the stiffness of the foundation
piles and soil properties. Damping ratios are assumed to be 2 % for the superstructure, 5 7c
for the substructure and 20 % for both the sway and rocking ground springs.

The direction of the seismic force is assumed to be along the girder axis. Fig.3 shows the
standard accelera.tion response spectrum utilized, which corresponds to the seismic force level
for ultimate ductility check of bridge piers. Modified KAIHOKU bridge record spectrally fitted
with the Ci("·;elera.tion response spectrum shown in Fig.3 is utilized as the input earthquake
motion wave on the time history response analysis.

EQUIVALE!'\T LINEAR RESPONSE SPECTRUM ANALYSIS FigA shows idealized
hysteresis characteristics of lead-lubber type Menshin bearing and constants used. The equi\'
alent linear spring constant and the damping ratio of lead-rubber type Menshin bearing are
calcula.ted as follows: 2)

z
p. = -,z,
ke'l = k) + k;l(P. - 1) ,

p.

h _.:. I - 1r.2 /k)
eq - 11" 1 + 1r.:z/k1 • (jJ - 1)

(1)

The equivalent linear spring constant kc• is the gradient of the hysteresis loop on maximum
displacement and the equivalent damping ratio he. is equal to energy loss per one c)·cle.

Modal darnpings hi on the response spectrum anaJysis are <:alculated as follows: il

(2)

where
~i, : modal vector of j element of i-th order vibration mode
(, : damping ratio of j element
K, : stift'nesa matrix of j element
~i : modal vector of total structure of i-th order vibration mode
K : stiffnesa matrix of total structure
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The damping modification factor CD in the response spectrum analysis is calculated as
follows:1)

1.5
CD =40h. + 1 + 1.5

The acceleration response spectrum is calculated as follows:

5 = CD' 50

where So is the standard acceleration response spectrum given in Fig.3.

(3)

(4)

Response values on the response spectrum analysis are calculated by taking the root
mean square, and 50 modal orders are employed.

EQUIVALENT LINEAR AND NONLINEAR TIME HISTORY RESPO~SE ANALYSES
The nonlinear equation of motion can generally be described as following the second

order differential equation for a total structure,3)

(5)

where ML. CL and KL are the linear mass, damping and stiffness matrices respectively, which
are constant through each time step. MN. CN and KN are the nonlinear mass, damping and
stiffness matrices respectively, which vary at each time step. i ,Z and Z are the vectors of
response accelerations,velocities and displacements respectively. F is the external Coree vector
and is expressed in this case as -[ML +MN]' [J]. u" where [J] is a matrix which expresses
the direction of the seismic (orce, and u', is the input earthquake acceleration wave. FN is
the nonlinear force vector which compensates for the structural nonlinearity.

Direct integral method by Newmark {3 method are utilized for both equivalent linear
and nonlinear time history response analyses. In the equivalent linear time history response
analysis, same linear spring constants and damping ratios of the Menshin bearing are utilized
as those used in the response spectrum analysis. In the nonlinear time history response
analysis, nonlinear characteristics of Menisin bearings are taken into account accurately by
using bi-linear hysteresis elements.

NUMERICAL ANALYSIS

The maximum response values in each response analysis are shown in Table 2. A1,P1 and
P2 show positions oC the bridge piers. When relative displacements of the Menshin bearings
obtained differ much with assumed relative displacements oC the Menshin bearings, equi\'alent
linear spring constants and damping ratios of Menshin bearings should be recalculated. In
this case, the difference between assumed and obtained spring constants and damping ratios
are not so large that calculations need be repeated.

It can be seen from Table 2 that linear time history response analysis gives smaller
response values for both accelerations and displacements by about 30' % compared with re
sponse spectrum analysis. Bending moments and shear forces at the bottom of the bridge
piers calculated by linear time history response analysis are also smaller than those of response
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spectrum analysis. Moreover, nonlinear time history response analysis gives sma.ller response
va.lues by about 20 %compared with those given by linear time history response analysis.

Time history response waves of linear and nonlinear time history response a.nalysis are
shown in Fig. 5. Nonlinear hysteresis curves of the Menshin bearings obtained by nonlinear
time history response analysis are shown in Fig. 6. Menshin bearings are desigiled to be
elastic for small seismic forces which occur often during the life span of a bridge. In Fig.6,
however, seismic forces are relatively large corresponding to the seismic force I~vel for ultimate
ductility check of bride piers, and maximum response forces of Menshin bearings exceed by
far their yield strength. Therefore, Menshin bearings show much hysteresis behavior.

Maximum lateral acceleration of steel girders by nonlinea.r time history response analysis
is approximately the same as the input maximum acceleration. Therefore, seismic response
magnification becomes about 1, and bending moments and shear forces at the bottom of the
bridge pier are relatively sma.ll compared with those of linear time history response analysis
and response spectrum analysis. Maximum acceleration at the top of bridge pier by nonlinear
time history response analysis are smaller than those of response spectrum analysis but are
larger than those of linear time history response analysis. This means that steel girders and
bridge piers move independently after the yielding of the Menshin bearings on the nonlinear
time history response analysis. On the other hand, steel girders move integral with bridge
piers due to the equivalent linear springs and dampings on the linear time history response
analysis.

CONCLUSIONS
It is confirmed that equivalent linear response analysis such as seismic response spectrum

analysis which utilize equivalent linear spring constants and damping ratios of the Menshin
bearings gives safe side response values.

It is also confirmed that appropriately designed lead-rubber type Menshin bearings have
large hysteresis damping effects for large seismic forces and decrease seismic lateral inertia
forces.
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Table 1 Physical Properties of Bridge Members

Substructure
Superstructure

A1,A2 P1-P4

Sectional Area [m2] 0.729 28.13 15.00

Second Moment of Inertia
0.830 , 1.87 7.81

{Axis} [of J
Second Moment of Inertia

10.640 366.21 45.00
(Right Angle) [m 4 ]

Polar Moment of Inertia of Area
0.435 42.08 22.97

[m4 ]

Table 2 Result of Numerical Calculations

Time History Response Analysis
Response ( Max. Values)
Spectrum

Equivalent NonlinearMethod
linear Hysteresis

A1 P1 P2 A1 P1 P2 At P1 P2
Superstructure

[gal) 697.8 695.4 694.1 515.8 513.4 512.1 446.5 440.7 4390Acceleration
Top of Bridge Pier

677.2 1028. 738.6 230.6 3!)60 355.5 217.9 4989 469.5Acceleration [gal]
Bearing 475.9 404.8 405.8 312.1 276.7 274.1 179.7 158.6 155.4
Relative Displacementrmml
Bottom of Bridge Pier 701.6 11760. 11700. 413.1 8175. 8099. 406.8 6071. 5982.Bendino Moment ( t fom)
Bottom of Bridge Pier

187.4 999.7 987.1 110.6 698.1 \691.9 108.9 530.1 522.7Shear Force ( t f 1
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EFFECT OF NONLINEARITY OF BRIDGE COLUMNS
ON SEISMIC RESPONSE OF MENSHIN BRIDGES

Takeshi HIRAI and Michio SUGIMOTO
Takenaka Technical Research Laboratory

SUMMARY

The Menshin bridge which is under consideration in this study
has the following two kinds of nonlinear elements in it's entire
system: the ductile behavior of the Menshin bearings and that of
the RC column. The conceptual model used in this study is a one
column model, the base of which is fixed. The effect of the
nonlinearity of this model is examined. In this paper. the
dynamic response of the linear column is compared with that of the
nonliner column in which the plasticity factor is 2.4. From the
result, almost no differences are observed in these cases.

INTRODUCTION

Menshin bridges can reduce the lateral load acting on the
bearings during earthquakes with a lengthening of the natural
period and an increase of the damping characteristics of the
bridge structure. When taking the dynamic interaction between the
ground and the bridge structure into account. a short column.
fixed on hard ground. with a short natural period. is considered
to be suitable for the effective functioning of the Menshin
bearing. However. during high level seismic motions, there is a
possibility of nonlinear characteristics occuring in the columns
and on the ground. Due to this. the natural periods of the
structures, the columns, and the ground, are lengthened and the
functions for the Menshin system may be lowered.

In this paper, the effect of the nonlinear Characteristics of
the columns is studied through carrying out a dynamic analysis.

NONLINEARITY

The effect of the nonlinear characteristics of the columns on
the dynamic behavior of the Menshin bridges is studied through the
conduct of a time-history response analysis. The investigation of
the nonlinearity of the columns is carried out under consideration
of the fact that the stiffness of the columns lowers and the
energy absorption increases with the increase of the input seismic
motion. As the input seismic motion becomes larger. the Menshin
bearings show nonlinearity. Then the reinforced concrete columns
begin yielding with the increase of seismic motion. As a result.
the nonlinearity of the columns increases. Therefore, it can be
predicted that the behavior of the Menshin bridges having two
elements with nonlinearity. such as columns and Henshin bearings,
becomes complicated during an earthquake. The response
characteristics, the maximum response values and the response
magnification factors at the top of the columns and the
superstructures are closely examined with the aim of clarifying
the nonlinear characteristics of the Menshin Bridges.
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Then it is discussed just how the aforementioned seismic responses
of the Menshin bridges are influenced by the nonlinearity of the
entire system.

ANALYTICAL METHOD

Structural Model A spring-mass model used in this analysis is
a fixed-base four-mass model corresponding to a Menshin bridge, as
illustrated in Table-I.

Model of Hysteritic Elements Menshin bearings and th~ RC
columns which are employed in this study are assumed to have
nonlinear characteristics as follows.

Menshin bearings have bi-linear hysterisis Characteristics,
as shown in Fig.-l. The hysterisis characteristics show linear
behavior with relatively large stiffness of KI within the area of
yields point A. Then the stiffness decreases to K2 at the place
exceeding the yielding displacement (point A). After unloading,
the stiffness of KI is regained.

The RC columns have the tri-linear characteristics shown in
Fig.-2. The characteristics of the columns show linear behavior
within the area of the first yield point of A, where concrete
breaks due to the tensile stress caused by the bending moment.
Only the tension reinforcement resists against the tensile stress
in the area between the first yield point and the second yield
point of B, where the reinforcement yield and the stiffness
becomes smaller.

Input Seismic Motion Fig.-3 shows the time-history
characteristics of the ~nput seismic motion. The analysis is made
through varying the peak value of the input seismic motion from 10
gal to 360 gal (see Fig.-3) without changing the frequency
features shown in Fig.-3.

Models Compared The following two models are compared with
each other as shown in Table-2: a linear column model in which the
columns of a Menshin bridge are supposed to have linear
characteristics, and a nonlinear column model with tri-linear
hysterisis characteristics.

RESULTS OF ANALYSIS

In this study, under the assumption that the Menshin bearings
have bi-linear type nonlinearity, the response characteristics of
the superstructures and the columns for the following two
different systems: a system in which the columns have linear
characteristics and a system in which the columns have tri-linear
type nonlinear characteristics.

Maximum Response of the Superstructure Table-3 shows the
maximum displacement of the column-heads and the superstructure
respectively, and the maximum acceleration response of the
superstructure for the nonlinear and linear column models to the
peak acceleration ranging from 10 gal to 360 gal.
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From the ~forementioned result. it is clarified that the lateral
load which acts on the columna during a strong earthQu~k. (peak
acceleration 360 gal) is reduced due to the effect exerted by
the nonlinearity of the columns. The degree of the lateral load
reduction is approximately 13\ of the response value for the
linear co1um model. Fig.-4 shows the relationship between the
input seismic acceleration and the maximum ecceleration of the
superst~ucture through comparing the two types of models. The
values for the maximum response acceleration indicated in Fig.-4
are shown as substituted values based on 100 gal for the input
maximum acceleration. This is done in order to examine the degree
of the damping and the amplification of the response of the
superstructure to each input acceleration. In the area of SO gal
or less for the input maximum acceleration. the maximum
acceleration res~onse of the supe~structure are approximately 200
gal for both models without regard to the input maximum
acceleration. The maximum res~onse acceleration of the
superstructure is approximately double the input maximum
acceleration. The reason that the values of the maximum
acceleration response for both models are equivalent within this
area is because the Menshin bearings and the columns have the same
linear characteristics in both models.

In the area of 100 gal or more. the corrected response
acceleration values of the superstructure for the model in which
the column is assumed to have nonlinearit~become smaller than the
values for the model in Which the column is assumed to have

linear1ty with the increase of the input maximum acceleration.
It is considered that this is due to the fect that the
nonlinearity of the linear column model becomes different from
that of the nonlinear column model in the area of 100 gal or more.

Fig.-S shows the relationship between the maximum acceleration
and the maximum response displacement of. the superstructure,

Which is substituted for the input maximum acceleration of 100
gal. The maximum displacement response shows approximately the
same values (40mm) for both models within the area of SO gal.
Beyond 100 gal. the maximum displacement response values for the
nonlinear column model become larger than the values for the
linear column model as the input maximum acceleration increases.
It is considered that the aforementioned tendency for the maximum
displacement response is due to the fact that the two models are
under the same st~te as has been described in the explanation of
fig.-4.

The maximum displacement response of the Menshin bearing to
the input maximum acceleration of 200,ga1, 300 g~l an~ 360 gal,
shown at points A,B.C. in Fig.-4 and S. 18 plotted 1n F1g.-6 for
the linear model and in Fig.-7 for the nonlinear model. As Fig.-6
and 7 show, the relationship between the displacement and the
input motion is expresseO in a hi-linear skeleton curve fo: both
models. Fig.-8 is obtained by. superimposing Fig.-7 onto F1g.-6.
showing a comparison between the two models.
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Fig.-8 cle~rly shows that the nonlinear model has a smaller
maximum displacement response than the linear model end the
difference in the maximum displacement response for both models
tends to increase with the incre~se of the input maximum
acceleration. At the input maximum ~cceleration of 360 gal. point
C in Fig.-8, 5.4cm difference in the maximum displacement response
is observed between the nonlinear and linear column models. As
for the column-head, on the other hand, the maximum displacement
response for the nonlinear column model is plotted against the
input maximum acceleration in Fig.-9. The relationship between
the displacement and the input motion is expressed in a tri-linear
skeleton curve. Plasticity factor, ~ maximum response
displacement / yielding displacement, increases with the increase
of the input maximum acceleration: p • 0.7 for A, 1.3 for Band
2.4 for C.

As shown in Fig.-4, the maximum accelera~ion response of the
superstructure for the linear column model decreases with the
increase of the input maximum acceleration. It is considered that
this phenomenon is caused by the fact that the maximum
displacement for the Menshin bearing of the model increases,as
shown in Fig.-6. From Fig.-B, it can be seen that the maximum
relative displacement response of the Menshin bearing f04 the
nonlinear column model is smaller than that f04 the linear column
model at the same value of the input maximum accele4ation. From
Fig.-4, it is clarified that in the area of 100 gal or more fo=
the input acceleration, despite the fact that the maximum
displacement of the Menshin bearing for the linear column model is
larger than that for the nonlinear column model, the maximum
acceleration response of the superstructure for the nonlinear
column model is smaller than that for the linear column model.

It can be considered that this is due to the fact that as for
the nonlinear column model, the maximum acceleration of the
superstructure is lowered by the nonlinear effects exerted by both
the Menshin bearing and the column. For the linear column model,
the maximum acceleration decreases due to the nonlinear
characteristics of only Menshin bearing.

Time-History Response Characteristics Time history waves of
the response displacement of the column-head, the response
displacement and the response acceleration of the superstructure
are shown in Table-4 for the linear column model and in Table-5
for the nonlinear column model. The input maximum accelerations
examined are 200, 300 and 360 gal. The discussions on the time
history response shown in Table-4 and 5 are as follows.

a) The maximum response is observed in the vicinity of 2.0 sec in
all cases shown in Table-4 and 5. This is due to the fact that
the acceleration wave of the input seismic motion has its maximum
value at approximately 2.0 sec.

b) The time-history wave of the displacement response of the
column-head for the nonlinear column model is similar in shape to
that of the superstructure. since the period of the displacement
response wave of the column-head lengthens in the nonlinear column
model, unlike in the linear column model. with the increase of the
input maximum acceleration.
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Therefore,
the Menshin
than that
plastic.

it is supposed that the vibration isolation effect of
beering in the nonlinear column model could be smaller
in the linear column model after the column becomes

cl In the linear column model, residual displacement is observed
in the input maximum acceleration of 360 gal in the column-head
and the superstructure. The time-history and the idealized
hysterisis loop of the relative displacement of the Menshin
bearing are illustrated in Fig.-10 and 11. It is found from these
figures that there is no residual displacement in the Menshin
bearing. Therefore, it is clarified that the residual
displacement observed in the superstructure is caused by the
residual displacement in the column-head.

CONCLUSION

a) In the case of 360 gal for the input maximum acceleration, the
maximum acceleration response of the nonlinear column model is
smaller by 59 gal and the maximum displacement response is larger
by 3.9cm, compared with the linear column model. The difference
in the maximum acceleration response and the maximum displecement
response correspond to 13\ of the maximum response of the lineor
column model. The plasticity factor of the column in the
nonlinear column model is 2.4.

b) Considering the differences of the maximum response between
each superstructure of the models. these differences tend to
increase with the increase of the input peak for the acceleration.
The maximum acceleration response becomes smaller in the case of
the nonlinear model than in the case of the linear model. On the
other hand, the maximum displacement response beco~es larger in
the case of the nonlinear model.

c) In the area of 100 gal or more. for the input acceleration. the
maximum acceleration response of the superstructure for the
nonlinear column model is smaller than that for the linear column
model. Under this situation, the maximu~ displecement response
value of the Menshin bearing for the linear column model is larger
than the value for the nonlinear column model. The larger the
displacement for the Menshin bearing, the smaller the waximum
acceleration of the superstructure for the linear column n'odel.
However. the maximu~ accelerations of the superstructures fOI both
models can not be compared with each other through the use 01 each
maximum relative displacement of the Menshin bearings. T~is is
due to the fact that in the nc~~'nea~ ~olumn ~cyel the
nonlinearity of both the column and the bearing exerts an
influence on the maximum acceleration of the superstructure.

d) From the time-history waves of the superstructure and the
column-head. it can be recognized that the maximum response is
observed at around 2.0 sec in all c~se~ when the input motion is
at a high level and the n . imllm response value of the
superstructure is predominant over che uther peak values.

e) In the nonlinear column
displacement response of
in shape to that of the
increases.

model. the time-history weve of the
the column-head tends to ,become similar
superstructure as the input motion
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Therefore. it is supposed that the vibration isolation effect of
the Menshln bearing and the column of the nonlinear model could be
smaller than that of the linear column model when the input motion
is in the vicinity of 360 gal.

f) In the nonlinear column model, residual displacement is
observed in the superstructure at the input maximum acceleration
of 360 gal. This residual displacement observed in the
superstructure is caused by the residual displacement in the
column-head. Residual displacement can hardly be recognized in
the Menshin bearing.
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T<:ble-1 Analytical model

Analytical Model Mass No. Weight (t) Mass coordinates
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WI

l
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2 16.67
>\"12 11~.O

OW3 3 236.9 9.00

() W4
4 417.1 1.12

77;77

Fixed 0.00

load F

K1=6068.4tf/m

displacement u

Fig-1 Hysteriesis characteristics of a Menshin Bearing
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Bending Moment
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7.76E-S 1.23E3 1.57E7 M3
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Fig-2 Non-linear characteristics of a RC column
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Fig-3 Input seismic motion
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Table·2 Analyzed cases

linear Column Model Non-linear Column Model

VI""
M

1='"K2·3.71 eo

I K'·'5 2f 2<,6

Table-3 The relationship between the maximum acceleration of the input
seismic motion and the maximum response

input max.ace. max.disp.(COlumn head) max.disp.(superstrud~ max.acc.(superslruelure)

(gaQ (mn) (rrm) (gal)

linear column flcn·linear linear column non-linear linear column non·linear

10 1.4 1.4 3.9 3.9 20.8 20.8

20 2.8 2.8 7.8 7.8 41.7 41.7

30 '4.2 4.2 11.7 11.7 62.6 62.9

40 5.6 5.6 15.6 15.6 83.5 83.5

50 6.5 7.0 19.6 19.6 97.8 97.7

70 8.2 10.5 30.3 30.9 111.5 108.0

100 10.0 15.2 53.0 55.8 137.9 134.8

200 16.7 35.6 133.5 148.9 236.2 227.5

300 23.8 69.1 231.6 258.3 356.8 327.3

360 27.9 126.9 292.1 331.4 420.7 3708
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SEISMIC RESPONSE OF CURVED CONTINUOUS MENSHIN BRIDGE

Nobumichi HOSODA1
, Isao KANEK02 , and Kouki KURODA3

1,2 Research Department of Civil Structures, Institute of Construction Technology,
Kumagai Gumi Co., Ltd., Ibaraki 300-22, Japan
Civil Engineering Division, Design and Planning Department,
Kumagai Gumi Co., Ltd., Tokyo 162, Japan

SUMMARY

A series of the earthquake response analyses of a curved Menshin bridge were
carried out using an analytical approach in which the non-linear behavior in the
shear deformation of the Menshin bearing is be able to taken into consideration. It
was found that the seismic responses at an individual substructure and Menshin
bearing in the tangential direction to the deck axis are larger than the
corresponding responses of the straight bridge in the longitudinal direction, while
the seismic responses in the normal direction are smaller than the corresponding
responses of the straight bridge in the transverse direction.

INTRODUCTION

In conducting a earthquake response analysis, the coupled vibration in plane
is a important phenomenon for the curved bridge, and the non-linear behavior in
shear deformation of the Menshin bearing is important for the Menshin Bridge. In the
case of curved Menshin bridge, it is considered that the non-linear analysis for the
simultaneous excitation in orthogonal directions simulates very well the response
during a particular earthquake. However, because the direction of principal axes of
a substructure is different from the other substructures, it should be necessary to
adopt a complex approach in order to estimate the maximum response values of an
individual Menshin bearing and substructure. This paper discusses, at first, two
analytical approach, which are called as the approach A and B in this paper, for
evaluation of the maximum response values of the curved Menshin bridge.

This paper also presents the earthquake responses of a curved Menshin bridge
in comparison with those of an idealized continuous bridge where the deck is fixed
on all substructures.

ANALYTICAL APPROACHES FOR EVALUATION OF MAXIMUM RESPONSE
OF CURVED MENSHIN BRIDGES

Approach A The analytical approach A for evaluation of the maximum response values
of the curved Menshin bridge is outlined as follows:

(a) Idealize the bridge as a three dimensional frame model.

(b) As illustrated in Fig. I, conduct a earthquake respon~e analysis due to an
excitation in a direction, which has the angle 9 in degree from one of the
horizontal axis X of the global coordinates. Generally the axis X itself would
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-
be chosen as the direction of excitation. From the outputs of the analysis,
pick up the maximum responses on the local coordinates of every Menshin bearing
and substructure, for example, as follows;

maximUM shear forces in the tangential direction and the
normal direction, respectively, at an j-th Menshin
bearing,

maximum relative displacements in the tangential direction
and the normal direction, respectively, at an i-th Menshin
bearing,

maximum bending moments around the tangential direction
and the normal direction, respectively, at a bottom of an
i-th substructure.

(c) Conduct the same earthquahe response analysis as described in (b) except the
direction of the excitaticn which crosses with that of previous analysis at a
right angle. From the ana:ysis due to the excitation of the direction with the
angle of 8-90 degrees from the coordinate axis X, the maximum shear forces at
the i-th Menshin bearing, 9-!l(li t and e~90Fi,n' the maximum relative displacements
at the i -th Mensh in bearing, 9-90Uj t and 9_QOU j n' and the max imum bendi ng moment
at the bottom of the i-th substructure, 9-goM;.t and 9-9J'1ln' would be obtained.

(d) Evaluate the maximum responses on the local coordinates of every Menshin
bearing and substructure by using the square-root-of-sum-of-squares (SRSS)
operation to combine the two maximum values which were obtained in (b) and (c)
For example, the maximum shear forces and relative displacements at the i-th
Menshin bear ing and the max imum bend i ng moments at the bot tom of the i -th
substructure could be evaluated by the Eqs. (1), (2) and (3), respectively:

i-th Substructure

tf.:x
z

\
EltcitaUOD

Fig. I Definition of the Haxi.u. Responses to be Used in the Approach A
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(J -a)

(I-b)

(2-a)

(2-b)

(3-a)

(3-b)

where, Fiot and Fi,n are the cOl\lbined maximum shear forces in the tangential
direction and the nor~al direction, respectively, at the i-th Menshin bearing,
Ui,t and ul,n are the combined maximum relative displacements in the tangential
direction and the normal direction, respectively, at the i-th Menshin bearing,
and Mi,t and Mi,n are the combined l\I&xilDum bending moments around the tangential
direction and the normal direction, respectively, at the bottom of the i-th
substructure.

In this approach, the coupled vibration of the curved bridge in plane is able
to be taken into consideration. However the non-linear behavior in shear deformation
of the Menshin bearing cannot be considered so exactly because the combination as
formulated in Eqs. (1), (2) and (3) are not applicable to a non-linear analysis. In
order to conduct the linear response analyses in (b) and (c), the Menshin bearing
has to be ideal ized as the combination of the linear spring element wi th the
effective stiffness and the linear viscous damping element with the effective
damping ratio. Furthermore the effective stiffness and effective damping ratio have
to be given in (a) by assuming a proper relative displacements of the bearing. After
the analyses, the assumed relative displacements have to be checked by comparing
with those obtained in (d). If the assumed relative displacements are different from
the corresponding ones calculated. it is necessary to return to (a) and carry out
the procedures once more again.

Approach B The analytical approach B for evaluation of the maximum response values
of the curved Menshin bridge is outlined as follows:

(a) Idealize the bridge as a three dimensional frame model.

(b) As illustrated in Fig. 2.(a), conduct a earthquake response analysis due to an
excitation, the direction ot which is tangent to the deck axis at an i-th
substructure. Fro. the outputs of the analysis. pick up,the maximum responses
at the considering Menshin bearing and substructure and regard the. as the
aaxiaua responses in thp tangential direction or around the nor.al direction.
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for example, as follows;

ri,t regarded maximum shear force at the Menshin bearing in the
tangential direction,

ui,t regarded maximum relative displacement at the Menshin bearing
in the tangential direction,

Mi,n regarded maximum bending moment at the bollom of the
substructures around the normal direction,

Note: The excitation is considered to exist in the only one direction in
the physical sense. But it is dealt with, from the vie~ point of the
numerical method, as a simultaneous excitation in orthogonal
directions where the input ground motions in two horizontal axes of
the global coordinates are in phase with each other.

Note: The directions of these maximum responses, in general, do not
correspond to the tangential direction; There may exist some angles
,[ .. ) as illustrated in Fig. 2. But it seems that the effect of the
difference of the directions on the maximum response values should
be very little and could be neglected,

(c) As illustrated in Fig. 2.(b), conduct another earthquake response analysis due
to the excitation in the normal airection of the i-th substructure. From the
outputs of the analysis, obtain the maximum responses, for exa~ple, as follows;

ReIathe
Lisplace_at

eacitatfoD

Noraal Tan.eDtia}
DirectioD DirectiOD

~

'--- --118e.... lac
Ha.eD

Nora-} Tan.eDtia}
Direetioa Direetioa

~ ,[ui':J--
.[Fi.t~ui.t

Se.ri ...~~Fi.t Jlelatiye

Sbear Displace8eat

Force

i-th

Deck

(a> Excitation in the Tangential

Direction
(b) Excitation in the Noraal Direction

Fig. 2 Definition 0f the Maxiaua Responses to be Us~d in the Approach 8
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F1
•
n regarded maximum shear force at the Menshin bearing in the

normal direction,

ui,n regarded maximum relative displacement at the Menshin bearing
in the normal direction,

Mi
.
t regarded maximull bending moment at the bottom of the

substructure around the tangential direction.

(d) Repeat the analyses of (b) and (c) as the same times as the number of the
substructures.

In this approach, the non-lineal' behavior in shear deformation of the Menshin
bearing is able to be taken into consideration. However, it cannot but have some
errors due to the coupled vibration of the curved bridge, as described in the later
note of (b). This approach was applied to a curved Menshin bridge and the result
obtained from the analyses is presented below.

OUTLINE OF EARTHQUAKE RESPONSE ANALYSES

Considered Bridge The continuous prestressed concrete girder bridge with foul'
spans was considered in the analyses, as shown in Fig. 3 (Ref.l). It is assumed to
be constructed on the site with the stiff ground condition which is classified as
the ground condition I in Japan (Ref. 2). Every reinfcrced concrete column has a
square section of 2.5 meters, and the every abutment has a rectangular section of
10.1 by 0.9 meters, and they are settled on the spread foundation, A Menshin bearing
used is a lead rubber bearing, and it is installed between the deck and the top of
a column or an abutment.

~sat 35 000
J40.900

T
35 000 3: pOp : 35 IJOO :,i.:!sa

I II

L~ .iJ1 ·ID ·ill ~~
/~

I

~ ~8, aooj ~8.~
Al P l P2 (Pz') p' A I1 I

Fig. 3 Schematic Diagram of the Bridge Analyzed

Cases of Analyses Fig. 4 illustrates the schematic diagrams representing the cases
of the analyses conducted to evaluate the maximum responses of the curved Menshin
bridge. The earthquake response analyses of the curved bridge, two radii of which
cross at a right angle, were carried out, changing the direction of excitation in
22.5 degrees interval in plane. In ~ddition, the earthquake response analyses of the
straight bridge were al30 carried uut for comparison, due to the excitation in the
longitUdinal and transverse directions, respectively.

The saIDe cases of the earthquake response analyses of the idealized continuous
bridge, where fixed bearings are used in place of Menshin bearings, were carried
out, too. This type of bridge is called as the all-point fixed bridge in this paper,
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fig. 4 Schellatic Diagrams to Represent the Series of Analyses

and it is considered to be adequate to demonstrate the effect of the Menshin bridge,
by co.paring the results of response analyses on both type of bridge. Moreover, the
maximum response values of the curved all-point fixed bridge are evaluated by the
both approaches A and B, and they are compared with each other in order to confirm
the applir.ability of the approach B.

Method of Analyses The bridges are idealized as three dimensional frame models as
shown in Fig. 5. A Menshin bearing is assu.ed to have the force-displacement

I~ I~ ra ~ ~ ~
,

i~ Ie::;; fo 0 I~

t::: ;-, Deck
~" .~ ~ Bearings
.:.l11.L '2 :f 52 r
~ ..I u~55

~2< J' 'It
A1 A'I

~2\ 45 r
.:l1J!L
~ r

PI Pz (Pt ' ) p I
1

Fig. 5 A Description for the Nu.erical Method used in the Analyses
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relationship of bi-linear type in shear deformation, and it is constituted of eight
bi-linear springs in different directions of 22.5 degrees interval in plane so as
to have the same deformation characteristics to every directional deformation. A
fixed bearing is modeled as two sufficiently stiff springs.

The earthquake response analyses are performed using the numerical integration
of Newmark's ~ method with ~=1/4. The input motion used is modified acceleration
record which was recorded on the ground near the Kaihoku bridge during the Miyagi
ken-oki Earthquake of 1978, with the maximum acceleration of 360 cm/sec2

RESULTS OF ANALYSES

Applicability of Approach B Table 1 shows the maximum shear forces at the fixed
bea.rings of the all-point fixed bridge evaluated by Eq. (1) of the Approach A,
changing the direction of the couple of excitations. As shown in the table. some
maximum shear force is evaluated differently, at most 5 percents, according to the
direction of the couple of excitations.

Table 1 Effect of the Direction of the Couple of Excitations on the Maximum Shear
Force at the Fixed Bearing Evaluated by the Approach A

(a) Tangential Direction

Angles of the
Direction of F..1. t Fpl,t Fn .t
Excitations (Degree)

I. 0.0 and -90.0 626.8 tf 68.1 tf 65.3 tf

II. 22.5 and -67.5 626.7 tf (1. 000) 68.1 tf (1.000) 65.4 tf (1.001)

III. 45.0 and -45.0 626.9 tf (1.000) 68.1 tf (1.001) 65.4 tf (J .001)

IV. 67.5 and -22.5 627.0 tf (1. 000) 68.4 tf (1.005) 65.4 tf (1. 001)
Th. valu. 1n ~h. paren~h•••• 1. ~b. ratio of ~b. "Xi8Wa re.pon•• ~o tha~ li.~ed in ~h. row I.

(b) Normal Direction

Angles of the
Direction of FAI,n Fpl •n Fn,n
Excitations (Degree)

1. 0.0 and -90.0 1345.6tf 55.8 tf 80.0 tf

II. 22.5 and -67.5 1344.3tf (0.999) 57.9 tf (L 039) 79.9 tf (1. 000)

III. 45.0 and -45.0 1344.8tf (0.999) 58.6 tf (L 051) 80.0 tf (1. 000)

IV. 67.5 and -22.5 1345.8tf (1.000) 56.9 tf (1.021) 79.9 tf ( 1.000)
Tb. valu. in the parenth•••• I. ~b. ratio of th...xi.u8 respons. to that listed in th. row I.

Table 2 shows the co.parison of the approach A and B for the maxiMUM shear
forces at the fixed bearings of the all-point fixed bridge. Some difference between
the MaxiMUM values evaluated by two approaches, at Most 5 percents, are recognized.
As for the MaximUM bending MOMents at the bottom of the columns and the abut.ent,
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the difference was at most 2 percents between two approach, hut the details will not
be shown here. Comparing this result with that as shown in Table 1, it could be
concluded that the appro~~h B ~ave the maKimum responses of the all-point fixed

Table 2 Comparison of the Approach A and B for the Maximum Shear Forces at the
Fixed Bearing

(a) Tangential Direction

Approach F or FAI,t r p , or Frl. t F.? or FP2 ,I

1. Approach A : F 626.8 tf 68. I tf 65,3 tf

II. Approach B : F"t 634.2 tf 68.0 tf 65.4 tf

III. Ratio : ri,t 1F t 1. 0I 2 0.999 1.001
The value l,sted as the approach A was evaluated fro. the results for the dIrectIon of excItatIons WIth
the angles e of 0.0 and 90.0 degrees.

(b) Normal Direction

Approach F or FAl.n Fe, or FPI,n F.., or FP2 ,n

I. Approach A ; F " 1345.6 tf 55.8 tf 80.0 tf

II. Approach B : FLn 1341. 6 tf 52.9 tf 80.0 tf

I I 1. Ratio : F"n I F'on 0.997 0.949 1.000
'.The value listed as the approach A was evaluated fro. the results for the ~lrectlon of excttat'JDa w'th

the angles e of 0.0 and 90.0 degrees.

Table 3 Angle of the Direction of the Maximum response from the Tangential or
Normal Direction of the Individual Member (in degree)

(a) Maximum Shear Force at the Bearing

Type of Bridge .[FAI .I ] .[FPI,,] • [FP2 •t ] .[FA!.n] .[ FP1 ,n] .[Fn ,"]

Menshin Bridge 9.7 7.2 0.0 7.9 0.4 0.0

All-point Fixed Bridge 11.8 0.9 0.0 3.8 0.5 0.0

(b) Maximum Relative Displacement at the Bearing

Type of Bridge .l uAl.t] .[uPI,t] .luP2 ,t] e[uAI ."] .[ uPI .n] .[UP2 ,B)

Henshin Bridge 8.8 5.8 0.0 6.0 0.3 0.0

(c) Maximum Bending Moment at the BottOM of the Column or Abutment

Type of Bridge .[~l,l] .[M"l.t) .[M'2,t] .[MAI,n] .[MP1.B] • [HP2 ,nJ

Menshin' Bridge 5.8 0.3 0.0 8.0 8.2 0.0

All-point Fixed Bridge 4.0 1.7 0.0 11.6 10.0 0.0
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bridge with a sufficient accuracy in comparison with the approach A.

Table 3 shows the angle of the direction of the maximum response froID the
tangential or norllal direction of the individual bearing and substructure. which was
neglected in the evaluation of the maximull response value by the approach B. Since
the range of the angles of the Menshin bridge is almost the same as that of the all
point fixed bridge. it seems that the approach B is also sufficiently applicable to
the Menshin bridge.

It has not yet been done to compare the result between the approach A and B in
the case of Mens:.in bridge in order to investigate the effect of the difference of
analytical methods, a linear analysis and a non-linear analysis, on the resulting
maximum response values.

Seismic Response of Curved Menshin Bridge Fig. 6 shows the maximum shear forces
at the bearings of the curved bridge evaluated by the approach B in comp~rison with
the straight bridge. In the case of the Menshin bridge, the maximum shear force at
any bearing of the curved bridge in the tangential direction is larger than that at
the corresi'onding bearing of the straight bridge due to the excitation in the
longitudinal direction, while the maximum shear force of the curved bridge in the
normal direction is smaller than that of the straight bridge due to the excitation
in the transverse direction. In the case of the all-point fixed bridge. on the
contrary. the maximum shear force of the curved bridge in the tangential direction
is smaller than that of the straight bridge, while the maximum shear force of the
curved bridge in the normal direction is larger than that of the straight bridge.

I&UllIl Curved Straicht
Brid•• Brid••

Ta...ential 0 •DJr.ction

No....1 0 •DJrection
-"-.

1&UA!I Curved St.raiebt
Brid•• Brid••

Tane.nUal 0 •Direction

No....1 <> •DirectJon

600 .,.... ....... 1400.... .... <>..., ..., ·...... ......
Ql II)

1200
t) C) l- •Lo Lo
0 400 - 0 1000 ~c...

~.
.... • ·Lo

~ .. Lo 800 I-od 11\ ·Ql <> CII I-.I:: .I::
tr.l tr.l 600 0
• 200 • ::~ ::::l :=• •.... .... • •l< ~
11\ I- - ~ 100

r:fi::E

~
0

. I 0
Ai PI P2 Al Pi P2

Nalle of Colulln or Abuhent Na.e of Column or Abut.ent

(1L) Menshin Bridge (b) All-point Fixed Bridge

Fig. 6 Maxi.u. Shear Force at the Bearing
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As for the curved bridges considered herein. two radii of which cross at the right
angle, the difference in the madmull shear force between the curved bridge and the
straight bridge is greatest at the bearing on the abutment Al in both cases of the
Henshin bridge and the all-fixed bridge.

Fig. 7 shows the maximum relative displacements at the bearings of the curved
Menshin bridge in comparison with the straight Menshin bridge. Differences in the
maximum relative displacements between the curved bridge and straight bridge have
the similar tendency with those in the maximum shear forces. The difference is
greatest at the bearing on the abutment AI. because the maximum seismic lateral
force to be supported by the bearing are larger than the others, as mentioned above,
and the bearing was more flexible in the shear deformation than the others.

Fig. 8 shows the maximum bending moments at the bottom of the columns and
abutment of the curved bridge in comparison with the straight bridge. The results
~re analogous to that of the maximum shear force at the bearings.

CONCLUS IONS

1. An analytical approach to evaluate the maximum responses of the curved
continuous bridge, in which the non-linear behavior in shea.' deformation of the
Menshin bearing is able to be taken into consideration, was described in detail, and
the applicability of the approach was assured.

2. It was found that the seismic responses at an individual Menshin bearing and
substructure in the tangential direction to the deck axis are larger than the
corresponding responses of the straight bridge in the longitudinal direction, while
the seismic responses in the normal direction are smaller than the corresponding
responses of the straight bridge in the transverse direction.
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COMPARATIVE DESIGN OF A STEEL GIRDER BRIDGE
USING THREE DIFFERENT BEARING SYSTEMS

Mitsuo OKADQl Mitsuharu KOMUR02 Michihiro HORIKAWA3 Fuminao KAWAHARA4

1.2,3.4 New Structural Engineering Ltd. Chiyoda-ku,Tokyo.Japan

SUMMRARY

This study investigates the effect of temperature change and the improvement
of the seismic response for continuous steel girder Menshin bridge. As the
resul t. it is fOUDd that a Menshin bridge can extremely reduce small effect of
temperature change, compared with a bridge with multi-point fixed support to the
earthquake response. so that multi-span continuous bridge can be designed by
using Menshin bearing. and that the seismic response can be improved by Menshin
bearing.

INTRODUCTION

Continuous bridges are often adopted to lessen the number of expansion
joints which are vulnerable to traffic load and causing the maintenance problem.
However. the inertia force of a girder during an earthquake and the expansion of

a girder due to the effect of temperature change increases with increasing the
number of the spans. Al though the inertia force could be concentrated to one
pier with a fixed bearing and the other piers supporting only vertical dead load
of a girder with movable bearings. the distribution of the inertia force to some
piers with fixed bearings or elastic bearings is usually more reasonable and
economical. However. since the effect of temperature change for a steel girder
bridge is more larger than that for a concrete girder bridge. the distribution by
using fixed bearings is not appropriate to continuous steel girder bridges.
This report investigates the applicability of ealstic bearings. such as linear
rubber bearings and Menshin bearings on continuous steel girders. to reduce the
effect of temperature change and improve the seismic response.

ANALYSIS CONDITIONS

Analysis Hodel Fig.1 shows the analyzed bridge. whose superstructure is a
5-span contnuous steel girder with span length of 65m. and substructure are
reinforced concreate piers with pile foundations. The analysis model and the
sectional properties of the bridge are shown in Fig.2 and Table 1. respectively.
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Table 1 Sectional Propereties

(a) SecUoael Properties of Bridee Pier

Sect iOlUll Atea 13.80.'

GeoMtrleal !loMtlt of I.ertia (lOllllitllC1ilUll directioa) 6.80.a

GeOMtr ieal ",-nt of I.ertia (ttllllsverse directioD) 41.40 lOa

Torsional GeoMtrical lfoMnt of IDettia 18.46 .a

(c) Coostaots for FoundatiOll SpriDS

Hor hOIlUI Spr illl Coostaot 543 900 tf/_

Vertical Spr 1111 Coostaot 129 400 tf/~

<:O»pll4 Spr1.. CoDstut 144 ~DO tf

Ilotatioaal Spri"l CoDStut 11 434 liDO tf·.
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Type of Bearing Support Systems The three types of bearing support systems
shown in Table 2 were investigated in order to grasp the effect of temperature
changes and earthquake response. The type 1 is a non-Menshin bridge with
multi-point fixed support system using pin bearings. The type 2 is non-Menshin
bridge with multi-point elastic fixed support system using linear rubber
bearings, and the type 3 is a Menshin bridge with multi-point elastic fixed
support system using Menshin bearings.

Table 2 Type of Bearing Support Systems

Type 1: Multi-Point Fi~ed Support with Pin Bearings
(Non-Menshin Bridge)

ti

Lr L ~
~

AI A2

PI P2 P3 P~

Type 2: Multi-Point Elastic Fixed Support with Rubber
Bearings (Non-Henshin Bridge)

t:1

r r t r
~

AI A2

PI pz P3 P4

Type 3: Multi-Point Elastic Fixed Support with Menshin
Bearings (Menshin Bridge)

c;

r r t r
b

AI A2

PI P2 P3 P~

Elastic Bearing Lead rubber beaings (abbreviated as LRB in the following) and
used as Menshin devices for the Henshin bridge. The .dimensions and the
idealized hysteresis loop of the LRB used for the analysis are shown in Fig.3,
and the characteristics values of the LRB are shown in Table 3. The stiffness
of linear rubber bearing use in the type 2 is equal to the effective stiffness of
LRB.
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Fig.3 Dimensions of LRB and Idealiyed Hysteresis Loop

Table 3 Design Values of Menshin Bearing (LRB)

(a} Design Conditions

Design Conditions (per bearing) Unit PI.P4 P2.P3

Maximum Vertical Reaction Porce tf 835 731

Dead Load Vertical Reaction Force tf 608 519

Displacement due to Temperature Change (~30'C) - 35.1 11.i

Distribution Raitio of Inartia Force of Girder % 25.0 25.0

Number of Bearings yet Bridge Pier - 2 2

Rubber Shear Modulus kgf/cm7 8.0 8.0

(b) Characteristic Values of LRB

Characteristic Values (per bridge pier) Unit P1.P2,P3.P4

Effective Stiffness ek.) tflm 3 650

Effective Damping Ratio (H.) % 25.0

Initial Stiffness (k,) tf/m 12 688

Post-yield Stiffness (k,) tflm 1 952

Characteristic Shear Strength (Q) tf 150

Design Displacement of Bearing (u.) ell 8.8
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Analysis Cases ADalysis were made in two cases for each of the three types
shown in Table 2. One is to investigate the effect of temperature change and
other is to study the seismic response by dynamic analysis using the response
spectrum method.

The temperature variation from -30 0 C to +300 C was taken into accollr't and
the LRB was idealized by a bi-linear spring model shown in Fig.3 in the analysis
for temperature change. The acceleration response spectrum used for the dynamic
analysis is shown in Fig.4. The LRB was modeled into a linear spring and a
linear viscous damper.
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I

,
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!
.30

0.1

500

Fig.4 Acceleration Response Spectrum

RESULTS OF ANALYSIS

Effect of Temerature Change Table 4 shows the results of the analysis executed
to study for the temperature change effect. The bending moments at bottom of
the piers due to tmeperature change are compared in Fig. 5 for each bearing
support system. The bending moments of the Type 1 are lerger than those of the
type 2 and 3. This is because the elastic bearing ca., deform according to the
expansion of the girder due to tmeperature change while the girder is fixed to
piers by pin bearing in the Type 1. The effective stiffness of the LRB is
inversely proportional to the displacement. An amount of the girder expansion
at PI and P4 piers is leager than that at the P2 and P3 piers. Therefore the
bending moment of the type 3 at the Pl and P4 piers is smaller than that of the
type 2.
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Table 4 Analysis Results of Temperature Change Effect (±30·C)

Type 1 Type 2 Type 3

Displacement at The Girder (mm) 32 34 35

Relative Displacement of The Bearing (mm) 0 28 31
P1

Displace.ent at The Top of Pier (am) 29 6 4.
Shear ForCf at The Top of Pier (tt) 501 102 65

P4
Bending H011ent at The Bottom of Pier (tf.m) 6 018 1 227 775

Relative Dis~l~cement of The Bearing (mm) 0 9 9
P2

Displacement at Th~ Top of Pier (am) 10 2 2.
Shear Force at The Top of Pier (tf) 173 34 40

P3
Bending Homent at The Bottom of Pier (tf. m) 2 079 412 478

(tf·m)

1000

.... 6000
c
III 5000
~

:E: 4000
00c.... 3000-0c

dl 2000

1000

0
PI P2 P3 P4

Fig.S Bending Moment at the Bottom of Pier
due to Temperature Change
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Seismic Response Table 5 shows the results of the analysis executed to "tudy
for seismic response. The vibration modes obtained through the dinamic an~lysis

are shown in Fig.6. An excellent nutural period for sway advan mode of the
girder is governed by third mode in the type ~ model. and by first mode in type 2
and 3.

Fig.7 shows the bending moments ratio a: the pier bottom with 1. 0 for the
maximum value. according to the response s~ctrum analysis method for each
bearing system. According to this figure. thei:ype 1 and 2 have nearly the Same
values. while Kenshin bridges of the type 3 hav( value smaller about 30%. which
shows the damping effect of Kenshin bearing.

The displacement at the girder is compares in Fig.B. According to this
figure. the type 1 is smaller values than the type 2 and 3. because only elastic
displacement appears at the pier. but no displacement of the bearing. On the
other hand. the type 2 and 3 using elastic bearings show large values. but the
type 3 using Henshin bearing shows smaller values than the type 2 using linear
rubber bearings because of its damping effect. Therefore. it can be understood
that Henshin bridges show about 30% smaller values for sectional forces and
displacements than non-Menshin bridges. So Menshin bearing is useful for
improvement of seismic response and reduction of displacement.

1st Mode (T1-0.8ls)

2nd Mode (TZ-O.76s)

1st Mode (Tl-l.36s)

r

2nd Mode (TZ-O.83s)

i

3rd Mode (T3-0.64s)

4th Mode (T4-0.61s)

_._..... ~~.~
j~ :- 1-'

Type 1 Model

3rd Mode (T3-0.76s)

4th Mode (T4-0.62s)

Type 2 and TY,Pe 3 Models

Fig.6 The Vibration Modes
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Table 5 Analysis results of Seismic Response

Type 1 Type 2 Type 3

Natural Period (sec.) 0.64 1. 36 1.36

Desplacement at the Main Girder (mm) 22 110 79

Relative Bearing Displacement (mm) 0 86 62

PI Displacement at Pier Top (mm) 21 21 15

P4 Shear Force at Piar Top (m.m) 295 315 227

Bending Moment at Pier Bottom (tf·m) 3 961 3 925 2 844

Relative Bearing Displacement (m.m) 0 81 62

P2 Displacement at Pier Top (mm' 20 21 15

P3 Shear Force at Pier Top (mm) 269 311 228

Beuding moment at Pier Bottom (tf'lli) 3 626 3 932 2 845

.~ I. 0 t--.--:-="-r--=;=~-----+-------:~Pr2'7".-::-;Pr3_------1
-:;; 0.9 I.~ ,
~ 0.8 '
~ 0.7
~ O.C
~ 05 ~
~ 0.4
.~ 0.3 3932
-g 0.2 ~
& 0.1 ~oL---J>~""-OL._..J:>..:o~..l.----'"",",'""->J'--_-'-_...J...:>.O~"------'''''''''~'----L.:':'';:';'''''''''----'

Type 1 Type 2 Type 3 Type 1 Type 2 Type 3

Fig.1 Bending Moment at the Bottom of Pier due to
Seismic Response

(mm)

150 r---------------,
... 110c
Ql

100e
Q)
u
to....
Co

50III.....
Q

Type 1 Type 2 Type 3

Fig.8 Displacement at the Girder
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Type 3

-
Relation Between Temperature Change and Seismic Response Fig.9 compare of the
bending moments at the pier bottom between the effect of temperature change and
seismic reponse. Accoding to this figure. the bending moment due to temperature
change for the type 1 is considerably large in comparison to the type 2 and 3.
The bending moments due to the effect of temperature change for the type 2 and 3
is small by about 10% to 30% cause~ by seismic response. and it can be seen that
effect of temperature changes pres€ut no ploblem whatsoever for the desigen of
the s~bstructures for multi-point elastic support.

(lI.m) Type 1 Type 2
.... 60001----------+-
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e
-
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2: 4000

~ 3000
.~

-g 2000

& 1000
OL-~U-..l-=.L...L.~~~""""'-""",-'-OUL-"""""""-'-='-""-l--oIl""-'~"-'-~....l.....-'~

Fig.9 Bending Homent at the Bottom of Pier due to
Temperature Change and Seismic Response

CONCLUSION

The effect of temperature change and improvement of the seismic response for
steel girder Henshin bridges was investigate. analysing the bridges with the
multi-point fixed supports, with elastic fixed support of linear rubber bearing
and with elastic fixed support of Menshin bearing. The followings can be
derived from the analysis results.

1. In the case of multi-point fixed support. the effect of temperature change is
larger than the seismic response. while in the case of elastic fixed support. the
effect of temperature change is extremely small in comparison to the seismic
response. In particular. for the bridge using Henshin bearing (LRB) , the
bending moment due to temperature change is even smaller than that of the bridge
using rubber bearings by 37% in the analysis models. since the effective
stiffness of the bearing is inversely proportional to displacement.

2. The bending moment due to the earthquake response at the pier bottom of a
Menshin bridge is about 30% smaller than that of a bridge using rubber bearings
because of the damping effect of a Menshin bearing.
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6. Applications to Seismic Retrofit

Application of Menshin Design to Seismic Retrofit of Existing Bridges By Concrete Slabs
of Adjacent Girders

M. Ya1lagihara. y, Makiguchi and I. Kawasaki

Advantages of Isolation Bearings for New Bridges
R. Anderson

Application of Menshin Design to Seismic Retrofitting of Highway Bridge Substructures
T. Tamura, M. Hirai. N. Higuchi om} S. Masuda
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APPLICATION OF MENSHIN DESIGN TO SEISMIC RETROFIT OF EXISTING

BRIDGES BY CONCRETE SLABS OF ADJACENT GIRDERS

Msahiro YANAGIHARA', Yutaka MAKIGUCHIz, Iwao KAWASAKI

IIshikawajima-Harima Heavy Industries Co.,Ltd
20i1es Corporation
'Japan Engineering Consultants Co.,LTD

SUMMARY

When the expansion joints of an existing simple girder bridge. which continues over
multiple effective spans, are remove, and the concrete slabs of neighboring girders are
connected, the flatness of the bridge surface is improved, a drastic reduction of the
occurrence of noise and vibration caused by the expansion joints can be achieved, and
seismic resistance can be improved. Generally, however, a simple girder bridge is
supported by movable bearings and fixed bearings, and therefor, when the method of simply
connecting the slabs is used, the bridge will be a multi-bearing fixed structure, and
there is therefor a possibility that expansion of girders by temperature change will be
obstructed and that excessively great forces will act on the substructure. Therefor, when
this method is used, the existing bearings are generally replaced by bearing such as
elastomeric bearings, which softly support the superstructure in the horizontal
direction. On the other hand, however, the horizontal displacement due to the seismic
load will be increased by the soft horizontal spring of the elastomeric bearing, and
there is a danger that the horizontal displacement could exceed the floating gap at the
girder end section, which is considered to be a maximum of lOcm. Therefor, the application
of the menshin bearing, which has higher damping performance than an ordinary elastomeric
bearing, can be considered. We have conducted a case sturdy regarding the application of
the menshin bearing to construction connecting many effective spans, u~ing an eXisting
elevated bridge in a city as the model case, and we have demonstrated the usefulness of
the menshin bearing.

BRIDGE STRUCTURE AND DESIGN CONDITIONS

Structure of bridge FIg.! shows the entire structure of the existing bridge. The
6rldge span 1S 30.0m. This is a composite girder type bridge, constructed of a concrete
slab of 22cm thick, and 7 steel plate girders. The maximum reaction force per single
supporting point is 80tf. All bearing are made of steel, and the height of each bearing.
both movable and fixed, including the height-adjustment mortar, is 18Omm.

Design conditions Table 1 shows the design conditions for the bearing sections.

Connection structure and bearing structure Fig.2 shows the slab and girder connection
structure, and f1g.3 shows lhe delales of the bearings which are used to replace the
existing bearings. Regarding the connection method, there is an exa.ple in which the
concrete slabs were simply connected, but in this case stUdy, we ~onsidered a structure
which not only connected the slabs but also connected the girders, with the additional
purpose of providing a structure which would prevent the bridge from falling. The
connection section is given a rigidity about 1/10 that of the girder. When the rigidly is
at this level, it does not generate excessively grate tensile stress on the concrete
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Table 1 Design Conditions of Bearing

Maximun design vertical force of a bearing tf 80

Total dead weight of superstructure of one span tf 606

Temperature change 'C ± 30

Rotation of girder at a bearing rad 1/450

Allowable.bearing stress for maximun design vertical force Ikgf/cm l 80

Allowable shear strain for all design loads except seismic load ~ 10

Allowable shear strain for seismic load 96 200

High Strength Bolts

/Girder

Fig. 2 Details of Connection of Girders

Sole Plate (Existing)

\

A - A (mm)

Fig. 3 Lead Rubber Bearing
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slab even when the girder is connected to the slab. This can also prevent the occurrence
of uneven reaction force on the neighboring on the pier. The new bridge used were Lead
RUbber Bearing (LRB) which actually have already been used for a menshin bridge in Japan.
This new bearing consists of a main unit (height:133mm) and a base plate (thickness:
40mm) , which is designed so that it does not exceed the height of eXisting bearings. The
new bearing's main unit is formed from 5 layers of rubber plates (The thickness of each
rubber plate is 13mm, and its plane dimensions are 33cm X 38cm) , 4 reinforcement steel
plates each with a thickness of 3mm, top and bottom flange plates with thickness of 28mm
each,and 4 lead plugs. (the diameter of each plug is SOmm.) The sides of the bearing are
covered by rubber sheet, 10mm thick. The plane shape of the bearing is designed so that
the bearing stress against maximum reaction force will be 80kgf/cm l or less. Existing
anchor bolts are used as-is, and the base plate of each bearing is fixed in position by
welding. The main unit of the bearing is placed on the plate, and fixed there using
bolts.

Number of continued effective spans The allowable horizontal displacement by
temperature load 1S 701 of the tc,lar-thickness or the rUbber. The total thickness of
rubber is 65mm, and therefor the allowable horizontal displacement is 45.5mm. ihe
horizontal displacement for each 1m of girder length is calculated as 7.0mm. Based on
these data, the maximum feasible length P. of the girder from the neutral axis, is
calculated as shown below.

45.5 - 7.0
2= ---- 106.9 m (1 )

0.36
The bridge length can be determined as up to twice the above answer, or 2 X l06.9m

= 213.8m. In other words, up to 7 effective spans can be continued for a 30m span.

213.8
n=---

30.0
= 7.1 (2)

Where
n:The number of continuous effective spans which can be used.

Earthquake response analysis We carried out a time history response analysis using the
analysls model shown in F1g.5. The seismic wave input is the standard wave for the
classification of ground conditionll, prepared by Public Works Research Institution(PWRI).
We also studied the case of a simple laminated rUbber bearing after removing the lead
plugs from the LRB, for comparison, in addition to the analysis of the LRB itself. The
indiVidual constants input for the LRB are the effective stiffness and the effective
damping ratio,which can be calculated by equations (3) and (4),using the displacement
which was previously estimated.

(3)

(4 )

Where,
K •~ :Effective stiUness
F :Force against estimated displacement, u
u iEstimated displacement
h •• :Effective damping ratio
6 W. W:Areas shown in Fig.8
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Force

Displacement

Fig. 4 Force-Displacement Hysteresis Loop

A damping ratio of 5~ is also considered, in addition to the spri~g constant which
can be calculated by equation (5). as the constants for the ordinary laminated rubber
bearing.

K= ----

Where,
l< :Spring constant of laminated rUbber bearing
!\R :Plane area of rubber

~ t. :Total thickness of rubber

Table 2 shows the input data for earthquake response analySis.

Table 2 Input Data for Earthquake Response Analysis

Item Unit Lead Rubber Bearing Rubbe r Bea ring

Mass of SUperstructure : W tf 606 606

Effective Stiffness of Bearing : K. tUm 3 288 3 031

Effective Damping Ratio of Bearing : h. 9tl 14.5 3.0

Mass of Substructure : W~ tf 180 180

Spring Constant of Substructure : K~ tf/m 15 000 15 000

Damping Ratio of Substructure: h~ % 5.0 5.0

Maximum Acceleration of InPllt Wave
at Ground Level cm/secz 413 413
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Mass of Superstructure W

Effective Stiffness of Bearing: K.

Effective Damping Ratio of Bearing h.

Mass of Substructure W~

Spring Constant of Substructure: K~

Damping Ratio of Substructure: h~

Fig. 5 Model for Earthquake RespOnse Analysis

The results of the analysis are shown in Table 3. As is clearly eVident from the
table, the maximum response acceleration of the superstructure with the LRBs is 654gal.
70~ of the maximum response acceleration with laminated rubber bearing. Also. the maximum
response displacement of the superstructure with LRBs is 11.9cm, anc the maximum response
displacement of the bearing section with LRBs is 9.5cm. these values are 64~ of those for
laminated rubber bearings. 80~ of the displacement is concentrated in the bearing
section.

Table 3 Results of Earthquake Response Analysis

Unit Lead Rubber Bear ing Rubbe r Bea r in9

Natural Period of 1st Mode sec 1. 04 1. 04

Maximum Response Acceleration z
of Superstructure em/sec 709 1 019

Maximum ReSpOnse Acceleration z
of Substructure em/sec 471 516

Maximum Displacement of
185Superstructure 11m 119

Maximum Relative Displacement
152between Super- and Substructure 11m 95
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Bearing replacement method
glven below{See F1g.9}.

A summary of the procedure for replacing the bearings is

Stage 1
QDRemove the bolts connecting the girder and the eXisting bearing, and jack up the girder.

aDChip off a layer of concrete (about lOcm thick) from the pier around the bearing, and
remove the existing bearing.
Stage 2
aDPre-drill the holes on the base plate for the positions of the anchor bolts, and set the
base plate in the designated position. Pre-drill holes and cut screw threads for the
bolts which will fix the main body of the bearing to the base plate.

~Weld the base plate and the anchor bolts on-site. After welding has been done, finish
the top surface of the base plate so it is smooth.

avfill with non-shrinkable mortar, to the bottom of the base plate.
stage 3
QD?lace the main body of the bearing on the base plate, and fix the bearing in place.

GDJack the girder dewn, and fix the body of the bearing and the girder together, using the
bolts.
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Connection Bolts

Upper Part of Bearing

Cut Bol t to
Reasonable Length

Stage 1 Removal of the Existing Bearing

I"
69 0

"'

Weld the Base Plate
I and Anchor Bolt

~
30

Fi II wi th Non-
~ ,~. shrinkable Mcrtar

Stage 2 Setting of the Base Plate

Main BodY of
Bear ing

690

Fix the Girder and
Bearing,with Bolts

Place the Bearing on
the base Plate and
Fixed it in Place

Stage 3 Setting of the Bearing

Fig. 6 Procedure for Replacing the Bearings
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CONCLUSION

The following effects can be expected when menshin bearings are applied in the
continuous structure construction method for a simple girder bridge.

G)When menshin bearing are used, acceleration response and displacement response can be
reduced by 30~~SOJ from those in cases where ordinary elastomeric bearing have been used.
In the case stud~ done at this time, it was possible to minimize the displacement of the
girder within the floating gap of the girder end section, by using the menshin bearing.

GDwhen the menshin bearings were used, the microtremors caused by wind load and braking
load were very much smaller than in the cases where ordinary elastomeric bearings were
used.

cpMenshin bearings can disperse the internal force of the superstructure evenly to the
piers when an earthquake occurs, just as well as when ordinary elastomeric bearings are
used
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ADVANTAGES OF ISOLATION BEARINGS
FOR N[:.""W BRIDGES

Ralph E. Anderson'

IEngineer of Bridges and Structures, Illinois Department of Transportation,
Springfield, Illinois

SUMMARY

Seismic isolation bearings have been used for the design of two new bridges in the State of
Illinois. The bridge over Sexton Creek 10 Alexander County was designed in-house by the Illinois
Department of Transportation. Construction has been completed and the bridge is now open to
traffic. There has been insufficient time as of yet, to evaluate bridge performance. The design for
the Ramp 1 connector bridge from the M.L. King Bridge in East St. Louis, Illinois is jU5t being
completed by Sverdrup Corporation for the Illinois Department of Transportation. Data indicates
that the U5C of isolation bearings is OO5t effective for both bridges. The magnitude of potential OO5t
savings win vary from bridge to bridge since the extent of savings is affected by many structure and
site variables.

INTRODUCTION

A brief description and discU5Sion of the Sexton Creek bridge is first presented. This is
followed by a general discussion of the use of isolation bearings for new bridges, using the design of
the new Ramp 1 bridge as a case example.

DISCUSSION

The first new bridge in the United States to have seismic isolation bearings was built in
Alexander County, Illinois. It is a three span continuous steel plate girder structure with a horizontal
curve over Sexton Creek. The spans are approximately 120', 154', and 120' long. 1be superstructure
consists of a 43'-2" wide concrete deck on five, 54" deep plate girders. The substructure members
are placed on steel H-piles. The seismic bearing arrangement which was chosen for this bridge
consisted of isolation bearings with lead core for the abutments and isolation bearings without lead
core at the piers. This resulted in the seismic loads being primarily resisted by the abutments.

One of the reasons this bridge was selected for seismic isolation bearings was its location. It
is at the southern tip of Illinois which is closest 10 the New Madrid Fault and is a Seismic
Performance Category C, with an acceleration coefficient of 0.20, soil profile of Type III.
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CONCLUSIONS

Our decision to use the Isolation Bearings on a new structure was mainly: (1) To asseu the
"cost-effectiveness" of these bearings as compared to the conventional design for this seismic zone.
(We realized a cost savings of approximately 3%). (2) To evaluate the performance of this type of
bearing under normal service conditions.

The bridge at Sexton Creek has been opened to traffic just recently and we have not had the
opportunity to evaluate its performance.

Attached is a report by Sverdrup Corporation of St. Louis. Missouri on the use of Isolation
Bearings for new bridges. Sverdrup is our consultant performing the rehabilitation study and design
of the Poplar Street Complex for II1inois DOT.

492



USE OF ISOLATION BEARINGS FOR NEW BRIDGES

Stepbea S. Stelbl aDd Stepbea W. Yordy!

lStructural Engi"eer, Sverdrup Corporation, SL LDuis, MO
!Project Manager and Deputy Bridge Section Manager Sverdrup Corroration, St. Louis, MO

SUMMARY

The scope for the work presenteJ in this report consists of a discussion of reasons why
isolation bearinp, specifically lead-rubber isolation bearings, should be considered for use when
designing new highway bridges that are located in potentially active seismic regions. The discussion
presented in the report is specifically applicable when new highway bridges are situated in an area
where single or multi-mode dynamic spectral analysis is appropriate in accordance with the AASHTO
Standtlrd Specifications lor Seismic Design 01 Highwoy Bridges (Ref. 1). The report first brieny
describes the general advantages and disadvantages of isolation bearings. This is followed by
discussion of the use of isolation bearings for new bridges. Ec.onomic advantages of isolation bearing
use are supported by cost comparisons developed for a specific bridge which Sverdrup Corporation
is just completing final design. Estimated costs were computed, tabulated and presented herein for
the new Ramp 1 bridge (S.N. 082-0287), which is a new eastbound connector from the M. L King
Bridge to eastbound I·SSnO/64 in E. St. louis, Illinois.

GENERAL ADVANTAGES

The primary advantage of using isolation bearings for bridges designed to resist seismic forces
is centered around their ability to significantly reduce the earthquake forces that are transferred to
the substructure. This reduction is brought about principally by altering two features of the dynamic
response of the bridge to the design seismic event. First, the isolation bearings introduce structural
flexibility. Secondly, due to the damping properties of isolation bearings, a modifacd response
spectrum is used for conventional bridges with isolation bearings. Both of these features combine to
result in significant reduction in seismic design forces that are transmitted to the substructure.

As the period of a structure increases, the seismic acceleration coefficient and resultant
seismic force demand decreases. Additionally, the damping effect of the bearings not only limits
horizontal displacements. but also serves to reduce the response spectrum curve. These attnbutes
are shown in Figure I, which plots the response s~trum curves for a structure on corm:ntional
bearings and a structure using isolation bearings.

In Figure 1, the response spectrum for the structure without seismic isolation is taken rrom
FIgUre 11 in the AASHTO Standard SpeciflCDtWns lor Seismic Design 01 Highway Bridges (Ref. 1).
1be response s~lrum Cor the structure with seismic isolation is taken from the analysis of new
Ramp 1 (Structure No. 00-0287), which Sverdrup is just completing final design for the Illinois
Department ofTransportation. This particular bridge, which is a new connector from the M. L King
Bridge to eastbound I-SSnOl64. is a conventional, continuous. multiple plate girder structure which
is partially on a 720-ft radius horizontal curve. Three to fm span units are utilized. with a total of
18 spans ranging Crom 80 feet to 170 feet in span length. Pier heights vary from approximately 20
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feet to 55 feet. Bedrock at the site is overlain with approximately 120 feet of Type III soil, which
is vulnerable t\l liquefaction during the design seismic event. The bridge was assigned to Seismic
Performance Category B, based upon an assumed Acceleration Coefficient equal to 0.15. When the
reference structure just descnbed is seismically isolated, seismic force reductions ranging from 40
percent for the longitudinal component to 60 percent for the transverse component were realized
when the resultant increased fundamental period is used in combination with the response spectrum
curve for a bridge with seismic isolation.
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Figure I

Figure 1 illustrates the relationship between structure period of vibration and the seismic
acceleration coefficient. The figure also shows the change in structure period and resultant
acceleration coeffICient that occurs when changing from the bridge without isolation bearings to the
bridge with isolation bearings. The effect of isolation bearing damping is seen when comparing the
two response spectra. Note that in the transverse direction, the structure period is doubled when
isolation bearings are introduced, significantly reducing the acceleration coefficienL In the
longitudinal direction, the structure is relatively flexible even without isolation bearings, and thus the
primary benefit of isolation bearings comes from the spectrum shift due to damping.

Advantage can also be realized from the fact that seismic bearings are not specifICally -fmed
or -expansion-, Since they all act as -fIXed" for short-term non-seismic lateral forces, longitudinal
forces such as wind or braking are distn"buted to all of the substructure units, as opposed to only one
or two -rmed- piers in a typical structure without seismic isolation. In the case of isolation bearings
with lead core that were specifically considered in this report, slowly applied horizontal loads, such
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as those due to temperature strains, are reduced by creep of the bearings to approximately 2S percent
of the force transmitted from instantaneous loading.

Another potential advantage of seismic isolation bearings is the ability of the designer to
"direct" loads to the substructure units most capable of resisting them. By modifying the stiffness
properties of' the bearings (generally by changing the dimensions of the lead core or elastomer).
forces can be directed away from undesirable locations. such as unusually stiff piers or piers founded
on "poor" soil.

Lead-rubber isolation bearings have other advant~ges that can also be credited to various
types of conventional elastomeric bearings. These include mechanical reliability. resistance to
corrosion. and multi-directional rotation and movement capabilities. The enhanced multi-directional
capabilities of isolation bearings is particularly advantageous for horizontally curved bridges, where
non-seismic lateral movements are also multi-directional. Thus, careful consideration of bearing
orientation i~ not necessary.

NEW STRUcruRES

The significant reduction in seismic force demand for substructure design that generally results
when isolation bearings are used gives the bridge owner and/or designer a potential design philosophy
option when considering new bridges. The AASHTO Standard Specifications for Seismic Design of
Highway Bridges employs a design philosophy where R-factors are used for structure design. These
R-factofS are used to reduce the theoretical seismic forces to lower design levels that lead to high
ductility demand and inelastic structural behavior during the design seismic event. Under such a
philosophy, the bridge is designed to avoid collapse, but damage to the substructure may be
substantial. Since the use of R-factors significantly reduces the high seismic design for(:e5 to which
the substructure above the foundation is subjected. it is generally inadvisable (from an economic
viewpoint) to design for other than high ductile demand. (Note that the foundation. including
footings and piles, is generally designed for an R-factor equal to half of that used for other portions
of the substructure. resulting in more elastic behavior and less likelihood of below-ground damage.)
When isolation bearings are used, the high theoretical seismic forces are significantly reduced. thus
making elastic design of the substructure (minimal expected damage) more economically feasible.
In fact, in many instances the substructure of a bridge without isolation bearings and with high
ductility demand may be reasonably designed for the same order of magnitude of seismic force
demand as a bridge with isolation bearings and low ductility demand. Obviously, in doing so, any
higher costs incurred by using isolation bearings to reduce seismic demands for the substructure
is traded for investment in a structure that is more damage-resistant. For an essential structure,
serious consideration can thus be given to using isolation bearings and at the same time reducing R
factors to as low as 1.0 to I.S (as discussed in the Commentary of the AASHTO seismic design
specifications), which will result in essentially elastic response, minimizing damage and potentially
unacceptable disruption to traffic. The specifIC bridge used for this report is not considered essential
and thus tbe AASIITO specified R-factors were used, resulting in high ductility demand.

ECONOMIC ADVANTAGES

Overall cost savings experienced when using isolation bearings are often signifICant, as will
be discussed in the following paragraph. However, it must be noted that many items affect the extent
of savings. Substructure type and configuration, soil conditions, structure geometry, Acceleration
Coefficient (A), and Seismic Performance Category (SPC) are just a few of the variables that can
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have an effect on cost savings.

Analysis and design were performed for the previously described proposed ncw bridge to
develop quantity/cost requirements when isolation bearings (lead-rubber type) are used. as compared
to quantity/cost requirements when standard Illinois DOT elastomeric bearings. modified
(strengthened) to transmit lateral seismic force demands from the superstructure to the substructure.
are used. Estimated representative costs for the bridge with and without isolation bearings are
presented in Tables 1 and 2, respectively. Overall cost savings of approximately 15% can be achieved
for the referenced bridge when using isolation bearings instead of modified elastomeric bearings. The
savings is directly a result of the significant reduction in substructure requirements that arc a result
of the 40% to 60% reduction in seismic force demand transmitted to the substructure. Relatively
minor increases in some costs (approximately 2% of overall costs) result when isolation bearings are
used, primarily due to the high relative cost of the isolation bearings. but also due to the larger and
more costly modular bridge deck expansion devices (approximately 12% increase over standard
expansion devices) required for the larger seismic displacement demands that result when isolation
bearings are used.

It should be noted that for this particular bridge example a substantial factor in the
substructure cost comes from the piling. Since the bridge is located on a site where the top layers
of the soil are vulnerable to liquefaction. criteria were established requiring the use ofductile H-piles
with tips driven to refusal at, or near. bedrock found approximately 120 feet below ground line.
These piles must be designed within their upper portions to support vertical and lateral loads for a
significant unsupported length. Thus, pile costs are unusually high even with isolation bearings, and
increase quite significantly when the seismic force demand to the substructure is not mitigated by the ..
inclusion of isolation bearings. This will tend to explain why the percentage structure cost savings
arc estimated to be higher than the S% to 10% savings typically reported for bridges located in
regions of moderate seismic risk. using isolation bearings in place of conventional bearings modified
to resist the seismic loads.

CONCLUSIONS

Whether isolation bearings are used for new or retrofit bridges, many advantages can be cited.
some of which are common to other types of elastomeric bearings. The high CO$t of isolation
bearings in comparison to modified elastomeric bearings is certainly a disadvantage. but this
disadvantage is generally overcome by cost savings in the substructure made possible by the
significantly reduced seismic force demands th::t will result. Creep of lead-rubber isolation bearings
can also effectively reduce non-seismic. slowly applied horizontal loads, such as those resulting from
temperature effects. Additiondlly, the size and shape of isolation bearings can often be adjusted to
economically distribute superstmcture lateral loads to the substrudure. These reduced force demands
are particularly meaningful and CO$t beneficial for existing structures when such reduc:lioDi enable
existing substructure units to be retrofitted rather than replaced.

holation bearings often prove cost-effective for use in new bridges located in moderately to
highly r:.dive seismic regions. Variable site conditions and structure characteristics can significantly
affect the extent of potential savings, as is illustrated by the proposed new structure discussed in this
report. Clearly when the right combination of conditioDi exist, isolation bearings can be shown to
be a CO$t-effectM part of new bridges located in seismically KtM: regions. For new bridges, the use
of isolation bearings might also be considered 10 that the seismic force demands are reduced to a
lacl that elastic dc5ign of the structure is economically feasible, thus minimizing the potential for
significant damage if the design seismic event occurs.
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STRUCTURE COST ESTIMATE
NEW RAMP I • STRUCl'URE NO. 082·0287

(WITH ISOLATION BEARINGS)

SUPERSTRucruRE

STRUCIURE CONCRElE
REINFORCEMENT
STRUCIURAL STEEL
MODULAR EXPANSION DEVICES
NEOPRENE EXPANSION DEVICES

TOTAL SUPERSTRUcruRE COST

SUBSTRUCIURE

SEISMIC ISOLATION BEARINGS
STRUCIURE CONCRElE
REINFORCEMENT
EXCAVATION
PILES

TOTAL SUBSTRUCl'URE COST

TOTAL COST (SUPERSTR. at SUBSTR.)
CONTINGENCY (APPROX. lS~)

TOTAL COST

S787,OOO
$323,000

S1,778,000
H25,OOO

$7,000

$3,OZO,OOO

S216,OOO
S543,OOO
S169,OOO

S27,OOO
S1.382.000

$1,337,000

$5,357,000
$843,000

$6,200,000

CONTINGENCY INCLUDES MOBILIZATION AND MISCELLANEOUS BID ITEMS
NOT LISTED ABOVE.

Table 1
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STRUCTURE COST ESTIMATE
NEW RAMP 1 - STRUCTURE NO. 081-0287

(WITHOUT ISOlATION BEARINGS)

SUPERSTRUCTIJRE

STRUcruRE CONCRETE
REINFORCEMENT
STRUCTIJRAL STEEL
FINGER PLATE EXP. DEVICES
NEOPRENE EXPANSION DEVICES

TOTAL SUPERSTRUCTURE COST

SUBSTRUCTIJRE

MODIFIED ELASTOMERIC BEARINGS
STRUCTIJRE CONCRETE
REINFORCEMENT
EXCAVATION
PILES

TOTAL SUBSTRUCTURE COST

TOTAL COST (SUPERSTR. & SUBSTR,)
CONTINGENCY (APPROX. 15%)

TOTAL COST

$787,000
$323,000

SI,778,000
$112,000

$7.000

$3,007,000

$54.0000
$671,000
$204,000

$41.000
S2.412,OOO

$3,381,000

$6,389,000
$911,000

$7,300,000

CONTINGENCY INCLUDES MOBILIZATION AND MISCELLANEOUS BID ITEMS
NOT LISTED ABOVE.

Table 2
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SUMMARY

Experimental Henshin designs were carried out to determine whether they could
be applied to seismic retrofitting of existing highway bridge sub~tructures. Lead
rubber bearings (LRB) were used as Henshin devices in these experimental designs to
reduce the seismic loads acting on the substructures through their high damping
rates and through dispersion of the seismic lateral loads by modifying the existing
structural system into a multi-point elastic support system. And their effective
ness in seismically retrofitting thd substructure was confirmed.

INTROCUCTION

Based on cases of highway bridges sustaining seismic damage, and on the results
of seismic inspections in past years, several types of bridges are considered to be
seismically deficient. Firstly, bridges whose pier structures require seismic
upgrading are:

Old structures made of unreinforced concrete, piled blocks, and other
structural components considered to be seismically vulnerable.
Bridges whose substructures consist of single line pile bents and the like,
and are thus vulnerable to seismic loading.
Bridges in which the anchorage length of the reinforcing bars in
reinforced concrete (Re) piers are short in the middle sections.
Bridges whose reinforced concrete piers lack ultimate strength
ductility.

Secondly, bridges whose foundations are considered to be seismically defi-
cient, are:

8ridges whose foundations Ilre surrounded by soils that may be highly
susceptible to liquefaction during an earthquake, or lack bearing strength.
Bridges whose foundation bearing soils have been scoured and degraded, thus
reducing their bearing capacity
Very old bridges constructed of timber piles and other vulnerable structural
components.
Some bridges whose pile foundations were built before the specifications in
1964, or whose lateral stability had not been confirmed.

To upgrade the seismically deficient bridges described above, conventional
measures have been applied to increase the bearing capacity of their substructures
and foundation soils. ~einforced concrete linings and steel plates linings, for
example, have been widely adopted to strengthen the bearing capacity of the
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reinforced concrete piers of highway bridges. Ground improvement by grouting and
consolidation of foundations by riprapping with conC1:ete blocKs 01: by coffering
with steel sheet piles and steel pipe piles are commonly used to raise the bearinq
capacity cf the foundations themselves. And footing enlargement and extra pile
driving are also used to increase the stability of the foundations.

Besides these conventional measures, it is advisable to use Menshin devices,
which can reduce seismic forces acting to structures. Recently in Japan, several new
bridges have been built based on a Menshin design in an attempt to improve their
seismic resistance. However, no Menshin bearing based design has ever been applied
to an existing highway bridge to retrofit it. Therefore, we made several experi
mental Menshin design~ for upgrading eXlsting seismically deficient bridges, and
verified their effectiveness. The following para<}raphs first describe the basic
concept of Henshin-design-based retrOfitting of existing bridges, and then, describe
how their effectivene~ was confirmed.

BASIC CONCEPT OF MENSHIN-DESIGN-BASED SEISMIC RETROFITTING

Silloiticance of Mensh';'!1 desil10 Menshin devices can directly reduce thp. seismic
inertia forces acting on highway bridge structures to an acceptable level without
modifying their piers and foundations, thereby reducing the risk of seismic failure
that may be caused by large seismic inertia forces. Menshin devices can function in
this way because:

They function as isolators by extending the natural period of bridses,
thereby reducing the seismic loads.
They reduce the seismic forces by functioning as highly efficient dampers.
They can "change M the entire bridge system from a one-point fiKed system to
a multi-point elastic support system, thereby dispersing the lateral
seismic forces. (see design cases B and C)

However, the natural period of a bridge is extended excessively, the amount by
which the superstructuJ:es are displaced, will also become excessive. This will
require an operation to replace the existing expansion joi~ts and to adjust the
expansion spacing. Therefore, it is not practical to depend only on extending the
natural period of a bridge. Accordingly, experimental seismic retrofitting designll
were executed for cas~ model bridges by utilizing Henshin devicell with high damping
capacity and by dispersing the seismic load.

As a result, the Henshin design-based seismic retrofit measures were confirmed
to provide the following advantages over conventional measures.

The seismic loads transferred from the superstructures to the substructures
can be reduced, and both the foundations and piers can be retrofitted
together.
The increase in the bridge's ~eight is negligible.
Because the main worle is to replace the existing bearings with Menshin
bearings, the scale of worle is comparatively small.
Replacement and maintenance management is easy.
Henshin devices can be installed under much less limiting conditions over a
river and in the space under the girders.

In:'lpecting the Sei:'lmic Re"istance of EKisting Bridges The experimental seismic
retrofit designs were executed for case model bridges in accordance with "Design
Specifications for Highway Bridges (revised in 1990)" (Bef. 11, and the seismic
resistance of their structural components were inspected by givin9 static seismic
loads to the structural components within their elastic response ranges. However,
the effective lateral seismic ~apacity of the reinforced concrete piers only was
inspected after taking into account their ultimate strength and ductility during a
big earthquake. The specifications do not take into account the effect of the high
damping performance of Henshin devices on the structural components on the design
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:seismic intensity. Therefore, this was taken into account by using a modified
coefficient of damping (Ref. 2l. The Menshjn devices were checked to ensure thdt
their safety was sufficient to resist IllIg .. seismic forces equivalent to the
effective lateral seismic capacity of reinforced concrete bridge piers.

To determine appropr iate seismic ret rof it t ing of ex i st ing highway br idges
their seismic resistdnce must first be check~d. The structural component:s requiring
seismic retrofitting must then be identified, and the amount by which the identified
structural components must be strengthened must be determined (the damping rates
required for the Nenshin devices, for example). The seismic resistance of bridge
structures can be assessed from the follOWing safety factor S:

S - Allowable capacity of bridge structur~s / Demand of the external forces on
bridge structures

If the value of S in the above fvrmuld is smaller than 1, the stru~tural components
of the bridge structures are assessed as 5ei5m~cally deficient, and ~lOn.e seismic
retrofitting measures must be considered.

EXAMINING THE APPLICABILITY OF MENSHIN LESIGN TO SEISMIC RETROFITTING

First selected as model bridges were tollcwlng three bridges whose substruc
tures had been to be seismically retrofitted or had already been seismically
retrofitted.

(A) RC columns whose embedded reinforcing bars had insufficient anchorage
length at middle sections of the column, and that lacked both bearing
capacity and ductility,

(S) Pile founoations that lacked vertical b~aring capaci~y, and
Ie) Caisson foundations that lacked seismic bearing capacity

The experimental Menshin design;; were troen applied to seismically retrofit
these bridges, and the effect on these bridges retrofitted by Nenshin designs were
examined. These examinations were cond,:~ted only from a structural and engineering
point of view CO determine whether make sure it Nenshin designs can be applied to
seismic retrofitting of substructures. The retrofit execCltivn and we selected
structural details are briefly describ~d.

Fig. 1 General View of M~NSHIN Bearing (LRB)
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To the model bridges was applied lead rubber bearings (LRB) AS HenshJn devices,
because this type bearing provides excellent performance and the method for
designing them has been established. Fig. 1 shows a general view ot a LRB.
Nevertheless, it is possible that, depending on the type of bridge to be retrofitted
and on the type of seismic retrofit measures to be adopted, it may be advisable to
use some other type of Henshln device.

CASE A - Sei,mjc Retrofitting of BC Columns In both the 1978 Hiyagiken-oki Earth
quake and the 1982 Uraga-oki Earthquake, the reinforcement concrete columns at some
highway bridges sustained a damage at their columns' middle section Is) where the
anchorage length of the reinforcing bars was short. According to the results of
Seismic Inspections conducted in 1986 for almost all highway brides in Japan, short
anchorage length of reinforcement in some RC columns ~ccurred in the same locations.
To strengthen such seismically deficient piers, extra reinforced concrete or steel
plate linings have been usually used.

And Be bridge piers and columns are required to provide high ductility,
sufficient to retain their bearing capacity even after they have yielded during a
large earthquake. The Specifications for Highway Bridges revised in 1990 clearly
stipulates that BC piers shall be inspected to ensure that they retain high
ductility in their plastic response ranges. Before this requirement was included in
these Specifications, in Japan, large-crass-section wall-shaped piers had been
adopted to provide potential ductility 1n the plAstic range, but some piers are
considered to have been short in there duCtllity and strength. To seismically
retrofit these piers, it is feasible to use RC linings or steel plate linings.

In case A, a seismic inspection revealed that the reinforcing bars of the
middle sect.ion of the Re columns of an urban expressway viaduct were short in
anchorage length. As shown in Fig. 2, the superstructure of this viaduct is a 37
meter-long single steel-concrete composite girder bridge, and its piers are 3
meter-diameter circular Re columns with overhanging beams. As shown in Fig. 3, the
main reinforcement of these columns is in four sections where the reinforcing bars
end, and are embedded.

31.00.

Fig. 2 General View of Case A Hodel Bridge
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Fig. 3 Arrangement of Main Reinforcement of Case A Model Pier Column

Table 1 The result of the Seismic Inspection (Case A)

BEFORE RET ROF ITT I HG RET ROf I IT ING
RETROFITT IKG WI Til IIlII

IIENSIII" OEVICE ac L\lIING

IN TERMS OF MOMENT AT TIlE SECTION kEIHFORCEMENT EMBEDDED

N~TURAL PERIOD (sec) 0.75 0.93 0.70

DEKAND (If·.) 2930 2060 2950

CAPACITY (If '.) 2330 23)0 3050

SAfTV FACTOR 0.80 , .13 , .03

IN TERMS OF EFFECTIVE LATERAL SEISMIC CAPACITY

NATURAL PER 100 (sec) 0.84 , .39 0.71

DEMAND (tf) 308 248 282

CAPACITY (If) 2S, 2S1 336

sun FACTOR 0.81 1.0' t . t 9
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Table 1 shows the results of the inspect.ion of t.he seismic resistance of t.his
columns conducted before this vi4duct was s~bject. t.o ret.rofit.ting. As shown, the
safety factor of the piers in terms of tt,e moment. calculat.ed from the stress
intensity of reinforcement at. the piers'S uppermost sect.ion, where the reinforcing
bars end and are embedded as shown in Fig. 3, is:

S - 0.80 < 1. 0
In addition, the safety f4ctoL of t.he pier in terms of its effective lateral s~ismic

capacity is,
S - 0.81 < 1.0

Accordin9ly, this pier does not satisfy the safety requirement either. Since these
column:! are circular in cros:! section, they Cire equ.ally Suscoi:ptible to :!eismic
forces in all directions.

To ensure the safety of this viaduct., the goals of Menshin be.aring design were
established as follows after taking into cC~5iderat.ion t.he potential decrease in
d.:sign seismic load due t.o the damping perfor~."nce of ~:en5hin bearings;

To give t.his viaduct a damping rat.io ~f 10 pe~c.nt, in crder to reduce by 20
percent. the seismic loads acting on It at tr,e time of inspection of the
stress intensity of the reinforce~ent.

To give this viaduct. a damping ratiQ ~f 10 percent, in order to reduce by
.about 20 percent t.he seismic forces wlth respect to the effective lateral
capacity of its columns.

In this case, Menshin devices were ucs19"",d to function equally in oIl

directions. Table 2 shows the dimensions of t~e Henshin bearings designed to achieve
the above goals.

Table 1 also shows the results of the lnspection conducted to examine the
selsmic resistance of case A model bridge after lt was seismically retrofitted using
Menshin bearings. As shown, the safety facter in ter~s of the moment in the same
sect.ion as before is:

S - 1.13 > 1.0,
Th~ safety factor in terms of the effective l~~eral seismic capacity is:

S - 1. 01 ;> 1. 0
Accordingly, th~s viaduct. retrofit.t.ed with Me~shin bearings proved to be capable of
satisfying t.he safety requirement.

Whole bridge struct.ural syst.ems are required to allow a design displacement 50

that. Menshin devices can function during a design eart.hquake. In case A, the results
of the inspection conducted to determine the effective lateral seismic capacity of
the piers of the Menshin-device-fitted viaduct showed tt'.at the girder:! had been
displaced as much as 261 rom. Furthermore, to allow displacement. in the transverse
direction, which is usually restrained in existing bridges, the expansion joints
.and restrainers must be replaced with other sUltable devices, and the girder spacing
must also be adjusted.

Table 2 Dimension of t.he ME1JSHIN Bearings [Case 1'.)

NUMBER (PER PIER) 5

PLANE FIGURE 500 II X 500 II

LEAD PLUG 5 X~55 I'

THICkNESS OF RUBBER 16 X 10 II

'HOLE IlEIGT 265 II
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A retrofittin9 measure tor case A viaduct based on conventional RC lining is
designed as an example as shown in Fig. 4. In this case, the safety factor of the
columns in terms of the moment at the s~me section as befoLe is, as shown in table 1:

S • 1.03 > 1.0,
and in terms of the effective lateral seismic capacity,

S - 1.19 > 1.0
That is, this bridge satisfies the safety requirement.

.. E
0

~0'

en 0
1.2U III

rmy RfIIlfORCIUG 50 - 022

Fig. 4 RC Lining on Case A Model Column

The RC linins operation, w~ich is commonly used, needs rather a small scale of
work, and is quite economical, does not cause disJ:uption to bridge t:caffie. In
addition, a weight in..:rease of 12.4 ton-force in the columns lined with the
reinforced Ci'ocrete doe:s 1I0t po:se any problem in seismic resistance terms, since it:s
foundation has a high degree of redundancy. In case A, the installation of Menshin
bearings may require replacement of the existing expansion joints and adjustment of
the girder spa~in9. Furthermore, thi:s may involve the disruption to traffic during
the replacement operation. Therefore, for case A bridge, the RC lining may be more
advantageous than retrofitting with Menshin bearings.

507



However since Henshin bearings are comparatively small, and need only s~all

temporary facilities, they may be more advantageous in the following cases:
• Where the cross sections (or weight) of pier foundations can not be

increased to seismically strengthen them,
Where large-scale temporary work is required to erect a temporary cofferdam
to retrofit piers in a river.

Moreover, to simplify the maintenance of expansion joints of single girder
viaducts, such as the case A bridge, and to improve bridge traffic, a plan is now
being persued to modify the superstructures of such bridges to continuous girders
and reduce the number of expansion joints. If this plan is c,"I:I:ied out, both
bearings and expansion joints must be replaced. At this time, the use of Menshin
bearings is recommended.

CASE B - Retrofittjng of foundation piles The case B model bridge represents a
bridge that was seismically retrofitted because its foundation piles has low
seismic vertical bearing capacity. As shown in Fig. 5, this bridge is a 43-meter
long, and 3-span cantilever steel plate girder bndge. Each pier is supported on
twenty-seven 9-m-long. 30-cm-dia reinforced-concrete piles.

8 000

1r43 000

IDQ.[ 13 000 17 000 13 000 1200

l I I If

~. F :F1r~-H-~
unl t mm

Fig. 5 General View of Case C Model Bridge

Table 3 The Result of the Seismic Inspection (Case B)

BEFORE RETROFITTING
RETROFITTING 11TH

MENSHIN DEVICE

IN TERMS OF VERTICAL BEARING CAPACITY
OF FOUNDATION PILES

NATURAL PERIOD (sec) 0.31 0,57

DEMAND (H'I) 23.9 17.6

CAPACITY (H'I) 17.6 17.6

SAFTY FACTOR 0.7. 1.00
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The results of the inspection conducted to examine the seismic resistance of
the foundations of this bridge before retrofitting, are shown in Table 3. As shown
in this table, the safety factoz:: S of these pile foundations in terms of the
vertical bearing capacity of the foundation piles with respect to the seismic load
in the bridge's longitudinal direction is:

5-0.14<1.0
That is, the safety factor 5 of this bridge before retrofitting did not satisfy its
safety requiEement. In calculating the safety factoz:: of the pier foundation piles it
was assumed that the piers themselves were seismically sufficient.

In case B, to ensure the seismic :latety of the foundation piles, it was
necessaz::y to red~ce the seismic lateral load acting on the foundation piles by 33
percent after taking into account the fact that a substant.ial portion of the
reaction force of the piles had been consumed in supporting the weight of the
5uperstz::ucture. Accordingly, t~e goals of the Henshin designs wez::e established as
follows, assuming that Menshin devices function only in the bridge'S longitudinal
direceion, and that stoppers are installed to prevent them t~om functioninq in the
bridge's transverse diz::ection because in that direction, the bearing capachy of
the foundations is always working.

To make this bridge provide a damping ratio foz:: the bridge of about 20
percent.
To modify the existing structural system of this rridge, or one point fixed
system, to Ii mUlti-point. elastic ::support syste:,1 by connect.ing the existing
suspension girders as shown in Fig. 6.

To disperse the lateral seismic loads in the ratio of Al : PI ; p2 : A2 - 1 :
3 : 5 : 1, approximately in the same ratio as that of the design loads before
retrofitting, the lateral stiffnesses of the bearings on each abutment and pier az::e
adjusted. The dispersion of the latez::al seismic loads requires thae suspension
girdez::s be connected to the cantilever girders to transfer the latez::al seismic
loads. At this time, the suspension girders must be connected so that they do not
tZ::llnsmit the moment, for example, using pin-type connectors, in oz::der to prevent the
adverse influence of the moments of the adjacent girders.

M
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M F
F F M
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~li lS.

PI P a Aa
ORIGINAL

~ F Fixed

NI:W M Movable

F F
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l\
F F

/\

~ ~ If
PI P. Aa

Fig. 6 Modification of Structural System of Case B Model Bridge

509



Table 4 Dimension of the MENSHIN Bearings (Case 5)

AI , A2 P. I P 2

NUMBER (PER PIER) 4 4 4
f--

r ~NE FIGURE (II1II) 250 X 250 250 X 250 250 X 250

LEAD PLUG 1 X 1'32 DIll 4 X l' 30 III 5 X 1'32 II

THIC~NESS OF RUBBER 15 X 6 1111 13 X 8 III 7 X 7 ••
WIIOLE IIEIGT 195 111111 203 1111 129 III

Table 4 shows the dimensions of Menshin bearings designed to achieve the above
design goals. Table 3 also shows the seismic resistance of the bridge seismically
retrOfitted with Menshin bearings.
As shown in this table, the seismic safety factor S of these foundations piles is:

S - 1.00 > - 1.00
That is, the safety requirement of the pier foundations of tllis bridge fitted with
t.his Menshin devices are satisfied. Furthex:more, this bridge is provided with a
damping ratio of about 22.2 percent. The dispersing ratios of the lateral seismic
loads at abutments and piers AI, PI, P2, and b2 of this bridge are 1.3, 2.7, 4.6, and
1.3. These ratios show, on the whole, a slight. increase in the burden of th~ seismic
loads on the abutments. However, this is considered to be no px:oblem, because t~e

abutments ax:e usually designed to resist, all the year around, earth pressure, and
because the effect of the seismic load3, a3 a whole, has already been mitigated
considerably by the damping performance of Menshin devices.

The piers of this bridge had already been ret.rofitted by the improvement of the
ground surrounding the foundation piles. As shown in Fig. 7. forty-eight 9-meter
long, l50-rnm-dia quick-lime piles were installed tor each pier to increase the
frictional ferce of the circumferential surfaces of the existing piles. Assuming that
the cohesion of the soils surrounding the piles has increased by 40 percent, the
seismic safety factOr of these foundation piles will be:

front view Side view

t j'
I

1 ~

----tl1
ld'--f,1 - iil-

/' .........

~.I "Ill ~ 1'11)\', 'I'll ,Ii ~ ~ ;V nl ~ I!til II,:'~
n II II II II 1 UK I' I

U II illl:1 I, " It III I!l, I! II illlexistin.. fie '1 II!, -. I. I' 1"1 II ,I II Illl :1111 ,"
.. ~~, I~ ,I t U~ -J:~ ~It II ill

MOOG ~ loOOl. t. .:: II 1'1 II II I :".: , l~ 1,1'\
new quick li~ Piles!, I'" -, I I ,I ,',I' I,

'-9000 ,.SO II - II :: 1\ U,I \: I 11---;,::1 ,. hi
'u U U I: U _U H ~~

Fig. 7 Ground Impro~ement for Cese B Model Foundation (Ref. 31
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s - 1. 03 > 1. 0
Thus, these foundation piles satisfy the safety requirement.

In this case, the economics of Menshin-design-based retrofitting does not
differ from those of ground-improvement-based retrofitting, because ground improve
ment by driving of quick lime piles does not require a large-scale operation.

However, where a bridge ",ill be retrofitted by driving extra piles and by
installing additional footings (sucn as the retrofittings of Case-C model bridge as
shown in Fig_ 9), with operations of a temporary cofferdam in a river, fotenshin
devices will be more advantageous in operation cost terms _ Furthermore, this
experimental design omits examination of the seismic resistance of the piers. If the
piers must also be retrotitted, as tor case A, it is advisable to use Henshin
devices that allow concurrent seismic retrofitting of piers and their foundations.

CASE C - RETROFITTING OF CAISSON FOUNDATIONS As shown in Fig_ 8, The case C model
bridge is a 3B5-meter-long 13-span cantilever steel plate girder bridge with oval
shaped caissons. This bridge has already been seismically strengthened by both
extra piles and foundation consolidation measures, as shown in Fig. 9. This was
necessary because frequent removal of gravel ,"~d construction of a weir in the
vicinity of this bridge caused its toundations to SCOur. The river bed surrounding
the foundations had degraded by up to 5 meters, reducing the original ll-me~er-deep

err~edment of the pier foundations to as little as 6 meters, and finally to degrade
their lateral bearing capacity. The results of the inspection conducted to examine
the seismic capacity before retrofitting are sho~n in Table 5. As shown in this
table, the seismic safety factor of the foundatiQ~s in terms of the vertical bearing
capacity of the caisson bottom soils is;

S-0.71<1.0
and the seismic safety factor of these foundations in terms of the lateral bearing
capacity of the caisson front soils is:

S - 0.58 < 1.0 .
That is, before retrofitting this bridge did not sarisfy these safety requirements.
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Tabel 5 The Result of the Seismic Inspection (Case C)

BEFORE RETROFIlTlNG
RETROF ITT 1NG WITH

MENSHIN DEVICE

NATURAL PER 100 (sec) 1. 00 0.98

IN TERMS OF VERTICAL BEARING CAPACITY OF CAISSON

DEMAND (t f) 52.9 33.0

CAPACIlY (tf) 43.2 43.2

SAFTY HClDK 0.82 1.31

IN TERMS OF LATERAL BEARING CAPACITY OF CAISSON

DEMAND (tf) 17.9 7.4

CAPACIlY (tf) 9.4 9.4

SAFTY FACTOR 0.53 1.27
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The design goals for retrofitting this bridge were determined using Menshin
bearings as follows:

To provide this bridge with a damping ratio of about 16 percent .
• To modify this bridge system to a multi-point elastic support system by

connecting the suspension girders as shown in Figure 10, and to replace the
existing bearings with Menshin bearings equally withstand the lateral seismic
loads on each pier.

As in case a, the Menshin devices are designed to function only in the bridge's
longitudinal direction.

Table 6 shows the dimensions of the Menshin bearings designed to achieve the
above goals. Table 5 also shows the results of the inspection conducted to examine
the seismic resistance of this bridge seismically retrofitted with Menshin
bearings. As shown in this table, the seismic safety factor of the foundations in
terms of the vertical bearing capacity of the caisson bottom soils is:

S • 1.3 > 1.0
The safety factor of the foundations in terms of the lateral bearing capacity of the
caisson front soils is;

5-1.27>1.0
Thus, the safety requirements of the caisson foundations of this bridge are
satisfied.
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Fig. 10 Modification of Structural System of Case C Model Bridge

Table 6 Dimension of the MgNSHIN Bearings (Case C)

NUMBER (PER PIER) 2

PLANE FIGURE 500 1:. X 500 ••
LEAD PLUG 5 X~50 ••

THICKNESS OF RUBBER 4 X IS ••
WHOLE HEICT 129 ••
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Since the bearing soils of this model bridge had been degraded to a
particularly large extent (as described earlierl, and the stiffness of the rotary
springs fitted on the foundations had been substantially reduc~d. the superstruc
tures would have been substantially displaced during an earthquake. If the amount by
which the superstructures of this bridge will be displaced is a prime problem. use
of Menshin devices in this bridge would not be feasible. Even so, Menshin-dev~ce-based

retrofitting measures are economically more advantageous than other corventional
seismic retrofitting measures that demand even larger temporary facilitLes. The seismic
retrofitting of this bridge using Menshin devices. however. requires foundation
consolidation work to prevent further scouring.

CONCLUSION

The following conclusions were led from the eKperimental Hen3hin-bearing-based
retrofitting designs for several model bridges which had to be seismically
retrofitted or had already been seismically retrofitted.

(II It has been verified that Menshin design could be applied to
retrofitting of the substructures of highway bridges. In the appl1cation of
design to seismic retrofitting. it is especially effective to disperse the
seismic loads by modifying theexistingstructural system into a ffiulti-point
support system with Menshin bearings.

seismic
Menshin
lateral
elastic

(21 In some cases where Menshin-bearing-based designs are adopted in seismic
retrofitting. such as experimental design case A, existing expansion joints,
expansion spaces and restrainers would prevent Menshin bea~ings t~om acting during
an earthquake. Therefore. it would be important to adjust them not to prevent
Menshin bearings from acting.

(3) In seismic retrofitting of reinforced concrete colurr~s. retrofitting m~asures

~.~h Menshin bearings are feasible. but are economically less advantageous than RC
lining in most cases. On the other hand. in seismic retrofitting of fOl'ndations,
retrOfitting measures with Menshin bearings are more advantageous in cost and ease
of execution than conventional seismic strengthening measures that usually demands
large-scale works.

(41 It is also effective to use Henshin bearings in conjunction with other
conventional retrofitting measures to reduce the burden of the structural
components in resisting seismic loads. Foe example, as shown in experimental design
case C, Menshin bearings cooperated with a foundation consolidation measure to
prevent scouring in reducing large-scale extra pile driving.

In the future study, to actualize the seismic reteofi~ting based on Menshin
design, it will be necessary to show the design and execution details by using more
practical and more detailed cases.
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CALTRANS SEISMIC ISOLATION DESIGN AND FUTURE CONCEPTS

Eric Thorkildsen

California Department of Transportation. Sacramento, California

INTRODUCTION

The California Department of Transponation (Caltrans) has installed seismic isolation
bearings on three bridges since 1985, with plans for another bridge in early 1992. While having
no official agenda or policy for future installations, Caltrans is making an effon to keep abreast
of the latest seismic isolation teChnology and opportUnities for utilization. Specification
development. retrofit applications, and special designs are all progressing. This paper will look
at the recent history of Caltrans and seismic isolation, a project ready to be constructed that
utilizes these isolation bearings, and a look at future uses of and concerns with the technology.

HISTORY

The first bridge to usc seismic isolation bearings was the Sierra Point Overhead in South
San Francisco. This overhead structure, initially constructed in 1956, is a 10 span. eight lane
welded steel girder bridge with 3' diameter columns. A 0.6 g ground response spectra was
applied to the structure computer model revealing se\'ercly deficient columns. Thirty six existing
steel bearings were replaced with lead filled rubber isolators. The retrofitted bridge was
subjected to the 1989 Loma Prieta Earthquake, but the force was not strong enough to activate
the isolation system. Sensors installed by the California Strong Motion Instrumentation program
measured levels of 0.3g to 0.4g at the column top. No difference in force level was noticed from
the sensors above and below the isolation bearing. The abutment backwall hauncbcd top is the
fuse that will activate the isolation system. but the force levels were not large enough to sever
the backwall haunch allowing displacements to occur.

Another retrofit application of Seismic Isolation was the Eel River bridge in Humbolt
County, which is in the northwestern portion of California. This three span steel truss bridge had
one of its spans collapse in floods, and the rebuilding etlon included earthQuake upgrading of
the remaining two spans. A 0.5 g response spectt.. was applied to the structure, and it was
decided that lead filled rubber isolators would adequately protect the existing seismic deficient
substructure.

The All American Canal bridge in Imperial County was the third California stare highway
bridge to utilize Seismic Isolation bearings- The oiiginal Sleel truss bridge superstructure was
replaced with a wider welded plate girder superstructure. By using lead filled seismic isolation
bearings, the existing substrueture could be used to suppon the new superstructure without any
modification.

All these three previous applications for Seismic Isolation have been for retrofit purposes.
Only recently isolation was considered for new construction. A project that reuses steel girders
on a new strueture is ready to be construc:ted. This situation presented an opportune time for the
use of seismic isolation bearings on a new bridge.
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680124 OVERVIEW

Interstate 680 intersects State Route 24 in the city of Walnut Creek, California. The 680124
interchange has an average daily traffic of 280.000 and currently operates at a Level of Service
F. Caltrans has undertaken an ambitious seven year $280 million project to reconstruct the entire
interchange and replace every cOMector with a new structure in order to improve capacity and
safety. [1] Due to the high demand to keep traffic moving during construction. a temporary
bypass "flyover" structure will be built It is estimated that the flyover structure will cost $8
million and will take 15 months to construct.

Since the structure is only temporary, the idea of using salvageable materials for
construction was investigated. A planning study was made on the use of welded steel girders.
It was found that the expense of using these girders could be justified if the girders cculd be used
again at another location. Fortunately, the first 700 feet of the flyover (about 30% of the total
structure length) had a similar profl1e, superelevation, and roadway curvature of one of the
permanent overcrossings to be built in a subsequent construction stage. The remainder of the
flyover will be a cast-in-place concrete box girder structure, except at two locations where welded
steel "drop-in" girders will span over future connector ramps.

The most common bridge built in California is a cast-in-place concrete box girder. It is
a site specific design, very economical, aesthetically pleasing, and has the characteristics desirable
in an earthquake resistant structure. However, it is near impossible to dismantle and reuse at
another location. The cast-in-place box proposed to be used in the remainder of the structure was
estimated as more economical than steel, even with falsework that would exceed 80 feet in
height.

A 210' span length is needed for the permanent structure. Since such a long span length
was required, welded steel girders was the logical alternative considered. These girders are 84
inches in depth and of composite design. The only girder modifications to be made when they
are re-erected at the permanent overcrossing will be the welding of new shear connectors to the
girder flange. and new splice plates which will adhere at a slightly different vertical profile.

Walnut Creek's proximity to two separate fault lines led to a seismic design loading
corresponding to a peak rock acceleration coefficient of 0.6 g. A seismic design of this
magnitude on a structure 2200' long required the columns to act collectively along with other
substructure components. to provide an evenly distributed stiffness response. A cast-in-place
concrete box girder provides this naturally with its monolithic connection between the column
and the superstructure. The connection between a welded steel girder superstructure and its
supporting bent is more difficult Bolted connections work for shan spans, but longer steel spans
require many bolts to adequately transfer the seismic shear force from the superstrueture to the
support bent. One method that is commonly used in Seismic retrofit is to tie the girders to the
support bent by means of restrainer devices. such as cables. bars. or shear blocks. We found this
method to be aesthetically displeasing and difficult to dismantle and reuse. After studying the
problem and reviewing possible solutions more closely, it was decided the Seismic Isolation
bearings would be used for this situation. What was needed was a product that could adequately
soften the force of the anticipated seismic event as well as being simple enough to remove and
reuse in the permanent suucture.
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FIGURE 1

STRUCTURE MODELING

The Olympic Boulevard Off Ramp Separation is the permanent structure for which the
welded steel girders and the isolation bearings will be reused. It is 700 feet long. has four spans
with the maximum being 210 feet crossing the eastbound Route 24 to southbound Interstate 680
connector at a 70 degree skew. The substructure consists of single column bents on pUe footings.
The abutments are seat type with expansion joints that allow movements up to four inches. 1be
girders are built up on 84" deep web plates with 24" maximum width top and bottom flanges.
Two compurer models of this structure were developed to illustrate the non-isolated and isolated
responses to a seismic event

The earthquake model wa.~ analyzed by the "Strudl" computer program using a response
spectrum type analysis. The peak dynamic response of all modes having significant contributions
are statistically combined to obtain the total structural response. Computer modeling currendy
used by Caltrans is an elastic response, with the nonlinear behavior of the struetura1 members
controlled by the use of a ductility force reduction factor

The non-isolated model considered elastic restraints at the top of the bents and at the
abutments in both the transverse and longitudinal directions. The Caluans SCI damped elastic
acceleration response spectrum (ARS) with depth of allu\ium between 10 feet to 80 feet below
the ground line was used. Soil response at the abutments was modeled with linear springs. The
computer model produced a structure period of 0.8 seconds. which places the ARS gravity force
Ileal' the peak of the response curve for the 0.6 g ~lcration coefficient Seismic Isolation is a
good consideration when the non-isolated structure period is near the peak of the ARS cwvc.
Superstructure displacements were about six inches for the non-isolated model.
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The parameters for the isolated model included the effective stiffness of the isolators. Keff.
the axial stiffness of the bearings. Ka. and the hysteretic damped response spectrum. Usually
damping in elastic structural materials is assumed to be viscous in nature and is expressed as a
percentage of critical. Critical damping is the minimum damping for which a vibrating system
has no oscillatory motion. When structural materials begin to behave plastically such as Seismic
Isolation bearings with damping capabilities. a force-deflection curve will show as hysteretic.
The energy dissipation or damping of the device is equal in magnitude to the area of the
hysteresis loop. [2]

Non-isolated modes use the Caltrans ARS spectrum for 5% damping. A non-isolated modal
response is one in which the displacement is not large enough to activate the non-linear behavior
characteristics of the bearing. Isolated modes use a spectrum that reflects the 20-30% hysteretic
damping of the seismic isolation bearing. The combination of both of these curves form the
Composite Response Spectrum. with the shift from one curve to another arbitrarily chosen at 80%
of the isolated structures period. [2] The composite response spectrum assumes that the seismic
isolation bearing will supply the higher damping. which must be verified with a rigorous testing
procedure that is incorporated into the bearing construction specifications.
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FIGURE 2

The computer model of the isolated structure produced the anticipated results of greatez
flexibility. with maximum supentrueture movements incrusing from six inches to nine inches,
and a longer SU'UC1Ure period that increased to 1.8 seconds. Maximum shear resulting at the top
of the pier reduced from 1SOD lrips to 400 lrips. Bottom of column moments were gready
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reduced. Design of the columns and footings could proceed using the elastic forces from this
analysis. rather than the higher plastic values caused by yielding columns.

A displacement of this magnitude was not consj~ a problem except at the abutments.
A seat type abutment with a backwall that would break off and displace when impacted by a
seismic force was designed. This would limit any further damage to the lower portion of the
abutment, where repair would be difficult The bridge approaches were connected to the
backwall in case severe settlement behind the abuunent might occur.
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FIGURE 3

The results of the computer model for the isolated structure were arranged in tabular fonn
and placed on the structure plans as Seismic Isolation Design Parameters (see FIGURE ~). These
seismic design forces are what the bearing transfers from the superstructure to the substructure.
A maximum seismic displacement of nine inches was given along with a corresponding lateral
force. 1bc lateral non-seismic forces shown are the approximate maximum loads which would
be applied from braking or wind loads. The 1/2 inch displacement cannot be exceeded as the
28 kips is applied laterally. This satisfies the requirement that the bearing have a high elastic
stiffness for service loads. If we assume that the isolator will act elastic, by prorating out the
non-seismic folCe deflection to a nine inch displacement, a force of SOO kips will be applied to
the substructure. 1bc 13S kips allowable lateral seismic force indicates that some kind of plastic
behavior must occur. The maximum allowable rotation of the bearing is also siven, to assure
that it meets various stability requirements.

SUBSTRUcruRE DESIGN

The primary benefits of Seismic Isolation are received in the design of the subsU'ucture.
The column-fooling connection is fixed to aid stability UDder seismic conditions. Earthquake
moments derived &om the computer model at the colunm-footing connection are compamI to
the overssrength moment that the column caD generate, called the probable plastic moment For
weB confined sections, the probable plastic moment is usually assumed to be 1.3 times the
nominal moment strength of the column. The footing is designed to resist the smaller of the two
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moments, the probable plasti(; or the elastic earthquake. The isolated structure's column
earthquake moments was significantly less than the probable plastic moment from the non
isolated structure's column. The reduction in the size of the footing for the isolated structure
resulted in a 38% cost savings. This savings pays for the increased cost of the Seismic Isolation
bearings which are generally more expensive than standard bridge bearings. The secondary
benefit of isolation are the serviceability and minimal repair costs foUowing a major earthquake
becaulie serious damage is prevented.
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FIGURE 4

SPECIFICATION DEVELOPMENT

Seismic Isolation bearings have been used on three California state bridges. All three
contracts listed the bearings as a sole source proprietary item. using the Dynamic Isolation
Systems lead core elastomeric bearing. This is referred to as the "directed purchase" method,
whereby an agreed price is published in the special provisions of the final bid documents. The
Federal Highway Administration's rules governing the use of proprietary prodUC1S allows this
occurrence up to three times as a test installation, with subsequent contracts to include provisions
for competitive bidding with equally suitable unpatented items. Caltrans decided to develop a
generic specification which would apply to both proprietary and non-proprietary Seismic Isolation
bearings.

The specifications were modeled after the proposed provisions for Seismic Isolation Design
in the Guide Specifications for Seismic Design of Highway Bridges. Performance and material
oriented. these specifications frequently refer to requirements listed on the suuctural plan. Items
that arc unique to each SttUCtUl'e are listed in tabular form. such as dead and live loads, allowable
lateral seismic and non-seismic displacements and their corresponding maximum fon:e levels.
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The specifications direct the conttactor to supply two full-size specimens of each type of
isolator to be subjected to four performance tests.

(I) Twenty full reversed cycles of loads at the lateral non-seismic force shown on the
plans.

(2) Three full rever~ cycles of loading at each of the following increments of the
seismic displacement shown on the plans: 0.25,0.50,0.15, 1.0, and 1.1.

(3) Ten full reversed cycles of loading at the seismic displacement shown on the plans.
(4) Three full reversed cycles of loading at each of the following increments of the

seismic displacement shown on the plans: 1.25 and 1.5.

The first prototype test determines if the displacements caused by the lateral non-seismic
forces meet acceptable limits. The bridge cannot be too flexible under service loads, especially
if it may be perceived as a structural probl~m. If any elastic restraint is to be applied to the
seismic isolator, this test will check the durability of this resttaint.

Prototype Test (2) checks the incremental stiffness of the bearing during each cycle,
evaluating the consistency of the stiffness with each subsequent cycle as displacements increase.

Prototype Test (3) obtains 10 effective stiffness values at the specified seismic
displacement, checking if this cyclic loading effects the stiffness behavior of the bearing.

Prototype Test (4) checks the overall stability of the isolator in a seismic event.
Displacements 50% greater than anticipated are used to cover uncertainties in the initial
displacement calculation. This is an important check as most seismic isolation bearings have
height to width ratios that exceed normal bearing code limitations.

The prototype tests will be perfonned at the calculated period of the isolated structure. The
hysteretic behavior of the bearings will be recorded and compared to the target value that is
shown on the structure plans. H the energy dissipated per cycle shown by the hysteresis loop is
within tolerance of the specified value, our prior assumption for the composite response ~pectrum

made in computer modeling will be justified. If the prototype tests are not performeU at the
period of vibration shown on the plans, the contractor will have to perform additional physical
tests to demonsttate that the requirements for hysteretic behavior at the specified frtoquency are
satisfied.

The specifications list the available types of Seismic Isolation bearings for a structure by
their material composition, such as elastomeric bearing with lead core type or elastomerlc bearing
type with non-linear hysteresis. Relevant material property requirements are given along with
test procedures. The bearings will be measured and paid for by the unit, which will include full
compensation for furnishing all labor, materials (including the sample bearing used for testing),
tools, equipment, and incidentals.
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FUTURE CONCEPTS

A. Opportunities for use of isolation

The use of Seismic Isolators for the Olympic Boulevard structure comes at an opportune
time as design is about to stan on the third phase of the Caltrans Earthquake Retrofit program.
The (ust phase, which lasted from 1971 to 1987, tied superstructure segments together with
restrainer cables to prevent excessive relative movement Phase two currently in progress
strengthens the columns of single column monolithic concrete bridge structures. Phase three
currently involves 700 bridges with multiple column bents in definite need of retrofit, many of
which are candidates for isolation. Bridges where the superstructure is supported by rocker type
bearings is one example. By replacing the existing bearings with Seismic Isolation bearings, the
risk of bearing failure is eliminated, the problem of inadequate girder suppon length is solved,
and the need to strengthen columns and footings as in Phase two is mitigated. In some
circumstances where bearing replacement is not feasible, or where the structure is monolithic with
no bearings, the installation of Seismic Isolation bearings in a gap cut in the columns can be the
economical alternative to strengthening the columns and footings. Elimination of substructure
retrofits by isolation is especially attractive because many times there is just no room to retrofit
existing columns. Existing traffic lanes, utilities, lack of right of way, or other existing facilities
such as retaining walls and buildings prevent use of standard retrofit details. The potential for
more frequent use of seismic isolation bearings in California bridges goes beyond the 700 bridges
mentioned earlier. A risk analysis and prioritization completed in September 1990, identified
some 7,500 state and 5,000 local bridges that potentially are seismically deficient, but need
further evaluation. The list of 700 will likely grow significantly.

B. Future design policies

Since the Loma Prieta Earthquake, Caltrans has been urged to implement state-of-the-art
analysis procedures and emerging technologies such as seismic isolation. [6] Serviceability of
bridges after earthquakes has become a major issue, conflicting with Caltrans' basic philosophy
of ductility design and acceptance of repairable damage. Caltrans will address these issues in
the near future. In establishing seismic design guidelines, the Applied Technology Council has
contracted to rev;.ew all of Caltran's current seismic design criteria and make recommendations
for improvements. The use of seismic isolation will certainly be an item of scrutiny. A seismic
advisory board of outside professionals has been formed to approve all proposed changes and
additions.

C. Design Manuals and Bearing Selection

The future of seismic isolation design at a production oriented organization like Caltrans
depends on clearly established guidelines and procedures which currently do not exisl Design
manuals establishing a hand procedure along with examples showing bearing selection would be
helpful. The designer could choose a bearing size that would be verified by the supplier at time
of successful bid award. The various types and components of isolation bearings currently
available to the designer is very confusing, with aU suppliers in heavy competition and claiming
product supremacy. A single entity representing the interests of all seismic isolation suppliers
is one possible solution.
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D. Construction Specification and Bid Procedures

The future of Caluans's generic specifications will include further refinement and
development. As more products enter the market, the specifications will have to be broadened,
which will be a difficult task considering all the different component materials that make up an
isolation bearing. Presently, the only elastomer material included in the specifications is natural
rubber, although there have been proposals to include neoprene and polyurethane. Materials used
in the manufacture of the bearings must be scrutinized for sensitivity to dust, dirt, temperature
change, oxidation, or other fonns of contamination. Establishing test procedures to check the
long term durability of the bearings will be needed. Performance testing of these large bearings
is a problem that must be addressed. The lack of acceptable facilities could cause serious
construction delays as the bearings wait their turn to be tested. Caltrans could establish working
agreements wii.h a nationwide network of testing laboratories reserving allotted times to ensure
perfonnance testing without delay to the project critical path. The specimens could be shipped
at Caltrans costs to the various sites. Presently the specifications allow the conttaetor to chose
the isolation bearing supplier. This can be changed so Caltrans can directly select the product
based on the overall pelformance/cost evaluation. The advertised contract would establish a
contingency fund for ;1W'ChaSing bearings based on cost proposals submitted by the prospective
suppliers.

E. Summary

Caltrans will continue to look for opponunities to use isolation where taXpayer interests
appear best served. With each use, the design and selection process by competitive bidding will
be evaluated. Feedback from rejected suppliers will be reviewed to determine that viable and
effective products have not been eliminated by an arbitrary resuictive specification clause.
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Abstract

1be Higashi-Kobe Bridge is a long-span cable-stayed bridge in which the unique feature
is that the main girder is supported by towers and piers in such a way that the girder is
movable in the longitudinal directicn. This supporting method was adopted with the aim
of lengthening the fundamental period of the bridge to a relatively longer period. By using
this supporting method, the effect~ of the inertial forces due to the superstructure on the
bridge towers and the caisson foundations will be greatly reduced, thereby resulting in a more
rational and economical bridge design.

1. OUTLINE OF THE HIGASHI-KOBE BRIDGE

1be Higashi-Kobe bridge, a steel cable-stayed bridge presently under construction, is
one of the several large-scale bridges that will fonn the Osaka Bay Route of the Har'shin
Expressway Public Corporation. 1be features of this bridge (Figure I) can be summarized as
follows:

• Center span length: 485m
• Width of bridge: 13.5m (3 lanes each for upper and lower decks)
• Main girder: 9m high Warren truss with no vertical chords
• Tower: H-shaped tower with 146.5m high columns and

curved cross beams tied at relatively low positions
• Cable: Double-plane multiple cable system with harp pattern anangement
• Roor system: Steel deck composite with the main girder truss
• Foundations: Pneumatic caissons for the towers (LxBxH=32x35x2Sm);

Cast-in-place piles for the end piers and the pendulum piers.
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Figure 1. General View of the Higashi-Kobe Bridge

2. EARTHQUKE RESISTANT DESIGN OF A LONG·SPAN CABLE·STAYED BRIDGE

2.1 General Concepts of Aseismic Design of Higashi-Kobe Bridge
Upon completion. the Higashi-Kobe Bridge will be one of the longest cable-stayed bridges

in Japan. Because of high seismicity in Japan. earthquake-resistant design of the bridge is a
critical issue in the general design process of the bridge. Cable-stayed bridges are so highly
redundant (statically indeterminate) that sophisticated computer analysis is needed. General
concepts of the aseismic design are given as follows:

• Keep the bridge structure flexible to a reasonable level in order to reduce seismic inertia,
but provide safety devices to suppress excessive deformation.

• Adopt multi-mode response analysis to detennine sectional forces due to the design
eanhquake loads in order to properly model the bridge behavior.

2.2 Selection of the Basic Structural Configuration
In order to determine the ideal support system for the Higashi·Kobe Bridge, the earthquake

response of several configurations of structural system were considered and the comparison
is shown in Table I.

1be advantages and disadvantages of these supporting systems can be summarized as
follows:

• The use of one fixing support or two fixing supports, case I and case 5 in Table I.
causes large forces in the fixed piers. And. even mUltiple fixing support system (case 2).
cannot disperse earthquake forces.

• The use of elastic suppons (case 3) makes it possible to adjust natural period of lhe
bridge adequately enough to reduce earthquake forces in the towers. However. using
such system will require careful maintenance.

• 1be use of all movable supports (case 4) where the main girder is supported by towers
via cables (herein refered to as "all free") gives the bridge a rather longer natural
period. and therefore reduces earthquake forces of the tower considerably. However.
the displacement of the main girder can be quite large.

Acceleration response spectrum for the superstructure design was determined against lhe
most unfavorable case at the construction site especially in the longer period range. Table 2
shows.forces and displacements categorized according to design loads. Adopting the all-free
support system. wind loads (rather than earthquake loads) governs in the design of the towers.
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As a result, the size of the caisson for the all-free system can be made about lOrn smaller
than that designed for a two-fixed suppon system.

Table 1 Comparison of different supporting systems

Natural section Forces Displacement

Support Configuration Period (tower base) (girder)

sec. kN. kN-m em

(1). Two Supports Fixed M=608000 N..9OOQO

M+F+F+M 1.42 S..24OOO 20
(2). All Supports Fixed M-609000 N-85000

FoIoF+F+F 1.26 5.24000 18

(3). Spring Supports M=308000 N=88000

M+S+S+M 3.01 S..1oooo 37

(4). Supports All Free M=155OOO N=90000

M+M+M+M 8.69 S= 2000 56

(5). One Support Fixed M=602000 N=97000

M+F+M+M 2.21 S-23OOO 22

N.B. - Load combination: D + LEq + EQL + T I5

- Fan pattern cable arrangement is assumed

- Design Spectrum for Ajigawa Bridge is used

- Forces are given per column

- 'M' movable; 'F' tilted; 'S' elastic

Table 2 Forces and Displacements by design Loads

Tower base force and girder displacement
All Free Two Fixing System

S (kN) M (kN"m) S (kN) M (kN'm)

W 9200 440000 9300 219000

EQ 7600 406000 25000 ooסס60

Critical Design load 7200 348000 22900 400000
(D + W + T)/I.35 (0 + L + EQ + T)/150

Plate Thickness at Tower Base 36mm 45mm

Caisson Size (LxB) 32m x 35m 40m x 35m

N.B. - Harp pattern cable arrangement is assumed

- Forces are given per column

2.3 Countermeasures lor Large Displacements
Having selected the all·free configuration, the following problems should be properly

addressed:
1. accurate and reliable evaluation of the earthquake response of long-period structure;
2. disadvantage due to out-of-plane buckling of the tower column not fixed to the main

girder;
3. large longitudinal displacement of the main girder due to earthquake and wind.
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The latter two problems can be solved by arranging the cables in a harp pattern. Arranging
cables in harp pattern has the effect of constraining rotational movement of the towers and
also of constraining longitudinal movement of the girder. The remaining part of this paper
addresses the first stated problem.

large

FAN PATIERN

small..

small

HARP PATIERN

Tower Displacement in em.

IPattern IHARP I FAN I
WIND 61.3 189.5

SEISMIC 62.3 75.5

Figure 2. Displacements of Fan and Harp Cable Pattern

2.4 Design Acceleration Response Spectra
The design spectrum was provided with a relatively large safety margin in the long period

range. This is because the Higashi-Kobe bridge has an unprecedented long natural period
of longitudinal sway mode oscillation. The design spectrum range around the natural period
plays a critical role in determining the structure response to earthquakes. The design spectrum
was determined by the following procedure:

1. In formulating the design acceleration response spectrum, a 1000 meter deep bedrock
at the construction site was assumed from the fact that a granite layer lies at that depth.
By taking the deep bedrock. there occurs a possibility of the seismic wave and bridge
oscillation frequencies coinciding and causing amplification in the long period range.
The bedrock was assumed to be somewhat deeper than usual to increase the safety
margin.

2. The maximum acceleratioll of seismic waves at the bedrock was assumed to be 16U gal
as an expected value during a loo-year return period. For the input waves W: at the
bedrock, three earthquake records including Taft were used as data which were reliable
up to the range of 0.07 Hz. These are then converted to their equivalent bedro~k motion
(Figure 3).

3. Waves W2 at the 80m deep design ground base, which will be used for the t~ualce
response analysis using finite element method, were obtained by multiple wave reflection
analysis in which strain dependency of soil propenies was considered (Figure 4).

4. The acceleration response spectra for the superstructure were obtained from the tower
base waves W3 in the above analysis in which the superstructure, substructure and the
surrounding ground are modeled. These spectra have peaks at natural periods of the
ground coinciding with that of the bridge.

5. The design spectrum was determined by taking an envelope curve of mean spectrum of
these three in longer period range. The shorter and intermediate part of the speetnlm
was determined by refering to the specifications for highway bridges in Japan and other
standards for bridges (Figure 5).
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Figure 5. Design Acceleration Response
Spectrum

As a result. the design acceleration at 4.4 seconds which corresponds to the natural period
of the sway mode oscillation of the structure becomes 120 gal., which is nearly 1/3 of that
used in standard bridges in Japan. 1be sectional forces and displacements using this design
criterion have already been shown in Table 2.

Seismic forces taken into consideration were those from any direction that would bigger
maximum stress on tower members, in addition to those applied longitudinall)' and transversel)'
to the bridge. It was conftrmed from a l/IOO-scale full model vibration test that such stress
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Figure 6. Confirmation of Design Spectrum
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is the resultant of those caused by longitudinal and transverse seismic forces.
TIle design spectrum was confirmed by

another study in which record!! by Japan
Meteorological Agency Seismometer and the
same records by SMAC were first compared
to find differences in both waves and to find
recording error of the SMAC. It was found
that the error was caused by the spring which
controls the SMAC pen movement. Since
the ground moves slowly during a long pe
riod earthquake. the spring cannot have the
power to pull the pen. The error which
should be removed turned out to be the min
imum value of the smoothed Fourier Spec
trum. An attenuation equation was obtained
from the relation between magnitude. epi
central distance and SMAC acceleration data
modified by the above method. By suppos
ing the Nankaido Earthquake that will cause
the worst possible effect for the bridge site.
the expected spectrum on the ground was
obtained. As a result. it was found that the
design spectrum already determined corre
sponds to the expected value of the mean
plus 10- (standard deviation) and was judged
suitable for design use (Figure 6).
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Vane-type Oil DamperFlQUre 7.

2.5 Earthquake Safety Devices - Development and Design
As there is not much data on earthquake

resistant design for a cable-!>tayed bridge
with a long natural period. it was decided to
install a vibration-resisting device to prevent
excessive girder movement which might re
sult in tower collapse. A case in which a
simple stopper is installed on each end pier
was analyzed. The result indicated that be
cause of the low rigidity of the piers. the
movement of the heavy girders cannot be
conttolled.
After considering several devices, the vane
type oil damper was selected. The damper
contains oil in its drum which is divided into 'o......co."y 0" ,t'--~~':::'_~~-'--.

two compartments. When the girder moves.
the oil moves from one compartment to the
next tIvough an orifice in the partition. The
turbulent ftow generated when the oil passes
tIvough the orifice produces the power that
moderates the girder movement (Figure 7).
The characteristics of the vane-type oil
damper are as follows:
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• The damper does not have the problem found in the case of simple stoppers in which
small difference in clearance setting often results in big difference in reaction force.

• 1lJe effect of the damper increases as girder movement becomes larger and faster. This
indicates that the damper is very effective in preventing excessive amplitude.

• The damper increases the safety margin without changing the characteristics of the
natural period of the bridge.

• A well-designed damper reduces the girder movement and controls the reaction forces
on the end piers.

Considerations for damper design and maintenance should include the following:
• There must not be a gap between the vane and the cylinder to prevent oil leakage.
• A dust cover is required to prevent oil contamination.
• The volume of the oil must be checked periodically.
• The effect of oil temperature on the damper perfonn4Jlce is negligible.
To examine the characteristics and applicability of the damper. a II2-scale model was

fabricated for performance testing. The test was conducted with different movement velocities
and orifice sizes. 1be test results reveals that the turbulent flow resistance characteristic is
given by the following expression:

F == 1840V2
X 2 (in case the orifice angle is 15°) (1)

where V: girder movement velocity
F : resistance which is equivalent to the reaction on the pier.

In designing the damper, an earthquake that is 1.4 times stronger than that considered in
the bridge design is assumed. Since the design spectrum corresponds to the expected value
of the mean plus 111. the value of mean plus 2G' was considered to be suitable for design due
to an unexpectedly strong earthquake. Using the characteristics of the vane-type oil damper
and this earthquake input. nonlinear time history earthquake response analysis was conducted.
TIle input earthquake used was that of the Izu Peninsula Earthquake.

Table 3. Elf8ct of Vane-type Damper on Girder Displacement

Damping Relative Maximum Damper

Earthquake Constant Girder Response ReadiOn

Level Displacement Velocity
("10) (em) (em/sec) (kN)

whole structure 2" 6'" - -
design level 1 72 -
(1.0EO) 2 61 98 -

1+~.8·· .a 75 1480

girder stopping device 1 102 231 -
design level (1.4EO) 1+6.2·· 64 99 3620

N.B. - Vllues marked wid! • were obtained using the design speclrUm

- Damping oonstanl marked with •• indicates damping of the whole sttUeture
plus damping due lO die damper

'The results are given in Table 3 and can be summarized as follows:
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• If an earthquake 1.4 stronger than the design spectrum occurs on the bridge without the
dampers (structural damping ratio of I% is assumed), the displacement of the girder
will be 72 x 1.4 = 102 em. 1l1is will be over the critical displacement of 74 cm at
which the tower buckles.

• If the dampers are installed. the girder displacement will be reduced to 64 cm, which is
in the range of the design displacement of 6 I cm. This is below the critical displacement
for the tower to buckle. In this case, the equivalent damping constant due to the damper
is calculated to be approximately 6% based on the displacement response.

2.6 Verification of Dynamic Behavior of the Bridge by Shaking Table Tests
1be appropriateness of the method adopted to evaluate the bridge response to the earth

quake and the effectiveness of the damper were confirmed by vibration tests using a three
dimensional III OO-scale elastic model. 1be model was made of steel satisfying the similarity
of stiffness and weight. 1be natural frequency and mode 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 I -2%, reflecting fairly light damping of a large flexible
sttueture. An electro-magnetic damper is attached to the girder of the model to substitute the
vane-type oil damper.

Modified long-period predominant and shon-period predominant earthquake records were
used for input earthquake ground motion. Results are shown in Table 4. AU values are
converted to the prototype for comparison. Displacement response due to the shon period
predominant earthquake (EI Centro NS. 1940) record is found to be much less than the design
values.

Table 4 Maximum Displacement Response (given in em.) for Cases with and without Damper

Input Along Long" Axis Input Along Transverse Axis
Input Earthquake Top of Tower Girder Center Top of Tower

No Damper WI Damper No Damper WI Damper

Long Period Izu-oki Earthquake 64.0 SO.O 65.0 56.0
SynthesiZed Wave (53.9)
Chiba-oki Earthquake 63.0 52.0 44.0 60.0

Corrected Wave (51.6)

Short Period EI Centro Earthquake 18.5 17.0 35.0 30.0

Design Value by Response Spectra 60.4 - 79.4 82.0

N.B. - Tabulated values are corresponding to real bridge
- Viscous damping coefficient of 2% is assumed for cases without damper

- Values ( ) are those calculated from lime history r:sponse analysis

Displacement response at the top of the tower due to the long period predominant earth
quake motion without the damper is observed to be nearly equal to the design values. More
over, 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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In addition to the above vibration tests. follow·
ing two tests were conducted. Recent earthquake
observation in soft ground suggests long duration
sinusoidal-type ground motion with relatively small
amplitude. Hence. the frequency matched sinusoidal
input motion with 10 gal (cmlsec2) amplitude and
10 cycles are used for the resonance test of the
model. 1be results shown in Figure 8 verifies that Figure 8. Effectiveness of Damper in Su~
the damper is very effective in suppressing resonant· pressing Resonant-Type Response
type response to one-third level.

To investigate complex 3-D dynamic behavior of the bridge. single component vibration
tests in three orthogonal directions and simultaneous three-component vibration tests were
conducted and compared. Figure 9 shows the dynamic response of the bridge subjected to
the motion in the EW (transverse) direction. From the results. it was confinned that no
interaction between the three directions exists. Comparing with the single component tests,
it was found that 3·D results can be predicted from the linear superposition of the single
component tests.
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Figure 9. Three-Dimensional Behavior During Earthquake
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Figure 10. Full Model Vibration Test

3. VIBRATION TEST OF THE ACTUAL TOWERS
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Figure 12. Resonance Tests
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Figure 11. Tuned Uquid Column Damper

In earthquake resistant design process of the Higashi-Kobe Bridge. damping characteristics
of the tower itself is assumed as h = 0.01 "" O.O~ (damping ratio). This value is adopted
based on previous design practices when relatively large damping capacity is expected due
to large amplitude of vibration when subjected to severe earthquake excitation.
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Table 5. Natural frequencies and Damping Capacity of the Towers

Frequency logarithmic Decrement

Mode (cpS) Tower only with TMD with TLCD

1st 0.256 (0.249) 0.028 '" 0.040 0.098 0.110

2nd 1.107 (1.050) 0.094 '" 0.099 - -
• values In 0 oblaJlled by analysiS
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Vibration experiments of the actual tower of the Higashi-Kobe Bridge using a pair of
exciters were employed to verify the dynamic propeny assumed in the design and the ef
ficiency of the vibration suppressing devices used only during construction, namely TMD
(Tuned Mass damper) and TLCD (Tuned Liquid Column Damper) as shown in Figure 11.
The exciters and the dampers were attached to the top of the tower.

1be natural frequency and damping of the tower are shown in Table 5. Calculated and
measured natural frequency agrees fairly well in Ist and 2nd modes. The logarithmic decre
ment was found to be about 0.03 for the first mode without dampers.

The frequency response curves of the tower with and without dynamic dampers are shown
in Figure 12. The maximum response of the TMD- and TLCD-suppressed cases are reduced
to almost 1/3 of that of non-suppressed case. It is verified that logarithmic decrements of
those devices are more than 0.1 and effective to control wind-induced excitation.

4. CONCLUSIONS

Main conclusions obtained in this study on aseismic design of a long-span cable-stayed
bridge are as follows:

• The main girder is supponed by the towers through cables in such a way that the girder
is movable in the longitudinal direction. By this supponing method, the fundamental
period of the bridge is lengthened to reduce seismic design forces. Consequemly, the
size of the foundations of the tower was significantly reduced.

• To avoid large displacement due to the all-free girder supports. harp pattern arrangement
of the cable was adopted. In addition, harp panern is considered to be aesthetically
favorable due to no visual criss-crossing of the cables when viewed from the sides.

• To prevent failure of the towers due to excessive displacement by exceptionally large
eanhquake ground motion, vane-type oil damper has beea developed and installed
between the main girder and the end piers.

• The logarithmic decrement of the tower was detennined to be 0.03 and that for the
tower with TMD or TLCD was found to be more than 0.10.
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ABSTRACT

Elastomeric and lead-rubber bearings are proposed as a passive control system for cable
stayed bridges. A developed analytical model is used to investigate the effect of the devices
on the seismic behavior of such long span bridges. Appropria.te locations and properties of
the hysteretic-type bearings can achieve significant reduction in seismic forces and relatively
better control of displacements.

INTRODUCTION

The increasing popularity and the future trend in constructing cable-stayed bridges with
longer center spans make the need for advanced methods of analysis and techniques to supress
vibrations induced by service and environmental loads inevitable. Moreover, the fact that
very few bridges have been subjected to strong earthquake shaking makes such need even
urgent. Most of the applications in the energy dissipation field are oriented toward buildings
with relatively fewer proposals for short and medium span highway bridges. On the other
hand, only very few studies 111 have been presented for long span cable-supported bridges in
the United States.

The main approach that can be used to reduce the seismic inertial forees of cable-stayed
bridges is to isolate the superstructure as much as possible from the ground motion by sup
porting the bridge deck only by the cables. However, this kind of isolation produces large
vibrations in the bridge dedi. during day-to-day performance. Accordingly special considera
tion has to be given to the deck connections at abutments and towers.

The objective of this study is to improve the seismic performance of new and existing
cable-stayed bridges by using elastomeric and lead-rubber bearings which have not been con
sidered for cable-supported bridges applications. An efficient an&1ytic:&1 model is developed for
structural components of the bridge and the hysteretic-type energy dissipation devices. The
developed model is used to investigate the important parameters that affect the efficiency of
lead-rubber bearings as a passive control system.
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MODELING OF CABLE-STAYED BRIDGES

The behavior of cable-stayed bridges can be placed in the context of large displacements
but small strains. Geometrical nonlinearity originates from: (1) the cables sag which governs
the elongation of cables and the corresponding axial tension, (2) the action of compressive
loads, due to the inclination of cables, on the bridge deck and towers in terDl8 of their in
teraction with bending moments, and (3) the effect of the relatively large deflection of the
structure on stresses and forces. The material nonlinearity depends on the type of materials
(steel or concrete) used in construction. However, it is usually attempted not to allow plastic
deformations for such structures for economical and structural stability reasons.

In this study, the geometrical nonlinear behavior is considered using the Total Lagrangian
approach of three-dimensional beam elements for deck and tower modeling and a truss ele
ment for cables idealization. By adopting a continuum approach and employing four-node
isoparametric elements, the formulation is applicable to structures consisting of straight or
curved members.

In order to accurately model the deck, the main girders and the towers of the bridge
to obtain the response of each part and section of the structure, very large number of finite
elements are required including plate and beam elements. The problem becomes unsolvable
within the today-computer capabilities. Instead, the global behavior of different sections
along the structure will be dealt with. The details of the local parts of the bridge can then be
estimated out of the global behavior. The approach is practically adequate and can provide
a reasonable alternative to predict the dynamic properties of cable-supported bridges. Beam
elements can therefore be used to idealize the deck and towers without great loss of accuracy.

The formulation of a typical beam element stiffness matrix and load vectors is general
and includes the possibility of modeling sections with different cross section shapes as shown
in Fig. I-c. Among the cross sections that can be dealt with are the box sections with multiple
vents and cut-off corner sections as well as different combinations of rectangular shape parts
such as I-beams and plate sections. It should be mentioned that the cut-off corner sections
can be used for towers for wind resistance reasons while the box sections may be used for
main girders and towers as well.

The analysis of cables under different configurations and loading conditions is extremely
complex. These structures are generally elastic in nature but are highly nonlinear in the
geometric sense. Fortunately, in cable-stayed bridges, vibrations of cables are not very large
(compared to the size of the structure) and the geometry of the cables is somewhat well defined
before the analysis. The use of the general and complicated algorithms will always be correct;
however, the use of a more restrictive formulation can be more effective and may also provide
more insight into the response predidion. A four-node isoparametric cable element, as shown
in Fig. I-b, is proposed for cables idealization. The element can predict both in plane and
out of plane responses. In addition, the cable element tales into consideration the effect of
pretension which is one of the features of cable-stayed bridges.

In modeling cable-stayed bridges, cables are connected to the tower beam elements and
deck beam elements at an eccentricity from the middle plane of the beam as schematically
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shown in Fig. I-a. Accordingly, end nodes of the cable don't coincide with nodes of beam
The problem becomes more pronounced if one beam is used to model the whole deck whel
consideration of offset becomes inevitable. In this analysis, the cable nodes are treated «
slave nodes where degrees of freedom can be expressed in terms of those at the correspondir
master nodes of the beam elements by means of transformation.

During the solution process of equilibrium equations, the internal nodes of both heal
and cable elements can be eliminated using a condensation technique. However, the respom
can be retrieved at their locations without approximations or loss of accuracy 12J.

CABLE

(a) Offset consideration at
cable-deck connection

ABUTMENT

t
(c) Four-node isoparametric beam element

( b ) Proposed four-node cable element

Pre-Tension ,.,

s
A

Cut-oll' Corner
Section

~ B I 5

A~
Plale Section

Box Section

Figure 1: Modeling of cable-stayed bridges
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MODELING OF ELASTOMERIC AND LEAD-RUBBER BEARINGS

Elastomeric bearings are widely used as supports for bridge girders of many types. They
are also increasingly used as seismic isolation devices. There are quite a few techniques that
are used for base-isolation. However, the case of lead-rubber bearings, in which a laminated
elastomeric bearing is modified by placing a lead plug down its center, provides a relatively
inexpensive and reasonable solution. The bearing carries, in part, the weight of the struc·
ture and supplies a horizontal restoring force. The plastic deformation of the lead produces
hysteretic damping. Thus, one component provides the stiffness under day-to-day loadings,
flexibility under severe earthquake excitations, and damping which are the basic elements
required in most base-isolation systems.

Analytical modeling and formulation of the bearing behavior is not an easy task. The
device is composed of steel sheets, rubber layers, and the lead plug. Most of the difficulties
encountered in modeling the behavior, result from the material nonlinearity of lead and the
material, geometric and boundary nonlinearities associated with the rubber parts. In addition,
rubber is virtually incompressible during the deformation process which leads to numerical
instability in standard linear elastic analysis [3]. Practically, the force-displacement hYl:lteresis
loop of elastomeric bearings without a lead plug was broadly assumed elastic with a constant
shear stiffness and a small amount of hysteresis. These hysteretic properties provide useful
damping for seismic applications, but they are not so well defined as to justify their inclusion
in the analysis. Thus, linear elastic analysis is widely acceptable for most bridge elastomeric
bearing applications.

In this study, both geometrical and material nonlinearities are considered to model rub
ber, steel and lead which are the three basic materials in passive devices. For rubber materials,
large displacement/large strain finite element model is proposed based on the Total Lagrangian
formulation and different strain energy functions that cover wide spectrum of assumptions from
restrictive to complicated representation of stress-strain relationship. The incompressibility
is handled by using a consistent penalty method in which a solution is efficiently reached by
approaching the equilibrium state through a series of decreased compressibility. For steel and
lead materia.ls, a loa.ding-bounding stress point plasticity model is developed. Moreover, a.
multi··yield surface model can be optionally used dependent upon the experimenta.l results of
stress-stra.in relationship. The analytical model is checked against experimenta.l results for
lead-rubber bearings where satisfactory agreement is generally obtained [21.

The control and improvement of the vibrations of cable-stayed bridges nece&Bitates the
inclusion of energy dissipation devices at certain locations as shown in Fig. 2-b. The problem
becomes difficult to solve with the very large number of degrees of freedom associated with
accurate modeling for both bearings and bridge components. A simplified model is accordingly
proposed for the dissipation devices in which a two-node element is introduced for a stiffness
type approach, as shown in Fig. 2-a. The element is capable of withstanding axial and shear
forces. The parameters that control the hysteretic behavior of the element can be estimated

out of analytical and/or experimental results. The model has the capability of considering an
eccentric installation with regard to the bcvv nod,r.s. In order to c.heck the analytical model,
the responses of different bearings are compa.red to experimental results. One of these results
is shown in Fig. 3-b.
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(b) Tower-deck connection with
lead-rubber bearings

Figure 2: Loca.tion and pra.ctica.l model for bearings
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Figure 3: Hysteretic behavior of a Iead·ruhher heMing

BRIDGE MODEL AND ANALYTICAL PROCEDURE

In order to investigate the sensitivity of cable-stayed bridges response to different param
eten of passive control systems, a bridge model is proposed to represent most of the bridge
systems and the effective spans. The three-dimensional view of the model is shown in Fig. 4-1..
The bridge haa a. center span length of 1100 It (330 m), and two side spans of 450 It (135 m)
each. A double plane multi-cable harp system is choeen for the bridge. The finite element
nodes and different elements along with the CI'OfIS sections are shown in the same figure. In
the models, cables are anchored to concrete pylons and steel box section-type deck. It can be
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noticed that one beam element is used to idealize the deck accompanied with different slave
nodes at various locations along the bridge to take care of the offset associated with cable-dp:k
connections a.nd the eccentric installation of devices with respect to nodes of beams &8 shO'WA:
in Fig. 4-b.

In the seismic analyses presented in this study, it is assumed that the bridge starts mo
tion at rest in the dead load deformation position. It is therefore necessary to perform a
nonlinear static analysis to compute the tangent stiffness matrix, mass matrix, internal forces,
displacements and rotations, and the stress distribution of the bridge structural components.
The rationale for the nonlinear static analysis is the fact that cables are pre-taut which sig
nificantly affect deflections of the structure and accordingly its dynamic characteristics. In
case of lead-rubhPr hearings, the bearings may undergo considerable shear and compression
deformations under the bridge own weight as shown in Fig. 4-c. Excessive deformations of
the bearings due to creep, specially in shear, can jeopardize their performance. It is proposed
that the bridge be constructed and consequently analyzed with rollers provided at the de~k

abutment connections. Once the bridge settles in its dead load deformed shape, bearings can
be installed and rollers may then be removed. Some simple construction details have to be
provided in order to achieve this task. It may be argued that the structure may suffer more
deformations, with the rollers, than elastomeric bearings had they been mounted from the
beginning. However, the magnitude and distribution of deformations can be controlled by
changing magnitude and distribution of initial tensions in cables.

In the dynamic analysis, the Newmark's constant average acceleration method is used for
a 0.01 sec time step. Damping matrix is evaluated considering the Rayleigh approach utilizing
the first two eigenvalues with 2% damping ratio. Array no. 6 of Imperial Valley earthquake
is used for the ground motion input 121. Components S40° E, SSOOW and DOW N are used
for longitudinal, lateral and vertical directions respectively. This array is the strongest among
the other recorded arrays. Ideally, a number of earthquake records, which cover the range
of frequencies and peak values of interest, should be chosen as input. The choice c.f these
records must be based on geological and local soil conditions of different seismic zones and
the expected ground motion characteristics. Based on only one earthquake, the results can
nevertheless explain the physics of the problem and evaluate the different parameters that are
still applicable to different excitations as wen.

LOCATION OF LEAD-RUBBER BEARINGS

The structural synthesis of cable-supported bridges provides few options for mounting
the passive control devices. The deck-abutment and deck-tower connections are among the
few practical locations for such installation. The option becomes however whether to have all
the devkes at one connection-type location or to rather distribute them. One more possibility
of installinc the devices would be at tower-pier connection. However, the construction pattern,
stability behavior and bearings performance at this location are practically questionable. This
cue is therefore not considered in this study.
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The seismic energy dissipation capability of an isolation unit depends on the force re
quired to have the device behave in the plastic range. In case of lead-rubber bearings, the
process becomes related to the yielding of the lead plugs. Accordingly and in a very simplified
way, given the total shear force required to yield all lead plugs at the abutment and the tower
combined, Vall, and the lead yield stress (10 - 10.5 M Pal, the total area of the lead plugs
can be obtained. The shear force required to yield the lead plugs located in hearings at the
deck-tower is termed Vdt. The ratio of the area of the lead plugs located at the deck-tower
connection to the total lead area, (Vdt/VaU) may vary between zero and one. A n.tio of zero
represents the case when all the lead plugs are located at the deck-abutment connection only,
while a ratio of one represents the case when all the lead plugs are located at the tower-deck
connection only. By varying the ratio (VdtlVaU) between zero and one, the effect of the loca
tion of the lead-rubber bearings on the response of cable-stayed bl idges can be investigated
in order to identify the most suitable location of the hysteretic-type units.

In order to have a clear picture of the location parameter, different structural properties
and non-related parameters of bearings should be kept unchanged. In the analysis, the yield
strength of all isolation units is taken equal to 5% of the deck weight, W. For each lead
rubber bearing, the ratio of the initial stiffness to the plastic stiffness is taken equal to ten.
For each case of the location parameter, the response of different quantities is normalized to
the corresponding response for the non-isolated bridge as shown in Fig. 5. Another parameter
of interest is the idealization of the hysteretic loop. Shown in the same figures are the results
for two different idealization cases. In the first case, the force-displacement curve for each
device element is represented by a two surface (loading-bounding) model. For the second
idealization, a bi-linear force-displacement curve is adopted.

The introduction of energy dissipators significantly reduces the earthquake induced forces
as compared to the non-isolated bridge case. However, displacements generally increase but
with slower rates. Installing lead-rubber bearings only at the abutments reduces dramati
cally the forces in towers compared with the case of introducing all lead plugs at the towers

only associated with relatively slight increase in the displacements of the towers. The deck
displacements are least if all hysteretic-type devices are not concentrated at the towers only.
More forces are noticed at the abutment side of the deck as well when all lead plugs are placed
at the abutments while forces in sections of the deck near the mid-span decrease.

The difference in the bridge performance for differ:ent idealizations of the bearing hys
teretic response, as shown in Fig. 5, illustrates the importance of the careful and accurate
prediction and representation of the bearings behavior. The results obtained in this section
can provide a solution for existing towers, piers and abutments with inadequate strength. In
stalling energy dissipators at the abutment, for instance, attracts more forces to the abutment
rather than to the towers and piers which provides an alternative way to strengthening towers

&nd their foundation. The supporting structures along with the approach spans (which is
referred to as abutment side) may be, for some existing bridges, among areas most vulnerable
to earthquake induced da.rna«e. Appropriate choice of location of hysteretic-type devices can
create new avenues for seismic response control of these puts.
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SHEAR STRENGTH OF LEAD PLUGS

The shear force at which plastic behavior of hysteretic-type units becomes predominant
is an important parameter in the design philosophy of energy dissipators. In the case of lead
rubber bearings, given the shear force level and the lead yielding strength, the number and
cross sectional area of the lead plugs can be approximately designed. The level of the devices
shear strength depends on the mechanism by which all lateral loads, including those arising
from sources other than earthquakes, are resisted 15]. Such shear force level should be selected
to achieve two objectives. First, the device is required to be stiff under the action of wind,
traffic forces, and small earthquakes. Second, during severe seismic events where forces exceed
the design shear strength, the level of forces and displacements of the structure are required to
remain within acceptable limits to ensure that the bridge continues to function satisfactorly.

The response for different cases with varying yield shear force of lead dissipators are
investigated. Various ratios of shear strength of combined devices at the abutment and the
tower, Villi, to the weight of deck, W, up to 15% were considered in the numerical analysis. The
results are normalized to those of the non-isolated bridge. One case of the energy dissipation
devices locations are attempted where all lead plugs are inserted in the bearings located at
the abutment. The different bridge response quantities are shown in Fig. 6.

The main advantage of lead plugs, as devices that provide a force limiting mechanism
for the supporting structure, is quite clear in Fig. 6. The effect of dissipators may be regarded
as similar to that of extra equivalent viscous damping. It can be seen that incorporating
higher ratios of yield strength at the abutments reduces significantly the forces in the tower
and the displacements of the deck and towers but increase the forces on the abutment (for the
considered location parameter).

The choice of the shear strength of l'e isolation system should achieve relatively a good
balance between magnitude of forces alont<. .he bridge and control of deck and tower vibrations.
In small to medium span highway bridges, a lead yield force of about 5% of the superstructure
weight, seems to be an optimum value for bridge design applications 141. In long-span cable
stayed bridges, a comprehensive statistical study is needed for analytical and experimental
results using different ground motion time histories. The analysis presented herein suggests a
ratio of 8 - 9%. Insignificant change in response quantities can be noticed for higher ratios.
Moreover, higher ratios may create problems for the required sizes of lead plugs that can be
accommodated in elastomeric bearings.
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CONCLUSIONS

The use of passive energy dissipation devices offers a potential advantage for the design
of earthquake resistant bridges. Generally, the magnitude and distribution of forces for the
bridge structural components can be controlled by proper choice of properties and locations
of the devices. However, an increase in displacements is to be expected.

The effect of lead inserts in lead-rubber bearings can be regarded as similar to providing
extra equivalent viscous damping. A bi-linear representation of the lead-rubber hysteretic
loop may overestimate the effectiveness of the bearing. An accurate modeling of the force
displacement relationship based on either experimental or analytical procedure is therefore
essential for reliable prediction of the structural performance.

The yield strength of the hysteretic-type devices can be conveniently expressed as a ratio
of the superstructure's weight. A ratio of 8 - 9% can be recommended as a practical value.
Higher percentages don't help improve the performance significantly.

The distribution of forces transmitted to the towers, deck girders and cables depends
on the location of hysteretic-type devices. Incorporation of lead plugs, as energy dissipat
ing devices in the lead-rubber bearings, at the abutments rather than at the towers, for
instance, reduces the seismic forces generated in the towers and consequently on the founda
tions. Displacements can be controlled if hysteretic-type devices are not fully concentrated
at the deck-tower connections. The appropriate choice of the location of energy dissipation
devices can create new avenues for retrofitting inadequate supporting parts of the bridge.
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SUMMARY

Earthquake response characteristics of a Menshin designed 1 kilometer multi
span continuous bridge were analyzed by time history response calculations. An
analysis was performed of the response under the input of a seismic wave occurring with
a phase delay from one end of a 1 kilometer continuous bridge to the other, as well as
occurring without a phase delay. As a result, only the girder response section force and
the girder end component response acceleration and displacement in the lateral direction
to the bridge axis were found to increase from the phase delay effect. Conversely, the
girder response acceleration and displacement in the direction of the bridge axis were
found to decrease substantially. As the increases mentioned above are not important in
engineering point ofview, it became evident that the application of the Menshin design
in multi-span continuous bridges is advantageous.

INTRODUCTION

The expansion joints built into highway bridges not only adversely affect the
stability ofrunning automobiles, but also harm the surrounding environment by causing
noise and vibration. Moreover, frequent breakage requires constant repair work, and
this repair work causes traffic jams from stopped traffic, leading to a desire in highway
technology that reduces the number of expansion joints from bridges in Japanese cities.
In order to make girders without expansion joints in multi-span continuous bridges, a
structure is necessary that supports the girder while it expands or shrinks in the
direction of the girder axis caused by temperature changes as well as concrete shrinkage
and creep. Previously, multi-span continuous bridges with support structures such as
slip bearings, roller bearings with damper stopper and elastomeric bearings as well as
flexible columns have been constructed in Japan, and the longest continuous girder
length attained was an extension of 600 meters.

On the other hand, supporting the girder with a Menshin bearing with small
stiffness in a lateral direction to realize the Menshin design also enables the passing on
of the expansion of the girder from temperature changes and other factors. So the
adoption of the Menshin design enables multi-span continuation at the same time. This
is a clear example ofthe proverb "killing two birds with one stone."
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Based on this concept, a research has been conducted to investigate the increase in
earthquake safety from the adoption ofthe Menshin design together with the possibility
ofactually developing a multi-span continuous bridge with a continuous girder length in
excess of 1 kilometer. As little previous research has been conducted in Japan, one
objective of the research is to clarify what kind of response characteristics the extremely
long continuous girder supported by the Menshin bearing has and how it will respond
during an earthquake. This report presents the results of an analysis of the seismic
response of the multi-span Menshin bridge with continuous girders of 1 kilometer in
length by time history response calculations of multi-point inputs taking into account
the phase delay of the input seismic waves.

BRIDGE CONFIGURATION

Analyses were performed concerning a steel girder bridge and a prestressed
concrete girder bridge. The rough drawings of the bridges are presented in Figures 1 and
2, respectively. Using existing bridges as prototypes, the continuous span number has
increased. The steel girder bridge has 16 spans and the prestressed concrete girder
bridge possess 26 spans, both of which have an extension of 1 kilometer. The foundation,
consisting of substructures which are all made of reinforced concrete bridge piers, is
supported by cast in place concrete piles. The surface subsoil layer with a shear wave
velocity of 172m/sec has a thickness of 22m and is on the bed rock. This type of ground
condition is classified as Group 2, i.e. stiff ground, by the Japanese "Design
Specifications for Highway Bridges (Ref. 1),"

Table 1 shows the specifications of the Menshin bearing as determined by the
Menshin design. In order to reduce the stress arising from girder expansion due to
temperature changes and concrete shrinkage, a lead laminated rubber bearing is used
considering its small stiffness under low-velocity load.

I ,[ I Ii 1:1I I-~
Cost in plane ~

-
Concrete Pi Jes
.1:!()U L-20

I

12500

I I
b\c::>1c:J j=oA

\ )1

:<6039.500=1.027.000

r

Fig, 1 Multi-Span Bridge with 1 kilometer
Continuous Prestressed Concrete Girder
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METHOD OF ANALYSIS

Input Earthquake Motion Seismic calculations for common buildings and bridges have
generally been performed assuming that unified seismic waves are input simultaneously
to their substructures. Up until now, this assumption has been accepted in light of
observed phenomena and to simplify analyses, but this assumption cannot be applied to
our research in which structures with an extension in excess of 1 kilometer are studied.
As is well know, there is seismic wave scattering from soil irregular lineament and local
nonhomogeneity, differences in propagation routes, and surface wave propagations. For
these reasons, it is thought that it is sufficient to input different seismic waves to each
bridge pier.

On the other hand, the correlation and disparity of point-to-point earthquake
motion is still a topic of research, and both a theoretical expression method and a design
evaluation method have yet to be established. In particular, there are an infinite
number of reasons for making the time history wave form different at each bridge pier.
Therefore, in this analysis, the point-to-point difference among seismic waves is assumed
to come from only the idealized occurrence of wave propagation and it is thought that the
unified seismic wave having a phase delay from the idealized wave propagation in the
direction of the bridge axis input to each bridge pier.

There are three kinds of phase delay in the seismic wave considered at the time of
the analysis: O.002secJm, O.OOlseclm and without phase delay. As the phase delay
increases, in other words, the propagation velocity slows down, the strain occurring in
the horizontal direction of ground becomes large and the time delay of earthquake
motion input to adjoining bridge piers increases. A ground strain in the horizontal
direction calculated from observed earthquake waves of around 2 x 10-4 has been
reported at a point with an obs£;lved acceleration of approximately 120 gal. Even during
a strong earthquake, as long as the ground is not very soft and is not destroyed, it is
thought that the horizontal strain on the inner surface of the ground will be limited to
the order of 10-4. The maximum horizontal strain values in the hypothesized ground
conditions of this analysis at phase delays of O.002secJm and O.OOlsecJm are 3.6 x 10-4
and 1.8 x 10-4, respectively.

The wave form and power spectrum of the input seismic wave are shown in Figure
3. The response spectrum of the wave at 5% damping is regulated to fit the standard
response spectrum for dynamic analysis for Group 2 on Ground Condition as outlined in
the "Design Specifications for Highway Bridges (Ref. 1)." Furthermore, in order to
perform an analysis according to phase delay input, response calculations based on the
absolute coordinate system, not the relative coordinate system, are necessary requiring
an input wave expressed at displacement. Since the drift. of the obtained displacement
wI"':; form from the integration of the input acceleration wave becomes a problem, a
careful zero line modification of the previous acceleration wave was carried out.

Modeling for Response Analvsis As Figure 4 shows their concept, all bridge spans are
modeled into the continuo.. 'i spring-mass system establishing two kinds of two
dimensional models consisting of an in plane response model and an out of plane
response model. When the seismic force action is in the direction of the bridge axis, the
in plane response model is used, and when it is in a direction lateral to the bridge axis,
then the out of plane model is used. Total degrees of freedom of the analysis models are
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Fig. 2 Multi-Span Bridge with 1 kilometer Continuous Steel Girder

Table 1 Dimension ofMenshin Bearing (LRB)

P.C.Girder Steel Girder
Bridge Bridge

Pier M. P2--P5
PI. P27 P2-P26 Pl. PI7 PI3-P16 P6-P12

Dead Load (tflBearing) 220. 525. 21Z. 519. 519.

Plane DilllEnsion (cad 90X90 100XIOO 85x85 JIOX 110 I05x 105

Total Thickness of Rubber (CID) 24. 4Z. 22. 49. 46.

Dimension of Load (CIi) .ZOXI .19x4 .20x I .19x4 .19x4

Yield Strength (tf) 23.5 84. 24.5 88.5 88. 5

Stiffness for
Low Velocity Loading (tflm) 294. 286. 280. 300. 300.

Initial Stiffness (tf/m) 2630. 2770. 2500. 2600. 2630.

• Effective Stiffness (tf/ml 650. 1300. 617. 1230. 1230.

• Effective Damping Ratio 0.21 0.27 0.21 0.27 0.27

*Effecti ve for Level-I Input Earthquake (Standard design level)
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shown in Table 2. In addition, the details of modeling the bridge pier components are
shown in Figure 5.

MAX ACC.mgal

f\M,j~~-f\iMftMl\ftM~Mjr~~At

.. 030(secl

0.05 0.5 1.0 5.0 10.0 REPIOD (sec)

POWER SPECTRUM

Fig. 3 Input Seismic Wave

/

26 @ 39,5 m 1,027 m .

I
f • • •

~ ~ ~ ~• •

f
• • •E • • i... I I..0

T T T• • •• • • •
~

,,~
PIER No. ~:=:. ~'=::.

?,rrrr m7r 71777""

1 2 3-25 2 6 27

Fig. 4 Concept ofTatal Spring-Mass System

Table-2 Numbers ofDegrees ofFreedom

In Plane Ilbdel Out of Plane Model

P.C.Girder Bridge 4&4 304

Steel Girder Bridge 779 489
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The Menshin device was converted into a model using a visco-elastic spring
equivalent to the hysteresis characteristic. The effect of interaction between ground and
bridge pier foundation was taken into a model by attaching an equivalent visco-elastic
spring to the footing. Since damping is different in each structural component, it is
expressed as viscous damping proportional to the stiffness of each component. Table 3
and Table 4 show the main property of material values used in the models.

• • •I
~A_,.,

..--"

IN PLASE MODEL OcT OF PL~~E MODEL

Fig. 5 Concept ofModeling the Pier Components

Table 3 Constants for Girder and Pier

P.C.Girder Bridge Steel Girder Bridge

Pier
GIrder Pier Girder

Pl.P17 P2-P16

Young's IIIOduI us (tfl.Z
) 3.IX 106 2. 5x 106 2.IX\O' 2.SX\06

MoIIent of In plane 3.69 6.51 0.830 13.50 7.80
inertia of section

(m") Out of plane 11. 99 26.04 10.840 54.00 45.00

Polar .alent of inertia (m·l 9.61 17.89 0.435 37.08 22.97

Sectional area (m·) 7.0\ 12.50 0.729 18.00 15.00

o.>ing ratio 1m·) 3. 5. 2. 5.
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Table-4 Constents for Foundations

P.e.Girder Steel Girder
Bridge Bridge

PI-P27 PI. PI7 P2-P5
P6-P27 PI3-P16

Coefficient of Sway(t/1D.l 5.43 x 10' 4.67 x 10' 5_ 34 x 10'

subgrade reaction Rotation (t-Itrad) I. 15x 10? 1.14)( 107 1.19xIO?

Sway IUm) 30. 30.
Damping!')

Rotat ion (t ·wrad) 10. 10.

RESULTS OF ANALYSES

Natur~l Periods and Vibration Modes An eigen value analysis was performed in order
to grasp the vibration characteristics of the analysis models. From the vibration
isolating effect of the Menshin device, a clear division appears between the mode in
which the girder components shake greatly and the mode in which the bridge pier
components shake greatly. Table 5 shows those results, and in each case there are a
primary mode with a natural period of approximately 1.4 seconds to the sway advance
mode of the girder and post-secondary several modes in which girder expansion or
bending predominantly occur. On the other hand, modes in which bridge piers shake
violently comes out as short period, high-degree modes with natural periods of
approximately 0.2 seconds.

According to the power spectrum of the input seismic wave shown in Figure 3, the
seismic wave possesses a predominant component in the period from 0.8 to 2.5 seconds
with a small component in the period less than 0.8 seconds. Therefore, when considered
together with the eigen value analysis results, it is supposed that the vibration mode in
which the bridge piers shake violently will be virtually absent from earthquake
response.
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Table-5 Results ofthe eigen value analysis (Steel girder bridge)

Mode Period I
No. (sec) ,

, 1 , .377
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Earthquake Response
calculation results :

The following is a report of steel girder bridge response

Figures 6 and 7 depict time histories of response acceleration of pier top and girder
at representative bridge piers. In addition, Figure 8 shows the distribution of maximum
response acceleration. The wave form for the pier top is only slightly amplified, which is
almost the same as the input seismic wave form. Owing to the action of Menshin device,
the short period component is eliminated from the girder response. When there is no
phase delay in the input seismic wave, the response wave forms in directions both along
and lateral to the bridge axis are almost the same, but when the phase delay is present,
different response tendencies appear depending on the direction.

When there is a phase delay, the response acceleration in the direction of the bridge
axis decreases both uniformly and abruptly. This is because the girder responds like a
stiff body with a single degree of freedom even when the bridge girder is 1 kilometer
long, since the stiffness in this direction is great and it is supported at the Menshin
device, so the input seismic forces from each bridge pier cancel each other out due to the
phase delay and there is a decrease in the so-called "effective input:'

On the other hand, in a direction lateral to the bridge axis. there is little stiffness
since the girder is deformed by bending and the girder response on each bridge pier is
almost independent. For that reason, even if there is a phase delay in the input seismic
wave, a decrease in the response acceleration does not occur. Conversely, when the
phase delay is large, the large amplitude of response of a bridge pier (No. 17) at one end
attracts attention. This is due to the occurrence of so-called "whipping vibration" in
which bending mode wave motion occurs in girder due to seismic wave action with a
phase delay along the bridge axis and the wave energy propagated to far end of the
girder becomes concentrated, causing a large response.

Figure 9 shows the relative displacement that occurs in the Menshin bearings, and
the section force that occurs in the girders and the moment of the pier bases taken from
bridge pier numbers on the horizontal axis. The relative displacement that arises in the
Menshin device at both ends of the 1 kilometer girder when there is a phase delay in the
input seismic wave increases 20% of thllse when the phase is the same, but is small
overall in the intermediate of the 1 kilometer expansion. Girder section force exhibits a
greater response when there is a phase delay than when there is not. However, stress
arising from axial force and bending moment from the effect of phase delay input is
limited to 10% of the allowable stress for girder materials.

Figure 10 shows the analysis results concerning prestressed concrete girder
bridges. These results are almost the same both qualitatively as well as quantitatively.
The reason is that the weight of prestressed concrete girders is greater than that of steel
girder, but its span is shorter and the number of bridge piers is greater, so the
superstructure dead load corresponding to one Menshin bearing and one bridge pier
becomes almost the same and the bridge vibration characteristics also become the same
asa result.
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CONCLUSIONS

1. A comparison of prestressed concrete girder bridge with steel girder bridge reveals
that the response characteristics of Menshin designed multi-span continuous bridges
with 1 kilometer long continuous girders are almost the same for both girder types.

2. A comparison of response in the direction of the bridge axis with those in a
direction lateral to it reveals that the effect of the phase delay input appears noticeably
in response acceleration and displacement in the axial direction and that these values
decrease substantially. This means that the Menshin design can be effectively applied in
this direction in multi-span continuous bridges with long girder lengths since the
effective input of the earthquake motion on the girders decreases from the phase delay
effect.

3. On the other hand, the section force arising in the girders increase from this phase
delay input. However, this increase is only 10% of allowable stress.

4. There is a tendency for the response of giders in the direction lateral to the bridge
axis to increase at the end section ofthe 1 kilometer continuous girders. This is thought
to arise from the response amplification due to the bending mode wave motion arising in
the girder that is propagated in the direction of the girder axis and is reflected at the
girder end. This response increase represents an increase of about 30% on most
components, but since the improvement of earthquake resistance of bridge piers in the
direction lateral to the bridge axis is relatively easy, the problem is solved by slightly
strengthening the end bridge piers at the girder ends and bearings on them.

5. Topics for further research concerning multi-span continuous bridges include the
response of the bridge having curvilinear axis and the response when the ground
conditions change greatly in the direction of the bridge' 'xis. More research of this type
is planned for the future.
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APPLICATION OF MENSHIN DESIGN TO BRIDGES WITH DECK LENGTH OF 1000M

Hiroshi Mashiko', Hideo Arai 2 and Yasuhisa Fujiwara!

1.2. JBridge Design Section, Civil Engineering Department,
SUMITOMO CONSTRUCTION CO., LTD, ShlnJuku-ku, Tokyo, Japan

SUMMARY

In recent years, Menshin have been adopted for highway bridges and some of
them are already completed in Japan. In this paper, we study application of
Menshin design for a multi-span continuous bridge with deck length of 1000 m. As
the result of this study, it might be feasible for bridges longer than 1000m to
adopte Menshin design.

INTRODUCTION

In Japan, multi-span continuous bridges have been adopted in many cases as
viaducts in cities and as highway bridges to reduce unpleasant shocks to drivers
and to prevent noise by reducing the number of expansion joints. A multi-point
fixing method and a method to distribute the seismic lateral forces in
longitudinal direction to each pier by using rubber bearings (hereafter called
lateral force distribution method), are increasingly adopted in recent years.
Highway bridges with continuous rigid frame are also being employed in
mountainous areas. Continuous rigid frame bridges are superior from the point
of construction cost and for reducing unpleasant shocks to drivers. As shown
in Table 1, there are several bridges of this type with total deck length over
500m in Japan , and construction of this type of bridge is considered to be
progressively made.

Based on these facts, applicability of Menshin bearings to approximately
1000m-long multi-span continuous bridges are discussed in this paper.
Prestressed concrete bridge is considered for the analysis.

DESIGN REQUIREMENT ON CREEP AND DRYING SHRINKAGE

Although the lateral force distribution method has been adopted, it would
have several problems for applying to a highway bridge with total length over
1000m. It is necessary to consider longitudinal elongation of deck due to creep
and drying shrinkage for prestressed concrete bridges. The amount of elongation
for 1000. bridges is about 300mm for prestressed concrete bridges. Although
deck deformation of about ± 200•• is developed due to temperature change (
design teaperature change is ±20~ for prestressed concrete bridge ), it is
not critical.
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Table 1. Multi-Span Continuous Bridges with total length over 500m-Iong
constructed in Japan

Bridge NUlllbers of HaXilllUI Bridge Super- Average
Bridge nalle length :span :span type structure Pier type height of

(.) length(.) type pier:s (.)

Hetroporltan Continuou:s Steel
Expressway 500.0 10 50.0 girder box girder Steel 12.6
KS-44 Section Bridge bridge

Hetroporitan Continuous Steel relnforced
Expres:sway 507.5 12 44.0 girder box girder concrete 11.5
KT-38 Section Bridge bridge

Douou Expressway Continuou:s Prestre:s:sec re:nfcrced
543.8 8 74.6 girder concrete Iconcrete 19.3

l:shikarigawa Bridge bridge box glrder

Tyuou Expre:s:sway
I

Continuou:s Prestre:s:sec relnforced
593.0 5

I
148.0 rigid frami concrete concrete 50.0

Okaya-Kouka Bridge bridge bcx glrder

Tosei Expre:s:sway Continuou~J Pre:stressec reinforced
605.0

I
7 95.0 rigid fram concrete concrete 33.3

Shin-Kawato Bridge bridge I box girder

Lateral force developed due to creep and drying shrinkage depends on
lateral stiffness of bearing. For the lOOOm mUlti-span ~ontinuous bridge, a
large lateral force would be developed at the end piers, and it would develop
large bending moment at the bottom of the piers. The situation is the same even
in the Menshin design, and the consideration for large el~ngation of the deck
becomes the key issue for applying the Menshin design to the lOOOm multi-span
continuous bridge.

APPLICATION OF MENSHIN DESIGN FOR A 1000M MULTI-SPAN CONTINUOUS BRIDGE

For shOWing the application of Menshin design to a 1000m multi-span
continuous bridge, a prestressed concrete continuous box girder with a span of
about 40m was considered. This type of structure is often employed in viaducts
in cities. The supperstructure has a same section with reinforced concrete piers
and cast-in-place concrete piles. The site condition is the n class (
moderate soil ) based on the • Design Specifications for Highway Bridges, Part
V, Earthquake Resistant Design, 1990 " .

Fig.l shows the bridge analyzed. The original dimensions of the model
bridge were determined according to the seismic coefficient method assuaing the
lateral force coefficient of 0.25. This bridge was originally designed so that
the seismic lateral force be distributed to each pier using rubber bearings.

In the Henshin design, lead rubber bearings ( LRB ) are used. Half of the
elongation due to creep and drying shrinkage is given to LRB as pre-shear
deformation, so that the effects of creep and drying shrinkage would not cause
lateral internal force in the substructure. Fig. 2 shows the effect of pre
shear deformation. The LRB assumed are prOVided in Table 2. The pile was
idealized by a set of linear springs with vertical, horizontal and rotating
springs.
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Table 2. LRB assumed in design

PHP27) P2-P26
Shear modulus of rubber (kgf/Cllt) B.O 8.0
Plane shape (em) 90x90 100X 100
thickness of rubber (em) 24.0 42.0
diameter of lead (c.) 20.0X 1 19.0X 4
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Fig. 2 Effect of pre-shear deformation

Table 3. Properties of LRB

P1 (P27) P2-P26
Effective stiffness KB (kgf/cm) 6,503 13,005
Initial stiffness K. (kgf/cuf) 26,240 77,730
Characteristic shear strength Q (tf) 23.49 83.95
Design displacement U. (em) 9.55 9.55
Effective damping ratio hD (~) 21.4 26.8
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The LRB was idealized by the equivalent linear method as shown in ;lg. 3.
The equivalent spring stiffness of the LRB was evaluated as

( 1 )

Equivalent stiffness during an earthquake
Characteristic shear strength
Post-yield stiffness
Relative displacement during an earthquakes

The equivalent stiffnesses K II as well as other pa:-ameters is shewn in
Table 3. Lateral force of LRB associated with deck mover.ent cause a by creep and
drying shrinkage was evaluated as

Fs =0.2 Q+K r • Us ( 2)

Where
F s
Kr
Us

Lateral force of LRB for low velocity s~ea; deformation
Stiffness of rubber
Lateral displacement caused by creep and drying shrinkage

Fig. 3 Idealization of LRB by Equivalent Linear Method

Fig. lj Analytical computed model
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Analytical model used for static and dynamic analyses is ~hown in Fig. 4.
Force and displacement developed due to creep and drying shrinkage were computed
by static analys:s. and the seismic response aganist as response spectrum as
shown in Fig. 5 was by the response spectrum method. The fundamental natural
period of the brldge is 1.35 second in longitudinal direction and 1.31 second
in transverse direction.

The modal damping ratio was evaluated based on the proportional-to-strain
energy damping method as

"hi: ~¢,jThJKj¢,j/¢;TK¢;
i-I

(3)

where hi is the damping ratio of i-th mode. ¢ I J is an i-th mode vector for j
th structural element, h J is damping ratio of j-th element , K J is the
stiffness matrix of j-th element, ¢ i is i -th \lode vector, K is stiffness
matrix of the entire structure and n is the number of elements. The damping
ratio of each structural element was assumed as 3J for the supperstructure, 5J
for the piers and 10J for the foundations.

For examining the effect of energy dissipation, one more bridge was
designed for comparison. This bridge has the same characteristics with the
bridge described above with only the LRBs being replaced with rubber bearings.
The rubber bearings have the same lateral stiffness with LRB as shown in Table
4. Because there is small energy dissipation, the da.ping ratio of the rubber
bearing was assumed as 5 ~.
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Table U. Properties of rubber bearings

P1 (P27) P2-P26
Shear modulus of rubber (kgfl cnf) 8.0 8.0
Elastic stiffness of r~~ber K (kgf/cnf) 6,503 13.005
Damping ratio h (~) 5.0 5.0

APPLICABILITY OF MENSHIN DESIGN

Bending moment developed at bottom of the pier is shown in Figs 6 and 7.
Lateral force associated with creep and drying shrinkage was evaluated by Eq.(2).

From Fig. 6 ,it is seen that the bending moment due to creep and drying
shrinkage increase as piers get closer to the end. while the tending moment
caused by seismic effect is approximatey the same for all piers. It is
important to note here that the bending moment due to seismic effect is three
times as large as that due to creep and drying shrinkage. It should be roted
here that the seismic effect is still critical for design of multi-span
continuous bridge with the total deck length over 1000m. The bending moment in
the transverse direction is almost the same for all piers but the end piers.
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Fig. 7 Bending moment developed at bottom of pier (transverse excitation)

The peak response displacement of the superstructure is about the same for
all piers at 3round 75mm in longitudinal direction. ~ecause deck movement due to
creep and drying shrinkage is about l50mm at both end. the pre-shear
deformation with amount of 75mm seems effective. In transverse direction. the
peak displacement is about 76mm at the middle piers and about 58mm at the end
piers.

Based on the de~ign presented here, it may be said that no difficulty would
be encountered for construction highway bridge with deck length of lOOOm.
Highway bridge with more longer deck length would be feasible.

EFFECT OF ENERGY DISSIPATION OF LRB

Effect of energy dissipation of bearing is shown in Fig. 8 in terms of the
maximum bending moment developed at the bottom of pier. It is clear from the
figure that the bending moment is reduced about 30~ due to energy dissipation
effect at lead plug. Because Fig. 8 shows the bending moment developed only by
sei~ic effect,the total bending moment caused by seismic effect, creep and
drying shrinkage was evaluated as shown in Fig. 9. Lateral force developed by
creep and drying shrinkage effect was evaluated by Eq.(2) for LRB. It was
evaluated based on stiffness of rubber for bridge supportt:d by the rubber
bearing~. The reducing r?te of the bending moment depends on the pier~, and it
is from l7~ to 2C~.
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CONCLUSION

From the results presented herein. the following conclusions were obtained.

1) For designing a multi-sapn prestressed concrete continious bridge with deck
length of 1000m. the primarily important point is how to reduce the member
forces due to creep and drying shrinkage. it is effective to adopt LRB which has
less restoring force for low velocity movement and to set-up the bearings with
pre-shear deformation. As a result. the maximum member forces due to creep and
drying shrinkage is about 35~, compared with that due to seismic effect.

2) Effect of energy dissipation at the bearing in terms of bending moment
developed at bottom of pier is about 3D~ for seismic effect, and about 2D~ for
seismic effect, creep and drying shrinkage.

To realize a multi-span continuous Menshin bridge with deck length of 1000m.
there are other problems to be solved, such as expansion devices, restrainers,

effect of different pier height. effect of curvature, response aganist
differrential ground motion, etc. However, it was found from this study that
Menshin design can be applied to highway bridges with deck length about IOOOm.
It is also anticipated that further elongation of deck length could be made.
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