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Synbpsis:

The -proceedings document the results of the Fourth U.S.~Japan Workshop on
Earthquake Protective Syslems‘ for Bridgcs which wa.s held at Oséka, Japan, on Decentber 9 and 10,
1996, under the auspices of the Panel on Wind and Seismic Effects, UINR. The Workshop was
organized bj the Task Commitiee G "Sfruclura] Control and Intelligent Material Systems" (U.S.
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with the Task Committée J "Wind and Earthquake Engineering for TrariSporlélion Systems" (U.S.
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FOREWARD

The proceedings include the results of the Fourth U.S.-Japan Workshop on Earthquake
Protcctive Systems for Bridges which was held at Osaka, Japan, on ‘December 9 and 10,
1996 ‘under the auspices of the UINR Panel on Wind and Seismic Effects. The workshop
was organized by the Task Committee G "Structural Control and Intelligent Material
Systems" (Japan-sidé chair : Dr. Shigeki Unjoh, Head of “Earthquake Engincering
Division, Earthquake Disaster Prevention Research’ Center, Public Works Research Institute,
U.S.-side chair : Dr.'S: C. Liu, Program Director, Earthquake: Hazards Mitigation Program,
National Science Foundation) in cooperation with the Task ‘Committec J "Wind and
Earthquake Engineering for Transportation Systems" (Japan- -side chair : Mr. Yasuyuki
Fujishiro, Director of Structure and Bridge Department, Public Works Rescarch Institute,
U.S.-side chair : Mr. James D. Cooper; Chief ‘of Sttuctures Division, Turner-Fairbank
nghway Research Center, Federal Highway Admmlstratlon) of 'the Panel. The workshop
was jointly ‘coordinated by 'Dr. Shigeki’ UHJOh and -Dr. lan G. Buckle, Dcputy Dircctor of
the National Center for Earthquake Enginecring Rescarch (NCEER) The staff of the
Earthiquake' Engmecrmg Division ‘of PWRI, consisting of ‘Messrs. Toru Terayania, Yukio
Adachi, Jun-ichi' Hoshikumia; Kazuhiro- Nagaya, Michio Ohsumi and Takashi Sato arranged
the workshop “on behalf of ‘the Japan side. The US.-side steerifig committee for this
workshop, consisting of Dr. Jan G. Buckle and Mr. Ian M. Friedland of NCEER, Dr.
Fricder Seible of University of California, San Diego and Dr. Gregory L. Fenves of
Uhiv’er‘sity of Califorﬂia, Berkeley, organized the workshop on behalf of ‘the U.S.-side
participants. The U.S.-side financial support was provided by the Natlonal Sc1enc<,
Foundation and the Federal Highway Administration.

The aims of the workshop were: (1) to bring together experts from"’k both' countries ‘to -
exchange technical information on current research and practical effoits being made in the
area of earthquake protective systems for bridges, and (2) to 1dent1fy future needs and
opportunities between the two countries for cooperatxvc rcsearch ' ' '

A broad rarige of technical topics were presented at the work‘s“h"’o’ii These included:

O Testing of Seismic Isolation Hardware

O Seismic Isolation Design

O Design Applications

O Dynamic Charactenstws of Seismically-Isolated Bridges
O Active and Hybnd Control for Bridges

O High Dampmg Systems for Long Span Bridges



The workshop was attended by 20 U.S. and 66 Japancse participants. In total, 20 papers
were presented ; 12 papers from Japan, 8 papers from the United States. The proceedings
includes (1) all technical papers in the order in which they were presented during the
workshop, (2) resolutions that were unanimously approved by the participants during the
closing scssion of the workshop, and (3) the workshop program and the list of participants.

We wish to express our profound gratitude and sincere appreciation to all participants in the
workshop for supporting the workshop by active presentations and  discussions. In
particular, we would like to thank Dr. K. Kawashima, Dr. H. Otsuka, Dr. I. G. Buckle and
Dr. H.S. Lew for leading the discussions.

Grateful thanks arc also extended to the Japan side members. Sincere appreciation gocs to
the members of the Joint Rescarch Program between PWRI and 19 private companics on
Seismic Isolation for Long-Span Bridges. Special appreciation also goes to the Kinki
Construction  Burcau of the Ministry of Construction, Hanshin Expressway  Public
Corporation, Metropolitan Expressway Public Corporation, Trans-Tokyo Bay Highway
Corporation, Bridgestone Corporation for the generous coopceration in the workshop and
during the study tour. We also would like to thank. the assisting staff members, Mcssrs. M.
Takahashi, K. Murai and K. Tasaki of PWRI, for the smooth progress of the schedule.
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MENSHIN DESIGN OF HIGHWAY BRIDGES
Kazuhiko Kawashima® and Shigcki Unjoh?

1) Professor, Department of Civil Engineering, Tokyo Institute of Tcchnology, O-okayama,
Meguroku, Tokyo, 152, Japan

2) Head, Earthquake Engincering Division, Public Works Rescarch Institute, Ministry of
Construction, Tsukuba Scicnce City, Ibaraki-ken, 305, Japan

ABSTRACT

This paper describes the menshin design (scismic isolation) of highway bridges in Japan. The
menshin design has been extensively used in design of highway bridges since the 1995 Hyogo-ken
Nanbu earthquake. It was included in the new “Part V Scismic Design” of the “Design
Specifications of Highway Bridges” in 1996. This paper describes the outline of the menshin
design method as well as a background of the introduction of the menshin design into the new
code.

KEY WORDS Seismic isolation, menshin design, highway bridges, seismic design

INTRODUCTION

Various technical developments have been conducted for long time to reduce bridge response
during an earthquake" 22323 A first attempt in Japan was the use of viscous dampers which
were installed between a deck and piers. Viscous dampers were often adopted in 1970s, but because
temperature effect waspredominant at those days, they were used as the damper stoppers. Other
type of devices such as SU-damper, PC cable spring, tapered plate-spring and link have been
cffectively adopted for bridges from short and medium span to long span bridges'®.

The seismic isolation has been incorporated since late 1980s in highway bridges in Japan. Various
analyses have been conducted for the effectiveness of the seismic isolation. The first design
manual was issued in a form of the “Guidelines for Base Isolation Design of Highway Bridges” in
1989 as a final accomplishment of a 3-year research program'®, It has been recognized through
such studies that the elongation of natural period causes various disadvantage in an application to
the highway bridges. |

One of the most significant problems is the large clearance required between a deck and an
abutment or between two adjacent decks so that the deck can move with an amount of design
displacement of isolators and dampers. This could be in the range of 300- 600 mm during the



Hyogo-ken Nanbu type carthquakes, whercasthe clearance is gencrally about 50 - 100 mm in the

- conventional design. The large clearance at cxpansion joints incrcases noisc and vibration
pollution, and increases maintenance duc to heavy traffic. Although the knock-off abutment was
studicd through experiments and analysis, it was found not casy to shecar-off the upper part of an
abutment in the back-fill side because of a resistance of pavement and back-fills®, Anchor bolts
required, against heavy traffic load, to tic down the upper part of the knock-off abutment to the
lower part is also problem for smooth shecar-off,

I'rom suchreasons, it is preferable not to increasc natural period for aiming to decrease the seismic
force, butto put an emphasis on an increase of energy dissipation and a distribution of latcral force
of a deck to as many substructures as possible. It may be cffective to adjust natural period of a

bridge so as to avoid the resonance with ground motion.

Such design concept was more clearly formulated as “menshin design” in a 3-year joint rescarch
program between the Public Works Research Institute and 28 companies from 1989 to 1992,
From a study for favorable application of the seismic isolation, it was found that the menshin
design is cffective to construct super-multi-span continuous bridges with deck length over 1 km?,
Also studied wasan application of the menshin design for the seismic retrofit of existing bridges.
Usc of isolators and dampers was found effective to connect existing simply supported bridges so
that they behave as a continuous bridge against traffic loads?®. In the program, not only the
menshin design method but also various devices such as high damping laminated rubber bearings®®,

sliding friction bearings®, unseating prevention devices’?, and a finger expansion joint movable

not only in longitudinal direction but in transvérse direction®” were déveloped. Requirements for
menshin devices in static and dynamic behavior and approving test procedures were also
proposed' V', Including those technical developments, the “Manual for Menshin Design of
Highway Bridges” was issued by the Public Works Research Institute in 1992'129,

Based on the Guidelines and the Menshin Manual, a pilot program to construct several menshin
bridges was initiated in 1989 in the: Ministry of Construction. A working group was formulated in
the Ministry of Construction to supervise the design and construction. Miyagawa bridge, three-
span continuos plate girder bridge with a deck length of 105 m, was completed in 1992 asthe first

menshin bridge in the program!®,

During the steady incrcase of implementation of the menshin design, Hyogo-ken - Nanbu
carthquake occurred in January 1995 to cause destructive damage to various structures. Highway
bridges also' suffered destructive damage. Importance to increase ductility of structural
components and redundancy of bridges was strongly recognized from the damage'””. When the
“Guide Specifications for Reconstruction and Repair of Highway Bridges which Suffered Damage

e




duc to the Hyogo-ken Nanbu Larthquake” wasissued by the Ministry of Construction on Fcbruary
27, 1995V, it was described in the Guide Specifications that the menshin design should be more
actively used to mitigatc shocks and reduce lateral force by increasing cnergy dissipation, It was
suggested in the Guide Spcecifications that the Mcnshin Manual should be referred to in designof
the menshin bridges. It was also recommended in the Guide Specifications that the laminated
rubber bearings, in particular menshin bearings should be more used in stead of steel bearings
vulnerable to seismic disturbance. It had been recognized for long time that laminated rubber
bearings arc superior to steel bearings from maintenance and corrosion point of view. Lead rubber
bearings (LRBs) and high damping rubber bearings (HDRs) were suggested in the Guide

Specifications.

Subscquently in May 1995, it was decided by the Ministry of Construction that the Guide
Specifications should be referred to in seismic design of all new bridges and seismic retrofit of
cxisting bridges in the country as an emecrgency measurc until the Design Specifications of
Highway Bridges was revised. Based on such a background, LRB and HDR have been increasingly
used since the Hyogo-ken Nanbu carthquake. Not only in the menshin bridges but also in the
bridges where tall laminated rubber bearings ar¢ required to distribute the lateral force of a
superstructure to substructures, LRB and HDR have been used. Although statistical data are not
available at this moment, majority of highway bridges use the laminated rubber bearings, LRB and
HDR.

The “Design Specifications of Highway Bridges” was revised in November 19967, There were
various major revisions. The first was the introduction of thorough check of lateral capacity for
all structural components in which seismic effect is predominant. Although the lateral capacity
had been checked since 1990 (1990 Design Specifications), it was not mandatory, and had been
used only for reinforced concrete piers. Furthermore, because it was not a design method Bu't a
“check,” it had been effective only to increase the sections and reinforcements, if required, which |
were designed by the Seismic Coefficient Method: In the 1996 Specifications, the “check of
lateral capacity” was upgraded to a seismic design method called as “Lateral Capacity Method,”
which has the equal importance with the Seismic Coefficient Method. It has been used for not only
reinforced concrete piers butall structural components where seismic effect is predominant, The
second was the introduction of the ground motions induced during the Hyogo-ken Nanbu
carthquakc asa Type-II design force. The third wasthe introduction of menshin design. Main part
of the Menshin Manual was included in the 1996 Specifications as Chapter 8 in the “Part V

Seismic Design.”

This paper introduces the menshin design which was included in the new “Part V Seismic Design”
of the “1996 Design Specifications of Highway Bridges.”



SEISMIC PERFORMANCE LEVEL

Table 1 showsa classification of the scismic performance levels and design methods. The bridges
are categorized into two groups depending on their importance; standard bridges (Type-A bridges)
and important bridges (Type-B bridges). Seismic performance levels depends on the importance
of bridges. For moderate ground motions induced by earthquakes with high probability to oceur,
both A and B bridges should behave in an clastic manner without any cssential structural damage.
For extreme ground motions induccd by carthquakes with low probability to occur, the Type-A -
bridges should prevent critical failure, while the Type-B bridges should perform with limited

damage.

In the Lateral Capacity Method, twotypes of ground motions must be considered. The first isthe
ground motions which could be induced by plate boundary earthquakes with magnitude of about 8
at a distance of about 50 Km from the faults. Ground motions which developed at Tokyo during
the 1923 Kanto carthquake are a typical target of this type of ground motions. The second isthe
ground motions developed by earthquakes with magnitude of about 7-7.2 at very short distances.
Obviously the ground motions developed at Kobe during the Hyogo-ken Nanbu earthquake are

typical target of this type of ground motions. The first and the second ground motions are called
as Type-1 and Type-I1 ground motions, respectively. The recurrence time of the Type-II ground

motion is much longer that that of the Type-I ground motion.

Table 1 Seismic Performance Levels

' Importance ; Design Methods
Type-A Type-B Equivalent | Dynamic
Type of Design Ground Motions Bridges - | Bridges Static Lateral | -~ Analysis
' (Standard | (Impottant | Force Methods
_ Bridges) Bridges)
Ground Motions with High Probability to Seismic

Oceur ‘Preveént darage Coefficient ' | Step by Step
Method Analysis

“Type-I (Plate- or
Ground Motions Boundary Prevent Lateral | Response
with Barthquakes) Critical Limited | Capacity | Spectrim
Low Probability to | Type-II (Inland Failure Damage Method Analysis
Occur Eaﬂhquakes)
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Lateral force cocfficient ky, in the Lateral Capacity Mecthod is given as

kne =cz *kno (1)
in which c¢;= modification cocfficient for zone, and is 0.7, 0.85 and 1.0 depending on zone, and
knco= standard modification cocfficicnt. Table 2 and Fig. 1 show the standard lateral force
cocfficicnts kyqo for the Type-I and the Type-II ground motions. The Type-I ground motions
have been used since 1990 (1990 Specifications), while the Type-II ground motions wercnewly
introduced in the 1996 Specifications. It should be noted here that the kyco at stiff sitc (Group I)
has been always assumed smaller than the kj.o at moderate (Group II) and soft soil (Group 11I)
sites in the Type-I ground motions as well as the scismic coéfﬁcicnts used for the Scismic
Cocfficient Method. The Type-I ground motions were cssentially cstimated from an attenuation
cquation for response spectra®, Although the response spectral accelerations at short natural
period are generally larger at stiff sites that at soft soil sites, the tendency has not been explicitly
included in the past, This is because damage has been more developed at soft sites than at stiff sites.
To consider this fact, the design force at stiff sites has been always assumed smaller than that at
soft sites even at short natural period. However without such a traditional consideration, the Type
Il ground motions were determined by simply taking envelops of response aceelerations of major
strong motions recorded at Kobe during the Hyogo-ken Nanbu earthquake. It was considered

appropriate to set realistic ground motions.

The acceleration response spectral intensity at short natural period is higher in the T ype-11
ground motions than in the Type-I ground motions. However, the duration of extreme
accelerations is much longer in the Type-I ground motions than the Type-1I ground motions. The
duration was only 8-10 seconds in the strong motions recorded at Kobe during the Hyogo-ken
Nanbu earthquake. As will be described later, such a difference of the duration istaken into account

to evaluate the ductility factor of a pier.

Table 2 Lateral Force Coefficient k.o in the Lateral Capacify Method
(a) Type-1 Ground Motions

Soil Condition | Lateral Force Coefficient kj.q
Group I kpo=0.7 for T =1.4 kne0=0.876T-2/3
(stiff) ‘ for 14<T
Group II kpeo=1.51T13 20,7 kneo =0.85 for kpeo=1.16T-2/3
(moderate) for T <0.18 0.18<T'<1.6 for 1.6< T
Group III k,,cor=1.51T“3 207 fr]  kpeo=1.0 for | knco=1.59T-2/3
o) | T<029 | 029=T <20 for2.0< T



(b) Type-11 Ground d Motions

Soil Condition Lateral Force Cocflicient kj,qq
Group | kneo=4.46T2/3 kneo =2.0 for kneo=1.24T-4/3
(stifY) for T <0.3 03T =07 for0.7<T
Group If kpoo=3.22T2/3 kneo=1.75 for kpeo=2.23 743
(moderate) for T <0.4 04=T =1.2 for 1.2< T
Group IIl kpeo=2.38T2/3 kpeo=1.50 for kpeo=2.57T 43
(soft) for T <0.5 0.5=T=<1.5 for1.5<T
2.5 :
‘ ~ = = = = Group |
2 ~ = -Group Il Type |
TN Group Il
el o W T Group |
1.5 o/

—

-~

Lateral Force Coefﬁcient_khc

c

o

Natural Period T (s)»

Fig. 1 Type I'and Type I Ground Motiosis for the Lateral Capacity Method:
BASIC PRINCIPLE OF MENSHIN DESIGN

Implementation of the menshin bridges should be carcfully decided, from not only seismic
performance but function for traffic and maintenance point of view, based on the advantage and
disadvantage of increasing natural period. The menshin design should not be adopted at the
following conditions; } ,

(a) 31tes vulnerable to lose bearing capacity due to the soil liquefaction and the lateral spreadmg

(b) bndges supported by flexible columns '

(¢) soft soil sites whete potentlal resonance with surrounding sonls could:be devclopcd by

increasing the fundamental natural perlod
(d) bndgcs with uphft forcc at bearings

It is suggcsted that the design should be made with an emphasw on an increase of energy dissipating
capability and a distribution of lateral force to as many substructures as possxble To concentrate
- the hysteretic deformation at not piers but bearings, the fundamental natural period of a menshin




bridge should be about 2 times or longer than the fundamental natural period of the same bridge
supported by the conventional bearings. It should be noted that an clongation of natural period
aiming to dccrease the lateral force should not be attempted.

Simple devices stable against extreme carthquakes have to be used. The bearings have to be
anchored to a deck and substructures with bolts, and should be replaccable. The clearance has to be
provided between a deck and substructurcs or between two adjacent decks.

MENSHIN DESIGN AND DESIGN FORCE
Idealization

In the menshin design, the bridges are first designed by the standard equivalent linear static design
method. Then seismic safety of the static design is precisely evaluated by a dynamic response
analysis. Menshin devices are gencrally idcalized by a sct of equivalent lincar springs in the
cquivalent static analyses while they are idealized by either the equivalent lincar springs or
nonlinear hysteretic springs in the dynamic response anal_ysis. Equivalent stiffness and equivalent

damping ratio of isolator and dampers are the key parameters in the equivalent linear analysis.

In the equivalent static analysis, natural period T of a menshin bridge is evaluated followmg the

standard procedure as

T =2.016 (2)
‘ W; -‘u,2 .
E—EW » | 3)

in which w;= dead weight per unit length of a bndge at1 th pomt and ;= lateral displacement
developed at 1—th point by subjecting to a lateral force equivalent to the dead weight in a desired

direction.

Modal damping ratio of a menshin bridge - & for the fundamental mode is computed as'

> KBI'“BfZ'{hB‘ ALY L TRLST "'KBi‘HZ}
1
KPi KFIU KF&'

Ky u {1+ Boi  Koi , Ko HZ} ' (‘4)
2K tpi KP: Kri Ko ' -
in which hg;= damping ratio of i-th damper, hp;= damping ratio of i-th pier or abutmérit, hpyi=
damping ratio of i-th foundation associated with translational displacémeﬁt,"hm='damping ratio
of i-th foundation associated with rotational displacement, Kp;= equivalent stiffness of i-th pier
or abutment, Kg,;= translational stiffness of i-th foundation, Kpg= rotational stiffness of i-th

h=




foundation, ug;= design displacement of i-th menshin device,and H = distance from a bottom of

pier to a gravity center of a deck.

A bridge may be divided into several sub-structures in which energy dissipating mechanism can

be assumed essentially the same. If one can specify a damping ratio of each sub-structure for a

given mode shape, thc modal damping ratio for i-th mode may be evaluated as

30" hy kg 5
oK,

in which A= damping ratio of j-th substructure in i-th mode, ¢y=mode vector of j-th substructure

in i-th mode, k;= stiffness matrix of j-th substructlire, K= stiffness matrix of a bridge, and ;=

h,

mode vector of a bridge in i-th mode, and is given as

T "‘:{‘I’HT’ %27, e Sme} (6)

Table 3 shows recommended damping ratios for major structural components.

Table 3 Recommended Damping Ratios for Major Structural Components in a Menshin Bridge

Structﬁral' Elastic Rcsponse | Nonlmear Rcsponse
Components ‘Steel Concrete Steel " Concrete
Dcck 0.02-0.03 0.03-0.05 0.02-0.03 0.03-0.05
Rubber Bearings 0.02 | 0. 02 |
Menshin Bearings{Equivalent damping ratio by Eq.(26)| Equivalent dampmg ratlo by Eq. (26)
Substructures 0.03-0.05 0.05-0.1 0.1-0.2 , 0.12-0.2
Foundations 0.1-0.3 0,2-0.4
Design Force

Menshin bridges are designed by both the Seismic Coefficient Method and the Lateral Capacity
Method. In the Seismic Coefficient Method, a lateral force coefficient ranging from 0.2 to 0.3 has‘

been used based on the allowable stress desngn approach:.

In the Lateral Capacity Method, the equivalent latéfgl force coefficient knemin the menshin
design is evaluated as ] o ' ‘ o
kpom = e 7
. ‘l%em : 'zym—.l - ! RN T P : N ,v;, "< Lo - ( :‘)f:.

Kby = cg ke

®




in which k., =lateral force cocfficient in menshin design, w4, =allowable ductility factor of a picr,
¢= modification coefficicnt for energy dissipating capability (refer to Table 4), and kj,. =latcral

force cocfficient by Eq. (1).

Because the 4y, is the lateral force coefficient for a bridge supported by the conventional bearings,

Eq. (8) means that the lateral force in the menshin design can be reduced, as large as 30 %, by the
modification coefficient ¢y depending on the modal damping ratio of a bridge.

Table 4 Modification Cocfficient for Energy Dissipation Capability

Damping Ratio for 1st Mode h |Coefficient ¢
h<0.1 1.0
0.1=h<0.12 ' 0.9
0.12=h<0.15 0.8
h=0.15 0.7

It is important to note here that the allowable ductility factor 4, in Eq.(7) depends on the type
of ground motions and that u, is smaller than the allowable ductility factor p, in the
conventional design evall(lsatedaas

) -

Pa =1+ —a—gf | (9)
in which a= safety factor, 8,= yield displacement of a pier, and 8, = ultimate displacement of
a pier. In Eq. (9), the ultimate displacement 0, is evaluated as

Su=0y+(@u-dXh-L,/2)L, (10)
in which ¢,= yield curvature of a pier at bottom, ¢,= ultimate curvature of a pier at bottom, /=
height of a pier, and L,= plastic hinge length of a pier. The plastic hinge length is given as

L,=02h-0.1D  (0.lDsL,<0.5D) : 1

in which D is a width or a diameter of a pier.

The yield curvature ¢, and ultimate curvature ¢, in Eq. (10) are evaluated assuming a stress-strain
relation of reinforcements and concrete as shown in Fig. 2. The stress o, - strain & relation of

concrete is assumed as”

‘ -1
1{e\"
- |E,g,ql——] — (0 )
o = ‘8‘{ n(s) } O (12)
v Gc‘q’_“"Edes(gc_scc) . ‘(3¢c SE S Ey) ,
. - , (13)

' Ececc—'ocb



in which o, = strength of confined concrete, E,= elastic modulus of concrete, Eqc= Strain at
maximum strength, and E,,, = gradient at descending branch, In Eq. (12), o, €, and E,,, are

determined as

Occ = O +3.800,0 (14)
g
£c = 0.002 + 0,033 g2 %2 (15)
) Ock
Epes =11.2-2k (16)
psosy

in which o = design strength of concrete, Oy= yield strength of reinforcements, a and

B = coefficients depending on shape of a pier (a¢=1.0 and B =1.0 for a circular pier,and «=0.2
and B=0.4 for a rectangular pier), and p;= tie reinforcement ratio defined as

44,

—_ 17
— | (17)
in which Ay = area of tie reinforcements, s= space of tie reinforcements, and d= effective with of

Ps =

tie reinforcements.

The ultimate curvature ¢, is defined as a curvature when concrete strain at longitudinal

remforcmg bars in compression reaches an ultimate strain ., defined as

Ep for Type I ground motions
- . ' 18
Eeu Eeo + 920, for Type II ground motions ‘ (18)
des

Os 1 Stress

O, =0
Osy S 8

/0, = Ege,
Strain & :
*Strain Ece & C;‘ |

(a) Steel (b) Concrete ,_

Fig. 2 Stress and Strain Relation of Confined Concrete and Réinforcing Bars
It is important to note here that the ultimate strain Eey depends on the types of ground motions;

the €0y for the Type-I1 ground motions 1s larger than that for the Type I ground motions. Based
on a loading test, it is known that a certain level of failure in a pier such as a sudden decrease of




lateral capacity occurs at smaller lateral displacement in a pier subjected to a loading hysteresis
with more number of load reversals®®. To reflect such a fact, it was decided that the ultimate strain
e, should be evaluated by Eq. (18), depending on the type of ground motions. Thus, the
allowable ductility factor u, depends on the type of ground motions; the y, is larger in a pier
subjected to the Type-II ground motions than a pier subjected to the Type-I ground motions.

It should be noted that the safety factor « in Eq. (9) also depends on the type of bridges as well
as the type of ground motions as shown inTable 5. This isto preserve higher seismic safety in the
important bridges, and to take account of the difference of récurrent time between the Type-I and

the Type-II ground motions.

Table 5 Safety Factor o in Eq. (9)

Type of Bridges Type;I Ground Motions | Type-II Ground Motions
Type-B 3.0 . 1.5
Type-A 2.4 , , ' 1.2

On the other hand, in the menshin design, the allowable ductility factor of a pier u, in Eq. (7)is

evaluated by
- 6,-6
P =14 ——L | | | (19)
| m Oy o
in which a,, is a safety factor used in menshin design, and is given as
m=2a 20

Eq. (20) means that the allowable ductility factor in the menshin design 4, should be smaller than
the allowable ductility factor y; by Eq: (9) in the conventional design. The purpose to use smaller
allowable ductility factor in the menshin designi isto make the nonlinear hysteretic behavior of a

pier at the plastic hinge zone as small as possible.
Dynamic Response Analysis

Dynamic response analysns is requ1red m 'the menshm de31gn to verify seismic safety of the static
design. In dynam1c response analysns ground motions which are spectral fitted to the followin g
response spectra are used, '
S =cz¢pSp o (21)
Si'=cz'cp'Spo. R (22)
in which 8;= acceleration response spectrum for Type 1 ground motions, S;= acceleration
response spectrum for Type-11 ground motions, Sj= standard acceleration response spectrum

=13—



for Type-I ground motions, $y= standard acceleration response spectrum for Type-II ground
motions, c¢z= modification coefficient for zone (refer to Bq. (1)), and cp= modification
coefficient for damping ratio given as

1.5 . ;
[4)) =40h-i-1+05 | (23)

Table 6 Standard Acceleration Response Spectra
@) Type -1 Response Spectra Sio

Soil Condition Response Acceleratron S0 (gal-—cm/sec)
Group I Sp=700 for ;514  S10=980/T; for T;>1.4
Group I1 Sr=1,5057"3 S10=850 for S10=1,360/T;
for 7;<0.18 0.18=T;=1.6 for 1,>1.6
Group Il | Sp=1,5117" $10=1,000 for $10=2,000/7;
for 7,<0.29 029=7,=2,0 | for ;>2.0
(b) Type -11 Response Spectra S
Soil Condition Response Accelerahon “Siio (gal= cm/sec) | ,
Group 1 Sno=4A463TH3 | $i0=2,000for | Syo=1,1047'3
| for 7;<0.3 0.3S7=0.7 for ;0.7
Growp I | Suo=3,224T%3 | Suo=1,750 for | Spo=23717
for ;<04 | 04=7=12 for T,>1.2
Group I | Suo=2,381T% | Spo= 1,500 for | -Sy0=2,9487"3
for ;<0.5, |..05=T;=1.5 | . for T;>1.5..
2.5 T T T
e L SGrehd T |
B 2 :" "., P ) GroundlI Type.[**r e
g L '-----G‘roundI ]
& 1.5 e &= Ground I Type 1T ~
75 M Ground 111
<
9 1
3
£ o

Natural Perlod T (s)

Frg 3 Response Acceleration Spectra (h-O 05) for Type T-and Type 11 Ground: Motrons




Table 6 and Fig. 3 show the standard acceleration response spectra (damping ratio h=0,05) for the
Type-1 and Type-II ground motions.

It is recommended to use at least three ground motions per analysis, and take an average,
considering the validity of the analysis, to evaluate the response.

DESIGN OF DEVICES

The bearings are classified into two groups. The first is the bearings which resist the scismic force
of Eq. (7). The sccond is the bearings which resist the seismic force considered in the Scismic
Coefficient Method. The first and the second bearings arc called as the Type-B bearings and the
Type-A bearings, respectively. Seismic performance of the Type-B bearings is, of course, much
higher than the Type-A bearings. In the Type-A bearings, a displacement limiting device, which
will be described later, has to be co-installed in both longitudinal and transverse directions, while
it isnot required in the Type-B bearmgs Because of the 1mportance of beanngs asone of the main
structural components the Type-B bearings should be used in the menshin bridges.

Isolators and dampers must be designed for a desired design displacement uz. The design
displacement ujp is evaluated as

Khem = Wy
| Kp
in which kj,,,= eqmvalent lateral force coefficient by Eq. (7), K= equivalent stiffness,and W, =
dead Lmlght.,Of;a:'s,uper,s,t.ructure.r It should be noted that' because the equivalent lateral force
coefficient k., depends on the type of ground motions, the design displacement ug also depends-

(24)

on if,

The equwalent snffness Kp and equwalent dampmg ratio hB of a devnce are evaluated as

K_ﬂ“_&)_.f(_".ﬁ?el o o (25)
2“&:
AW :
- 26
B=5os - (26)
 MBe=CpilUg .. . .. L (27)

m whlch F(u)- restonng force of a device at-a dlsplacement u, up,= effective design
'dlsplagement,_ AW = energydnssnpate.d:per eycle,, W = elastic strain energy, and ¢p= coefficient
to evaluate effective displacement (=0.7).

In design of vdevio,es;,,the following requirements. have to be satisfied:



1) The displacement computed by Eq. (24) should be within £10% from the assumed design
~displacement up,and the equivalent damping ratio evaluated by Eq. (26) should not be less that

the equivalent damping ratio assumed in design,

2) Shear strain induced in a laminated rubber bearing y subjected to a lateral force equivalent to

the equivalent lateral force coefficient ky,,, by Eq. (7) are evaluated as
Y= ri‘B (28)
2t
i=l
in which up= design displacement of a rubber bearing by Eq. (24), ¢, = thickness of i-th rubber,
and n=number of layers of rubber. The shear strain by Eq. (28) should be less than 250 %.
3) Local shear strain should be less than the rupture strain divided by a safety factor of 1.2,

Recommended rupture str'uns are presented in Table 7.

Table 7 Recommended Rupture Strain of Rubber

Type of Rubbers | Shear Modulus (N/mm?) | Rupture Strain (%)
80 500
Natural Rubbers 100 , 5 OO
| | 120 400
Chloroplane Rubbers 80 400
100 400

4) The devices have to be des1gned and fabricated sothat scatter of the equivalent stiffness K and’
the equivalent damping ratio hp be within £10% of the design values. ‘
5) The devices have to be stable against at least 50 and 15 load reversals, for the Type-I and"
Type-Il ground motions, respectively, with the design dlsplacement by Eq (24) under avcrtlcal

force cquivalent to the dead weight of a’ SUpcrstructure i ‘ -
6) Tangential stiffness of a device should be posxthc at any displacement within the design

displacement. This is to prevent a possible shake-down of the devices in one side, when they are

squécted to large cyclic load reversals. 7

7) A deck should return to the rest position even after it is subjected to an large earthquake. The

residual displacement . uipg developed:in a'device aftér it is smoothly released from a'deformied
displacement equivalent to the design’ displacement by Eq: (24) should be less than 10% of ‘the

design displacement, ; S R IERRECIRS
8) The equivalent stiffness and the equivalent damping ratio of a device shall be stable against a
change of load condition and natural enwronment such as the temperature chiange. ‘

i
i




- UNSEATING PREVENTION SYSTEMS

Unseating prevention measures are required for the highway bridges. Because of the unique
structural response of the menshin bridges, some additional measures are required. The measurcs
required for the highway bridges are as:

1) The unscating prevention systems have to be so dcsigncd“fhat unscating of a superstructure
fiom their supports can be prevented even if unpredictable failures of the structural members
Secir, _ . _ o _ :

2) The unscating prevention systcins are consisted of providing enough seat length, a falling-
down prevention device, a displacement limiting device, and a scttiement prevention device,

3) Against longitudinal response, ‘criough séat length must be provided and a falling-down
prevention device must be installed at the ends of a superstructures, if the Type-B bearings are
used. On the other hand, ifthe Type-A bearingsare used; a displacement limiting device has to be
further installed at not only’ the ends of a sﬁperétfiwtiire but each intermediate support in a
continuous bridge. ; o '

4) Against transverse response, a displacementzlirﬁiting device is réquestedat cach support, ifthe
Type-A bearings are used, while it isnot required in the Type-B bearings, except in skewed bridges,
curved bridges, bridges supported by columnis with narrow crest, bridges supported by few bearings
pef piers, and bridges constructed at the sites vulnerable to lateral sprcading associated with soil

liquefaction.

The seat length Sz is evaluated as

S SpiRup ¥ugE Sy (29)
Sia = 70+0.51 - (30)
dg=100eg:L. . (31

in which- ug=_ relative displacement . (cm) - developed :between a.  superstructure and a
substructure subjected to a seismic force equivalent to the equivalént lateral force coefficient kj,,,,
by Eq.-(7), ug= relative displacement of ground along the bridge axis, Sgiy= minimum seat
length (cm); £g=-ground strain induced during-an:earthquake along the bridge ‘axis, and is
0;0025';:().00375,'and 0.005 for Grouptl, II'and III sites, respectively, ‘L= distance which
contributes:to. the relative displacement of ground: (m); and : Z = span length (m): If two adjacent
decks are supported by a pier, the lager span length should be £ in evaluating the seat length. -

In addition to the above requirements, the following measures should be adopted in the menshin

design.



1) To prevent collisions between a deck and an abutment or between two adjacent decks, enough
clearance must be provided. The clearance between those structural components Sp shall be

cvaluated as

up + Ly betWéen adeck and an abutment .

“ep ug+ L, between two adjacent decks
in which up= design displacement of menshin devices (cm) by Eq. (24), LA = redundancy of a
clearance (generally *1.5cm), and cpg = modification coefficient for clearance (refer to Table 8).
The modification coefficient cg was determmed based on an analysxs of the relatwe dlsplacemcnt
response spectra™. It depends on a difference of natural penods AT =T, - T (Ti = T ),in which
Ty and T, represent the natural period of the two adjacent bridge systems.

Table 8 Modification Coefficient for Clearance cs

AT/ CB
0=AT/7<0.1 1
0.1=AT/T;<0.8 ;)
0.8AT/T=1.0 1,

The clearance at an expansion joint Ly .is evaluated as
. LE =Up + LA . . SRS R : 2:(33)
in which up= design displacement of menshm dewces (cm) by Eq. (24) and L,= redundancy

of a clearance (generally % 1.5cm).

CONCLUDING REMARKS

The menshin design has been adopted eXtensiVély throughout the country since the Hyogo-ken

Nanbu carthquake. It obviously extended the freedom of design and ‘constriction of the bridges, i
particular the bridges with multiple-span’ continuous bridges with a deck length- over0:5kimn;

However, it should be noted that seismic performance of the menshin 'bridges against ah exfreme

‘carthquake has not ‘yét fully: verified.: For- example; what is the most: appropriate’ cléarance
between a deck and an ablitment or: between two adjacent: decks, ‘and what -is the ‘éffect of

hysteretic behavior of piers at the: plastic hinge on the total response of bridges requires’more
analysis. More accumulation of analysis and experience is a key for future technical development

~ of the menshin design and seismic isolation.
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UPDATE ON THE PROPOSED
AASHTO GUIDE SPECIFICATION FOR
SEISMIC ISOLATION DESIGN

'Roberto Lacalle, P. E.
California Department of Transportation
Sacramento, California

ABSTRACT ,

~In 1990 the AASHTO Subcommittee on Bridges and Structures adopted a Guide
Specification for Seismic Isolation Design (AASHTO 1991).. The adoption of these guide
specifications presented a major step forward in the acceptance and use of isolation bearings in the
United States, especially elastomeric based systems.  In the five years since the adoption of the
Guidelines, there has been significant progress in the development and understanding of new
isolation bearing technologies that are not elastomeric based. To update the guide specification and
fully utilize the potential of the new systems, the AASHTO T-3 Seismic Design Committee chaired
by Mr. James E. Robetts of California was charged with assisting in the development of a
comprehensive technical guide specification for seismic isolation design. To eliminate biases and
develop a truly comprehensive specification; the T-3 Committee assembled a task group to
accomplish this goal. This paper covers the proposed major revisions and additions to the current
1991 Guide Specification. R :

- INTRODUCTION

... Since the adoption of the 1991 Guide Specification for-Séismic Isolation Deésign by
AASHTO, significant progress has been made in the undesstanding and development of new
isolation bearing téchnologies that are not elastomeric based. To fully utilize the potential of the

-new.systems, the AASHTO T-3 Seismic Design Committee chaired by Mr: James E. ‘Roberts of
California assembled a task group to develop a comprehensive technical guide specification for -
seismic isolation design. The Task Group consists of three state engineers: James E. Roberts
from California (chairman; working chairman is-Robetto Lacalle), Myint M. Lwin from
Washington and Ralph E. Anderson from Illinois; three professors: Dr. John F. Stanton from
University of Washingtori; Dr. Michael C. Constantinou from University. of Buffalo, SUNY, and
Dr. James M. Kelly/Dr. Ian Aiken from University of California at Berkeley; three industry
representatives: Dr, Ronald L. Mayés of Dynamic Isolation Systems, Dr. Victor A, Zayas of
Earthquake Protective Systems and Paul Bradford of R. J. Watson; and one Federal Highway
‘representative: Dr. Hamid Ghasemi. I SR e

. The approach the Task Group took to develop the‘guide specification was to update and

expand the current 1991 AASHTO Guide Specification for Seismic Isolation Design rather than

develop an entirely new document, -

. —23—.



THE PROPOSED GUIDE SPECIFICATION
FOR SEISMIC ISOLATION DESIGN

The proposed Guide Speciﬁcafions are written as suppleniental to the AASHTO Stand;xrd
Specifications for Highway Bridges, 15th Edition (Interim 1995), Division I-A: Scismic Design.

Specifically the guideline contains:

L)

Fundamental requirements for seismic isolation desigh;
Required tests of isolatiyOn systems;

Lambda factor methoddlogy;

Elastomeric bearing design and construction;

Sliding béaring design and construction; and

A section for other systems not specifically covered.

The proposed Guide Specifications are intended for systems that isolate in the horizon}gll :
plane only, i.e., the'system is assumed to be essentially rigid in the vertical direction. In addition,
the Guide Specifications are currently intended for passive isolation systems only..

SIGNIFICANT CHANGES

Response.  Modification Factor (R)

The response modification factor for all substructures. was taken as half of those given in-
Table 3 of the AASHTO Standard Specifications (Division I-A: ‘Seismic Design), but not less than

1.5.

: ‘RésponserModi.ﬁc'zition Factor (R)

SUBSTRUCTURE . R PROPOSEDR
 Wall-TypePier 2 s
Reinfdrced Conéfete_i"ilé Bents S |
a.'-VertiéalPiles Only . - 3 15
_ b. O'Ivlévor:mOre'Batter:I)’i‘ies'v 2 LS
Single Columns 3 1.5
Steel or Composite Steel and Concrete Pile Bents
a. Vertical Piles Only 5 2.5‘
b. One or more Batter Piles 3 1.5
Multiple Column Bent 5 25
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The 1991 Guide Specification allowed use of lower R-Factors when a lower ductility
demand on the substructure was desired.” The proposed guide specification requires the use of
lower R-Factors to reduce substructure damage and to ensure proper performance of the isolation
system. It is important to note that upon yielding of the pier, the bearing stops deforming. That is,
deformation takes place only in the pier (Constantinou, 1996).

Analysis Procedures

The analysis procedures were updated to reflect the AASHTO Standard Specifications for
Highway Bridges, 15th Edition (Interim 1995), Division I-A: Seismic Design. That is:
Procedure 1:  Uniform Load Method
~ Procedure 2:  Single Mode Spectral Method
- Procedure 3; '_Mﬁitifﬁddé Spectral Method
Proccdure 4:  Timie-History Mettiod
. The analysis of the bridge shall be rpé?fgnned’us’ing the design properties of the isolation
system.. To simplify nonlinear behavior of the 1Solator unit, a bilinear simplification may be used
(Figure 1). The analysis shall be repeated using upper bound properties (Qd,max, Kd,max) in one
analysis and lower bound properties (Qd,min, Kd,min) in another analysis. The purpose of this

upper- and lower-bound analysis is to determine the maximum forces on the substructure elements
and the maximum displacements of the isolation system. . o

~ Figure 1

; An upper and lower bound analysis is not required if the displacements using the
displacement equation and the elastic seismic response coefficient do not vary from the design
values by more than +15 percent when the maximum and minimum values are used. For these
simplified calculations, B values corresponding to more than 30 percent damping can be used to
establish the £15 percent limits. '

_ 250AST,
B

Displacement equation d (mm)

d= IO/ZST; (inches)
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AS,
T.B

e

- Elastic seismic response coefficient Cs=

“where: A Acceleration coefficient
= Damping coefficient
S = Dimensional site coefficient for isolation design for the given soil profile

Period of vibration (seconds) -

I

Te

Lateral Restoring Force

The proposed specification requires that the isolation syster be configured to produce a
lateral restoring force such that the period corresponding to the tangent stiffriess of the force
deflection curve (Figure 2) of the isolation system up to the design displacément shall always be
less than six seconds. Nonlinear analysis is required for periods greater than four seconds. The
rational behind the change is that the existing critéria (lateral force at the désign displacerent is at
least 0.025W greater than the lateral force at 50 percent of the design displacement) is too .

restrictive in lower acceleration regions aiid too liberal in higher acceleration regions. Hene, an
isolator in a high seismic region such as California was required to have oily a fraction of the
restoring force requited in another portion of the country. Systems without sufficient restoring.
forceé are not allowed. - ‘ S R o : ’

The purpose of the lateral restoring force requirement is to prevent cumulative”
displacements, to accommodate isolator installation imperfections, such as out of level, and to
prevent negative stiffness due to column rotations. =

Figure 2

| Tangent Stiffness
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Required  Tests of Isolation Systems

All lsolatlon systems shall venfy seismic performance by correlating shake table test results
with analytically predicted responses prior to consideration for use.

The characteristics of the isolation system that are used in design shall be verified by tests.
As a minimum, the following tests shall be conducted:

*

Lateral load tests in accordance with tests prescribed in the NIST Report, CERF Report
or HITEC Report.

Shakmg table tests at a scale of no less than 1/4 full scale.

Pr_ototype Tests

(D

(2)

&)

C))

(5)

©

: 'stplacement

Thermal — Three fully reversed cyeles of lo'tds at a lateral displacement

‘cotresponding to the maximum thérmal dlsplacement

This test venﬁes the lateral force exerted by the isolation system at the maximum

thermal displacement.

Wind and Braking — Twenty fully reversed cycles between limits of plus or minus
the maximum load at a duration not less than 40 seconds. After the cyclic testing,
the maximum load shall be held for one minute.

ThlS test venﬁes the resistance of the 1solat10n system under service load
conditions.

Seismic — Three fully reversed cylces of loading at each of the following mult1ples
of the Design Dlsplacement 1.0, 0. 25 0.50, 0. 75 1.0 and 1.25 in the sequence

shown.

This test verifies the dynamic response of the isolation system for various
displacements.

Seismic — (15 Sj)/B cycles not to exceed 25 but not less than 10 fully reversed

* . ¢ycles of loading at 1:0 times:the:Design Displacement.: The: test shall be started
- from a drsplacement equal to the Serv1ce Dlsplacement

| ThlS test venﬁes the surv1vab111ty of the 1solator after a major earthquake

Wind and Brakmg The wind and braking test (test No. 2) i$ repeated to verify
service load performance after a sersmlc event

Performance Venﬁcatton Three fully reversed cycles of loadmg at the Desrgn

R Tms test venﬁes the performance of the bearmg after the sequence of tests has been ,

completed.-

If the isolators:are forlow temperature areas; thén the: performance verification test must be
repeated at temperatures of -7, -15, -21 or -26 degrees Celsius (20,5; -5 or -15 degrees :
Fahrénheit) for temperature zones A B, C, and D respectively. 7



The test temperature represents 75 percent of the difference between the base temperature
and the extreme temperature in Table 14.3.2 of the AASHTO Standard Specification (Division I).

System Adequac'y

The performance of the prototype specimens shall be assessed as adequate if the following
conditions are satisfied:
¢ The force-deflection plots, excluding the viscous damping component, of all tests
specified in the prototype tests have a positive incremental force carrying capacity
congistent with the lateral force restoring requirements. The purpose of this
requirement is to ensure that the hysteretic elements of the system are stable,

*  The effective stiffness of any individual cycle shall not differ by more than plus or
minus 10 percent of the effective stiffness average over all three cycles.

*  There is no greater than a 20 percent ch‘ange in effective stiffness between the first cycle
and any subsequent cycle of each test specimen for the seismic displacement tests.

Stability Verification

The vertical load carrying elements of the isolation system shall be demonstrated to be
stable under one fully reversed cycle at a specified displacement under a combined vertical load of:

Maximum Vertical Load V.M‘inimum Veﬁical Load
12D +LLg +0.35 AD + OT | 0.9 D - (0.35 AD + OT)
where: D =" Dead Load

A = Horizontal peak ‘g'r‘Ound acceleration

OT* = Overtuming
LLS = Seismic'}iv'e load

.- 'The seismic live l0ad is a percéntage. of thé total live load considered applicable for design
by the Engineer of Record. Typically live load is not considered in Load:Group VII of the
AASHTO Standard Specifications (Division I). However, since isolated structures are generally
much more flexible, additional mass from the live-load may need to be considered.

Wear and. Fatigue Tests

Wear and or fatigue tests shall be conducted to quantify the wear or fatigue occurring over a
minimum,displacqment of 1.6 km (1 'mile).: The test shall be-performed at the design contact
pressure and rotation at room temperature. The test speed (rate of application) $hall not be less
than 63.5 mm/minute (2.5 inches/minute). If the isolators are for low temperature areas, then 10
percent of the test shall be petformed at temperatures of -7, :15; -21, -26 degrees-Celsius (20, 5,
-5, or -15 degrees Fahrenheit) for temperature zones A, B, C, and D respectively.

-+« In lieu of the low.temperature test criteria, a'4.8 km' (3 mile) test may be performed when 4

approved by the Engineer of Record. -« -

I




Nominal Properties of the Isolation System

The minimum and maximum effective stiffness of the isolation system shall be established
by cyclic tests covered in the specification. The design properties that affect the effective stiffness
(Kmax and Kmin) shall be determined from Kd and Qg and modified by the appropriate lambda
(M) factors to account for the effects of temperature, aging, scragging, velocity and variability of
materials, as follows:

- Kd,max = Kd X Amax
Kdmin =  KdXAmin
Qd,max = Qd ><‘.7>&max‘
Qd,min = Qd X Amin

Similarly, the equivalent viscous damping ratio (8) shall be modified by the appropriate
lambda factors as follows:

Bmax =B X Amax
Bmin = B X Amin
Lambda (A) Methodology

The lambda methodology presented in the proposed specification is largely'based on
research and data accumulated by Professor Constantinou of SUNY. The approach is entirely new
to the specification and it represents one of the more significant changes made.

The procedure provides a rational and systematic tool for dealing with variables such as:
temperature, aging, frequency, velocity, travel, contamination and scragging, all of which directly
of indirectly affect the design and performance of the isolation bearing. Naturally, all lambda -
values do not apply to all the various systems. For instance, frequency lambdas are relevant to
devices with viscoelastic behavior (elastomeric bearings) and velocity lambdas are relevant to

sliding systems.

' Mintminm and maximam lambda values will be determined by selecting the appropriate
adjustment factors as follows: _

Amin = Amin,t X Mmin,a X Mmin,f X Mmin,v X Amin,tr X Amin,c
Amax = MAmax,t X Amax,a X Amax,f )><"v7‘¥max,'vs>< 'Xma).(,tr X Mmax,c
where: R o
"t = Factors to account for temperature
Aa = Factgrs to account for aging '(including corrosion) . |
A= Factors toaccount foreffect offrequency S
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G at frequency equal to inverse of T,
At = G at frequency of testing

Ay = Factors to account for effect of velocity

1L at relevant velocity

Ay — M atvelocity of testing

Atr = Factors to account for effects of travel (wear)

Ac = Factors to account for effects of contamination (in sliding systems)
Ascrag = Factors to account for-the effects of scragging a bearing (elastomeric

systems)

Lambda adjustment factors:are applied to'A factors to account for the probability of
occurrence. The following adjustment factors shall apply to all A factors except Ay and Af.

1.0 for critical bridges
0.75 for essential bridges
0.66 for all other bridges

The adjustment factor shall apply to the portion of a A that deviates from unity.

Example:

Amax,c - = 1.2 without zidjustment factor

Mmax,c = B +(12 _1)075=1.15 fgr‘adjuStment"fa‘Ctor‘of 0.75
xlﬁin;tr' = - 0.9 without adjustment factor | o

Amin,tr = 1-(1-09) 075 = 0.925 for ‘adj_tylrs,tment factor of 0.75

ELASTOMERIC BEARING DESIGN AND CONSTRUCTION
The elastomeric bearing sectionis were found adeqiate by the Task Group and remain
largely unchanged in the proposed speciﬁcationg. o
o SLIDING BEARINGS

The proposed specification has two new sections which cover sliding bearing design and
construction. The new sections cover bearings that utilize PTFEand stainless steel as well as other

sliding interfaces. N
The PTFE section was modeled after the existing AASHTO LRFD Code. Service load
design coefficients of friction for PTFE sliding surfaces were taken from NCHRP Report No. 10-

20A, final report. Service coefficients of friction for other sliding surfaces will be established by
testing and adjusted by the appropriate lambda values in accordance with the document. Seismic




coefficients of friction will be determined from the area under the force displacement loops of three
cycles divided by the total travel distance.

Service contact stresses for PTFE are the same as those specified by the AASHTO LRFD
Code, however, they may be exceeded when demonstrated by tests on full size bearings and the
wear test requirements are satisfied. Service contact stresses for other sliding surfaces will be
determined by testing full size bearings and qualified by the wear test,

The allowable seismic contact stresses for PTFE were determined by increasing service
contact stresses 70 percent.

OTHER ISOLATION SYSTEMS
_ The final section of the proposed guide specification covers all other isolation systems that
contain a flexible element, restoring force capacity and energy dissipation capacity and were not
covered in the previous sections of the document.

Acceptance of the system shall be based on satisfying the requirements set forth in the
system characterization tests, design, fabrication, installation, inspection, maintenance, prototype
testing, and quality control testing sections. -

System Characterization Tests

~ The characteristics of the isolation systém that are used in design shall be verified by tests.
As a minimum, the following tests shall be conducted:

* Lateral load tests in accordance with tests prescribed in the NIST Report, CERF Report
or HITEC Report.

» Shaking table tests at a scale no less than 1/4 full scale.

» Tests to investigate the variations in system properties and their effects on response. ‘At
a minimum, the effects on temperature, rate-dependency, prior loading (including
wear), and environmental effects shall be'investigated. Values for Amjn and Amax
shall be developed from these tests. ‘

* In addition to the foregoing test data, information from pteVious field p_x‘pen’ence in
~other applications may be used to demonstrate the system characteristics.

Design Procedure

A complete, rational, design procedure for the isolation system shall be provided to the
Engineer prior to the start of the prototype testing. This procedure shall include:

*  The bases for the selection of thie limiting material stresses, deformations or other
critical response quantities.

» The method for predicting the cyclic load deformation relationship of the system.
» The method for predicting the stability limit of the system.

At least one design example shall be submitted with the design procedure, including the
calculations for obtaining the maximum force response and maximum displacement response.



Fabrication, Installation, Inspection and Maintenance Requirements

All special requirements for fabrication, installation, inspection and maintenance shall be
submitted, in writing, to the Engineer prior to the start of prototype testing. As a minimum, these

shall include:
*  Materials to be used and the specifications that they must satisfy.
¢ Any special material testing requirements.
¢ Fabrication sequence and procedures.
* Fabrication tolerancés and sufface finish reqllireﬁiérits.
*  Any special handling requirements,
* Installation procedures and tolerances.

*  Maintenance requirements, including a schedule for replacement of any components,
for the lifetime of the system. o ‘

Prototype Testing

Prototype testing shall be conducted for each job in order to demonstrate that the design
achieves the performance réquirements set out ini the job specifications; Insofaras possible, the -
tests shall conform to those defined in the prototype section of the document. ‘The Engineer may,
at his discretion, require additional tests to verify particular characteristics of the system.

Quality Control Testing
Quality control testing shall be conducted on évéfy beanng Test feduirérhénts and i
. acceptance requirements shall be established by the Engineer. -~ cr

An updated and expanded AASHTO Guide Specification for Seismic Isolation Design is
under development by the T-3 Task Group, The Task Group, under the authority of the AASHTO
. T-3 Seismic Design Committee, has updated the existing 1991 AASHTO Guide Specification for |
Seismic Isolation Design to reflect ¢hanges in the AASHTO Standard Specifications for Highway z
Bridges and expanded it to reflect the development of new isolation bearing technologies. :

. To date, the Proposed Guide Specification for Seismic Isolation Design is still under
revision by the T-3 Task Group. ‘The Proposed Guide Specification has not been approved by the .
T-3 Seismic Design Committee fior has it been réviewed by the AASHTO Subcommitteé on |
Bridges and Stryctures, It is anticipated that the proposed specification will be ready for ballot next ;
June 1997 for the annual AASHTO meeting i Jackson, Wyoming, o ,

;32_~




ACKNOWLEDGEMENTS

The proposed “Guide Specification for Seismic Isolation Design” was developed on a fast
track schedule thanks to the hard work and efforts of the T-3 Task Group. The Author thanks the
T-3 Task Group: James E. Roberts, Myint M. Lwin, Ralph E. Anderson, Dr. John F. Stanton,
Dr. Michael C. Constantinou, Dr. James M. Kelly, Dr. Ian Aiken, Dr. Ronald L. Mayes, Dr.
Victor A, Zayas, Paul Bradford, and Dr. Hamid Ghasemi for their dedication. The Author also
thanks Li-Hong Sheng and Judi L. Wong for their assistance,

REFERENCES

L. AASHTO (1991), Guide Specifications for Seismic Isolation Design, American
Association of State Highway and Transportation Officials (AASHTO).

2. Draft (9/96), Guide Specification for Seismic Isolation Design, Roberts J.E., Lacalle
R., Sheng L.H., Stanton J.F., Constantinou M.C., Kelly J.M., Aiken 1., Mayes R.L.,
Zayas V.A., Bradford P., Ghasemi H., Lwin M.M., Anderson R.E,

—33—



)




Session 2

- "Passwe/Hybrld Protectlve Systems

(Co-Chalrs. H Iemura, A Klremidjian)"b- ;







DEVELOPMENT OF HIGH DAMPING SYSTEMS
FOR LONG SPAN BRIDGES

Shigeki UNJOH *° , Hisanori OTSUKA #’ , Yozo GOTO *
Tkuo SHIMODA *° , Yasuo MAEHARA ®> and Tetsuo TAKEDA ©°

1) Head, Earthquake Engineering Division, Earthquake Disaster Prevention
Research Center, Public Works Research Institute, Ministry of Construction

2) Professor, Department of Civil Engineering, Kyushu University

3) General Manager, Civil Engineering Department, Technical Research Institute,
Obayashi Corporation

4) Director, Development Section, Qiles Corporation

5) Director, Earthquake Research and Development Department,
Yachiyo Engineering Co., Ltd

6) Vice Director, Civil Engineering Department, Kajima Institute of Construction
Technology '

ABSTRACT

A long— span bridge is a relatively flexible structure and have generally smaller damping
characteristics. Since the damping characteristics significantly affects the earthquake
response of the superstructure, therefore, to augment the damping characteristics is
expected to effectively reduce the section forces and displacement response which are
critical in the rational and economical design of the bridge. Three years research
program on the "Development of Seismic Isolation Design using High damping Materials
for Long—Span Bridges" was conducted by the Public Works Research Institute, jointly
with the Public Works Research Center and 19 private firms from 1993 to 1995[1,2].
This paper presents the outline of the joint research program and the development of
new seismic response control devices to increase the damping characteristics for
long— span bridges.

1. INTRODUCTION

Long— span bridges have generally smaller damping characteristics. The longer span
bridge has generally the smaller damping ratio, and the vibration of superstructures is
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easy to be developed by environmental external forces such as wind and. earthquakes,
ete. The damping characteristics of long— span bridges are significantly affect the seismic
response of superstructures and the force transmitted to substructures from
superstructures. Therefore, it is expected to reduce the section force and displacement
response which are critical in the design by i increasing the dampmg characteristics of the

superstructure,

Technology to increase damping chamcferistics of long— span bridges has been ‘recently
developed, that is the seismic response control technology using passive, active and
hybrid control dev1ces. Selsmlc isolation de31gn (Menshm desngn) has been adopted for
the short and mid—span general bridges[3]. For the general bridges, the damping
augmentation is made by seismic isolation hearings. However, for long~span bridges,
damping augmentation devices which are applicable not only for bearing but girder and
substructures are expected to he developed usmg new materials and new structural
concept. Fig.1 shows the illustration of the development of hlgh damping systems for

long— span bridges.

Three years joint research program on the "Development of Seismic Isolation Design
using High damping Materials for Long—Span Bndges" was conducted by the Public
Works Research Institute, jointly with the Public Works Research Center and 19 private
firms from 1993 to 1995. The objectlves of the program was to develop new hlgh
dampmg systems using hlgh dampmg materlals and new structural concept Whlch are.
apphcable for the long— span bndges Thxs Ppaper presents the outline of the ]omf
research program and the development of new seismic response control dev1ces fo
mmease the dampmg chamctenstlcs for long— span bndges Nmeteen private ﬁrms
consist of matenal makers of steel and rubber bridge makers, general eontractors and

design consultmg compames

2. JOINT RESEARCH PROGRAM

Firstly, the damping characteristics of long— span bridges were studied, Based on the
experimental studies of the actual bridge vibration tests using eccentric— mass— shakers,
it is know that the damping ratio obtained is generally smaller. than “about. 001
Therefore, it is of great importance issue to augment the damping characterlstxcs and to
reduce section forces ‘which are cntlcal m the deSIgn is expected to -be effectlvely:

performed

Based on this objectives, the following three subjects was selected in the joint research

program.
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(1) R&D on High Damping Devices using New Materials and New Structures
1) Development of new high damping materials applicable for long— span bridges
2) Development of durable and stable system for long term use as 50 years
3) Development of small effect for non— seismic situation of bridges
(2) R&D on Design Methods for High Damping Systems
1) Evaluation methods of dampmg characteristics of bridges with high damping
systems
2) Selection methods for the location of high damping systems
3) Design methods of high damping systems and bridge
(3) Applicability Study of High Damping Systems
1) Seismic response control of bridge under construction
2) Applicability of high damping systems for cable—stayed bridge, suspension
bridge, high pier bridge, and substructure

3. DAMPING CHARACTERISTICS OF LONG~—SPAN BRIDGE

Damping characteristics is one of the most important factor for the evaluation of the
dynamic behavior of the bridges. For the purpose of studying the damping
characteristics of actual long—span bridge bridges, the dynamic vibration testes data
using eccentric— mass— shaker were investigated[4].

Table 1 shows the long—span suspension bridges studied where the vibration testes
using eccentric—mass—shaker were made after the completion of ‘bridges ‘in Japan.
There are some more bridges where the tests were made in the world, but.the tests
were made by using ambient vibration testing methods. Therefore, in this study
analyses was limited to the tested data using the eccentric— mass— shaker, In Table 1,
the longest bridge is (D Minami— Bisan— Seto Bridge on Honshu— Shikoku ‘Bridge with
center span length of 1,100m, the shortest one is @ Omiie Bridge with center span
length of 120m. @ Minai— Bisan—Seto bridge and & Onaruto bridge have .double deck
with highway and railway. @ Rainbow bridge has double deck with hlghway and new
transportation system. The ‘others has single deck.

In the seismic design, the vibration in the longitudinal and transverse directions is
important. Since the past experimental data are originally t o study the stability agamst
wind, the data is in the vertical and torsmnal directions. :

3.1 Natural Frequency

Fig.2 shows the relation between the center span’ length “andttheffundamént’avl natural
frequency based on the ‘tested data.‘In the!figure, statistical linear equation obtained
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from the data were shown and the statistical equations for the cable— stayed bridges
were also shown[5). It should be noted that since the statistical equation for the
cable— stayed bridges were obtained from the data with the center span length less than
400m, therefore, span range over 400m is estimation of the out of data range, The
‘natural frequency is smaller for the bridge with longer span length, Statistical equations
for the suspension bridges and cable— stayed bridges are almost the same in the vertical
vibrations. However, the gradient of the statistical equation for the torsional vibration of
the suspension bridges is smaller than that of the cable— stayed bridges. It means that
the torsional stiffness for cable— stayed bridges is much larger than that of suspension
bridges.

Although the number of data is not enough, good agreement was obtained between the
tested data and the statistical equation. The statistical linear equation was obtained as
Vertical Vibration

f1% = 3801772 (r=0.978)
Torsional Vibration ] (1)
f1" = 246 % 070 (r=0.978)
where ,

f1"Y : fundamental natural frequency (Hz) for vertical vibration

f1"  : fundamental natural frequency (Hz) for torsional vibration
L : center span length (m)
r  :correlative coefficient

3.2 Damping Charactenstlcs

Fig.3 shows the relation between the center span length and the averaged dampmg
ratio. The averaged damping ratio means the averaged data of the: damping ratios which
were obtained for the several modes..In the figure, the statistical equation and ‘the
equation of ‘the cable— stayed bridges were also shown. The damping ratio ‘is ranging
form 0.002 to:0.034 and large scatter was found in the relation between ‘the damping
ratio and the center span length.

Although the number of data is not enough the statxstlcal linear equation was obtained
as similar to that for the natural frequency.
Vertical Vibration o .
h® = 0237 L 088 (r=0.812) S

Torsional beratlon - S
h™ = 00821 " 207 (r=0.396)
where

~h®"  :averaged damping ratio for vertical vibration
hT  :averaged damping ratio for torsional vibration -
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L  :center span length (m)
I : correlative coefficient -

Based on the tested data, it i$ found that the damping ratio for longer span bridges is
smaller. Although the statistical equation was obtained using the data ranging to 1,100m,
the damping ratio for the long—span bridge with center span length of 2,000m is
estimated as about 0.002 and 0.004 in the vertical and torsional vibrations, respectively.

4, NEW DAMPING AUGMENTATION DEVICES DEVELOPED

The new development through the three years research project are shown in Table 2.
- These are summarized as follows.

(1) R&D on High Damping Devices using New Materials and New Structures

Ten kinds of high damping devices in total were developed. Table 3 shows the outline of
new high damping devices developéd. Developed devices were tested and the design
equations were also developed. Shaking table tests using a cable— stayed bridge model
with ‘high damping devices developed were also made for the verification of the
effectivenéss of thé high damping systems developed.

(2) R&D on Design Methods for High Damping Systems :

In th design of long— span bridge with high damping systems, it is important to evaluate
the damping characteristics of the bridge based on the energy absorption capability, In
this study, the evaluation methods of damping characteristics of the bridges in
consideration with the nonlinear hysteresis force displacement relation. To efficiently
expect the appropriate damping effect for the bridge structure, the high damping devices
have to be appropriately arranged on the bridge. The arranging methods and a simple
model for the investigation of the arranging the devices were developed for
cable— stayed bridge and high pier bridge.

(3) Application of High Damping Systems

High damping systems are effective to reduce the earthquake response of the
long—span bridges through the study of the applicability of the high damping systems
for the several long—span bridges. Since there are several bridge types for the long
span bridges, the appropriate design methods are required for the design of bridge with
high damping devices. In this study, th design methods for controlling the vibration of
the bridge under construction, applicability to high pier bridge, cable— stayed bridge, and
suspension bridges were studied.



5. CONCLUSIONS

. The high damping systems applicable for the long span bridges were developed through
the joint research program. The applicability of high damping devices developed for the
long span bridges were also studied. Based on this study, the following conclusion were

made.

(1) Based on the data of bridges where the dynamic vibration tests were made, the
damping characteristics is smaller for longer span bridges. Although the statistical
equation was obtained based on the data ranging to.1,100m, the damping ratio for

- the long—span bridge with center span length of 2,000m is estimated as about
0.002 and 0.004 in the vertical and torsional vibrations, respectively.

(2) Ten kinds of high damping devices in total were developed. Developed devices
were tested and the - design equations were also developed. Shaking table tests
using a cable~ stayed bridge model w1th hlgh damping systems were also made for
the verlfl_catlon of the effectiveness of high damping systems developed.

3) fIigh damping ‘systems are effective to reduce the ea_rthquake'r_esponse; of the

long—span bridge through the study of the applicability -of the high damping
systems for the bridges. |
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Table 1 Suspension Bridge in Japan Where the Vibration Tests Were Made

Bridge

Construction

Name Vear S_tructur’e Span Length(m)‘
(D Minami— Bisan 1988 3—span continuous 264+1,100+264
~Seto Truss Girder (Double)
® Onaruto 1985 -3~ span; 2- hinge 320+864+312
Truss Girder (Double)
® Oshima 1988 “1~span ' 140+560+140
. Box Girder - : - 0
@ Kanmon 1973 3 span, 2— Hinge 17847124178 !
Truss Girder |
® Wakato 1962 3— span, 2— hinge 89-+367+89
Truss Girder o
® Hakogase 1967 3~ span, 2— hinge" 30+206+30
Truss Girder - ,
@ Kamiyoshino 1971 - 1-span 326425084326
" Truss Girder |
® Konohana 1989 3- span,Mono— Cable 120+300+120
, o Box Girder A
© Sonohara 1969 | "1‘—‘_spair1' 136
Truss Girder :
@ Omine 1970 ~ 1-span | 120
Truss Girder | ‘
@ Rainbow 1993 3— span, 2— hinge 114+570+114

Truss Girder (Double)




Table 2 Development of Three Year Joint Research Program

R&D Issue Summary of Developed Technology

High Damping | (1) Ten kinds of new high damping devices were developed,
Devices - 1) Rotational Lead Extrusion Damper

2) Bending Damper using Low Yield Point Steel -

3) Canti~ Lever Damper using Low Yield Point Steel
~ 4) Super Rubber Damper

5) Super High Damping Rubber Bearing

6) 3—Dimensional Composite Material

7) Friction Pavement

8) Powerful TMD

9) Damper at'the Girder end

10) TLD

2) Experlmental Study of High Damping Devices Developed
@ Proposal of Design Equations for High Damping Devices
4) Venﬂcatlon ’I‘ests by Shake Table Tests of Model Bridge

Design Methods| (1) Estimation Methods of Damping Ratio of Total Bridge based on
‘ the Energy Absorption Consideration '
(:2)} Efficient Arranging Methods of High Damping Devices

Application | (1) Se‘iémie Response Control of Bridge under Construction
| | 1) Control Devices using AMD and Variable Stiffress Damper
- 2) Venﬁcatlon Tests by Shake Table Tests of Model Bridge
(2) Seismic ISolation of Foundation
1) Seismic Isolation De31gn of Large Rigid Foundation usmg
igolation’and: mass- dampef concepts ‘
2) Isolatlon Foundation for Cable= Stayed Bndge
(3) Apphcatxon to High Piér Bridge L
Damper at glrder ends, 'slab isolation, apphcatlon of TMD and
AMD
(4) Apphcatlon to Cable— Stayed Brldge
Damper TLD, Cylmdncal High Damping Rubber Damper,
| 3=D Composite Materlal Darnper
5) Apphéatlon td Suspension Bndge
~ Cable:Damper o o
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Table 3(1) High Damping Devices Developed for Long Span Bridge

Devices

Energy Absorption

Illustration

Rotational Lead
Extrusion
Damper

Energy absorption by
plastic deformation of
lead 4
(cylinder type and
rotation type)

Bending Damper
using Low Yield
Point Steel

Energy absorption by

plastic deformation of
low yield point steel -
(at the bottom of cable-
stayed bridge)

~ Damper

_pin Bearing

T

>K/

| Bending‘ Damper using
LYP Steel

B I

Canti~ Lever
Damper using
Low Yield Point
Steel

Energy absorption by
- plastic deformation of
low yield point steel

| (canti—lever type)

Super Rubber | Energy absorp-tion%b'y - |(Flow Type Damper)
Damper deformation of high | - .. . o
damping rubber High Da““??"}% Rubber
| (shear type and flow .. >
type) '
Super High Damping characteristics is larger than usual hi'gh"démping rubber

Damping Rubber

Bearing . .. - . -

bearings (equivalent damping ratio is larger than 20%)
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Table 3(2) High Damping Devices Developed for Long Span Bridge

Devices Energy Absorption Illustration

3—Dimensional |Composite Material with |(Structure of Fiber)

Composite grass fiber reinforced Fiber
Material plastic and epoxy resin
\]
Friction Energy absorption by (Application to Cable— Stayed Bridge)
Pavement friction between slab

and bridge girder
Friction Slab

Powerful TMD | Usual TMD is U7
strf:ngthened by arm TMD
action S T .
Frame :: I | .
i 1 Arm
Bridge / I
4
Damper at | Dampers is installed at ,
Girder end .-  |girder ends . Damper Stopper Viscous Material
ug.é};u
., L |
- Bearing [ l - Stopper Spring

Check Valves




Table 3(3) High Damping Devices Developed for Long Span Bridge

Devices Energy Absorption Illustration
TLD Energy absorption by ~ [TLD is installed in the girder box)
liquid sloshing vibration
Control of AMD to increase the AMD
Bridge under |seismic safety of , O] <= Longi tudinal
Construction bridges under _‘¢vcmcﬂ | = \ :
by AMD construction ' /// \\
| . 3 _‘_ Scj‘smg,"o‘l“ce o
Isolation 'La'rgef‘ 'é“cale fouridation (Rigid Foundation)
‘with isolation

Foundation

* Rubber

High Damping

(Foundation of Cable--Stayed Bridge)® =~

Devices

Base Footiﬁg —_

Ny

i | Gap Sealing -
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Damper to -
improve Dampmg
Characteristics

,Dampmg Material to Improve

Dampmg Characterxstncs

Lateral " :
Beam with ?<;\
Damper

-

/r' .
L\:\—\._ -J)Damper to

™= - Improve Damping

Characterxstlcs(&

\\/>
m
- \ —\
Y 4sS
o
Isolation
Damper

Bearing

TFig.l Tlustrauon u rugh Damping Systems for Long—Span Bridges
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DEVELOPMENT OF HIGH DAMPING DEVICES FOR LONG SPAN BRIDGES
AND THE DESIGN METHOD

Shigeki Unjoh?), Yozo Goto?, Ikuo Simoda®, and Yasuo Machara®)

1)Head, Earthquake Engincering Division, Public Works Rescarch Institute, Ministry of
Construction, Tsukuba Science City, Ibaragi, Japan
2)General Manager, Civil Engincering Departinent, Technical Réscarch Institute,Obayashi

Corporation, Kiyose-shi, Tokyo, Japan

3)General Manager, Development’ Section, Structural Equipment Drvrsron, Qiles Corporation,
Fujisawa-shi Kanagawa, Japan

4)General Manager, Second Engincering Division, Yatiyo Engmeenng Corporation Meguro-ku,
Tokyo, Japan _ :

ABSTRACT

Cable stayed brldges and other Iong span brldges are low dampmg structures, and there is a
possrbrhty that earthquake response could be effectrvely decreased by the appropnate mstallatlon
of devices that 1mprove levels of damplng A Jomt research pro;ect was set up by the Publrc
Works Research Institute of the Mrmstry of Constructlon, the Pubhc Works Research Center and
19 compames from pnvate sector to develop hrgh damprng devices and desrgn methods that utlllze

them. Thrs report mtroduces some of the devrces developed and the design methods
INTRODUCTION

Damping levels for long span bridges generally become lower the lon‘ger' the":span of thebridges
are, and this easﬂy leads the brrdges vibrate. In long span brrdges, dampmg has great effect on thc
earthquake response of the super structures and the sectlon force passed through to the
foundatrons, and the sectron of structural members could be efﬁcrently decreased by nnprovmg the

damprng, leadmg to the expectatron of more economlc desrgns

In order to improve damping in long span bridges, it is necessary to develop.damping devices and
vrbratron control devices surtable for long span brrdges It is also necessary. to estabhsh a method
of desrgn wrth hrgh damprng as the obJectrve For th1s purpose, a Jomt research prOjcct was set up
betWeen 1993 and 1995 by the Pubhc Works Research Instltute of the Mrmstry of Constructron,
'the Public Works Rescarch Center and 19 compames from private sector.
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This joint research project was divided into three scparate fields,(1) development of high damping
devices with the use of new materials and new mechanisms, (2) the development of design
methods that utilize the deviccs, and (3) the applications of the design methods to long span
bridges. This paper will report on the five types of high damping devices developed in (1) and a
certain point of the design method developed in (2).

DEVELOPMENT OF HIGH DAMPING DEVICES
Lead Extrusion Damper (Oiles Corporation was in charge.)

1) Structural Aspect

As lead possessces a re-crystallization property, the mateﬁal durability is good and it is confirmed
that its characteristics against repeated excitation when placed in a housing are stable. A lead
extrusion damper (LED) for lead poured into a cylinder type housing has already been developed
in New Zealand (Fig. 1), and a rotation type LED for small capacity has been‘deyeloped in Japan,
This joint rescarch project, therefore, developed a rotation type LED as large as possible for
application with long span bridges. Fig. 2 indicates the prototype of the large-scale rotatron type
LED with a capacrty of 35tf. Horizontal movement is converted across to the: shafts rotary

movement with the use of an arm, and the protrusion attached to the rotation shaft molds the lead

within the housing.
2) Result of Performance Tests

A representative hysteresis curve is indicated in Fig 3. Backlash was monitored in two locations
of the curve, The backlash with a load close to zero was created by the arm and rod pln, “and the
backlash with a load close to 20tf was caused by the gap between the lead and the rotatlon shaft
protrusion. This gap can be reduced by mcreasmg the pressure on the lead poured into the

housing.

Frg 4 shows the relatr()nshlp between drsplacement and re81stance, and Fig. 5 shows the effect of

the exertmg frequency on the relatlonshrp between dlsplacement and absorbed energy Resrstance
increases in accordance with mcreased drsplacement but the rate of increase gradually deereases




This tendency is the same as the characteristics held by lead during shearing deformation and it is
assumed that resistance is gencrated in rotation type models also through shearing. The arca of
hysteresis loop indicated that a tendency for the absorbed enecrgy it to increase accordance with

increased displacement existed.

As a remarkable difference in the frequency was not recognized with these diagrams, the velocity

dependency was assumed to be minimal,

The temperature of the Iead ‘increased and the resistance fluctuated when the number of times a
repeated load was placed on it was increased. A repeated load was placed on a small device with a
capacity of 1.5tf three-hundred times, and the results of the relationship between temperature rises
and resistance is indicated in Fig. 6. Although the temperature rose from 30 degrees to 70

degrees, the amount of fluctuation in the resistance remained at approximately 20%
3) Conclusions

Rotation t);pc LEDs possess the following features;

@ The ability to absorb energy existed from a comparatively small displacement.
(@ Amplitude dependency was observed in resistance and absorbed encrgy. |

@ Frequency dependency in resistance and absorbed energy was minimal.

@ Repetition led to increases in temperature, but the effects on performance were relatively small.
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Figure 1 Cylinder Type LED
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Very Low Yield Point Steel Damper
(Takenaka Civil Engineering & Constriiction CO., LTD. was in charge.)

1) Structural Aspect

As the very low yield point steel (BT-LYP100) is a material that does not display a clear yield
point, it has excellent hysteresis energy absorption capacities. A cantilever beam-type damper was
therefore developed with the use of very low yield point steel assuming that it could be placed
between the main girder and main tower ‘of cable stayed bridges, and between the girder and pier,

or girder and abutment of high pier long span bridges.

An outline diagram of the damper is prov1ded in F1g 7. Stoppers were used in combination with

the objective of widening the plastic zone of the cant:lever

2) Result of Performance Tests

Fig. 8 provides an outline dlagram of a dynamic loading frame and thc test device with a two
stages gap included between the very low yield point steel's cantilever and the stopper.

A representative hysteresis curve is indicated in Fig. 9. The cantilever came into contact with the

lower stopper with +/-5mm of displacement amplitude and even came into contact with the upper
stopper with +/-10mm of displacement amplitude. Significant changes appeared in the stiffness of



the damper through the contact, but the changes were not sharp. It was also confirmed that the

hysteresis curve was not affected by loading speed.

Fig. 10 and Fig. 11 show the relationship between equivalent damping constants, equivalent
stiffness (sccant stiffness) and displacement amplitude extracted from the hysteresis curve,
Although sufficient damping for analytical estimate was not attained owing to a certain amount of
play in the arca where the test device was attached, the damping constant maintained an almost
stable valuc through the cffects of the stoppers cven when the displacement amplitude was

increased, The amount of reduction in equivalent stiffness was relatively low.
3) Conclusions

D By combining a multi-stage stopper with the cantilcv'cli beam typc dampéfwifh the use. of vcry.
low yield point steel, it was possible to make a damper that was comparatively unaffected by
displacement amplitude and loading speed.

@ The non-lincar finite element analysis predicted the damper's hystetesis curve.

——
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Figure 7 Outliric Diagram of Cantilever Damper o
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Highly Plastic Rubber Damper (Bridgestone Corporation was in charge.)
1) Structural Aspect

A flow resistance type damper was developed by this research project with high plasticity rubber.
An outline bdiagram of the device is displayed in Fig. 12. The structure consists of rubber.
(unvulcanized fluid rubber) poured into a sealed housing ‘and a shaft equipped with protrusions
that create the plastic flow of the rubber to absorb energy. Fig. 12 shows a small model used for
the performance test. The rubber poured inside possesses certain features of ideal elast-plastic

materlal
2) Result of Performaiice Tests

A réprcschtéﬁi?e hystercsis curve for load displacement relations is indicated in Fig. 13. The
curves were almost square for all amplitudes, and resistance increased as the amplitude and
frequency became larger. Fig. 14 shows the relationship between displacement speed and
resistance. Resistance were in proportion to 0.28 powers of velocity.

Fig. 15 indicates the characteristics obtained when a constant displacement amplitude was

subjected to continuously and repeatedly. The temperature rose by approximately 20 degrees of
centigrade for every one-hundred repeat on SOcm amplitude. The rate of decrease for the
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resistance at this point was approximately 30%, but the hysteresis curve had little change and

remained stable.
3) Design Method

If the poured rubber is asumed to be non-Newtonian viscous fluid and the shear stress and
differential pressure within the housing is to be proportional, it is possible to express the resistance

Fp, of the damper with equation (1) and equation (2).
_C'mD,D,L P

" D,-D | | ¢y

. J4@ +D)|
¢ C{(Do“Dl)z} A (2)

D1

~ In this casc, V: velocity, C: material constant and n: material constant becomes 0.28, D 1>>D,,.

4) Conclusions

(D The resistance of dampcrs made with hlgh plastlclty rubber was in proportlon to appr0x1mately
0.28 powers of velocity.

@ Comparatively stable characteristics were indicated for repeated loadiné.'

® The resistance to which the dampers are subject can be evaluated with équation (1) and equation

).
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Very High Damping Rubber Bearing
(The Yokohama Rubber Company was in charge.)

1) Structural Aspect

Very high damping rubber has been developed with an equivalent viscous damping constant of
approximately 15% and is currently being used as Menshin bearings for normal bridges, but this
joint research developed a rubber with even higher damping capablhtles An mvcstxgatxon into the
installation of dampers made with this rubber at the connection-points of suspension bridges and
cable stayed bridges was also carried out.

Fig. 16 shows ﬂ}c_structuré outline of a deyicé that utilizes the developed rubber, By permitting
the upward and downward displacement and using comparatively soft springs for the horizontal
rclgtiv,é' displacement, thgmalniijs:tg_’tion ofa ,largc_damping,cffcct can be expected.

2) Performance Tests

A high rigidity type a.nd low r1g1d1ty type of very high damping rubber were developed having
approx1mately 20% of equxvalent dampmg constant as an objcct

The characteristic change :wh’én rc':pcate_df displacement was  enforced at a test temperature of



between -10 degrees and 40 degrees of centigrade with a frequency of 0.2Hz, and a shear strain
ratio of +/-100% is shown in Fig. 17. Damping remained stable whereas the rigidity was

obscrved to change.

Characteristic changes when displacement was enforced in a serics with a test temperature of 2
degrees and a frequency of 0.2Hz are shown'in Figs. 18-19. Ten cycles of displaccment was
applied for cach of four stages between a shear strain ratio of 25% and 150% in the first serics,
and the average value from between cycle 4 and cycle 10 amOngSt the ten cycles is shown. The
second serics shows the data acquired by tepeating the same test after all cycles had ended for the
first series. The loading history effect and the shear strain effect were found slightly in the shear
rigidity. The high rigidity type showed a tendency for the equivalent damping constant to decrease

in accordance with increases in shear strain.

Fig. 20 shows the effects of loading vclocity The shear ‘strain showed a tendency to increase
slightly as the frequency became higher, but fluctuations in the cquivalent dampmg constant were

minimal,
3) Conclusions

@ A shear type damping device made of very high damping rubber was proposed urider the
intentiori that it would be installed at thie Gontact point ‘of the uppér atid lower structures of lorig
span bridges, and two types of device using very high damiping rubber were deéveloped.

@ The developed dampers were affected by tcmperature and the rigidity was affected by the
loadmg history, shcar strain and IOadlng Vcloc1ty ‘But, it was’confirmed that these values were
_within thé boundaries of practlcal use. ' v S

® Confirmation’ of ‘lohg-térm' 'dur‘ablllty' was indt'%v'éif.'éxhvj'*cité’csl and will ‘be 'the subject ‘of & later

inquiry.
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Powerful TMD (Lever-Amplified TMD, Kumagai-gumi CO.,LTD. was in charge.)
1) Structural Aspect

TMDs have accumulated many results as vibration jco'ntrol devices. But, although they are
cffective against external forces, such as the steady vibrations caused by wind, etc., they have not
so effective reduction” agamst strong unsteady external forces, such as eaﬁhquakcs, particularly
against maximum peak response. On the other hand, the bndgc g]rdcrs are connected to the
abutments at each end of the' br1dgc Thcn, this Jomt feseatch devcloped a dampcr with increased

TMD vibration control forces by taking somie of the reaction in the bridge abutment.

Fig. 21 shows a dynamic conceptual outline of the Powerful TMD (Lever-Amplified TMD). It has
a function to increase girder response displacement in accordance with the principlc‘:of the-levers
that act as a fixed point for the abutment and passes it through to the TMD, and increase the
reaction of the TMD in accordance with the same lever principle and pass it thfcugh to the girder,

2) Performance Evaluation from Analysis

The equation of motion for the model in Fig. 21 can be stated with cquatlon (3) if the glrder and
~ TMD are simplified to be two degrees of freedom system. |
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Here, the characters S, T and G represent the girder, the TMD and the foundation respectively. n

)

is the lever ratio.

Also, the optimums tuning condition and optimum damping condition were applicd in equation (4)

and equation (5).

1
Vo = AN
P o1+rlu )

©)

Here, reprcsents the optxmum frequency ratlo 1n the targct modc for vibration control for the

TMD and glrdcr, h represcnts the TMDs optlmum damping constant, and u reprcsents the

- mass ratio of the TMD weight and the girder.

In addition to this, the damping constant observed when the two degrees of freedom system
composed of the TMD and girders are converted across to an equivalent single degree of freedom

system for the girder only was applied in the folldwing equation,

| Ry
hﬁ =Ch 'hqfo =>Ch (., hT L

v -1) + e - - ©

Here, C, is an unsteadmess cocfﬁment of sclsmlc waves and a factor of approxunately 0.7 is

applicable in accordance with ¥ being the natural frequency ratio of the TMD and the girder.
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In order to confirm the effectiveness of the Powerful TMD (Lever Amplifiecd TMD), earthquake
response analysis was performed on the four~sp'ans high pier pre-stressed concrete moment frame
bridge indicated in Fig. 22 with a multiple masses model, * Table 1 shows the main modes of
bridge axial direction. As the effective mass ration of the first mode is a large 0.L85, the TMD was
designed with the vibration control mode as the first mode. The response trace when £=0.03 and
1, =4 are shown il Fig. 23, It Was found from the acceleration trace that the first mode response is
restrained. The response displaccment rate in Fig. 23 shows that although the first wave showed
movement similar to no vibration control half way though, the subsequent displacement was
restrained. Reaction for ‘the picr ‘was the same, and ‘the reactions on thé abutment reach

approximately 300tf,
3) Conclusions

(D A TMD with increased vibration control effect was developed based on TMDs with the use of
reaction from the abutment. The formulation of the dynamic model gavc the optimum tuning
method and effective damping evaluatlon method.

@ Comparisons were made with ex1stmg TMDs by analyzing earthquake response, and higher

level of v1brat10n control effectlvencss was obtamed

® The requlrcd stroke of the mass of thls 'I'MD and the abutment reaction are greatly affccted by :

1nput earthquakc motion.”

 Figine 31 Concepal Ol o Poweital TV (Lover- Amplbea ThD)
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Figure 22 Model Bridge

Table 1 Main Modes of Vibration (Axial Dircction)

Mode |Natural Period| Excitation Coefficient| Effective Mass | Effective Mass Ratio
i T By o Iy m/3m,;
(sec) . (tf+s%/m) ‘

1 3.223| 1.037 _2180.6) 0.846

2| 1.657 - 0.343 48.1 0.019

3l 0732 0404 78.4 0.030

4] ~0.608{ 0178 9.7 ©0.004(

5 0.457| - o <0082 . 3.3] - 0.001

6 0.282 -0.269 48.2| 0.019

7 0.241 o 0.121} 5.8 0.002

8 0.236 - 0.235] 41.1 0.016

9 0.188 0.111 12.2 0.005

10 0.180 . <0164 . 83 0.003]
All Mode| | 2490.8 1.000|
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Figure 23 Response Trace
DEVELOPMENT OF OPTIMUM ARRANGEMENT OF DAMPERS

Objectives

In order to improve the carthquake resistance of cable stayed bridges, suspension bridges and
other long span bridges, it is necessary for the dampers and other devices to be created on a huge
scale. It is therefore desirable to develop a method that increases effectiveness at minimal costs.

This joint research invcstigatcd the methods of arranging devices that attain required damping

effects while being subject to minimal damping capacity.

—68—




Fundamental Points Related to the Optimum Arrangement of Dampers

There are examples of research into the optimum arrangement of dampens in the fields of building
construction and machinery. By referring to the design method of the active vibration control
optimum arrangement in high-rise buildings by Kobori, etc., thc optimum arrangement index
method (Ref. 2) by F. Y. Cheng, etc., and the rescarch carried out into machine engincering by
Sato (Ref. 3), the following multiple degrees of freedom system's optimum damping arrangement

for bridges were summarized as follows:

@ In the case of damipers subject to damping effects at the points such as TMD, mstallatlon was
carried out in the web position of the vibration mode.
(@ In the case of relative displacement detection type dampers, installation was carricd out between
- the mode's web and node.
@ In the case of strain detection type dampers, installation was carried out in the position where
the maximum strain occurred:
@ A common factor for all types is the necessity to perform installation at the largest vibration

mode for the excitation cocfficient and response spectrum values against seismic motion.

Case Study (Kaihatsu Consultant’ Corporation and Takenaka Civil Engineering & Construction
CO.; LTD. were in charge.) -

A case study was carried out into the optimuth arrangement of dampers on cable stayed bridges.

The only realistic location for the arrangement of dampers on cable stayed bridges is between the
main tower and girder, and between the girder at both ends and the abutments. Consequently, a
fundamental investigation was carried out with the 3 masses model shown in Fig. 24. - A damping
effect.of 1% on-the entire structures was assumed for when no dampers were attached in the
following analysis, and non-linearity was considered: by.the equivalent linearization method when
the damper model was a bi-linear type (set as uy=1cm and K,=K,/6). -

1) In the case when damipers are attached to the thiddle supports (BetWeen the ‘base ‘of the main
*tower and the miait gu‘ders) T g ~ :



The result of analysis with the response spectrum using the three masses model is indicated in Fig.
25 for the damper's first stiffness along the lateral axis. Almost the same result was obtained
when this ‘was compared with the results of the model being created in further detail, which
provided evidence as to the validity of the three masses model, It was also found that an optimum
value for the damper exists when attention was turned to the moment of the base of the picr.

2) In the case where viscous dampers were attached to the end support and hysteresis dampers to

the middle support.

Although hysteresis dampers are relatively casy to maintain, they are not suitable for installation on
end supports as they have the first stiffness. On the other hand, most viscous dampers require
maintenance owing to their mechanical configuration, but they have the advantage of easily
absorbing thermal expansion and deformation caused by creep and dry shrinkage. - Utilizing the
advantages of these two types of dampers in cable stayed bridges, it was concluded that the ideal

situation would be to install viscous dampers in the end supports and hysteresis dampers in the

middle supports.

Considering two types of yield strength for hysteresis dampers, q=10,000tf and q=1,000tf,k the
maximum girder displacement was calculated when the viscosity of viscous dampers was changed
from ¢=5,000 to 40,000tf*sec/m. The sensitivity of the maximum bending moment on the base of
the main tower and the maximum bending moment on the base of the pier were also analyzed. The

results of this are shown in Figs. 26 to 28. The following points were pointed out from these

results:

@ It was found from Fig. 26 that the bending moment of the base of the main tower was increasc
two-fold when the hysteresis dampers were not used in combination.
@ 'It was found from-Fig. 27 that the maximum response displacement on girders: was larger in
* compatrison ‘to other cases when hysteresis d‘ampe‘rs with a yield strength of 10,000tf were
used. This was thought to-be the résult of change in' the vibration characteristics of the entire
structure when the yield strength was excessive.
® It was*found from this model that a reduction effect on the maximum displacement of girders
and each maximum section force was conspicuous when the yield strength .of the hysteresis

damper was 1,000tf and the viscosity of the viscous damper was 10tf*sec/m.




@ The bending moment on the base of the main tower had a tendency to incrcasc when
¢=25,000tf*scc/m or more, but the moment on thc main pier showed a tendency to become
lower. This is thought to be the result of excessive confiing effect on the edge of the girders
“causcd by the viscous dampers leading to a shift in the model's vibration characteristics.
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Figure 24 Simplified Cable Stay Bridge Model

‘Ji\-\’_\f__‘_‘
50)(103- . . 858

N

Detailed Model Simplified Model

—
5
&
&
—— —£* Displacement at Deck . < . : =
- —O- Bending Moment at theBottom of Tower E 200 —&— No Damper
—— —0= Bending Moment at theBottom of Pier g ﬁ 8?}888&1-
, o 150 —{% : —
o 1.2 [—‘ ‘V\s\( ’
2 % 0.8 =] 100 Froduiens :
3] b Q
g ) g o - - p
g g 06 S . ¢ *
‘g 5 04 b 50
8% o2 %
K, of Damper (X103tf/cm) ' 0 10 20 40x10°
| | - Viscous Cocfficient (tf+sec/m)
Figure 25 Ratio of Response vs. Figure 26 Bending Moment of Main Tower
K, (First Rigidity) .. vs, Damping Coefficien



; s i
\v - ~f— No Damper [ 1.5x10° - —m— No Damper [T~
’é\ 30 -0— Q=1000tf - 8 -0~ Q=1000tf
8 L N —o— Q=10000tf &1 X ] -0~ Q=10000tf |-
: Sh FERE SN
g 26""'\ < 8 1.3- -
o e b eI NN
< 22 X ~ g 1.2 ;
.‘.‘Z’* 20 '86\&\ ..... e bl \ - =
Q . - TN E 1.1 . \ Y
i 18 |
§ \0\0\ g 1.0 2 —
16 ; , ) . \s\(
o 10 . 20  40x10° 2 o 10 20 40x10°
Viscous Coefficient (tfsec/m) Viscous Coefficient (tfssec/m)
Figure 27 Max. Disp. of Girder Figurc 28 Bending Moment of Pier
vs: Damping Cocfficicnt vs. Damping Cocfficient
CONCLUSIONS

(1) Awide varietics of dampers were developed to make the best use of the characteristics of each
of materials, and-a devices that could be ‘applied to attaining high damping effects on long span
bridges were developed. Devices not introduced within this report have also been pro‘poscd' for

“actual USe , | 3 |

(2) Amongst the déhlpcrs developed, there is a nécessity to implement further rescarch into scale-
up procedures, long-term durab'illity and maintenance. 'k o |

(3) A basic requirement for the optimum arrangement of the relative displacerment’ détéCtiBﬁ type

. dampers is to insert the dampers in a location within the lé;rgest relative ampliﬁ;dc mthemam

responsc mode,
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AGING STUDIES OF HIGH-DAMPING RUBBER
AND LEAD-RUBBER SEISMIC ISOLATORS

Peter W. Clark, James M. Kelly, Ian D. Aiken
Earthquake Engineering Research Center
University of California at Berkéley -
‘Berkeley, California

ABSTRACT

Tests have been performed recently on three pairs of full-size elastomeric bearings orlgmally
manufactured and tested in 1983 in conjunction with the design and construction of the first seis-
m1cally-1solated bu1ld1ng in‘the United States. Four of these bearings are high-damping rubber
(HDR): one pair wasremoved from underneath the building'and subjected to the-original produc-
tion and prototype test programs; the other pair had been kept in'storage since the original proto-
type test-program and was retested under the same conditions. The other two bearings were lead-
rubber isolators; and these were retestéd according to their original prototype test program. The
results from the HDR pr‘oducuon bearings indicate relatively small changes in the elastomer mod-
uli, depending on the shear strain’ amplitude; but changes in the moduli up to about 20 percent
were observed in the pair of prototype bearings. This may be thé result of changes in the manufac-
turing process between the time the prototypes were completed and the production run was initi-
ated. In contrast, preliminary results from:the LRB bearings indicate negligible changes in the
long-term stiffness propermes, although d1g1t1zat1on and’ analy31s of the original prototype loops is
still’ underway The | energy. dissipation characteristics of both types of bearings were essertially
unchanged. These initial results ‘provide. conﬁdence that the long-term mechanical characteristics
of elastomerlc 1solators W111 not d1ffcr subs tantlally from those assumed in the des1gn

INTRODUCTION s

Because se1smlc 1solat10n is'a relatlvely new technology, there is eoncern in the engineering
professmn regardlhg the long-term perfonnance of the devices used. This concern exists for all’
types of systems: stlffness variations may:be caused in'¢elastoméric- based bearings such as high-
damplng rubber (HDR) or-lead-rubber bearlngs (LRB) due'to changes in‘theé elastomer matrix;
friction-based systems may exhlblt variations in the break-away coefficient of friction as a result
of long-term contact between d1ss1mllar materials; external mechanical damplng ‘devices used in
'_ _hybnd syst tems may require inspection 6f maintenance to ensure proper operation over the life of

a structure, At this time, there:is relat1ve1y little expenmental data available on'the long term
mechamcal characteristics of the: majortty of 1solat10n and energy d1ss1pat10n dev1ces 10 use or
bemg proposed for use. RETEEE TR S : : .
, Thls p,apex‘ focuses ona senes of retests of elastomemc 1solators Whlch were orxgmally manu-
factured and tested in conJunctlon with the construction of the first seismically isolated building
in'the Umted States — the Foothill Communities'Law-and Justice Center; The: buxldmg was
desxgned in'the early 1980’s, and construction was completed in1985. During the' dCSlgn phase,
two dlfferent isolation systems were cons1dered — one using HDR bearmgs and one using LRB

’ .



isolators. Four prototype bearings of each type were constructed and tested in 1983; the HDR sys-
tem was eventually selected for installation in the building,

Two pairs of prototype bearings from each system have been retested recently using the orig-
inal prototype test program. In addition, two HDR bearings were removed from the building and
subjected to both the original quality-control test program and the prototype test program. In total,
this retest program provides data on the long-term properties of three different pairs of elasto-
meric bearings — two pairs of HDR bearings and one pair of LRB bearings.

Description of Building and HDR Isolation System

The Foothill Communities Law and Justice Center (ECLJC) is a five-story plus basement
braced steel frame supported on 98 HDR bearings. The building is located within 21 km (13.5
miles) of the San Andreas Fault and less than 3.5 km (2 miles) from the Sierra Madre fault zone in
Rancho Cucamonga, California, and is owned by the County of San Bernardino. The combination
of the extreme seismic hazard at the site and the importance of the structure to the County’s post-
earthquake response and recovery led to the selection of seismic isolation as the most cost-effec-
tive means of ensuring the functionality of the ECLJC in the wake of a major earthquake. A thor-
ough summary of the design and analysis of the building is provided in [1]. Since the time of its
completion, the building has been the subject of several research investigations and has withstood

several moderate earthquakes without damage.

The isolation system installed in the FCLIC incorporates eight different bearing designs and
four different high damping rubber compounds. Each bearing has an outer diameter of 0.76 m (30
in.) and a shim diameter of 0.61 m (24 in.); several different combinations of shim/rubber thick-
nesses allow a range of axial loads to be accommodated. To verify the adequacy of both the final
design and the manufacturing procedures prior to construction of the production bearings, four
prototype HDR bearings were built by Oil States Industries (now the Structural Bearings Division
of Furon), Athens, Texas, and were tested at the Earthquake Engineering Research Center
(EERC) of the University of California at Berkeley in J uly, 1983. The results of these tests are
detailed in [22]. After the HDR system was selected for use in the building, the production bear-
ings were manufactured and tested between September and November, 1983, Installation
occurred in spring of 1984. All of the production bearings were manufactured at the Oil States
Industries plant in Athens, Texas, and were tested at their plant in Arlington, Téxas.

The prototype and production manufacturing and testing sequence described above was insti-
tuted in part because the use of seismic isolation for the FCLJC represented the first application of
this innovative technology. For the same reason, a long-term maintenance program was estab-
lished that specified that production bearings be removed from the building and tested ten years
after installation. Two of the original four HDR prototypes have been stored-at the EERC while -
the other two prototype HDR bearings, one of which was cut in half for inspection, are on perma-
nent display at the building. In 1992, as part of a Departmerit of Energy sponsored research pro-
gram, one of the prototype HDR isolators was again subjected to the original prototype tést: -
program in the EERC single-bearing test machine. The results of that test program, while not fully
conclusive, indicated no significant change in the properties of the single prototype bearing [3].-
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The ten-year anniversary of the completion of the building in the summer of 1995 initiated
the retesting program for the two production HDR bearings. These bearings were removed from
the building on August 5 and 6, 1995. Two prototype isolators of the same design and compound
that had been in storage at EERC (one of which had been tested in 1992 as described above) were
installed under the building while the original bearings were being tested. After the retests of the
production bearings, they were replaced under the building, and the prototype bearings were
retested.

All of the bearings — both the prototype and production — that were made available for
retesting were originally classified as “type A” isolators and use an elastomer compound referred
to as 243-65. This design has a total height of rubber of 0.304 m (11.97 in.) and a layer shape fac-
tor of 9.5. The nominal design axial load is 1535 kN-(345 kips); in the building these bearings
support a range of axial loads. The bearings are connected to the foundation and superstructure
via dowel pins, instead of the bolted connection which is more commonly used today. The maxi-
mum anticipated displacement of the corner bearings, calculated based on the maximum credible
earthqake defined for the site at the time of the design, is 0.381 m (15 in.). There is a gap between
the perimeter of the building and the exterior retaining wall of 0.41 m (16 in.).

Description of LRB Isolation System

In parallel with the design of the HDR isolation system for the FCLIC, several LRB designs
were developed. The LRB isolation system selected for the design validation (prototype) phase
used four different bearing sizes with lead cores included in a number of bearings. These bearings
were manufactured by Oil States Industries in Athens, Texas. The outer diameter of all of the iso-
lators was 0.76 m (30 in.) with a total height of rubber of 0.257 m (10.12 in.). The displacement
for the testing evaluation was also 0.257 m (10.12 in.), corresponding to a shear strain of 100%.
The lead core diameter chosen was 0.14 m (5.5 in.), and the layer shape factor was 13.6. Accord-
ing to the limited test results reported in [1], the elastomer used was not strictly linear; the effec-
tive modulus decreases as a function of shear strain to a value of approximately 0.966 MPa (140
psi) at 75 percent strain. The LRB bearings use the same doweled connection detail as the HDR
bearings.

The energy dissipation characteristics of the LRB isolators designed for the FECLJC depend
strongly on the applied axial load because of the importance of confinement on the behavior of
the lead core. The design axial load was 2000 kN (450 kips), but tests were performed at loads
ranging from 445 kN (100 kips) to 3560 kN (800 kips). As described below, substantial variations
(up to 50%) were observed in the energy dissipated as the axial load was varied.

STIFFNESS VARIABILITY OF RUBBER COMPONENTS

. The desire for retesting arises from several concerns over the long-term variability in the
mechanical properties of natural rubber components. Modern rubbers are typically compounded
with chemical additives designed to minimize deterioration of the polymer matrix due to exposure
to oxygen, and particularly ozone. One laboratory procedure inténded to measure the degree to
which rubber components may degrade involves accelerated aging small samples through expo-
sure to elevated temperatures. While this method invariably leads to ozone cracking that extends



through the sample, it is unlikely that such-a mechanism could develop in a bulk rubber compo-
nent such as a seismic isolation bearing. This assertion has been confirmed by two separate stud-
ies of a rubber block cut from the edge of a bridge bearing which had been in service for 100 years
[4,5]. Although the original rubber had not incorporated any chemical antioxidants at the time of
manufacture, these investigations found that while the rubber had deteriorated substantially at the
surface, at depths of greater than 3.8-6.4 mm (0.15-0.25 in.), the sample exhibited acceptable
hardness measurements, cross-linking density, and elongation to break. The long-term stability of
a chemically-protected bulk component would be expected to be better as any degradation of the
outer surface serves to protect the inner material. Additional information about the effects of bulk

on the aging of natural rubbers is given in [6].

An unrelated effect which has the potential to affect the long-term stiffness of a bulk rubber
component is age hardening. This phenomenon occurs when free sulfur vulcanizates that did not
react during the original vulcanization of a component slowly form cross-links within the rubber
matrix over time. The rate of age hardening depends on the completeness of the initial vulcaniza-
tion and the temperature of the rubber; dense concentrations of free vulcanizates and higher tem-
peratures accelerate the formation of additional cross-links. It is unclear what effect bulk volume
has on the rate of age hardening, but examination of at least one bridge bearing after 20 years in_
service showed a negligible change in stiffness characteristics from the original specification

[7,8].

Complicating the effects of age hardening in high-damping rubber seismic isolation bearings
is the possibility of damage to cross-links and rubber-filler bonds during initial testing, that then
heal if the bearing is left unstrained. High-damping rubbers incorporate filler particles (carbon
black or other oils or resins) that serve to increase the modulus and damping of the finished elas-
tomer. However, upon shearing a rubber sample, some of the bonds between the fillers and the
rubber matrix are broken, leading to a decreased modulus if the shear is applied again within a
short time. Although the sample will generally heal (the raté of healing is a function of tempera-
ture), it will likely never achieve the initial stiffness because not all of the bonds will re-form.
Although the terminology is not universal, the phenomenon of strain softening (and subsequent
recovery) is commonly known as Mullins’ effect [9], and the permanent stiffness loss is referred
to as scragging. Both Mullins’ effect and scragging are strain- -dependent processes, i.e. the extent
of softening at a given strain increases as the maximum strain imposed on the matenal is

increased.

ORIGINAL TEST RESULTS

HDR Bearings — Prototype Tests

The prototype testing program defined for both the HDR and LRB bearings represented the
first evaluation of full-size seismic isolation bearings in the United States. The loading apparatus
specially designed and constructed for this program was configured to test four bearings simulta-
neously. The advantage of this configuration was that the shear loads were self—equ111bratmg
within the test fixture, and a single vertical loading ram could apply the axial load without having
to withstand moments generated in the isolators. The disadvantage of this system lies in the faét’
that only the averaged force-displacement behavior of the four bearings could be measured, s6'no
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results for individual bearings loaded in shear are available.

The prototype test program was designed to establish the behavior of the isolators under a
wide range of axial loads and shear strains. All of the tests consisted of a single half-cycle of dis-
placement; the rate of loading used in the 1983 tests is not known. For shear strains of 2, 3, 5, 10,
and 20 percent, tests were performed at axial loads of 445, 1110, and 1778 kN (100, 250, and 400
kips). At shear strains of 40, 60, and 80 percent, tests were performed with axial loads of 1110 and
1778 kN (250 and 400 kips). At shear strains of 100, 109, and 116 percent, a single half-cycle at
an axial load of 1778 kN was performed. Finally, at the maximum design displacement of 0.38 m
(15 in.), an axial load of 2590 kN (582 kips) was used. The intent of the increased axial load in
this final test was to simulate large overturning moments which were anticipated in the building
under the design earthquake. There were no failures observed in any of the prototype bearings,
which was confirmed by cutting one of the bearings in half after the tests for a detailed examina-

tion.

Complete results from the original prototype test program are provided in [2]. A variety of
bearing mechanical properties are presented in this report, but the details of their calculation are
not thoroughly documented. For example, horizontal effective stiffnesses are presented that
apparently are intended to represent the peak-to-peak stiffness of a fully-reversed hysteresis cycle,
even though all of the tests consisted of half cycles. These effective stiffnesses actually appear to
have been calculated based on the slope between the peak shear force (at maximum displacement)
to the negative force as the bearing returns to zero displacement. Equivalent viscous damping val-
ues are also reported for the half-cycle loops in the original test report; it is unclear how these

were calculated.

Although no digital data were recorded during the prototype tests, the original X-Y plots have
been retained. To allow consistent comparisons to be made between the original prototype results
and those from the retests, the original X-Y plots have been digitized by hand. These digitized
loops then were analyzed using origin-to-peak effective stiffness calculations to give the shear test
results presented here. The most important result to note is that the prototype stiffnesses at 40 and
60 percent shear strain were somewhat lower than the stiffnesses derived from the production
tests at 50 percent shear strain (described below). This implies that there may have been a change
in the manufacturing procedures subsequent to the completion of the prototype test program, lead-
ing to stiffer bearings in the production phase.

HDR Bearings — Production Tests

The successful performance of the prototype isolators provided confidence such that the
scope of the production test program could be narrowed substantlally while still ensuring that the
individual bearings were of sufficient quality to be installed in the building. Only five tests were
performed on each production bearing, and no digital data acquisition was in place; therefore, the
amount of data available for each bearing is limited. The test set-up allowed two bearings to be
tested at once, Separate displacement transducers were used to measure vertical displacements
during the compression tests (two transducers for each bearing), allowing separate compression
stiffnesses to be calculated. Under combined compression and shear loading, a single displace-
ment and force were recorded for the pair of bearings, leading to an averaged horizontal stiffness.



No data was recorded during the first two scragging tests, nor was data recorded during the final
compression test in which a visual inspection was performed. The compression loads were
applied by hand, and there is no record of the precise loading history. The rate of shear loading is
also unknown but was probably less than 0.25 m/minute (10 in./minute).

The two bearings that were removed from the building, numbers A2 and A5, were not tested
together in the original production test program. Bearing A2 was tested with bearing A4, and
bearing A5 was tested with bearing A17. Although individual compression stiffnesses are avail-
able for each bearing, the configuration of the shear testing set-up prevented individual shear stiff-
nesses from being calculated. Therefore, only the averaged stiffnesses of bearing sets A2-A4 and
A5-A17 are available. :

With regard to the compression test results, presented in the top portion of Table 1, it can seen
that the stiffnesses of bearings A2, A4, and A5 are reasonably close, while bearing A17 is consid-
erably softer (approximately 15 percent less than the mean of the other three bearings). The origi-
nal test report indicates that bearing A 17 had the lowest vértical stiffness of the 22 type-A
bearings made from the 243-65 rubber compound. While such a significant deviation from the
mean might be attributed to an unreliable test, multiple tests of bearings A2 and A17 gave virtu--
ally equal compression stiffness results. : .

Measured Stiffness - L ‘Bearing Number .
[MN/m(kips/in)]l [ A4 | A2 | A5 Al7-
K, original | 589(3362) 548 (3126) 602 (3436) | 491(2802) |
~ K original (2nd run) — 553 (3‘157) — | {}98 (2840)
Ky 1995 = | s3s007) T 5723269 | — |
Ky atZ% stram-— ongmal R '123 (70) ' S 11-4‘(6‘5)_ o
Hat2%stram}——1995 - T 87(499) T
Ky ath%stram—ongmal‘ - e 498y - 46(26) ]
Ky at10% strain — 1995 = e ssasy |~
K,, at25% strain — original 28(16) -~ o asasy
K, at 25% strain — 1995 — 22(124) -~ |
Ky at50% stram——ongmalv N L7908 _ ,1?;7,(,9-75) |
Ky at50%strain— 1995 | — f f 16(94) N

‘All vertical stiffriessés computed based on peak-to peak dlal gage dlsplacements in the load range o
~ from 0.6 to 1 SPDES, where PDES = 1533 kN (345 kxps) ' o

Table 1. Measured Bearmg Propem&s m Productnon Tests
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The production shear test results are also shown in Table 1, expressed as effective stiffness
values at shear strains of 2, 10, 25, and 50 percent. The method of calculation of these stiffnesses
was not detailed in the original report [1], but it appears they are based on the secant from zero
load and displacement to the measured load at the specified strain level. It is useful to compare
these values with the averages observed for the complete set of type-A production bearings manu-
factured with the 243-65 compound, in which there were 22 bearings and 11 averaged values
(because the bearings were tested in pairs). At shear strains amplitudes of 2, 10, 25, and 50 per-
cent, the mean stiffnesses were 10.2, 4.31, 2.54, 1.65 MN/m (58.2, 24.6, 14.5, and 9.4 kip/in.),
respectively, with standard deviations of 1.23, 0.57, 0.26, 0.098 MN/m (7.0, 3,25, 1.48, and 0.56
kip/in.), respectively. This implies that the A2-A4 pair is within one standard deviation of the
mean over all amplitudes, but the A5-A17 bearing pair is actually outside of this bound at every
shear strain level but 50 percent. Coupled with the fact that bearing A17 had the lowest compres-
sion stiffness of all of the type-A bearings tested, the implication is that bearing AS is much stiffer
than most of the other type-A bearings. This should be kept in mind when interpreting the long-
term shear test results. ,

LRB Bearings

Four prototype LRB bearings were constructed and tested at EERC at approximately the
same time as the tests on the HDR system (July 1983). The test program was very similar to that
employed for the HDR bearings, with the exception that a wider range of axial loads were exam-
ined (up to 3555 kN [800 kips]) due to the variation in the energy dissipation characteristics of
these bearings as a function of axial load. Also, the maximum shear strain in these tests was lim-
ited to 100 percent, corresponding to a displacement of 0.257 m (10.12 in.). Less detailed results
are available from these tests as compared to the HDR prototype tests; only a very brief summary
is presented in [11. However, the original X-Y plots were saved, and digitization of these by hand
has been initiated recently. At this time, only the first test to each strain level has been digitized
for the purposes of theé comparisons presented below, but this work is ongoing and additional
results will be published at a later date. -

RETESTS OF HDR BEARINGS
Prototype Shear Test Results

The prototype bearmgs were retested in February 1996 at EERC 1n a test machine typically
conﬁgured to test four large bearings mmultaneously For the retests of the pair of prototype bear-
ings, this machine was temporarlly modifiéd by inserting two “diommy?” bearinigs in one portion of
the machine and locking them in place by means of a rigid beam. This left only one side of the
machine free to displace, allowing a single pair of bearings to be tested:’In this’ configuration, the
test machine is capable of producing displacements of £0.406 m (+16 in.) and shear forces of
approximately 667 kN (150 kips) per bearing. The peak ax1al load Whlch ¢an be delivered to the
bearmg pair is approx1mate1y %336 kN (750 klps)

In genel‘al the retests of the HDR prototype bearmgs CXhlblted sxgmﬁcantly larger stlffness

values than had been'séen in the 6riginal prototype tests, and’ this was observed over the entire
range of shear strains. However, when the results from these bearings are ¢ompared with the shear



stiffnesses of the production bearings when subjected to the prototype test sequence (see below),
the 1996 stiffness values for the prototype bearings are nearly equal to those for the production
bearings. This implies that the original production bearings were substantially stiffer than the
original prototype bearings, and the explanation for this discrepancy is not clear, One possibility
is that the manufacturing process was changed slightly after the prototype bearings were con-
structed, leading to a different curing relationship and therefore different elastomer characteris-

tics.

Figure 1 shows an example of the variations in the effective stiffness of the prototype bear-
ings (and the production bearings) at a shear strain of 100 percent. While the force-displacement
relationships from the tests performed in 1995 and 1996 (on the production and prototype bear-
ings, respectively) are nearly identical, the digitized loop from the prototype tests in 1983 peaks at
a force approximately 20 percent lower. This trend was observed in all of the tests above approxi-
mately 50 percent shear strain (as seen in Figure 2). It is very important to note that this trend is
not apparent below 50 percent shear strain because of strain-softening in the production bearings
— the production shear test to 50 percent was run on these bearings immediately before the proto-

type sequence was performed.

1983 Prototype bearing test
------------ 1995 Re-test of bearings from building

————— 1996 Re-test of prototype bearings

Force (kN)
200
|

o
g
-

Shear Strain: 100%

T T T T T

0.0 0.05 0.10 015 020 0.25 0.30
' Displacement (meters) ' ‘

Figure 1. Comparison of Force-Displacement Loops from HDR Isolators

Production Compression Test Results

- The retests on the production bearings were performed on August 31, 1995. To allow direct
comparisons to be made with the original production test data, the two bearings were subjedted
first to the production test sequence, followed by the prototype test sequence and two large-dis-
placement tests. All of the tests were performed in a test machine at the Steuctural Bearings Divi-
sion of Furon, in Athens, Texas. This test machine is capable of combined compression and shear
testing of seismic isolation bearings under axial loads up to 26,688 kN (6000 kips) and shear loads
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Stiffness-Strain Relationships from all Tests

T 1983: prototyps bearings
--------------- 1995: production bearings
«d N 1996: prototype bearing retests
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Figure 2. Variation in Effective Stiffness for All HDR Isolators

up to 4448 kN (1000 kips). The maximum stroke of the test machine is 0.610 m (£24 in.), and the
maximum horizontal velocity is approximately 0.406 m/minute (16 in./minute).

The results of the compression tests on the production bearings are valuable because they
represent the only basis on which the long-term performance of individual isolators from the
FCLIJC can be evaluated. Because no data was recorded during the original scragging tests (in
which the bearings were loaded first to 0.75P ,,; and then 1.0P ;, ), no useful comparisons can be
made from these tests. However, the digital data recorded duung the first retest of bearing AS
(corresponding to the original scragging test) does indicate some temporary displacement offset
after the first cycle, It is likely that thxs behavior is a result of the bearmg deforming to fit properly

in the test machine.

In evaluating the compression tests, the displacement data for axial loads less than 0.4P
was deemed unreliable, and it is felt that the most reliable vertical stiffness is that calculated over
the load range from 0.6 to 1.5P ;. The results, and comparisons with the original production
compression stiffnesses, are shown in Table 1. It is clearithat there is very little difference in the
compression stiffnesses of the bearings during the retests as compared with the original data. In
fact, the bearings are slightly softer by up to 4 percent. This is in contrast to the stiffening which
would be expected if these bearings had age hardened. o

Prbductidh Sheai' Tésts
~ As noted before, the 1983 production tests measured the average stiffness of pairs of bearings
at discrete displacements, and the A2-A5 bearing pair was not tested together originally. Although

this arrangement prevents direct comparisons with the original tests, a general trend can be
revealed by evaluating the shear test results in tandem with the compression test results.



Because the production shear test was only a single half-cycle of displacement to 50 percent
shear strain, the original effective stiffnesses were determined from force values that were manu-
ally read at the target displacements during the cycle to 50 percent. In the production retest, the
entire curve was traced, and the forces (and therefore the effective stiffnesses) at the target dis-
placements were determined from the digital data. Figure 3 shows the recorded force-displace-
ment curve superimposed on the force-displacement curve derived from the original production
tests. At strains below 50 percent the retest data is actually softer than the original result, contrary
what would be expected if the bearings had age hardened. Combined with the previous observa-
tion that bearing A5 was one of the stiffest of the original set, this result implies that there has
been very little change in stiffness of the production bearings over the 12 years since their manu-

facture and testing.
Test: Production Shear
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Figure 3. Comparison of Original Data (Derived) and Retest Data
from HDR Production Bearings

Finally, it is interesting to examine the ¢yclic large-displacement tests which were perforied
at the end of both the prototype and produiction retésts (Figure 4). In this test the bedrings were
displaced to 0.406 m (16 in.), represeriting the limit of the seismic gap around the FCLJC. Both "
the production bearings and the prototype bearirigs exhibit approximately equal (peak-to-peak)
effective stiffniesses, but the unloading portions of the curves are ‘quite different. This irplies that
there may be something unique about the two tést machines used: which influenced thé results,
however the difference is not immediately clear. It should be noted that there was no damage to
the production bearings during this large-displacement retest, and they were eventially reinstalled
underneath the building, However, one of the prototype bearings experienced debonding between
the exterior cover layer and the outer surface of its bottom endplaté. It is doubtful that this influ-
enced the force-displacement behavior of the bearing since the primary damage was to the cover
rubber. . : L oo E
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- Figure 4. Large-Displacement Behavior of Retested HDR Bearings
RETESTS OF LRB BEARINGS

In general, the measured force-displacement curves from the retests of the LRB bearings
were similar to the original tests, although the retest to 100 percent shear strain under an axial load
of 445 kN (100 kips) exhibited roll-out instability, perhaps due to insufficient confinement of the
bearing and the configuration of the test machine. Such behavior was not observed in the original
tests of the LRB prototype bearings. The remainder of the tests showed full loops with a similar
dependence on axial load as was observed in the original test program. In fact, for LRB isolators
of this shape factor and similar connection details (doweled rather than bolted), it is likely the case
that the mechanical properties will exhibit substantially greater dependence on axial load than on
any aging effects.

Figure 5 presents the variation in effective stiffness of the LRB isolators from the original
prototype tests and the 1996 retests. In this case the first cycle at each strain level is plotted, and
the axial load is 445 kN (100 kips), with the exception of the data point at 100 percent shear strain
in which the axial load was 890 kN (200 klps) Figure 6 shows a similar plot for the energy dissi-
pated per cycle, or equivalently, the area contained within the force-displacement loop. Again
aging has virtually no influence on the long “térm ener; gy dissipation characteristics of the bearing,
attesting to the material stability of the lead core. Finally, Figure 7 shows a tést in which three
fully-reversed displacement cycles to 100 percent shear strain were carried out. The hysteretic
behavior in this test appears to be very stable, and no damage was appatent in the beari ing. As
" mentioned above, the original tests are still being digitized, and additional comparisons between
the behavior of the LRB isolator in the retests and the complete orlgmal prototype test program
w1ll be made ifi'the near future
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Figure 5. Comparison of Effective Stiffnesses of LRB Prototype Bearings
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Figure 6. Comparisons of Energy Dissipation of LRB Protot.ype Bearings |
SUMMARY AND CONCLUSIONS

This 1epoxthas presented the results of a series of retests of HDR and LRB selsmlc 1solat10n
bearings from the Foothill Communities Law and Justice Center more than ten years after their
manufacture. Both prototype and production bearings were subjected to test programs similar to
those originally conducted in 1983, and all of the bearings exhibited stable hysteretic behavior
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Figure 7. Large-Displacement Behavior of LRB Prototype Bearings

with relatively minor variations in mechanical characteristics from those determined in the origi-
nal tests. In particular, the compression and shear stiffnesses of the production HDR bearings,
which were removed from the building in the summer of 1995, changed less than 5% from their
original values after being in the building for more than ten years. Preliminary results from the
LRB isolators indicate negligible changes.

Beyond the fundamental chemical reactions which may influence the long-term modulus of a
rubber compound, several other sources of stiffness variability and uncertainty may have influ-
enced the results presented here, for example the influence of sustained axial load, effects of load-
ing rate; the relatively small'sample size (in the case of the production bearings, only two out of
98 bearings were tested), variations within the sets of prototype bearings (in the case of the HDR
and LRB prototypes, results from only two bearings of the original sets of four are available),
varying calibration and configuration of test machines, etc. With regard to the HDR bearings, the
differences between the results from the production bearings and those from the prototype bear-
ings may have been caused by the adoption of a different manufacturing process after the proto-
type phase. The fact that the production bearings do not appear to have stiffened implies that they
were cured almost completely at the completion of the manufacturing process; the age hardening
of the prototype bearings could be a result of an incomplete initial cure. Only future tests of these
bearings will be able to confirm this explanation.

- Finally, it should be noted that minor stiffness variations in individual bearings (or even in the
‘complete isolation system) will not lead to dramatic differences in the dynamic response of an iso-
lated structure frofn that which is assumed in its design for several reasons. First, the test results
presented here indicaté thata variation in stiffness on the order of 20 percent may be possible,
depending on the incompleteness of the original cure, among other things. This is of a similar
magnitude with the uncertainty associated with the total mass of a building, and is probably sig-



nificantly less than the uncertainty associated with ground motion characteristics at a particular
site. On top of this, the change in period is proportional to the square root of the change in stiff-
ness so that relatively large stiffness variations are required to alter the period, and earthquake
acceleration response spectra for soils such as those at the FCLIC site exhibit little variation as the
period is increased beyond about 1.5 seconds. This implies that even if the period changes appre-
ciably, the change in the base shear coefficient will be minor, although the corresponding change
in the bearing displacement should be evaluated,

As the number of projects incorporating seismic isolation systems continues to increase, it is
certain that the data concerning long-term mechanical characteristics will also increase. The diffi-
culty in interpreting some of the results in this study indicates the importance of thorough testing
and documentation of test procedures and results to ensure that data obtained in the future can be
compared directly with original information.
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ABSTRACT

In the long span bridge- such as the cable stayed brldge and-suspension bridge, it
is‘an 1mportant subject that the vibration caused by the carthquake and: wind is reduced.
Due to the long “inherent perlod and ‘small damping capacity, the ‘long span bridge has
generally such a character that the vibration easily ‘occures and does not readily go down.

FFor the long: Span’’ brldge like this, in order ‘to incréase the damping: capacity and lo
elévate: the: durabllrty, ‘the” purpose” of this-study*is’ that the super high damping rubber
damper "of “the  sheating’ type as “the’ hight ‘damping device should be developed. By
perforrmng the shaking table test of the brldge model supposing the long span bridge, an
effectiveness of the super hrgh damping rubber damper of the shearing type has been
investigated. Alortg w1th 1t because the reprodu01b111ty in the analysis of experimental
’resulls could be verified; by executmg the simulation analysis of the bilinear modeling of
the hy$fcrésis charaéter in“thé load and drsplacement of the super high damping damper,

the results will now be. reported here

Key Words. Super Hight Dampmg Rubber Damper Long Span Bridge,
Cable- Stayed Brldge Shakmg T able 'Iest Dynamic Response Analysrs

INTRODUCTION

. 'Ihe long span bridge mcludmg the suspensron bridge and cable stayed brldge is
the ﬂexrblc structuro with a long inherent’ perrod and it is known that it has in general the
structure with' the-small- damping capacrty by -which. the vibration does not readily reduce

once it vibrates. - Whereas an influence affected by the wind, genefally speaking, becomes
.predommant ‘there are some cases when an inflliéiice’ catised by ‘thé carthquake becomes
predominant if ‘the dampmg capacity is small. - In such a case, it is thought to be held
- good that the response in case of the earthquake should” be effectively reduced by
 elevatifig ihe dampmg capadity of the superstructure of the lofg’ span ‘bridge. "’ 2
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The purpose’ of this study is that the super high damping rubber damper (the
damper ulilizing the rubber material with a higher damping capacity than that of the
rubber malterial used for the usual high damping rubber) of shearing type should be
developed as the high damping device for. the long span bridge. Hereupon, in order to
investigate an effectivencss of the super damping rubber damper, by manufacturing the
model bridge (the cable stayed bridge) modeling the long span bridge, thc experrmcnt on
the shaking table and the dynamic response analysis have been carried out.”

OUTLINE OF SHAKING TABLE TEST

Model of Bridge and Super High Damping Rubber Damper of Shearing Type

The model of the long span bridge used for the experiment is shown in Fig. 1.
The model is made supposing the cable stayed bridge (the complete system), and H-steel
or I-steel is used for the main girder, main tower, pier and substructure, and the PC steel
wire is used for the cable members. The length of the main girder is 7.2m, and the
height of the main tower is 2.5m, and furthermore so as to adjust the weight to the law of
similarily, the weight is added on to the main girder, main tower and pier. Moreover, the
model bridge was modeled the real bridge with an inherent period in a degree of 5 second,
and the spatial-scale was made to be 1/56, and the time scale was made to be 1/5. In
addition, when the shaking table is moving, in order to prevent the generation of the
lorsional vibration and flexural oscillation (vertical motion) of the main girder, by
stretchmg the wire diagonally in the vertical direction to the vibration direction of bridge
axis from the edge of main girder. (4 locations), the movement direction of the main. girder
“was confined so that only the horizontal vibration (direction of bridge axis) could occur.

El Accelerometer o
i Accelerometer (Servo type)
| Strain gauge

Direction of vibration addition

Fig. 1 Model of long span bridge ; Locationof measurement and damper mstallatron |




The damper used for the experiment has been made to be a monolithic
construction by doing the vulcanized adhesion of the high damping rubber of SBR
(styrene-butadiene-rubber) serics called the super high damping rubber damper as shown
in Table 1 with the sicel. In contrast to that the cquivalent damping ratio of the high
damping lamination rubber used for the usual scismic isolation device is about a degree of
I5% (the loss factor tan & = apporoximately 0.3), the cquivalent damping ratio of the
super high damping rubber used in this experiment is about a degrec of 30% (the loss
faclor tan & = apporoximaltely 0.6), and accordingly it is the material with a very large
damping capacity in a wide amplitude range (shear strain domain). The other distinctive
characteristics of the super high damping rubber damper will be shown below. @It has
a dependency on amplitude and shows the character being close to the hysteresis damping
of the clasto-plastic type. @ Its dependency on velocity is relatively small.  However,
although a difference is observed between in case of (he earthquake and in case of the low
velocity when the girder extends/contracts at an ordinary temperature, an influence
affected by it on the substructure is small because the rigidity decreases in case of the low
velocily. @ The dependency on the temperature is relatively small. -

Table I Type of damper used for each Shaking Table Test .

Cg&fglggm Installation location of damper Shag? (?é}gpseirze
Case 1 without dallnbper -
Damper of shearing type
Installation location: rg
A part in Fig. 1
Case 2 : "
: Amount: -
each 1 set, 2 set in total .
- Damper of shearing type
Installation location: +Q+O s
B part in Fig. 1
Case 3 Fou
Amount: 1 set 58
oo




Method of Shaking Table Test

The experiment has been carfied out in 3 cases as shown in Table 1: Nainely
the casc when the damper is not installed (casc 1), the case when the damper is installed
between the edge of main girder and 'picr (case 2), and the casc when the damper is
installed between the central main girder and pier ‘(casc 3). Considering the law of
similarity, kind of ground and scale of earthquake,:as the input seismic wave to the
shaking table, each 4 levels for cach case, namely 12 cases of the shaking table test have
been executed in total: Namely the seismic wave for the Class 1 Ground Seistic
Coefficient Method "Level 46 Gal (Ground 1 Seismic Coefficient Method :Level), the
seisinic wave: for the Class I Ground Bearing’ Capacity Method Level ‘160 Gal (Ground I
Bearing Capacity Method Level), the scismic wave for the Class I Ground Seismic
Coefficient Method Level 62 Gal (Ground: I Seismic Coefficient Method: Level), and the
seismic wave for the Class Il Ground Bearing Capacrty Method Level 200 Gal (Ground
Il Bearing Capacily Method Level).

As for the measurenient, as shown:in Fig. 1, the horizontal acceleratron inthe
shaking table, main tower and main girder, and the bending strain on basal part of the
main tower and the pier have been measured. In addition, for the purpose of measuring
the relative displacement of the main girder, the accelerometer of the servo lype was
installed on the shaking table and main girder.

Furthermore, so as to oblain the data of the principal vrbratron mode lhe sampling time of

data was set at 100 Hz.

RESULTS OF SHAKING TABLE TEST

Time- Hﬁysteres‘is Response Wavefonm -

The acceleration of input wave, the trme hysteresrs response waveform of the
response acceleratlon m the main girder and ‘main:tower, the response displacement of
main girder, and the : response bending strain on the basal: part of main girder and on the
basal part of pier, wlien the scismic wave of Class 1 Ground Bearing Capacrty ‘Method
Level (1t is called Ground 1 Bearmg Capacity Method Level i in the following) is input, are
shown in Fig 2. In (he ‘same manner, the time hysteresis response waveform when the
seismic wave ‘of the Class Il Ground Bearing Capaelly Level (it is called Ground II
Bearing Capacity Method Level in the following) is mput is shown in Fig 3.

Conccmmg to the case when Ground I Bearmg Capacity Method Level is input,
the response of cach kind in case 1 and case 2 will be compared in I*rg 2. Whereas the
response acceleration of the main' girder has in' both cases the waveform in which the high -
order vibration modes are piled up on the frrst order vibration mode, the first order
inherent vrbratlon only for the most part responds after the mput of seismiic wave has

finished.




In case 2 as compared with case 1, while the response does not reduce during
inputting the seismic wave, it can be confirmed that the first order inherent vibration
reduces quickly after finishing the seismic wave input. - In both cases, the response
waveform of main tower had thc waveform in which the high order vibration modes
accumulaled in complexily beside the [irst order vibration mode, and in case 2 when the
damper was installed, the ‘decrease of résponse was hardly observed. In addition in both
cases, as for the response displacement of the main girder, the first order vibration is
prominent, and in case 2 when the damiper is installed, it can be confirmed that the
'inherenl,vibrati'on reduces rapidly after finishing the seismic wave input, and that the
maximum response value (the absolute value) goes down. Although the first order
vibration is predominant also for the bending strain response in the basal part of main
tower and basal part of pier, the responsc in the basal part of main tower has the
wavefori in which the second order and the third order vibration modes exist. In case 2
" as compared with case 1, as same as in case of the response displacement of the main
girder, also as for the response bending strain on basal part of the main tower and pier, it
can be confitmed that the inherent vibration reduces quickly after finishing the seismic
wave input and that the maximum response value (the absolute value) goes down.

In addition, also in comparison with each kind of response in case 1 and case 2
when Ground il Bearmg Capacily Method Level is input, whereas there is the same
tendency as the case of Ground I Bearmg Capacity Method' Level, the effect of seismic
‘respotise control is a little to some extent on thé whole, when comparing with the case of
Ground I Bearmg Capacxty Method Level.

The' summary of the first order inherent frequency and the equlvalent damping

ralio in each case is sown in Table 2. Although there is scarcely the damping capacity in
the model itself, by-installing"the damper it can be understood that the damping of some
0.16 in case 2 and some O 12 in case 3'is added. IIereupon; the inherent frequency was '
“obtained" from the input seismic wave and’ the transmlsmblhty of response acceleration of
main girder, and the’ equxvalent dampmg rat1o was gained by the half-power method from
~ the transfer functlon )
In the’ experlment because the dampmg capac1ty was too big for the brldge the
"mherent penod changed from a degree of 1 second to ‘a degree of 0.6 second. However
it is hopefully thouglit ~that “ the - damper ‘with an appropriate capac1ty, by which the
v1brat10n system - W111 ot be changed, is- mstalled S :

Table 2 First order mherent frequenoy and dampmg ratxo
~of each case of experlment

‘Case of , | Inherent perlod (sec) ' Equi\?alent'(‘lainping

- experiment’ ' (real size brldge) Ratio -
Case'1 (gg; :;88) 0,02 ~ 0.03
. Ca 2 (2 fg o g;z) 0‘;-;»8-&10.720' v: .
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Fig. 3 Class I Ground Bearing Capacily Method Level
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Maximuimn Response Acceleration

As for the case when the scismic wave of the class I Ground Seismic
Cocflicient Method Level (it is called Ground I Scismic Coefficint Method Level in the

lollowing) is inpul, the maximum response value (the absolule value
seismic wave acceleration, the main girder response acceleration and the main tower
responsc acceleration are shown in Fig. 4. Similarly,
Capacity Method Level is input is shown in I°
when the seismic wave of the Class Il Ground
called the Ground Il Seismic Coefficient Meth
shown in Fig. 6, and the casc of Ground I Bearing Capacity Method Level is shown in
Fig. 7. According (o them, although there is no amplific
every case, the main girder response

vibration modes being piled up on the first order vibration mode do not reduce.

1 Input acceleration(A4)
Acceleration on main girder(A2)
EZH Acceleration on main tower (A5)
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Fig. 4 Maximum response acceleration
when I class ground 46 Gal is input

3 Input acceleration(A4)
B2z Acceleration on main girder(A2)
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Fig: 6- Maximuin -'ré'spc‘insq acceleration
when IIl class ground 62 Gal is input- -
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wza Accéleration on main girder(A2)
A_ccél{ar_‘ati()nl on main tower (A5)
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Fig. 5 Maximum response acceleration
when I class ground 160° Gal is input

3 Input acceleration(A4) . o
Acceleration on main girder(A2)

+ Fig. 7-“Maximum response acceleration

when Il class ground 200 Gal is input

) of cach of the input

the case when Ground I Bearing
ig. 5, and the maximum response value
Scismic Coefficient Method Level Gt is
od Level in the following) is input, is

ation tendency being common to
acceleration and the main tower response
acceleration scarcely go down. As one of its factors, it is pointed up that high order



Maximum Response Displacement

The maximum response value (the absolute value) of the main girder response
displacement of Ground I Seismic Coefficient Method Level, Ground I Bearing Cpacity
Mecthod Level, Ground Il Scismic Cocfficient Method Level and Ground Il Bearing
Capacity Method Level is shown in IFig. 8. In every case when the damper is installed,
the maximum value of the main girder displacement reduces in common. As compared
with case I, it is 0.63 ~ 0.97 in case 2, and 0.52 ~ 0.73 in case 3, and consequently by
installing the damper, it can be said that the maximum relative displacement of the main

girder can be reduced.

Casel
Class 1Ground Case2 @

46 Gal Case3 [
160 Gal Case3 .
o Casel
gzla(s}sal3 Ground Case? m :
~ Case3 :‘“:1
Class 3 Ground Casel
200Gal Case2 §
Case3 ) _
"t o 1 L T T ' i 4  § T ' 7 T ) ] T i LI | I | ' l 1 T L4

0.0 0.5 1.0 1.5 2.0 2.5
Displacement (cm)

Fig.: 8 - Maximum response displacement by each class of ground and by each case
(Shaking table test)

Maximum Bending Str‘aili '

The’ change in the maximum response value (the abSOIute value): of the bendmg
strain from the top part of the main tower to the basal part of pier in each case of: Ground
I Seismic Coefficient Method Level, Ground I Bearing Capacity Method Level, Ground
Il Seismic Coefficiént- Method Level and Ground I Bearing Capacity Level is showi in
Fig. 9 - Fig. 12. In every case when the damper is installed, except for the case when the

value of case 3 is largcr than that of case 1 as for the bending strain in the’ basal part of
main towsr in’case of Ground T Bearing Capacity Method Level, all of the bendmg strain
of case 2 and case 3 are smaller compared with those of case 1. In the basal part of pier,
as compared with case 1, the bending strain is 0.56 ~ 0.93 in case 2, and 0.57 ~ 0.79 in
case 3. It is-thought thdt the ‘bending strain of the member profile in the basal part of
pier in case of earthquake can be reduced by the effect of daniper, SRR il




Top part of -

; e Case. 1

main tower » Case.2
N, Case.3
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main tower <
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Basal part of \ .\\ .
main girder ( 50 100 150us

Fig. 9 Maximum bending strain
when class I ground 46 Gal is input

Top part of -
main tower

Basal part of
main tower

Basal part of : : : : ,
main girder 0 50 100 150 200 250ys

Fig. 11 Maximum bending strain
when class Il ground 62 Gal is input

Top part of -
main tower

Basal part of
main tower

Basal part of. ' :
main girder 0 100 200

Fig. 10 Maximum bending strain
when class I ground 160 Gal is input

Top part of -
main tower

Basal part of
main tower

Basal part of
main girder 0 100 200300 400 500 600700 s

Fig. 12 Maximum bending strain
when class I ground 200 Gal is input

ANALYTICAL RESULTS

Method of Analysis

In the analysis, the bridge model was modeled by the elements of mass and
beam system shown in Fig 13, and subsequently the hysteresis characteristics of load and
displacement based on the elemental loading test experiment were modeled by the bilinear
model shown-in Fig. 14. The damper modeled in each. case of shaking table test is

arranged al A part and 13 parl shown in Fig, 13,



C
A part @ A part

A part, B part

Fig. 13 Analytical model of model bridge
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Fig. 14 Bilinear model of super high damping rubber damper (case 2)

Comparison of Analytical Results with Shaking Table Test Results

The comparison between the experimental resulls and the analytical results of
lime hysteresis response waveform of the input acceleration, the response acceleration of
main girder, response acceleration of main tower and the response displacement of main
girder when the seismic wave of Ground I Seismic Coefficient Method Level and Ground
Il Bearing Capacity Level are input, is shown in Fig. 15 and Fig. 16. As for case 2 of
Ground I Seismic Coefficint Method Level, in the analysis, although the reduction of the
response acceleration in the main girder and main tower, on which the high order
vibration modes influence beside the first order mode, is not observed, the response
displacement in the main girder, in which the first order inherent frequency is prominent,
rapidly goes down after finishing the seismic wave input, and consequently it is in the
same tendency as the results of shaking table test. As compared with the results of
shaking table test, whereas the response acceleration in the main girder and main tower is
somewhat " different due to the influence of the high order vibration mode, as for the
displacement of the main girder, in which the first order ‘inherent frequency is
predominant, the maximum response value, inherent period and so forth result in a
relatively good agreement. The roughly same thing can be said also in other- cases
including Ground Il Bearing Capacity Method Level, and moreover the effectiveness of
damper was confirmed by the analysis, and the results shaking table test could be, for the

most part, reproduced.
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Fig. 16 Class Il Ground Bearing Capacity Method Level
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SUMMARY

For the purposc of cxamining the cffectiveness of the super high " damping
rubber damper of shearing type for the long span bridge, in this reporl, the shaking table
test in case when the super high damping rubber damper is installed for the model of (he
long span bridge, and its dynamic response analysis have been carried out. The gist is

summarized in the following:
(1) The bending moment in the basal part of picer and in the basal part of main tower

could be reduced by installing the damper,

(2) The relative displacement of main girder could be reduced by installing the damper.
(3) DBecause the damper was so arranged that it displayed the secismic isolation effect
against the first order vibralion mode, the acceleration in the main girder and in the top
part of main tower, where the high order vibration modes were piled up on the first order
vibration mode, was scarcely reduced. '

(4) Also in the dynamic response analysis, the damping capacily of the damper could be
confirmed, and in addition to it, by doing the bilinear modeling of the hysteresis
~characteristics in the load and displacement of the damper of shearing type, the results of
shaking table test could be roughly exactly reproduced. _

In this shaking table test, because the damper capacity was too big, the inherent
period of the bridge model changed and therefor the vibration system made a change.
Based on it, it is planned from now on that the damping capacity of damper will be
confirmed by the dynamic response analysis changing the rigidity and damping of damper.

APPENDIX

This study has been executed in "Joint Study on Seismic Isolation Technology
of Long Span Bridge using High Damping Material" jointly done by the Public Works
Research Institute of the Ministry of Construction, the Foundation of Civil Engineering
Research Center and 19 private companies.
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MODELING OF A VARIBLE DAMPER AND ITS APPLICATION

Tadanobu SATO
Disaster Prevention Research Institute, Kyoto University, Gokasho,Uji Kyoto 611 Japan
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SUMMARY

A small-size variable damper without external accumulator was developed. A series of
calibration tests have been conducted to develop a mechanical model of variable damper which
gives the relationship among damping force, velocity of piston and valve opening ratio. The
control algorithm to gencrate damper force is derived from mechanical model of the observed
damper characteristics. The feature of the algorithm to determine the valve opening ratio is very
simple without feedback mechanism, which is determined directly from measured piston velocity
and the targeted damping force. The efficiency of developed control system were proved by
producing various types of hysteric relationship between damping force and piston displacement.

INTRODUCTION

Active control systems for seismic-excited civil engineering structures have been developed
to the degree where practical implementations have been made in a number of buildings'. The
active structural vibration control mechanisms are classified into full active and semi-active types.
The full active type such as the active mass damper not only requires large control force, it could
also be detrimental if the control system happened to malfunction, Semi-active type represented by
a semi-active damper-is an altractive in the control of the dynamic response of structure system
because it requires very small energy to control the system. Different types of semi-active dampers
have been proposed ranging from simple electrorhorogical dampers® to hydraulic dampers with
mechanically controlled orificing,"*Semi-active dampers combine passive structural control® with
the benefits of active structural control® to produce optimal, yet stable and reliable damper

systems.
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In this paper we present the design and dynamic behavior of hydraulic damper to develop a
mechanical model of the variable damper. The device developed here is an adjustable hydraulic
damper equipped with a flow control valve composed of a linear motor and valve opening level

feedback system.

OUTLINE OF THE DEVELOPED VARIABLE DAMPER

The design plan and cross-sectional view of developed variable damper are shown in Figure
1 and 2. The damper is designed to generate the maximum damping force of 600kgf and |
maximuni relative displacement of damper piston to be 10 cm. A servo valve is installed at the
center of the by-pass steel pipe which connecting the right and left cylinder cells. The servo valve
is composed of the spool valve with the stroke of 0.5mm which is controlled by a linear force
motor. The essential specification of the variable damper is given in Table 1.

I | Variable damper

Reaction wall

135

i 'Shaking table !

/ 540 430
Foundation o

T )}] L;:><\>C\>C<§C\\O<\b<\b\

Figure 1. Small-sized model of vériabléfdalﬁi):ér

Servo valve
"Load sensor - |
= L ] o Bypass - Displacement sensor
r— A — - g B : .
—— =
A — N e T
Pistonrod = = ie———o ;-r Y :
o t Cylinder | Sealnng

Figure 2. Small-sized model of variable damper (cross section)
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Table 1. Specification of variable damper

Main part
diameter of cylinder 4.20 cm
diameter of ;)iétOl] rod 3.50 cm
pressure area of piston 4.23 c;ﬁz
piston stroke £10.00 em
-‘ cylinder 89.00 cm3
v‘gi?u(;‘nile bypass pip’e(left)' 7.46 crn3

bypass pipe(right)l| 12.48'cm3

weight of variable damper || 57.10 kg,

Valve part

value of kineq.(4) g
pressure drop ) 1.26 kg/cm

k(vorume of oi] ﬂow)"’

DYNAMIC ‘LQ'ADING TEST OF THE DEVELOPED VARIABLE DAMPER

To obtam basrc characterlstlcs of the varlable damper the plston of variable damper is
smus01dally excited under the condltlon that the- valve opemng ratio is kept-at a constant value.The
generated damping force and the plston velocxty as well as dlsplacement are measured. The
varlable dampcr is set up on the shaking table as shown i in’ Flgure 1 and one end of piston rod is
anchored at the reaction wall. The shakmg_ table is smusordally excited with several combination of
ampii‘t:ii"dé'é'érid frequencies. For each case several -vaive opening ratios are set from the full open
condition to" the level of maxirnum damping force being 400Kgf. Several exanples of hysterics
~loops obtainéd during experiments are shown in Figure 3. As can be seen the dynamic
characteristics of developed variable damper differ from the pure viscous damper of which
hysteresis loop is ‘an ellipse. The deferetice becomes large for the case of the large displacement
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amplitude of piston rod -and the small valve opening ratio. The time when maximum damping
force generated is delayed from that of maximum velocity of piston rod attained. This means that
there is a time delay between the velocity of piston and the oil flow rate at the valve,
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MODELING OF VARIABLE DAMPER
The damper force, F, is assumed to be expressed by
F= A~ R)+F, | (1)

in which A is the area of cross scction of piston, F, and P, oil pressure of right and left
cylinders, F), the friction force between the piston and cylinder. Neglecting the pressure loss in
the bypass pipe the pressure drop at the valve, Ap, is given by the pressure difference between
right and left chambers.

AP=F~F | | @)

The volumetric oil flow rate through the bypass pipe Q is determined by the continuity
equation

Q= A% | | | [€)

in which A is the area of piston cross section, # the velocity of piston. _
The relation between the maximum volimetri¢ il flow rate and the pressure drop is designed
to satisfy the following relation

AP
O = \/; 4

in which k is‘a constant determined” by the servo valve”characteristic as' given in Table 1.
Because the loss tactor of valve | is depend on the valve openmg ratio § (0 <6< 1) the volumetric
oil flow rate can be expressed as follow

Q ﬂ6Q ﬂar L | | (5)

in which ,B is 4 correction coefﬁ01ent expressed as a nonlmear functlon of 6 . Eliminating Q
using Eqs (3) and (5) we can get
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Substituting Eq.(6) into Eq.(1) the relation between the damper force and the piston velocity

is given as a function of the valve opening ratio

Az-z ‘ ' o »

F=k

The value of ¥, in this equation and the relationship between the unknown coefficient B and

thé valve opening ratio § are determine by the inverse analysis using experimental data shown in
Figure 3. The identified value of F, is about 5.6 kgf for each case of experiments. The relation
between 8 and § is in Figure 4 and the maximum volumetric flow rate vs. § is in Figure 5.
Form these figures we coifirm the assumption that the correction coefficient B is only dépendent
on the valve opening ratio and independent on the volumetric oil flow rate. The regression

equation expressing relation between f and § is

1.00 (6 =0.4) )
Jij ={ (8)

~7.63%X(6-04)'+1.00 (6 <0.4)

This relation is expressed by the full line in Figure 4.

1.5 . ,,. R ,u-‘,_/x.’r_’;:- f
o 0.5Hz Amp.-2.3ém | |
1.4 . 0 0.5Hz ‘Amp: 3.0cm -1
¢ 1.0Hz Amp. 1.0cm
1.3 X . Q.6Hz Amp.:1;5¢m [
+ 0.6Hz Amp. 2.0cm
«x 1.2 A 0.8Hz Amp. 1.3cm |7
14 e 0.8Hz Amp. 2.0cm | |
. regression eqation § | .
090 _ .20 40 .60 80 100

" 'Valve opening‘ratio (%)

Figure 4. Relation of between valve opening ratio ahd valrue of ,B
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Figure 6, Comparison between experimental result and computed result

To simulate a hysterics loop for a constant valve opening ratio the average time delay of

0.03sec between the time' at ‘the maximum *damping force being generated and the time at
maximqm piston velocity being attained is obtained from experimental data. Theoretically
simulated hysteresis:loops ‘are compated with: experimental results for'the: case that the frequency

of harmidnic piston” dlSplacement is'0.6Hz (Figure 6). The result show that the developed model
of the variable damper possesses good performance ab111ty ' | '
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THE CONTROL SYSTEM OF VARIABLE DAMPER

The system fto control the valve opening ratio is shown in Figure 7. To control the valve
opening ratio § we use the following equation derived from Eq.(7)

l,/}(a)l, |F, - | | ' | 9)

in which F, is the target damper force. Because the value of f in Eq.(9) is a function of §
the iterative calculation is necessary to ‘detérming the value of'§ within the digital time interval,
0.01sec, to control the valve opening ratio in this experiment. The convergence of valve of § is
guaranteed by using a high speed digital signal processor (DSP) withifi this time interval,

Dsp
L ] F calcuration of co}wcfgcncc
< |state variable - 1arget D.F. 44 [y opening ratio
sensorsf. - —} control algorithm * |* > — givcn'by eq. (10)'

‘ plslon vclocﬁy X

(

BA

valve opemng ratio 6

-1 servo'valve -
Valvc opening r'mo5 :
EP s s o Lo

piston velocity X

Figure 7. Control system: for valve opening. ratio.

To demonstrate. capability of the developed system to control the variable damper it is placed
on-the shaking table and one-side of the’ piston end is anchored on the foundation as shown in
Figure 7. The shaking table is anVevdz:’by,; sinusoidal- signal - being. controlled to 'generate: the
displacement amplitude of 2 em and frequency of 0.5Hz. The valve opening ratio is then
controlled to produce an arbitrary hysteresis loop. The first example is an elliptic hysteresis loop

—112—




which can only be generated by a pure viscous damper. The time history of valve opening ratio
and hysteresis loop is shown in Figure 8. The sccond example is a friction type hysteresis loop
as shown in Figure 9. The broken lines in both figures arc target values. Although smalil
disturbance can be seen when the movement of piston direction is reversed the overall response of
the variable damper shows good agreement with target values.
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E’, Q / \ 0.5 Hz obscrved valud
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Figure 8. Simulation of a damper with constant damping coefficient
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Figure 9. Simulation of a friction damper
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CONCLUSION

An adjustable hydraulic damper was developed and its performance was studied through the
dynamic loading tests. The mechanical model of the variable damper was derived to construct the
control systemn of the developed variable damper. The derived relation between the damping force
and the valve opening ratio was implemented into a micro-computer composed of the high speed
digital signal processor which is the main part of the control system. The developed control
system of the variable damper worked well to demonstrate wide capability for generalmg arbitrary

hysteresis loops.
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ABSTRACT

~ This research aims to: improve the stability of PC :cable=stayed bridges during the
construction. by the cantilever erection ‘method. Effectiveness of the seismic response
control system using Active Mass Damper (AMD) is analytically and experimentally studied.
It is found that by operating AMD which is attached at the end of girder in vertical
direction, the section force developed at the tower bottom was reduced by 20—40%.

INTRODUCTION

The cantilevér erection method is often used for the construction of long—span
prestressed concrete (PC) cable—stayed bridges. The method is suitable for the
constructlon of Iong—» span cable—stayed bridges because the structural characteristics of the
“bridge is effectlvely used by the method and it is not restricted’ by the condition under the
girder, The bndge under- constructlon, however, is a relatlvely unstable structure supported
only by a singlée tower There are some ‘cases, therefore, where special attention is required
to safeguard against the dynamlc external forces such as earthquake and wind loads.
When de81gn1ng a brldge under— construction, half of the value of the design seismic
forces is usually adopted as the design’ earthquake force. In that case, section forces
developed at the pier bottom are roughly equal to “those of the completed bridge.
Consequently, 1f the earthquake response of the completed bridge has been reduced by the
use of the damper[l], the earthquake design force may become critical for the design of the
_members Because movable sections are temporanly ﬁxed durmg the constructlon, seismic
response control or Seistic isolation systems that wﬂl be adoptéd after’ the completlon of
the constructmn are usually difficult to apply for the bndge during the construction. On the
other hand, it is pgssmle that an efficient seismic response control system can be applied for
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the bridge under construction because of a relatively small number of restrictions for the
control system, such as compactness, durability and maintenanceablity, etc. There is a need,
therefore, to develop special seismic control systems suitable for use during construction.

In this study, a bridge subjected to earthquake ground motion in the longitudinal direction
was chosen, The seismic response characteristics during cantilever construction were
investigated, which is necessary for such purposes as the determination of the location of
the control system. For the purpose of response control, an active mass damper (AMD)
system was employed(2], and the effectiveness of AMD was studied through simulation
analysis. The results thus obtained were verified through the shake table tests using a
scaled bridge model, '

BRIDGE MODEL STUDIED AND EARTHQUAKE GROUND MOTION

Bridge Model Studied

In this study, 3—span continuous-PC cable—stayed bridge with a central span length of
400 m is adopted. A floating type girder support system and fan shape cable arrangement is
assitmed. Fig. 1 shows a'general view of the idealized bridge. '

. The cantilever erection method is illustrated in Fig. 2.- It was assumed that the girder—
pier connection :would be fixed during the erection. As the weights of -erection equipment,
1.37 MN of a traveller at each end of the girder and 0.78 MN of a crane at the top of the

803 000

1§00 . 200 000 I : 400 000 . 4 200 000 1 $00.
X T
! . .
i
--------------------------------------- 10 000][[L_ "-®l_l,f/
5; r +L i /
- Side View
b=
BTN IO R . ' 8‘ ! 0 N
e 750,:» ‘5.000-,,}750 el S 3!0 :
560 1 500 = LJ
. . - . N . i ' 1
Cross Section of Girder Tower and Pier i

Fig. 1 General View of PC Cable—Stayed Bridge Studied
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tower were taken into consideration. The total weight becomes 359 MN when the girder is

fully extended. In the dynamic analysis, the damping ratio of 1.0% was assumed for the
bridge model(3].

L 195 500 (wax.)

) |
Total Weight : 359 MN
(When Girder is Milly Exiended)

195 500 (max. )

<zzh__— Tower Crane
i

: Temporarily Fixed R\Travcller'
| ¥
| ] l\

Fig. 2 Construction by Cantilever Erection Method

Earthquake Ground Motion

The acceleration response spectra and standard input accelerations specified in the
Design Specifications for Highway Bridges in Japan were adopted for the analyses and the
experiments[4]. For the evaluation of seismic response characteristics and the applicability
of AMD during construction, 1/2 times the amplitude of the response spectrum and that of
the standard input accelération for the ground condition Type I were used as an input
acceleratlon In the standard input acceleration for the ground condition Type I and I
were also used for the shake table tests. Fig. 3 shows the ‘earthquake ground motion used
for the analyses and the experiments.
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................. i X Yy
. F‘B ........... frovee Foed H \J
0 - 5 .10 . .15 20 s g Damp]ngRauoiO% o
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150 : Jype tit % L —-Spcctrum for prc l 1 4 N
= 4 - Spcchum for 'I‘ype lll ______ o
&1) .
\J 0 || = nput Ace. for Type N
g ’. — Input Ace. for Fyps |
s bt . ERTITNY S SRPT1 Y] CHIESR NI W N W R T
S0 10 20 . 30 . 40 50 - . .01 . L 1.
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(@ Standqrd Input Accclcratlons o e (b) Responsc Spectra

..........

Flg 8 Earthquake Ground Motlon Used for the Analvses and the Expenments
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SEISMIC RESPONSE CHARACTERISTICS OF BRIDGE
UNDER CONSTRUCTION

To investigate the natural vibration and seismic response characteristics of the bridge
under construction, the dynamic analyses using the response spectrum method were
conducted. The extended length of girder was changed as a parameter, The ratio of
extended girder length to full extension was defined here as a cantilever ratio. the
cantilever ratios was assumed in the range of 25— 100%.

Fig. 4 shows the dominant natural modes in the longitudinal direction for the cantilever
ratios of 50 and 100%. Fig. 5 shows changes in the natural period and effective mass ratio of
each mode with the cantilever ratio. The natural period became longer as the cantilever
ratio increased, but the rate of the increase was lower in higher modes. At cantilever ratios
of around 25%, the effective mass ratio was dominated in the 1st and 3rd modes: at around
50%, in the 2nd mode; and at 75% and above, in the 3rd mode. Thus, the dominant modes

shifted with the construction progress.

Ist Mode g Ist Mode L(

(f=0. 13713z) (f=0. 289Hz) z ;

2nd Mode S 2nd Mode .

(f=0. 66511z) ﬂﬁ\\g (f=1. 010Hz)
/s l\l\/

3rd Mode %X 3(rd Mode ')

(f=0. 949H7) f=1. 540Hz
>/ |

Cantilever Ratio : 100 & Cantilever Ralio : 50 %

Fig. 4 Natural Modes in the Longitudinal Direction under Construction

To illustrate changes in the sectional forces as construction progresses, Fig, 6 shows the
maximum bending moment at the tower bottom and at the pier bottom, The maximum
bending moment at the tower bottom is dominated by responise of the lst“rhé)"de,',_ and the
response decreases as construction progresses. The maximum'béﬁaiﬁg moment at the pier
bottom tends to increase as construction progresses, but the mode dominating the response
value varies with the cantilever ratio and coincides with the mode in which the effective
mass ratio becomes dominant. Fig. 6 also shows the maximum bending moment in case of
the completed bridge. The maximum bending moment at the pier bottom at the cantilever

ratio of 100% is roughly equal to'that for the compléted bridge,
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To illustrate changes in response displacement as construction progresses, Fig. 7 shows
the maximum value of longitudinal displacement at the tower top and vertical displacement
at the end of the girder in each modes. At cantilever ratio of 50% and less, the longitudinal
displacement at the tower top tends to be larger than the vertical displacement at the girder
end. At cantilever ratio of more than 50%, however, the vertical displacement at the girder
end becomes greater, This indicates that installing a response control system at the girder
end to work for the vertical direction is more effective than installing it at the tower top for

the longitudinal direction.

STUDY ON EFFECTIVENESS OF AMD

The Active Mass Damper system (AMD) was selected as a mean of seismic response
control during bridge constructlon[S] In the study, attention was given to the fully extended
state of girder. As shown in Fig. 8, the case where the AMD operates in the longitudinal
direction at the tower top and the case where it operates in the vertical direction at the
girder end were considered. The AMD was controlled by the direct velocity feedback
(DVFB) method, in which control forces were calculated from velocity response at the
location of the AMD. The control gain was adjusted so that the maximum control force
became around 3.5 MN (about 1% of the total weight of the bridge). Control was p10v1de(l
for the;3rd modes which vibration dommatmg sectional forces at the pier bottom and all

modes,

Longitudinal

A4

Seismic Force
-

ng 8 Locatlon of AMD

Figs.: 9 and 10 show bending moments at the towe1 bottom and at the pier bottom and
control ‘forces- ‘by ‘the AMD in the case where an AMD was installed at the tower top and
the case where an AMD was installed at the girder end. In the case where the AMD‘ was
installed at the tower top, the makimu"m bénding moment at the pier bottom was réduced by
about 16%, but the. maximum bending moment at the tower bottom. was reduced only about
5%. In‘the case where the AMD was installed at the glrder end, the Iesponse control for
the bendmg moment at the tower bottom was low, but the max1mum bendmg moment at
the p1er boftom 1 was reduced by 35% ThlS 1nd1cates that mstallmg the AMD at the girder

,,,,,

R S R AL RS R AN




1200
600

0
-600
-1200

Moment (MN.m)

e No Control
With Control

0 5 10 15 20 25

(a) Moment at Pier Bottom Time (sec)

100
50

0
-50
-100

Moment (MN.m)

—~——— No Conlrol
With Control

(b) Moment at Tower Bottom Time (scc)

4.0
2.0
0.0
2.0
-4.0

Force (MN)

0 ’ 5 10 15 20 25

(c) Control Forcc of AMD Time (scc)

1200
600
0
-600
-1200

Moment (MN.m)
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Fig.11 AMD at Girder End (Control for All Mode)

Fig. 11 shows the result of the analysis of the case whefe all modes were controlled with
the AMD installed at the girder end, The results indicate that when all modes are
controlled, most of energy is consumed by lower—modes. The response control in reducing
the bending moment at the pier bottom is less effective,

MODEL RESPONSE CONTROL TESTS USING AMD
Outline of the Tes;ts

To verify the performance of the AMD for the seismic’ 'résp'bnSe' control ofa bridge under
construction, a series of shake table tests was conducted using a bridge model. :

The bridge model was designed to model the fully extended state of the bndge A spatlal
scale of 1:56 and a temporal scale of 1:10 were asstimed. The length ‘of the bndge model 1S
7.2 m and the total weight is 34.3 kN. Fig. 12 and Photo. 1 show the bndge model and the
setup for the shake table tests. ‘The number of cables was', reduced S0 that the near
similarity to the natural vibration’ charactenst1cs be’ mamtamed Flg 13 $hows the modes of
the bridge model. - v

The AMD was installed at the end of the girder, and control forces were apphed in the
vertical direction. The control forces were calculated by the DVFB méthod: by the response
velocities measured, where the AMD was installed. Table 1 shows the test cases, The test
parameters were the' input acceleratlon, input level, and control gam., Lo

Fig. 14 shows the AMD used in the’ tests, The AMD has a: 490 N mass whmh 181 operated‘

in- the vertical direction and a maximum stroke of 80 mm. The AMD can genérate the
control force up to 1oO Nat 1 Hz. .
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Table 1 Test Cases
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Test Results

Fig.14 AMD Used in the Test

(1) Time~— history reéponse characteristics

As examples of test results, Fig. 15 shows the time= history response for Case 1 and 4.

Response strains at the ‘pier bottém show that short— period components were dominant
in the first half of excitation and long—period components were conspicuous in the second
half. When seismic response was controlled, little decrease in amplitude was observed while

short— period components were dominant, As long— periqd components became dominant,
and the effectiveness was much

however, the response was effectlvely controlled

remarkable when the gain was larger
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Response strains at the tower bottom were dominated by components within a certain
range of periods. When seismic response was controlled, early response did not effectively
control. But higher gains tended to result in the reductions.
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Fig.15 Time History Responses:

'Fig. 16 shows Fourier spectra for the response strains at the pier bottom and at the
tower bottom. The spectra for the pier bottom show two dominant frequencies, The 1st
mode clearly show the effect of response control, whlle the spectra for 2nd mode are not
reduced “This is partly due to the use of the DVFB method for the control. Another reason
is thought to be that, as indicated by the rocking phenomenon of the AMD the AMD could
not follow the 2nd mode, Judging from the fact that the spectra for the tower bottom are
dominated by only 1st mode, that is why the ‘effect: of résponse control at the tower bottom
was greater than at the pier bottorm, .
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Fig.16 Fourier Spectra of Response Strains

(2) Maximum response
Figs. 17 and 18 show the ratios of the maximum values of controlled response to those of

uncontrolled response. Fig. 1’7 shows the test case where a 1/2 time scale ‘was used for the
input accelération, and Fi ig. 18 shows the test case where a 1/10 time scale was used.
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In the test case where the 1/2 time scale was used for the input acceleration, decreases
in the maximum response strain at the pier hottom were 5—10% for the ground motion of
ground condition Type I and 15—25% for the ground motion of ground condition Type IIl ,
while decreases in the maximum response strain at the tower hottom were 20—40%. The
reason for these differences is that although the response strains at the tower bottom are
dominated by the 1st mode to which can be effectively controlled, at the pier bottom are
dominated not only by the 1st mode but also the 2nd mode to which the response control
system is less effective, The response velocity at the girder end was reduced by 20--40%.
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Fig.18 Ratio of Maximum Response (1/10 Time Scale)

In the test case where the 1/10 time scale was used for the input acceleration, the
excitation time was only about 2.5 seconds and 5.0 seconds for the ground motion of ground
condition Type I and III, respectively. Since the frequency components of input
accelerations COn'esponding to the 1st mode were small, response control was less effective.
It is noted, however, that the maximum response at the tower hottom was nevertheless
reduced by about 10% for the ground motion of ground condition Type I and about 20%
for the ground motion of ground condition Type III .

Simulation Analysis

As an example of a simulation analysis of the shake table "test, Fig. 19 shows the
response strains at the pier bottom in.Case 4. In the ana1y31s, a record accelerations
obtamed on the shake table was used as an input accelerations. The measured damping
ratio, a measured value of 1.1% obtained from the bridge model was used. The results of
the s1mu1atlon analy31s closely approximate the characterlstxcs of the observed response
strains by the analy31s method. used.

F1g 20 shows calculated and measured values of the ratio of the maxxmum response with
and without control Measured and calculated values show good agreement
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CONCLUSIONS

Useftilness ‘of the AMD as a seismic’ resporise control system for a PC' cable~stayed
bridge ‘under construction was evaluated analytlcally and experimentally, - I‘he followmg

conclusmns are made:

(@) As the cantilever construct1on progresses, the dominant natural ‘mode of the effectlve '
mass ratio shifts from the 1st to the 3rd mode. Section forces at thé pier hottom ate due'

_primarily to the mode of which the effective mass ratio is dominarit,
(c) Since-AMD' changes ‘natiiral vibtation charactenstlcs, it" makes an effective” seismic
response control system’ for se diring bridge construétion, Accordmg to a simulation
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analysis, installing an AMD at the girder end of the bridge is more effective in
controlling seismic response than installing an AMD at the tower top.
() In the shake table tests using a bridge model, the AMD reduced response by 5—-25% at
the pier bottom and by 20—40% at the tower bottom.
(d) The results of the simulation analysis reproduced the test results with high accuracy.
Thus, applicability of AMD has been studied generally. There are some issues, however,
yet to be addressed in order to use practically, including: control theory which makes
effective seismic response control possible[6], mechanism and reliability of practical systems
to be installed on real bridges, and behavior in response to seismic forces exceeding design
forces.
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ELASTOMERIC AND LEAD-RUBBER BRIDGE BEARINGS
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ABSTRACT

‘Elastomeric and lead rubber bearings may exhlblt significant stiffening due to cold
temperature effects as well as some velocity dependency (strain rate effect). Both of these
attributes that affect non-linear behavior must be accounted for when accurately modeling
bearing behavior, thus ‘a’ tHerimo-visco-elasto-plastic model is' proposed to account for cold
temperature and strain rate effects in'both rubber and lead. The results of an experimental
investigation whéte the béarings are tested under lateral cyclic loading with constant ‘axial load
are presented. A non-linear system identification least squares procedure is developed to -
determine material properties of rubber and lead. It is demonstrated that the proposed thermo-
visco-elasto-plastic analytical model is able to‘simulate well the reversed eyclic loading
behavior of elastomeric and lead-rubber bearings. An analytical study is conducted on a
bridge structure where seismic force and displacemeiit demands ‘ate’compared at normal
temperatures (+20°C) with the expected performaiice’ at cold:temperatures (-30°C).  For
elastomeric bearings, results of the analytical study show that due to improved hysteretic
-damping effects at cold temperatures, force demands do not increase and displacements
slrghtly reduce. For lead-rubber bearings, cold temperatures stiffen and strengthen the lead so
there is about a 30% mcrease in force demand but a correspondmg reduction in dlsplacement
demand. - ST : : :

INTRODUCTION

Consrderatlon of the dynamxc propertles of" rubber is- 1mportant in the desrgn of bridge
bearings for use in vibration and seismic isolation. It is essential for the designer to have a
‘knowledge of how these properties vary with temperature and frequency (strain rate).

Although the seismic performance of seismic isolation bearings has been extensively

, 1nvest1gated ‘the . in-service performance of 'such bearings under cold climatic conditions, such
as in-northern ‘North Amerlca, is'not- well-understood... In spite of the increased stiffpess of
elastomers at low: temperatures desrgners usually calculate the forces transmitted by the
bearmgs using the stiffness derived from: laboratory tests. (commonly about +20°C).  However,
it-has: been recommended that the: increase’ m stiffness due to low temperature crystalhzatron of
elastonieric: bearings. should be allowed for in design (Stariton et al., 1982) ~Since the -
horizontal force transinitted by the- supetstructureto. the substructure is ‘a function of -the-
elastomer’s shear modulus, the extent of the strffenmg must be known (Stanton et al., 1991).

Furthermore because natural rubber is'a visco-elastic material and bearing formula-

tions contain carbon black, its shear moduli are dependent on frequency. Frequency (or strain
- rate) dependency has a 31gn1ﬁcant mfluence on the elastic modulus of rubber. Dynamic tests
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produce a higher shear-modulus and'Youn‘g s modulus than quasi-static tests, and to account
for this some-design specifications require that the shear' modulus be doubled when computing

stress and strain due to dynamic load (Stanton et al 1982).

In this paper a thermo-vnsco-elasto—plastlc model is proposed to account for cold
temperature and strain rate effects. Shear moduli, yield stress, and some material dependent
coefficients are the parameters needed to describe the model. If these parameters are
identified from the experimental results of bearing systems, the model they describe should
simulate the real system. Therefore, experimental laboratory studies were conducted to
explore the effects of low temperature and strain rate on both elastomeric and lead-rubber
bridge bearings. To obtain the parameters for the proposed analytical model a numerical non-

linear optimization scheme was employed.
The thermo-visco- elasto-plastlc model has been apphed to a brldge problem to .
mvestrgate the effects of variable thermal effects on the seismic response. Force and displace-

ment demands are compared at normal temperatures (+20°C) with the expected performance at
cold temperatures (-30°C). o ~

A THFRMO VISCO ELASTO PLASTIC MATERIAL MODEL .

The overall shear force F of the proposed thermo -visco- elasto plastlc model for the
lead-rubber bearing takes the followmg form : : Lo

F'="Fr‘+FL =‘trAr+‘1:l;Ai S A (1)
in whrch F and F are shear forces applled to rubber and conﬁned lead respectrvely and A

and 4, are rubber area and lead area, respectlvely

The shear dlsplacement x can be obtamed from the following equatlon when the
controlled. shear stram y is m terms of total rubber henght h s e

+ . Figi 1-presents a thermo-visco-elasto-plastic constitutive: model-of the K’erinitype for
modelmg'both the elastomet (natural-rubber has been considered herein, but: neoprene is:also.
valid) and the confined lead core. Fig. 1(a) shows a. general force:displacement diagram: forf

“the monotonic static contribution: (independent of velocrty) and cyclic dynamic contribution-

* (velocity dependency. or strain rate effects) of bearing. behavior.- In this figure- Q; is dynamrc
shear force at zéro’ displacement which is composed ‘of a. statrc part Qa, and dynamrc part de
(strength enhancement due to stram rate effect) as follows , : A

‘inwhich ¢
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Qu = F, - kyx, = F(1~9) @

in which F, = yield shear force of bearing, %, = yield shear displacement of bearing, ¢ = kylk, ,
k = initial stiffness of bearing, and k, = post-yield stiffness of the bearing.

The static contribution can be accounted for by a bilinear hysteresis rule and the
dynamic contribution can be accounted for by a nonlinear viscosity rule. Fig. 1(b) shows a
quasi-visco elasto-plastic Kelvin model in which the parallel static spring and dynamic dashpot
exhibit non-linear behavior. The total rubber/elastomer or lead shear stress () in the bearing
can be calculated as the sum of the spring shear stress (+,) and velocity dependent (viscous)
shear stress (x,) which are shown in Fig. 1(c) and 1(d), respectively:

T, = (5,) + (1) ®)

in which (x,) is a function of temperature and shear strain, and (+,) is a function of tempera-
ture and velocity; note here the subscripts s and v stand for spring and velocity, respectively.

The four-parameter model proposed first by. Menégotto and Pinto (1973) and used by
Pekcan, Mander and Chen (1995) for modeling visco-elastic spring dampers may be used to
define an elasto-plastic hysteresis curve for spring shear stress (t,) as follows:

1-4
Gy -v,)
(z,) -7

T, = Ty * (Gl)(Y "Yo) g+

R)i | ©)
1 +

in which v = bearing shear strain under consideration, v, = bearing shear strain at the
beginning of unloading or reloading, (G,) = initial shear modulus, ¢ = (G,)/(G,) where
(G,) = post yield shear modulus, (<) = yield shear stress, t, = bearing shear stress corre-
sponding to shear strain v, and R = curvature shape factor, the latter being conveniently
adopted as R = 2.0 for both rubber and lead. '

The nonlinear quasi—viscb'us hysteresis curve for velocity-dependent shear stress (z,)
can be expressed as follows: .

(z,) = csign(¥) |1 |* - - o

in which ¢ = material constant, ¥ = strain rate, and « = positive real eXpdnent;

Thus for elastomeric as well as lead-rubber bearings, the proposed sfréss—strain model
for both the rubber and lead materials takes the following form: B




v =g+ (G < ¥p)| g ¥ == | + estgn(y) |4 |*
@ -vf
(z,) -«

®

where the parameters (G,), g, (v,), ¢ and « are material specific and must be identified
from experiments, : '

When modelmg lead (Fig. 1(b)), it is well known that its behavior is elasto -perfectly-
plastic (Skinner et al., 1993), thus for lead it will be assumed that ¢ = 0, and that lead may
also behave quasi—visco/elasto plastically in accordance with equation (8).

EXPERIMENTAL INVESTIGATION

, The experimental apparatus that was previously developed by.the authors for testing
steel bridge bearings was used for this investigation of seismic isolation bearing behavior.
This test setup was designed to emulate the boundary conditions of a SOG bridge deck and
stiff concrete substructure. The rig enabled the testing of bearing systems under combined
axial (gravity) load and reversed cyclic longitudinal (thermal/braking/seismic) or transverse
(seismic/centrifugal/wind) loadings. The bearings-tested as part of the experimental investiga-
tion were prototypes used for seismically retrofitting the Southbound Rte 400 highway bridge
crossing Cazenovia Creek, near East Aurora, New York. The dimensions of elastomeric and
lead-rubber base isolation bearings used in'this study are presented in Fig. 2. The elastomer
was identified as ASTM D4014 NR Grade 36 and the hardness of elastomer is ASTM D2240:

55+ 5 shore A points.
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.. Fig.-2- Dimensions of the Bridg’e:Bearings-Tested—in this Study.
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The bearings were tested under quasi-dynamic reversed cyclic lateral loads at increas-
ing displacement aimplitudes under constant axial load of 356 kN and 90 kN for laminated and
lead-rubber bearings, respectively. This level of axial load was equal to the average tributary
superstructure dead load at the pier and abutment seats of the prototype Rte. 400 bridge. The
vertical load was applied in "force control" by a hydraulic actuator whereas the horizontal load
was applied by "displacement control” of a 1100 kN servo control hydraulic actuator. The
applied loads were measured by analog load cells connected in series with the actuators.
Displacements of the top and bottom bearing were measured with sonic transducers. The
overall bearing displacements are the top mounting plate displacements with respect to the

base-bolting plate.
Experimental Observations

Low temperatures induce crystallization and thermal stiffening. Both effects cause a
significant increase in stiffness of the elastomer. To investigate the effect of temperature on
elastomeric seismic isolation bearing performance, the specimen with the steel mounting plate
attached was placed in a freezer and the temperature lowered to -60°C. It should be noted
that full-size bridge bearings have significant mass, and 8 to 12 hours may be required for the
low- temperature to fully penetrate the bearing (Stanton, 1982). For the present studies, the
specimen was kept in the freezer for at least three days to ensure that the low temperature
fully penetrated the entire bearing. To keep track of the temperature change, two
thermocouples were used; one was attached just beneath the surface of the rubber, the other
was inserted well inside the bearing. The cold bearing together ‘with mounting plates was
removed from the freezer and quickly installed in the test rig, insulated with polystyrene and

immediately tested.

A combination of semi irregular and regular sine wave form consisting of maximum
shear strain amplitude 50% was adopted with axial load P = 356 kN and test frequency
f =01 Hz. As the temperature of the bearing drops to low levels the rubber "glass-hardens"
and as a result there is significant stiffening with the rubber behaving in a hysteretic fashion.
The shear stiffness is the effective she_avr_stiwffness (computed from the secant measured from
peak to peak in the hysteresis loop) and the shear strength is the shear force at zero shear
displacement. Elastomeric bearings exhibit thermal stifféning at low temperatures. In this
study for rubber with a hardness of 50 + 10 Shore A Points, a significant temperature
sensitivity was observed — about 200% and 600% increase in stiffness and strength when the

- temperature was lowered from +20°C to -48°C

To investigate the effect of temperature on the lead-rubber bearing performance the
same procedure as for elastomeric bearings was applied. From the cold temperature (~32°C)
to the room temperature (+20°C) a sinusoidal displacement control wave form ¢onsisting of
two reversed cycles at each rubber strain amplitude 25%, 50%, 75% and 100% was adopted with

axial load P = 90 kN and test frequency f = 0.1 Hz.

IDENTIFICATION OF THERMO-VISCO-ELASTO-PLASTIC MODEL PARAMETERS

The system identification procedure for the appropriate bearing parameters was carried
out on the elastomeric and lead-rubber bearings shown in Fig. 2. To obtain the parameters for
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each test, a standard spreadsheet based quasi-Newton non- linear optimization scheme was
employed The optimum parameters are defined as minimum in the sum of square of the
errors in forces between the experimental results and the proposed analytical model.

Parameter Identification for Elastomeric Bearings

This identification procedure has been carried out on the elastomeric bearing systems
which were tested previously. All tests were initially analyzed blindly and it was found that
curvature shape factor R and constant o changed only a little. Thus for all subsequent
identification of test results R = 2.0 and for rubber «, = 0.5 were adopted.

For rubber, the initial and post yield shear moduli (Gy), and (G,),, yield shear stress
(v,),, and material constant ¢, are temperature dependent and can be expressed in terms of
exponent1a1 functions:

G . plzo—r]‘s; (G, ex p[Z.O—"T]’; (=), o p{zo-r]s; 20 __ZT .
Gy, 20 66.4 (G); 2 767 (), 20 79.2 PN Y

in which 7 = temperature in degrees Celslus and at room temperature (T = 20°C) the
following values for the parameters were obtained from the system identification analysis:

(G,), p = 1.33MPa; (G,), 5 = 1.00 MPa; (x. y)ra0 = 0215 MPa; ¢, ,, = 0.04 MPa

The actual expernmental responses and the computed model responses based on the
identified values usmg equation (9) are compared in Fig. 3 for an experimental shear strain
amplitude of 50%. Good agreement between the model and the experimental observations is
evident.

Parameter Identification for Lead-Rubber Bearings

The parameters previously identified for the rubber alone were used as a basis for
assessing the contribution of lead in lead-rubber bearmgs Therefore, the identification
procedure was carried out only on the lead which is confined by rubber. Using R = 2.0 as
before, identification of test results revealed that constant « 1 = 0.25 gave the-best fit to the
experimental results.

The material properties for lead, namely the initial shear modulus (A yield shear
stress (+)),, and the material constant ¢, are temperature dependent and can also be expressed
in‘terms of exponential functions;

@)y _ GXP{ZO—T]; RS/ exp[_&-_T]; %y (10)
(G20 161 ,("y)wo . 73 Crao

where at' foom temperature the following parameters were identified:
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Fig. 4. Expenmental Results of Lead-Rubber Bearings Tested at Different Temper-

“atures Compared ‘with Force-stplacement Predlctlons Made by the Pro-
posed Thermo-Vnsco—Elasto-Plastlc Model.
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(G)pg = 336 MPa ; (%)) 5 = 616 MPa ; ¢, ,, = 246 MPa

. The actual experimental response and the computcd model responscs based on the
1dent1fled values (equations (9) and (10)) are compared in Fig. 4 for the sine wave displace-
ment control, Agam, good agreement between the analytical model and the experimentally

observed results is apparent.

It should also be noted that the analytical model was tested on other types of elastomer-
ic and lead-rubber bearings found in the literature. For example, test results provided by
Skinner et al. (1993) were compared with the model predictions and good agreement between
theory and experiment was obtained — without adjusting the parameters in the model. It is
thus considered that the model is adequately validated and able to be applied in a predictive
sense with a degree of confidence in its reliability. Such an application is described in what

follows.

ANALYTICAL STUDY OF SEISMIC RESPONSE OF BRIDGES IN COLD CLIMATES

An analytical study was undertaken with the objective of examining the effect of cold
temperatures on the seismic force and dlsplacement demands on bridge bearings of either the
elastomeric or lead-rubber type when placed in a bridge system, that system having different
dynamic properties (natural periods of vibration).

Fig. 5 shows a single span portion of a two-girder bridge with two beari'ngs at'each
support. This simplified structure was chosen to keep the analysis tractable and is based on a
similar configuration of the Rte. 400 ‘bridges recently studied by Wendichansky (1996) The
width, length and thickness of concrete deck used are 4.6m, 253 m and 0.23m, respectively.

Two W36x150 steel. glrders were adopted as shown in Fig. 5a, while the analyt1cal model of

the bridge is presented in Fig. 5b. To focus on the non-linear seismic demand of each’ type of
bearing, only bearing elements exhibit non-linear behavior. Seismic weights (W =356 x4 =424 kN)
of wj4, W/2 and W/4 are lumped at joints 1, 2 and 3, respectlvely .

The natural perlod of the structure is adjusted by changmg the stlffness of the piers.
When the period-is:small the structure may be considered as a single span bridge seated on
near-rigid abutments, whereas when the period is long the structure may be thought of as a
. one span (loll1pop) portion of a "long“ multiple span bridge with tall piers.

As mentloned ‘previously, the response of rubber bearmgs is ‘somewhat strain rate .
dependent. Recently, - Pekcan, Mander and Chen (1995) included this strain rate effect to' the
link element in the DRAIN-2DX program Therefore, this modified version of the program
DRAIN-2DX was selected for the purpose of conducting inelastic time hlstory analyses The
observed force-displacement relationships for bearings were simulated analytically using the
combination of ‘eléments’ in DRAIN-2DX. An elasto- -plastic-truss element and two' nonlinear

link elements were used.

Several assumptlons were made to reduce a complxcated pfoblem to a relatlvely snnple
problem The arialytical model was developed based on, ‘the followmg assumptlons
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Fig. 5. Configuration of Idealized Bridge for. Analytical Study

) All inelastic behavior is assumed to be concentrated in the bearing elements.

(i)  Both mass proportional and stiffness proportional damping.where the damping is
approXimately 5% of the critical damping for the first two modes is used.

(iii)  All the ‘analyses were performed with variable numerical integration time-steps ranging
7 '.fI‘Om 001 sec (0 00001 sec.

3v) Ground acceleratlons consxdered only the transverse hor1zontal component () For
: comparative studies the properties of bearings at room temperature (+20°C) and cold
temperature (-30°C) were adopted. Figs 3 and 4 respectively show the analytical
"~ model predlctlons compared with' the exper1menta1 response for the ‘elastomeric and
lead-fubber bearings at temperatures ranging from the standard 420°C down to -48°C.
Because of the variable amplitudes these results including' strain ‘rate effect.

' Nonlmear dynamlc analysEs of the prototype brldge were performed usmg four ground
acceleration’ fécords: El Centro NS (PGA '='0.35%); Pacoima Darh S7T4W (PGA = 1.08g);
Northrrdge, Sylmar Hospital Parkmg Lot N-S (PGA" = 0:6g): and Kobe, Kobe Station

(PGA = 0. 83 8).
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Results from Analytical Study

Fig. 6 shows the temperature dependence of maximum forces and displacements over
the natural period range of the bridge seated on elastomeric bearings. Due to the flexibility of
clastomeric bearing alone the natural period of bridge seated on rigid piers or abutments is
Ty = 1.22 and 1.09 sec at +20°C and at -30°C, respectively. It is observed that the maximum
bearing force increments are negligible presumably due to smaller bearing displacement at cold
temperature. Moreover, due to the added hysteretic damping that is inherent at cold tempera-
tures the displacement demands are reduced by typically 15%.

Fig. 7 shows the temperature dependence of lead-rubber bearings and its effect on the
maximum forces and displacements at each bridge natural period. Note that the natural period
of the bridge is lower than the elastomeric bearing case because of the stiffness contribution of
the lead. The natural period of bridge seated on rigid piers or abutments is T, = 0.391 and
0.341 sec at +20°C and at -30°C, respectively. It is observed that the maximum bearing forces
slightly increase whereas the displacements decrease at cold températures.

Such an increase in force demand due to the low temperature effects on the lead-rubber
bearing should be allowed for in the design of the bridge substructure. In general, the
expression for the structural safety requirement may be written in the well-known LRED form:

R, >Xy,Q (12)

where ¢ = strength reduction factor, R, = nominal resistance, y, = overload factors and

Q; = various Joad effects. In cold regions, when the winter temperature is about -30°C, the
design load factor y = 1.3 may be selected for substructure design under lead-rubber bearings.
Design displacements are reduced by a similar amount. :

CONCLUSIONS
Based on the present study, the ‘fblltSZ\Viﬁ@g‘cénélh'si'bné'c'éliri be drawn:

1. Atextremely cold temperatures, rubber "glass-hardens” and as a result laminated
clastomeric bearings that may be used for seating bridge girders behave in a significantly non-
linear fashion. About 200% and 600% increase in stiffness -k, and strength. Q, was observed in

tests when the temperature was lowered from 420°C to -48°C.

2. Cold temperatures affect the performance of the lead-rubber seismic isolation bearing,
Over the range of temperatures (+20°C to -32°C) elastic stiffness &, poSt~yi§ld5§t,iffness k,,

and strength Q, varied by some 80%, 40% and 80% , respectively.

3. The hysteresis performance of elastomeric seismic isolation bearings may be character-
ized by a temperature dependent non-linear Kelvin model— that is a combination of a bi-linear

static spring and velocity dependent nonlinear viscous dashpot,

4, The hysteresis loops of lead-rubber bearings may be obtained by adding the xé‘f;fe“ct%s'xo}f'
confined lead to the model of the elastomeric bearing. The effects of confined lead can be
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expressed by using additional bi-linear spring (perfect elasto-plastic spring) and another strain
rate dependent nonlinear viscous dashpot. The presence of the lead core provides considerable
energy absorbing capacity.

S. At cold temperatures (-30°C for this study) the increment in maximum bearing forces is
negligible for bridges with elastomeric bearings. This is due to correspondingly smaller
bearing displacement demands resulting from additional hysteretic damping that arises in the
elastomer at cold temperatures.

6. For bridges with lead-rubber bearings there is a consistent increase of bearing force
demand of some 30% for cold temperature response (-30°C). This force increase must be
accounted for in the substructure design.
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ABSTRACT

Yama—age Bridge in Tochigi Prefecture, Japan, which is the first Menshin design
(seismically isolated) bridge using high damping rubber bearing (HDR). Strong motion
observation has been made at the bridge since the completion of the construction in
May 1993. The strong motion data was obtained during the Hokkaido— toho— oki
Earthquake on October 4, 1994. Since there are a few strong motion data during
earthquakes for the Menshin bridges, analyses of the data were made to study the
effectiveness of the Menshin design. This paper presents the seismic response
characteristics of the Menshin design bridge through the analyses of the observed
strong motion data.

1. INTRODUCTION

There are over 80 Menshin design (seismically isolated) bridges in Japan including the
bridges under construction and on planning stage. Since the Menshin design bridges
have recently begun to be constructed, there are only a few data on the dynamic
response characteristics of the Menshin design bridges during earthquakes. The strong-
motion data was obtained at the Miyagawa bridge in Shizuoka Prefecture, Japan, which
was the first Menshin bridge in Japan constructed in March 1991 [1]. Although the
observed acceleration response was not strong, the effectiveness of the Menshin design
to reduce the acceleration response of deck was shown [2].

Yama—age bridge is located at Karasuyama, Tochigi Prefecture, on National Highway

Route No.294. The Yama—age bridge is the first Menshin design bridge using High
Damping Rubber (HDR) Bearings and Was completed in May 1993 [3,4].
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The strong motion observation has been made for the Yama—age Bridge to study the
dynamic characteristics of Menshin design bridge. The strong motion data was obtained
during the Hokkaido—toho— oki Earthquake on October 4, 1994. Since the bridge is
located far from the earthquake epicenter, the observed response is not strong,
However, since there are a few strong motion data for the Menshin bridges, analyses of
the data were made to study the effectiveness of the Menshin design. This paper
presents the seismic response characteristics of the Menshin de31gn bridge through
analyses of the observed strong motion data,

2. OUTLINE OF THE YAMA-AGE BRIDGE

Fig.1 and Photo 1 show the Yama—age bridge. The superstructure is of 6—span
continuous prestressed concrete two—cell box girder with deck length of 246.3m. The
effective width of the deck ranging ‘from 10.5m (standard section) to 13.5m (wide
section). The gradient of the deck in the longitudinal direction is from 1% to 5%. The
ground condition of the Yama—age bridge consists of sand— gravel layers and slate layer,
N-value by the standard penetration test for the sand— gravel layers is ranging from 30
to 50, and that of the slate layer is greater than 50, The ground condition is classified as

Class I.

The abutment is of a inverted T~ type reinforced concrete substructure and the piers
are of reinforced concrete wall type with rectangular section. The foundations of all
substructures are of spread type foundation, High damping rubber (HDR) bearing is
adopted for the bridge. Two bearings are installed on the abutments and the piers. Since
Menshin design is applied only in the longitudinal direction, the displacement in the
transverse direction is restrained by stoppers, -

To study dynamic response characterlstlcs of the bndge, forced exmtatlon test usmg an
eccentric—mass shaker and qulck— release jacks was also made for the bridge in

December 1992[5]

The Yama-— age Bridge was de51gned In accordance w1th the regulatlons of the "De31gn
Specifications for Highway Brldges [6]" "Guidelines for Design of Menshm Highway
Bridges [7]" and "Manual for Menshin De31gn of H1ghway Bridges [8 9]" were also
referred for the Menshm design issues. In the Manual, the de31gn lateral force may be
reduced by 30% maximum accordmg to the dampmg rat1o ofa bndge It should be noted
that since the bridge was demgned based on the De81gn Spec1ﬁcatlons for nghway
Bridges, the design lateral force was not reduced in consideration of the dampmg effect

of the isolation bearings.
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In the Menshin design of highway bridges, the Menshin devices are designed by the
"Lateral Force Coefficient Method" and the "Bearing Capacity Method". In both methods,
the lateral force is statically applied to the bridge, and the seismic safety is checked
based on the allowable stress design approach in the Lateral Force Coefficient Method
and hearing capacity basis considering ductility in the Bearing Capacity Method. Bridges
are designed by the Lateral Force Coefficient Method, and then the ductility is checked
for reinforced concrete piers by the Bearing Capacity Method. Natural periods of the
bridge in the longitudinal direction are 1.56 sec for Lateral Force Coefficient Method
and 1.77 sec for the Bearing Capacity Method.

3. STRONG MOTION OBSERVATION

The strong motion observation has been made for the Yama—age Bridge to study the
dynamic characteristics of the Menshin design bridge. Three accelerometers in total are
arranged as shown in Fig.1. One with three components as longitudinal, transverse and
up—down is in the ground (under the ground : —5.17m) between Pier 5 and Abutment
2. Two with two components as longitudinal and transverse are on the top of Pier 5 and
the deck on Pier 5. Digital type recorder is used for the strong motion observation
system.

4. EFFECTIVENESS OF MENSHIN DESIGN BASED ON THE STRONG
MOTION OBSERVATION DATA ' ‘

Strong ‘motion data was obtained during the Hokkaido— toho—oki Earthquake on
October 4, 1994. The epicenter of the Hokkaido—toho— oki earthquake with magnitude
of 8.1 was located in the east of 200km from Nemuro city. The depth is 20km. The
maximum intensity by Japan Meteorological Agency (JMA Intensity) was recorded as VI

in Kushiro and Akkeshi as shown in Fig.2. The ground vibration was chserved from
Hokkaido to Kanto and Chubu areas. The JMA Intensity around the Yama—age bridge
was estimated as 1,

Fig. '3 shows the recorded accelération data on the ground, pier top and deck. It is
shown from the data in ‘the longitudinal direction in which the Menshin design was
made that the deck response is smaller than that of the pier top. On the other hand, the
deck response is larger than'that of the pier top in'the transverse direction’in which the
Menshin design was not made. It is found from the observed acceleration waveform that
the deck response contains longer period components ‘cbmpaﬁng‘with the pier response.
Thus, the Menshin effects to'elongate natural period and to cut the reSpOnse with short
perxod components were found ‘
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Table 1 shows the measured peak acceleration response. The peak acceleration of
9.1gal and 8.3gal was ohserved in the longitudinal and transverse directions under the
ground. These ground motion was amplified at the pier top to 36.9gal and 14.2gal,
respectively. The amplification factor is 4.1 and 1.7 in the longitudinal and transverse
directions, respectively. On the other hand, although the deck response in the
transverse direction in which the Menshin design was not made was amplified to 1.3
times the response of the pier top, the deck response in the longitudinal direction in
which the Menshin design was made was decreased to 1/3 the response of the pier top.

Fig.4 shows the acceleration response spectrum of the observed data to analyse the
frequency response characteristics. It is found from Fig.4(a) that there are two peaks
around the natural periods of 0.1 sec and 0.7 sec in the response of the pier top. In the
deck, response around natural period of 0.1 sec is not remarkable, but the response
around the natural period of 0.7 sec is predominant.

Fig.5 shows the acceleration response spectrum ratio of observed data. The
acceleration response spectrum ratio is defined as the ratio of the response spectrum of
deck and pier top to that of ground. Therefore, it indicates a kind of the amplification

factor in various natural periods.

The following characteristics are found from Fig.5(a) in the longitudinal direction in

which the Menshin design was made. _

1) The amplification of the response of the pier top from ground was remarkable
around the natural period of 0.1 sec and 0.7 sec. The amplification ‘with natural
period around 0.1 sec is larger than that with natural period of 0.7 sec. In
consideration that the amplification from ground to the deck is predominant at the
natural period of around 0.7 sec, the natural period of 0.1 sec is estimated as the 1st
mode of the pier itself and the natural period of 0.7 sec is estimated as the .1st mode
of the total bridge, '

2) The amplification of the response of the deck from the pier top in the short: period
range less than 0.4 sec is smaller-than 1, in particular in the period less than 0.2 sec
‘the amplification is smaller than about 0.5. Since the amplification at the natural
period 0.1 sec which is the natural period of the pier itself is about 0.1, the response
predominant in the. pier is not transferred to the deck. It means that the short
period response of the pier is not. transferred-to the deck because of the elongation
-of natural period by seismic isolation bearing, therefore, the isolation design to

- elongate the natural period is verified to be effectively: functioned. :

In the transverse direction in which the displacement was restrained by stoppers as
shown in Fig.5(b), the amplification from ‘the pier top to the deck is similar to that in
the longitudinal direction. The deck response in the short period range with the natural
period of 0.2 sec is less than 1, This is because there is a gap space with about 1¢m for
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the stopper to restrict the displacement in the transverse direction. Since the relative
displacement developed in the isolation bearings is about 1mm which will be discuss
later, the isolation hearing absorh some of the short period response in the transverse
direction,

5. ANALYTICAL SIMULATION OF THE STRONG MOTION OBSERVATION
DATA

Dynamic analyses were made for the Yama— age bridge in the design stage to check the
static design results. The same model used in the design was used to simulate the
earthquake response. The analyses in the longitudinal direction was made and the
acceleration data recorded under the ground was used as an input acceleration to the
model. Fig.6 shows the model with linear heam—mass members. The foundation and
surrounding soils were modeled as spring members. For the comparison, the foundation
was also ‘modeled as rigid. :

Since the isolation bearings have the nonlinear force— displacement relation, in order to
know the stiffness and damping of the isolation bearings, it is required to precisely
estimated the relative displacement developed in the isolation bearings. Therefore, the
relative displacement was computed from the observed acceleration data, Fig.7 shows
the relative displacement developed in the isolation bearings. Relative displacement was
computed as the difference between the displacement response of the deck and the pier
top. The acceleration data were integrated in the frequency range.

The computed peak relative displacement was 0.8mm in the longitudinal direction and
1.0mm in the transverse direction. Since the yield displacement is about 10mm based
on the loading tests of isolation bearings used for the Yama—age Bridge, the isolation
bearing is in the elastic range. Stiffness of the isolation bearings used for the analyses
was assumed as that with the displacement of 0.8mm for the bearings on the piers. For
the stiffness of isolation bearings on the abutment is assumed as that with the deck
displacement of 2.0mm. Table 2 shows the equivalent stiffness of the isolation bearings
used for the simulation analyses. The equivalent stiffness used for the design using
lateral force coefficient methods is’ also ‘shown for the comparison,

Table 3 shows the damping ratio assumed in the analyses. The equivalent damping
used for the design in the lateral force coefficient methods is also shown for the
comparison. Since the relative displacement was about 0.8mm and the isolation bearing
was within the ¢lastic range, the equivalent damping of isolation bearings was estimated
as 0. The damping ratio was assumed as 5, 10, 15% for the comparison.

The computed natural period of 1st mode in the longitudinal direction was 0.86 sec
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when the soil spring was considered, and 0.66 sec when the foundation was assumed
rigid. Since measured natural period of 1st mode is about 0.7 sec, the computed natural
period when the foundation is assumed to be rigid is closer to the measured one,

Table 4 shows the measured and computed peak acceleration response of the deck and
the pier top. Good agreement was found in the deck response when the damping of the
isolation hearing was assumed as 0. On the ‘other hand, the computed peak response of
the pier top is about half the measured, This may be because of the damping ratio
assumed for the 1st mode of the pier itself. Fig.8 shows the comparison bhetween
measured and computed acceleration response when the foundation is assumed as rigid
and the damping ratio of the isolation bearings is assumed as 0. Good agreement
between the measured and computed deck response. Since the measured acceleration
response was not large; the yield was not developed in the isolation bearings and the
damping effect was small.

6. CONCLUDING REMARKS

The effectlveness of the Menshin design was studied through the analyses of the strong
motion data obtained at the ‘Yama—age bridge during the Hokkaldo— toho— oki
earthquake. The following contusions are obtained,

(1) The peak acceleration response of the deck during Hokkaido— toho— oki earthquake
was 11.8gal and 18.9gal in the longitudinal and transverse directions, respectively.
The Menshin effect was found in the peak acceleration of the deck in the
longitudinal direction in which the Menshin design was made, The peak acceleratlon
of the deck was decreased to 1/3 that at pier top. : :

(2) The ampliﬁca'tion of the‘reSponse of the deck from the pier top in the short period
range less than 0.4 sec is less than 1, in.particular in the period less than 0:2 sec
the amplification is less: than about 0.5. Since' the amplificationat ‘natural périod 0.1
sec which is tha natural period of ‘the pier itself is-about 0.1, the response
predominant in the pier is not transferred to the deck: It ‘means that the shot
period response of the pier is not transferred to the deck because of the elongation
of the natural period by seismic isolation bearings, therefore, isolation design to
elongate natural peflod is verified to be effectlvely funct1oned .

€)) Slmulatmn -analyses “was ! made using - the samé. model used in theé de&gn and

assuming that the acceletation of ground is as- input -acceleration to- bridge. Good
agreement between the measured and computed deck response was found.
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Table 1 Measured Peak Acceleration Response (gal)

Longitudinal - Transverse Up—down

Deck on Pier 5 11.8 18.9 -

Top of Pier 5 36.9 14.2 -

Underground (- 5m) 9.1 8.3 4.6

* Table 2 Equivalent Stiffness of Isolation Bearings (tf/m)

Designed Value Asstimed in Analyses

‘Abutment Al 1,428 f 5,114

Pier 1 | 4720 - 30,068

~ Pier2 . 7364 .. . 24880 -

. Pierd - . - 5632 . - .24926

Pierd' . - - 5080 - - S 26,324

. Pier5 o 4,756 S 26,670

. AbutmentA2 . 1300 - . . 5618 - -
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Table 3 Damping Ratio Assumed in the Analyses

Designed Value

Assumed in Analyses

Superstructure 0.03 0.03
Substructure 0.05 0.05
Foundatior 0.10 0.10
Isolation Bearing 0.17 0-0.15

Table 4 Cor‘nparison’be‘tween the Measured and Computed
for Peak acceleration response (gal)

| Computéd (ﬁ:Damping Ratio)

Measured
h=0% h=5% h=10% h=15%
‘Deck 118 1.2 104 93 8.5
Pier Top ~  36.9 1517 134  12.8 12.4
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Photo 1 View of Yama— age Bridge
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SEISMIC ISOLATION AND ENERGY DISSIPATION TECHNOLOGIES : -
A TEST AND EVALUATION PROGRAM
FOR HIGHWAY BRIDGE APPLICATIONS

~ Kathleen H. Almand, P.E.
‘Director, Research Applications
-Civil Engineering Research Foundation
Washington, D.C.

: ABSTRACT

' Thrs paper descrnbes the HITEC Evaluatlon Program for seismic 1solat10n and
energy dlssmatmg systems. The program is designed to characterize the
~ fundamental properties and performance characteristics of devices produced by
eleven U.S. and global manufacturers The program of full scale dynamic tests, is
described, along with some prellmmary test results. When complete, program
-~ findings should provide guldance to the. highway community regarding the
selection; design and use of seismic isolation and energy dissipating devices for
: drf’ferent levels of performance. . . ,
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THE NEED FOR AN EVALUATION PROGRAM FOR SEISMIC ISOLATION AND
ENERGY DISSIPATION! TECHNOLOGIES

The concept of using seismic isolation bearings to reduce earthquake excitation and
improve performance has been under development in the United States since the 1970's.
Beginning with research in 1978 at UC Berkeley, the knowledge of isolator performance on
bridges had developed in the U.S. to the point where guide specifications for seismic isolation
design were developed and published by the Anierican Association of State Highway and
Transportation Officials (AASHTO). :

However, since the publication of this specification in 1991, several new types of isolation
devices have entered the U.S. marketplace and performance history has indicated that a better
understanding of their effectiveness is required. In addition, there are several technologies which
have been applied in different countries but have not yet been accepted in the United States. As a
result AASHTO's Highway Subcommittee on Bridges and Structures has appointed an ad hoc
panel to review the current specification for isolation.

The California Department of Transportation (Caltr‘éns) was the first U.S. transportation
agency to use seismic isolation on a bridge at the Sierra Point Overlook in 1985. Since then,
isolation bearings have been installed on more than 90 bridges in the United States.

Despite a growing number of installations on U.S. bridges, questions remain about the
real-world performance of seismic isolation devices. Bridge isolators are significantly larger in
scale than the more common building isolator which has a longer performance history, the typical
spans between bridge isolators are much larger, and the routine live load and environmental
conditions are much more severe. »

In response to these concerns, in 1994, HITEC; Caltrans and the Federal Highway
Administration began a collaborative process to formulate plans to test and evaluate a range of

seismic isolation and efiergy dissipation systéms fé'r highway bridges.

" THE HITEC MISSION =~

The introduction of new or infiovative technology to the U. S: highway community usually
requires that a new prodict be démonstrated to’ many, if not all; state highway agencies. This
practice is inefficient, time consuming, and often costly, particulaily to small companies and
entrepreneurs. To overcome these barriers, the Highway Innovative Technology Evaluation
Center (HITEC) was established in 1994, in cooperation with the U.S, Federal Highway
Administration, the American Association of State Highway and Transportation Officials

"'The term "energy dissipator" used herein refers to hydraulic and friction devices used
primarily for energy dissipation.
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(AASHTO), and the Transportation Rescarch Board (TRB). HITEC's mission is to accelerate the
process of introducing technological advances to the highway community.

HITEC is structured to facilitate the conduct of consensus-based, nationally accepted
performance evaluations of new or innovative technologies for the highway community. While the
term “new or innovative technologies” connotes the “high tech” products often associated with
the computer industry, HITEC is available to evaluate almost any product, system, scrvice,
material, equipment or other technology which the owner believes can be used on the nation’s
hlghways.

THE HITEC PROCESS

HITEC incorporates a consensus-based approach to its performance-based evaluation
process. In general, HITEC follows a number of steps, including the development of an
evaluation plan. In the case of the seismic evaluation program, a specially-modified version of the
"HITEC process designed for group evaluations, illustrated in Figure 1, was used.

. C

B HITEC PLAN . HITEC

" FOR ANNOUNCEMENT/
- COL IABORATION SOLICITATION OF
INTEREST

3.

ELIGIBILITY  EVALUATION
* PANEL OF PUBLIC
AND PRIVATE SECTOR -
VOLUNTEERS FORMED'

6.

REPORT

5 PLAN
- ' PREPARED

* EXECUTED

" NATIONAL DISTRIBUTION ..

- Figure 1. The HITEC Process.

sector. The Technical Evaluatioh Panel for the sefsmic program Table 1, includes state
transportatron department personnel from each of the AASHTO reglons and technical experts
from the’ pnvate sector knowledgeable m area of § selsmlc desrgn of brrdge structures
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Table 1. Technical Evaluation Panel

Mohsen'Sultan, P.E., Caltrans, Chair
Steve Bradford, P.E., Alaska DOT
Maria Feng, University of California, Irvine
Mr. Stewart Gloyd, Parsons Brinckerhoff, Quade & Douglas
Roy Imbsen, Imbsen & Associates
Salah Khayyat, Illinois DOT
Myint Lwin, Washington DOT
Rolando Nimis, Federal Highway Administration
Walt Podolny, Federal Highway Administration
Charles Seim, T.Y. Lin International
Li-Hong Sheng, Caltrans
Ayaz Malik, New York DOT
Edward Wassermann, Tennessee DOT

s A

The HITEC Technical Evaluation Panel oversees the implementation of the evaluation
plan, including preparation of the evaluation reports, as well as part1c1patmg directly in technology
transfer activities. HITEC staff "facilitates and coordiriates" the program in close coordination
with key Caltrans and FHWA officials.

' EVALUATION.OBJECTIVES

In accordance with deliberations of the HITEC Technical Evaluation Panel, this evaluation
program has the following three major objectives:

1. Implement a program of testing, fbc’;’us‘iﬁg‘”onn full scale dynamic tests, sufficient to
characterize the fundamental properties-and performance characteristics of the seismic
isolation and energy dissipating devices evaluated.

2. Provide guidance regarding the selection, design and use of seismic isolation and energy
dissipating devices for different levels of performance.

3. Develop suggested guide spemﬁcatlons for the use of isolation and energy d1331patmg
' “devices in new bridge construction projects and retrofit applncatlons

The principal focus of the evaluatlon plan, which is de51gned to’ achleve objectlves 1 and 2,
is a program of laboratory tésting currently being carried out by the Energy Technology "
Engineering Center (ETEC), a Department of Energy test and development center managed by
~ the Rocketdyne Division of Rockwell International Inc., which has over 30 years of experience in

testing of large scale components, including isolator and energy dissipating systems.
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The Technical Evaluation Panel recommended a comprehensive test program to evaluate
the important properties and performance characteristics of isolators and energy dissipators. The
© test program examines characteristics such as: stability, range, capacity, resilience,4 resistance to
service loads, E nergy dissipation, survivability in extreme environment, resistance to aging and
creep, predictability of response, fatigue and wear, and size cffects.

These properties provide the bridge designer with critical information on the suitability of
these devices for specific design applications and also provide insight into the reliability, longevity,
and predictability of response. Furthermore, the program addresses the ability of the vendor or
manufacturer to provide a quality product, understand and predict product response, and provide
hardware in a timely manner.

TEST ARTICLES

HITEC, in collaboration with Caltrans, sought participation from all known manufacturers
and suppliers of isolation and energy dissipating devices marketed in the U.S. Ten manufacturers,
are participating in the program, representing four different categories of devices:

elastomeric devices
slider and roller devices
spherical slider devices
energy dissipators

BN

Table 2 outlines the category of each technology participating in the program.
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Table 2, Manufacturers and Technologies Participating in Evaluation Program

Dynamic Isolation Systems, Inc. Force Control Bearing elastomeric device
Enidine, Inc. Hydraulic Damper energy dissipator
FIP Energy Absorption Sys., Seismic Device with Custom slider and roller device
L.L.C. Response

Qiles Cofporation | Oilés MS-Stopper energy dissipator
R.J. Watson, Inc. Eradiquake slider and roller device
Scougal Rubber Corporation Seismic Bearing elastomeric device
Skellerup Industries, Inc. Elastomeric Bearing elastomeric device
Taylor Devices, Inc. hl : Hydraulic Damper - energy dissipator
Tekton Manufacturing, Inc. Steel Rubber Bearing clastomeric devicé
Tekton Manufacturing, Inc. Ball-in-Cone ! sbhericéi sl‘ide‘r device
VSL Corporation Friction Pendulum Bearing spherical slidér device

Each system met the following HITEC eligibility criteria:

u the product is owned by the applicant;
n the product is market ready, and
. the product is a unique technology for which there are no existing standards.

Each manufacturer submitted five test articles ( 70,000kg, 3@.225,000kg and 350,000kg)
representative of the production device that the manufacturer intends to market. Each
manufacturer was required to submit working drawings, material specifications, manufacturer's
quality control program, analytical methods used to predict test article behavior for displacement
or velocity load response, stiffness, and damping, and any test data generated prior to submitting

the test article.

Acceptable ranges or limits have not been established for isolator or energy dissipator test
performance since these requirements are typically specified on a project-by-project basis,
However, for the purpose of the test program, target values were defined for selected parameters
so that the manufacturer could provide the appropriate device for testing. The definition of
design loads, design displacements, movement ratings, and operational temperature limits is
critical since these values reflect on the suitability of these devices for specific applications that
may vary from state to state. :
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DEVICE CHARACTERIZATION

Device characterization testing quantifies performance data and provides useful
information to the bridge design engineer. Since a wide variety of designs have been submitted
for evaluation, several test scenarios have been developed to satisfy individual test needs. There
arc three device groups that are assigned to one of four performance test categories:

(1)  Weight-Bearing Parallel Shear Devices

Category 1: A flexible vertical load supporting device with energy dissipating capabilities that
lengthens the period of lateral vibration of the system sufficiently to reduce the force response and
then tends to return the system to its original position when the load is removed.

Category 2: A vertical load supporting device that utilizes rolling or sliding elements and that
may require an auxiliary device to satisfy minimum damping requirements. The device lengthens
the period of vibration of the system sufficiently to reduce the force response and has energy
dissipating capabilities. The device may or may not be self-centering and therefore may or may not
return to its original position when the load is removed.

(2)  Weight-Bearing Spherical Devices
- Category 3: A vertical load supporting device utilizing rollers or sliding elements that relies on
gravity to assist in returning it to its original position when the lateral load is removed. The device

lengthens the period of vibration of the systemn sufficiently to reduce the force response, and may
or may not have energy dissipating capabilities.

(3)  Non-Weight-Bearing Axial Devices

Category 4: A device that uses either mechanical friction or hydraulic fluid to dissipate energy.
The device may or may not be self-centering and therefore may or may not return to its original
position when the load is removed.

Table 3 is provided to assist in selecting the appropriate test category.

Table 3. Category Selection Criteria

Categdry 1 4 éa-té;g.c_)fy 2 , Cgiég;)fy 3 Category 4
Properties Ellzitlg;g?sric : Rollerg and_ Slidgr}sv -‘Sph:en»cal Devices | Damping Devices
Frequency Decoupling Yes Yes Yes No
Energy Dissipation Yes | Yes/No 'Ye‘s'/No‘ Yes
Restorihg Capability Yes Yes/No Yes/No Yes/No
Vertical Movement Yes No Yes No
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TEST APPARATUS

The isolator and energy dissipator device characterization tests are being conducted in the

bearing test rig illustrated in Figures 1 and 2. This is a special test fixture that was specifically
developed for dynamic testing of seismic bearings for nuclear power plants. The test fixture is
currently configured to apply up to 360,000kg of steady vertical loading in combination with

110,000kg of dynamic horizontal load. The fully reversing horizontal cyclic displacements can be

as high as + 380mm within actuator velocity and load limits. An offset sinigle stroke amplitude
limit of S60mm is available for restoring force and stability tests.

VERTICAL LOAD APPLICATION
STRUCTURE (VLAS)

CARRIAGE

| TEST BEARING
SELF REACTING FRAME

< STATIC VERTICAL LOAD ACTUATORS

CARRIAGE RAILS ' \\J ,

-4~ DYNAMIC HORIZONTAL LOAD ACTUATOR -

Figure 2. ETEC Bearing Test Rig Structural Elements

The horizontal displacements are applied to the test articles by a servo - controlled

hydraulic actuator via a carriage assembly. The vertical loads are applied to the test articles by

cight hydraulic actuators through the Vertical Load Application Structure (VLAS).

o Tﬁé'é'a'ririég’é assembly is supported ‘by"'te"‘ri'léwvfrictio’nf;'l‘ybll‘ibway r‘o!ler bearings divided
into two rows spaced sixty inches apart. The roller bearings travel on hardened stéel tracks, The

assembly is guided laterally by four Camrol bearings engaging guide rails. Three non-hardened -

steel tracks extenid beyond the test zone to allow the carriage assermbly to be m‘oved't'o an open

area for'the installation and removal of test articles. = -
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COMPONENT TEST DESCRIPTIONS
Test 1 - Performance Benchmark (All Categories)

Purpose: To experimentally verify the initial stiffness and damping/friction of the device,
- and the number of cycles of loading required to stabilize response.

Procedure:
For Category 1, 2 and Category 3 devices 10 fully-reversed loading cycles at the design

displacement (DD) are applied to the test device at 0.5 Hz (corresponding to a 2.0 second
period). The design compressive load (DCL) is also applied.

For Category 4 devices 10 fully-reversed loading cycles at the design displacement (DD)
are applied at 0.5 Hz (corresponding to a 2.0 second period). However, if the design
velocity is exceeded, the displacement shall be reduced so that the maximum velocity does
not exceed the design velocity (DV).

The intercept and peak values will be reported for each cycle
Shake-down oceurs if .7 < F(Z)/F(IO) <13

The data will be used to determine shake down characte'ristics of the test article and confirm that
minimum damping requirements are satisfied for the devices or combination of devices tested.

Test 2 Load Deflection Characterization (Categorles 1, 2, and 3)
Purpose To determme load deﬂectlon performance characterlstlcs

Procedure: Load-deflection and dampmg/frlctton characteristics are determined as
follows. Circular devices are tested in one arbitrarily selected primary direction of
operation and at 90 degrees to this direction: Bi-symmetric devices (square or rectangular)
~will be: tested.in the | primary direction of operation, ‘at 90:degrees to the primary ditection,
and in a diagonal direction through a point of the bearing ‘surface that is farthest’ from its
centroid (e.8., @ 45° to the primary loading direction for a square cross-section.). The
tests consist.of three cycles of fully-reversed design displacement (DD) applied at.0.5 Hz
‘ (correspondmg to 2.0 second: period) for all devices. Three tests are performed in the
primary direction of operation; one:at 40% DCL; one at 70% DCL; and one at 100%
.DCL, Tests in the other directions, when required, are performed with DCL. If the device
- is uni- d1rect10nal it is' tested only in that dlrectlon e . v :

The data w1ll be used to quantlfy performance characterlstlcs (stlffness and dampmg) of we1ght~
bearmg devxces under load
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Test 3 Frequency Dependant Characteristics (Categories 1, 2, & 3)

Purpose: To determine static and dynamic performance characteristics in the primary
direction of operation.

Procedure: With the design compressive load'(DCL) applied, three fully-reversed cycles
of the design displacement (DD) are applied at 0.05 Hz, 0.2 Hz, and 1.0 Hz, and 50% of
DD at 2.0 Hz (corresponding to 20.0 sec., 5.0 sec., 2.0 sec., 1.0 sec., and 0.5 sec.

periods).

The data will be used to quantify performance characteristics (stiffness and damping) of weight-
bearing devices under dynamic loading conditions. -

Test 4 Frequency Dependent Characteristics (Category 4)

Purpose: To determinie dynamic performance characteristics and verify the constitutive
laws. : ‘

Procedure: Three fully-reversed cycles of the maximum displacement, are-applied at each
of the following harmonic frequencies; 0.05 Hz, 0.2'Hz, 0.5 Hz, 1.0 Hz, and 2.0 Hz
(corresponding to 20.0 sec., 5.0 sec., 2.0 sec., 1.0 sec., and 0.5 sec. periods).
Displacement ranges may have to be limited to ensure the maximum velocity of the device
“or:test equipment is not-exceeded. - - . e | o :

The data will be used to quaritify the performance of energy. dissipating devices at various -
frequencies and velocities, confirm analytical predictions of the form F=CVn, and verify
manufacturer's drop test data (if performed). - - E - : "

Test 5 Fatigue and Wear (All Categories)

- Purpose: To simulate many small displacements due to temperaturé and live load:
.. fluctuations other than earthquake for evaluating possible detefioration in earthquake

- - performance due to resulting debonding, wear, or fatigue.

Procedure: The device is subjected to a minimum of 10,000 cycles ‘of simulated - -
displacement representing the."movement rating” (MR) of the device specified by the
manufacturer and applied at 0.1 Hz (corresponding to a 10. second' period) or other

-~ “frequency déemed ‘acceptable to the manufactirrer, However, the speed of application shall
not be less than 115mm/minute. If the component is designed to be'used ‘as‘a isolation
device and provides vertical support (1.e., a load bearing isolator), the full design
compressive load DCL is applied. -~ . .~ .o o

The data will be used to quantify damage or degradation arising from the application of high-
frequency, small-displacement loadings.
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Test 6 Environmental Aging (All Categories)

Purpose: To verify performance of the device in a salt spray environment such as may be
encountered over a long period of time under an open bridge deck joint which is subject to

salting.

Procedure: The device shall be exposed in a salt spray chamber for 1000 hours in
accordance with the requirements of ASTM B 117. :

The accelerated aging will examine the degradatlon of the device resulting from key
environmental factors. :

Test 7 Dynamic Performance Characteristics at Temperature Extremes (All Categories)
Purpose: To assess the effects of temperature on component performance.

Procedure: With the full design compressive load DCL-applied (for load bearing -
isolators), three fully-reversed cycles of the design displacement DD are applied at 0.5 Hz
(corresponding toa 2.0 second period) at the upper -and lower temperature extrémes
spCciﬁed by the manufacturer. The temperature range of interest for this National Program
is from =40° C to 50° C. [However, if $pecific devices cannot perform at these temperature
extremes, manufacturer specified temperature limits will be used.] :

The data will quantify changes in performance (stiffness, dampmg, friction, etc.) that occur from
changes in ambient temperature conditions. , : :

Test 8 Durablhty Test (All Categones)

Purpose' To assess component durabllrty resulting from a moderate number of strong
motion cycles : : »

- nProcedure: Twenty (20) fully-reversed cycles at:100% maximum design displacement DD
or 100% maximum design velocity DV (for Category IV devices) are applied at 0:5 Hz
(corresponding to a 2.0 second period). The full design compressive load DCL is
simultaneously applied to the weight-bearing isolators.

The data will be used to assess performance degradation, quantify useable margins, and provide
insight into the suitability of the device for applrcatlons where a large number of high-level
aftershocks can be expected.
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Test 9 Displacement Stability Test to Failure (All Categories)
Purpose: To determine failure loads and margins of safety.

Procedure: With the DCL applied, the component is loaded laterally at 0.5 Hz
(corresponding to a 2.0 second period) with increasing displacement amplitude until
"failure” occurs. Each cycle will increase the displacement amplitude by 1.1 times the
precedmg cycle, e.g, (1.1)%DD; (1.1)'xDD, (1.1)*xDD; (1.1)*xDD ...... (1.1)"xDD for the
n™ cycle. For some devices this may be actual failure whereas for other devices it may be a
programmed physical stop or ultimate restraint beyond which the device caniiot operate. If
failure does not occur before the cyclic limits of the test machine (+380mm) are reached,
the device will be subjected to a slow rate monotonic loading to ‘i60mm (the test machine

limit).

The data will be used to quantify safety margins and provide insight: into-the stability of the device
under high loading states. Failure of an elastomeric device is defined as when 1) the elastomeric
material visually/audibly tears or delaminates; or a damping feature cracks or break's and the
lateral shear stiffness degrades significantly, or 2) additional lateral deflection reduces the lateral
shear load. Failure of a spherical sliding or p’ure sliding device occurs when 1)‘gross structural -
damage is visible, 2) the rolling or’ shdmg element does not function: properly, 3)'the rollmg/shdmg
element reaches a physical stop, or 4) a srgmﬁcant change in. peiformance is observed. Failure of a
hydraulic energy dissipator occurs when 1)'a major hydraulic leak is observed, 2).the piston
assembly hits a physical stop, or 3) a significant change in performance is observed. Failure of a
friction energy dissipator occurs when 1) there is a sudden- unexpected mcrease/decrease in
stiffness or 2) a significant change in performance occurs: - r

PRELIMINARY RESULTS CHARACTERIST IC LOAD/DEFLECTION CURVES

As of November 1996 approxtmately two thlrds of the test program is complete Frgures
3 and 4 illustrate characteristic dynamic load/ displacement hysterltxc behavior and the variation in
behavror of seven different isolators tested’ to date The program is scheduled for completlon in

the spring of 1997

I Mt e AL g e O
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DISSEMINATION OF FINDINGS

The results of the test program will be summarized in a series of HITEC reports: a
summaty feport of findings from all manufacturers and a detailed test report on each technology.
Table 4 illustrates the format in which the test data will be summarized. In addition all testing has
been documented in videotape and slide format.

Subsequently, Caltrans and the HITEC evaluation panel will utilize the information
obtained from this prograi to make appropriaté recomimendations in code changes to the
AASHTO Highway Subcommittee on Bridges and Structtires; Technical Committee on Loads
and Load Distribution, and Technical Committee on Bearings and Expansion Devices,

Table 4, Test Data Summary Presentation

5 Test Articles

5 Test Articles - | 100% DCL
Design Compressive | 70% DCL
Loads of 70,000kg, -40% DCL -

1225,000kg, 350,000kg

5 test articles

5 test articles




’Teét Article

= 179—




(L5 Test Atticles

CONCLUSION

The HITEC test and evaluation | program for seismic lsolatlon and energy diss1pat10n
technologles has been designed to provide sufficient mformatlon to state brndge engineers,
engineering and design firms, and others in the bridge engineering commumty so that they can
develop a list of pre-approved suppliers and systems, and to assist them in incorporating selsmlc
isolation technologies into plans to retrofit existing or build new bridges.
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THE RESTORING FORCE CHARACTERISTICS OF LRB
UNDER THE INFLUENCE OF VARIABLE AXJAL LOADS
AND ROTATIONAL DEFORMATION

H. Iemura', A, Igarashi’, Y, Chen® and H. Nakajima®

“Dept. of Civil Engineering Systems, Kyoto University
* Dept. of Civil Engineering, Kyoto University
* Hanshin Expressway Public Corporation

Abstract
In the apphcatlon of base isolation devices to bridge structures, in most cases
the base isolation bearings are instalied between the girders and the piers’ top where
conventional bearings have been installed. However, in the restoration of the Hanshin
Expressway No.3 in Benten District, base isolation bearings (LRB) are installed at
the bottom of the columns of the framed bridge structure because of space limitation
for conventional type of bridge. For this type of bridge structure, not only the

horizontal deformatlon, but also the variable axial load and rotaional deformation
“of the LRB take plaCe in the event of strong earthquakes It is of great importance to
- expenmentally assess the mﬂuence of these éffects to' énsure the safety of the seismic
* isolator: unplementatxon of this type. The horizontal restoring force characteristics of
LRB typé isolator were. investigated by means of. tnaxxal loading fests. It i is shown

that the effect of. vanable axial load is more significant than that of the rotatlonal
deformation.

INTRODUCTION

Recently, especially after the Hyog’oken Nanbu Earthquake, base isolated structures are
_beconung popular. The principle of: the: base 1solat10n is “the elongatmn of the natural
penod of structures to reduce the inertia force acting on structures and the enhancement

of energy dissipation capacity:to reduce large displacements”, .

~In the apphcatxon of base isolation bearmgs to bridge structures the. beanngs are mostly
installed bétweét the: gu'ders and the piers’ top aé shown in ‘Fig, 1- (a), where conventional

_ beanngs have been installed,
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However, in the restoration of the Hanshin Expressway No.3 in Benten District, base
isolation bearings are installed at the bottom of the columns of the framed bridge structure
as shown in Fig.‘ 1 (b). This type of configuration is employed since the size of the space
for the construction of the viaduct in a densely populated urban area is tightly limited,
and excessive seismic loading to the foundation needs to be avoided.

L_%eismlc isolation bearing .—I

seismic isolation bearing

[ €

(a) Typical Seismic Isolation ' ’ (b) Hanshin E, lgnressway No.3
- for Bridge Structures - in Benten District
Figure 1 Implementation of Seismic Isolation Beéx‘ings

The base 1solat10n bea.nngs 1mp1emented as shown in Flg 1 (b) is expected to undergo
not only horizontal deformation, but also variable axial load and rotational deformatlon,
due to the dynamic response of the framed structure. Effects of variable axial load and
rotational deformation on the performance of the base isolation bearings have to be exper-
imentally ‘examined in order to use this uncénventional implementation in practice.

In this paper, the verification test results conducted at the earthquake engineering lab-
oratory of Kyoto University, using the newly developed test equipment for the tr1a.x1a.1
loading of seismic isolatiors are presented.

2 EXPERIMEN TAL SYSTEM

The schematic of the expenmenta.l system used in thls study is: shown in Flg‘ 2 Tlu'ee
actuators are-digitally: controlled to-apply:the specified: horizonatial, rotational deforma-
tion and axial force.! The digital controller allows a high- accuracy ‘of 10admg thxough the

actuators.
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Figure2 ~ The Test System

2.1 Loading System

As shown in Fig. 2, the actuator No.1 (ACTl hereafter) i lmposes the horizontal dis-
placement on the load.lng beam and the specimen. The vertically hunged ACT2 and ACT3
apply the axial force and rotational deformation through the horizontal rigid beam.

2.2 Control Sysfem

- ACT1 is operated in the displacement control mode. ACT2 is operated in the force
control mode to apply the axial load, which is the sum of reaction forces of ACT2 and
ACTS3. ACT3is opera.ted in the dlspla,cement control mode to impose the angle of rotation

on the loadmg beam, see Fig. 2

2;3 Ihétfﬁmehtation - | | |

“In addition to displacement and load transducers installed in ACT1; 2 and 3, éxternal
displacement transducers and sénsors are set’to the beam for the more ‘accirate measure-
ment. All the measured data are recorded ¢n the hard disk of the computer.
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3 LOADING EXPERIMENTS

In this study, Lead Rubber Bearing(LRB) are tested. There are four specimens(A1, A2,
B1, B2) with two types(A, B). Both types of the specimens are one third models of the
actual bearings used in the Hanshin Expressway restoration. The difference between the
types A and B is the thickness of the steel plates. Dimensions of the bearings are shown

in Fig. 3.
3 306 > unit:mm
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T g
I 2 g

Figure 3 Dimensions of Specimens (Inside parenthesis: type B)

S1nce the purpose of the expenments is to venfy the performance of the bea.nng under
the triaxial loading for the application of Benten District reconstruction, the test scheme
is devised to subject the seicmic isolator specimen to simulated horizontal dlsplacements,
variable axial loads, and rotation. The loading condition is first*calculatéd by a dynam1c
response analysis of the framed bridge of the Benten section, modelled as in Fig. 4, in
which the NS component of the acceleration record of the Hyogoken—Nanbu Barthquake at

JR Takatori Station is used as the 1nput

Calculated horizontal displacement, axial load and rotational angle working on the bear-
ing are shown in Figs. 6, 7 and 8. All of the three time histories have a similar shape, since

the first mode is predominant in the response of the structure,
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The following four types of tests were conducted.

Test 1: Under the constant axial load, forced rotation of which time history is shown in
Fig. 5 is applied to examine rotational restoring force characteristics of the bearing.

Test 2: Under the constant axial force and without rotational deformation, a series of
horizontal displacements shown in Fig. 6 is imposed on the specimen.

Test 3: Without rotational deformation, a series of horizontal displacements shown in Fig.
6 and the variable axial force shown in Fig. 7 are applied

Test 4: Horizontal displacement(Fig. 6) and variable axial force (Fig. 7) are applied while
the rotational deformation shown in Fig. 8 is imposed on the specimen.

< 12250 ») unit:mm
57568 . 6492
e - ‘_““‘I**—~ —_ . 4
1 8———-—-— —_—— . - o A
(=) ) . ——— e O
I M
2| T i T
® o
2 | A
© ©
111 191
Yy I Ll _ Y
«—— IRB — > F y
3 S
a =00 b4
; Y

Figure 4 Transverse Model of The Viaduct

In Tests 9, 3 and 4, the horizontal displacement, axial load and rotational deformation
as shown in Figs. 6, 7 and 8 are scaled down to 1/3, 1/9, 1, respectively, to fit the reduced
scale of the specimen, and futhermore, scaled down to 80%, due to the loading capacity of
the test equipment. The time history of 16 second as shown in Figs. 6, 7, 8 are divided
into a series of 800 target values for the loading steps. The initial axial load for each
test is 27.3ton £ (267 3kN), which is equivalent to the weight of the upper part (the upper
structure including the bent columns) of the vxaduct

 Left _d1rect1on, upper direction and counterclockwise rotation in the Fig. 2 are defined as
the positive direction for horizontal displacement, axial load and rotational angle, respec-
tively. ' - ‘
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4 TEST RESULTS

In this section, the test results, namely the angle of rotation-resistance moment hysteretic
response and equivalent rotational stiffness versus rotation angles obtained from Test 1, hor-
izontal dxsplacement horizontal restoring force hysteresis loops, equivalent stiffuess versus
shear strain, equivalent damping ratio versus shear strain, and horizontal displacement-
resistance moment hysteresis loops obtained from Tests 2, 3, and 4 are shown to verify the
influence of the effects of variable axial load and rotational deformation.

Control errors of ACT 1, 2, and 3 throughout all the experiments were approximately
0.5mm, 0.2tonf(2kN), and 0.1mm, respectively.

4.1 Angle of Rotation and Resistance Moment

Rotational angle-resistance moment hysteresis loop obtained from Test 1 shows bilinear
behavior as shown in Fig. 9'(a). Within' the arigle range of this experiments, so called
hardening and deteriorarion of elastomer were not obserbed.

. _. N . 8 x x. B
E ] : L
< o .O 1
: I e ]
............................... < ¢
% 0 _ 5 &0 i ot @ K
3 g (o]
= 1 x i o
3’ ! l - l“ | " 1. I- 1 1 - i :;I (x10.3) ) Ao- 1 L ‘l' . Ji J . 1 ] i i | (x1 0-3)
12, PR 12 S} -8 12
ANGLE [rad] - : ‘ ANGLE [rad]) '
(a) Rotational Angle—Res1stace Moment (b) Angle of Rotation-Equivalent Rotatlonal
Hysteretic Response Stiffness
Figure 9 Test Result Obtaind from Test 1

The resistance moments at 10 x 10~3rad (the maximum angle of rotation for Test 1)
were apprommately 1.6ton f m (type A) and 1.8tonf -m (type B), and at 5x 10~ 3rad (the
maximium angle of fotation for Test 4) the moments were about 1.3tonf : m (type A) and

L.5tonf - m (type B).
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4.2 Equivalent Rotational Stiffness

As shown in Fig. 9 (a), rotational angle-resistance moment hysteresis loops obtained
from Test 1 of all specimens show that the maximum angle of rotation and maximum
resistance moment are achieved at the same loading steps. Hence the equlvalent bending

stiffness(K},) can be defined by the following expression.

Mmaz o
Kiq = (1)
0"162
M., : maximum resistance moment for éach cycle

Oz maximum angle rotation for each cycle

Figure 9 (b) shows a plot of the equivalent rotational stiffness versus the anglé of rotation,
It shows that K;, decreases as the rotational angle becomes larger. - :
The value of K|, of specimen type B is slightly larger than that of type A.

4.3 Horizontal Displacement and Horizontal Restoring Force

Figure 10 shows the horizontal displacement-horizontal restoring force hysteresis response
obtained from Tests 2, 3 and 4. The response curves within the deformation range of
£100mm can be approximately described as bilinear hysteresis loops. However, hardening
can be obserbed outside the displacement range of :l:lOOmm, hence the hysteretié response

develops the loops of a reverse S shape. -

30. — T ‘III T

FORCE ftonf]
o
FORCE ftonf]
[=]

30, .30,
-160. 0. 160. -160. ' 0 160.
DISPLACEMENT [mm] DISPLACEMENT [mm]
~(a) Specimen Al (b) Specunen B1

| 'Figufe 10 Honzontal stplacement-Restonng Force Hysteresns L00p

It should be noted that, at most of the loading steps, positeve hOrizdﬁtal &iéﬁlaéexﬁent in
Fig. 6 and the increase of axial load toward the positive direction take place simultaneously,




and vice versa. This implies that axial load vary to tension in the positive deformation
range, and it to compression in the negative deformation range in the hysteresis loop shown
in Fig. 10

The results of Tests 2 and 3 indicate that the variable axial loads cause an increase in
the horizontal restoring force of the type A bearings in the positive deformation range and
reduce the restoring force in the negative deformation range, However, specimen type B
has the opposite tendency. ‘

The horizontal restoring force of both specimens types takes approximetely similar or
slightly larger value with the rotational loading, according to the results of Tests 3 and 4.

4.4 Equivalent Stiffness

The equivalent stifness is defined by the following expression.

Fmaz

ch+ - D (2)
. maz ’

, F .

Ké' — “min (3)
g , .
S Dmt'n : } )

Froey Frin ¢ maximum and minimum restoring forces for each cycle
" Diisey Dnin +  maximum and minimum horizontal displacements

The two types of equivalent stiffnesses are defined in order to evaluate the influence of
the effect of variable axial load. K., is the equivalent stiffness of the positive deformation
range, where axial loads vary to tension. K.,_ is the equivalent stiffness of the negative
deformation range, where axial loads vary to compression. The shear strain 7 is defined as

follows.
__ Horizontal Displacement (4)
~ Total Rubber Thickness
Flgure 11 shows the equivalent stiffness versus shear strain plot obtained from Tests 2,
3 “and 4. In the figure, test numbers with symbols 4+’ and '—’ correspond to K., and

K., respectively,

Within a shear strain range up to 120%, a steep reduction of the equivalent stiffness
with the development of shear strain can be seen. The eqivalent stiffness at 240% strain
is slightly larger than the values at 120% strain, - Although there are no data where the
shear strain range between 120% and 240% (the deformation at the cycle reaching the
peak amplitude is remarkably larger than that of the other cycles, see Fig. 6), it is possible
to infer that the minimum value of the eqmvalent stlffness ex.tsts thhm this shear strain
range, This tendency is common in all specimens and all Test types, and little difference
can be seen in terms of the rate of increase and decrease among the test types.
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Figure 11 Shear Strain-Equivalent Stiffness

Comparison of Test 2 with Test 3 reveals that the equivalent stiffness of type A is
larger in the positive deformation range(K..4), and shows the smaller value in the negative
deformation range(K.,.) under variable axial loads. However, specimen of type B shows

the opposite tendency.

From the results of Tests 3 and 4, no s1gmﬁcant d1ﬂ'erence is induced by the rotational
deformation in the eqmvalent stlﬂ'ness ch+ and K., , with the exception of the 240%

shear strain case,

4.5 Equivalent Damping Ratio
The equivalent damping ratio is defined by the following expression.

L1 AW,
| 1 AW
b _ L. AW
~d4r WL
AW, : hysteretic enegy absorbed in the positive deformation range
AW_ : hysteretic enegy absorbed in the negative deformation range
W, : elastic strain enegy in the: positive deformation range
W_. : . elastic strain enegy in the positive déformaiton range

(5)

(®

The tWO types of equalent dampmg ratm, hcq+ and hcg , are deﬁned in order to assess

the 1nﬂuence of the effect of vanable axlal load




Figure 12 shows the equivalent damping ratio versus shear strain obtained from Tests 2,
3, and 4. In the figures, test numbers with symbols *+’ and ’—’ correspond to h.,- and
heq—, respectively.
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(a) Specimen Al , (b) Specimen B1
Figure 12 Shear Strain-Equivalent Damping Ratio

In general, it is found that the equivalent damping ratio increases as shear strain becomes
larger within 50%, and decreases in the shear strains exceeding 50% ‘The reduction of
damping for type B is greater than that for type A.

Comparison of Test 2 with Test 3 in -Figi 12 indecates that the equivalent damping
ratio is smaller under variable axial loads, while that of type B takes a larger value. The
difference of both types of specimens between Test 2 and Test 3 reduces as the shear
strain increases, and there exists little difference at the maximum deformation points. The
equivalent dampmg heq— of type A takes larger values in almost all the shear strain range
and type B takes smallr values. The magnitude of the difference of h.,_between Test 2 and
Test 3 is relatiyely,,smaﬂ, hence h.,_ is less affected by the variable axial loads than h.;.

The test results of Test 3 with Test 4 indicate that the equivalent damping is smaller
when the rotational deformaiton is induced for both spec1mens However, at a number of

points, the difference is rather negligible.

4.6 | Horiiontal DisplacémentQResistance Moment Hysteresis Loop
Flgure 13 shows the horizontal dlsplacement-reslstance moment hysteretlc response ob-

taind from Tests 2, 3 and 4, - | ‘
‘Comparing Test 2 with-Test 3, the shape of the hysteresis loop obtained from Test 2 is
alomost a straight line, and no residual horizontal displacement is observed. ‘Whereas the
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hysteresis loop of Test 3 deviates toward the positive direction of the resistance moment
as the greater horizontal displacements. The resistance moment tends to decrease in the
positive deformation range and increases in the negative deformation range under the
variable axial loading. The resistance moments with variable axial loads decrease by 70%
at the maximum positive deformation points and increase by 20% to 40% at the maximum

negative deformation points with constant axial loads.
The hysteresis loops of both specimens in Tests 3 and 4 follow an almost similar pattern,

indicating that the influence of the rotational deformation is smaller than that of the

variable axial loads.
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Figure 13 Horizontal Displacement-Resistance Moment Hystéeresis Loop
Considering the angle of rotation-resistance inoiment hysteresis loop shown earlier, it is
expected that the resistance moment under rotational deformation will vary to the‘ﬁé’gbﬁtivé
direction in the negative deformation range. The for the opp031te result of ‘the teésts i may
be explained by the larger magnitude of resistance moment by horizontal deformation than’
that by the rotational deformation, or greater influence of the effect on the loading history.

5 CONCLUSION

A series of tests of Lead Rubber Bearings (LRB) using a triaxial loading system is con-
ducted in order to validate thépreformance of LRB tsed in‘a section of Haznshin Expressway
where variable axial loads and rotational deformation of the bearings are expected in the

event of strong earthquakes. The hysteretic restoring force characteristics of scaled models
under the simulated variable axial loads and the rotational deformation are expenmentally

investigated.
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Based on the test results, the following conclusions have been reached.

1. In the cyclic rotational loading tests of LRB, the angle of rotation-resistance mo-

ment hysteresis loop shows the typical bileanear hehavior, and equivalent rotational
stiffness decreases as the rotational angle becomes larger.

The influence of the variable axial loads on the horizontal restoring force, equivalent
stiffness, and equivalent damping ratio differs depending on the specimen type. Resis-
tance moment increases when the axial load increases in compression. The influence
of axial loads is considerably more significant than that of the rotational deformation.

The tests, which modelled Hanshin Expressway No.3 in Benten District, did not
indicate any significant influence nor negarive influence of variable axial load and
rotational deformation on the effectiveness of seismic base isolation.

ACKNOWLEDGMENTS

The authors wish to thank the engineers of Yokokawa Technology Information, Inc.,
Yokokawa Bridge, Inc., and OILES Industrial, Inc. for their supports and cooperation in
conducting the experiments.

REFERENCES

[1]

(2]

(3]

(4]

[5]

[6]

M.Hakuno, T.Okada, K.Takanashi, K,Toki, S.Ikeda, H.Jemura and T.Kitada, Appli-
cation Manual for Hybrid Ezperiments, 1990 (in Japanease).

Technology Center for National Land Development and Hanshin Expressway Public
Corp., Guidelines for Seismic Isolation Design of Highway Bridges, 1989 (in Japanese).

Public Works Research Institute Ministry of Construction, Manuals for Seismic Iso-
lation Design of Highway Bridges, 1992 (in Japanese).

Japan Road Association, Specification for Highway Bridges (Part V Seismic Design),
1990 (in Japanese).

Disaster Prevention Research Association, Review of Seismic Isolation Design of High-
way Bridges, 1992 (in Japanese).

Japan Construction Society, Guidelines for Seismic Isolation Structure Design, 1989
(in Japanese).

—193—






FIELD TESTING OF A FOUR-SPAN
SEISMICALLY ISOLATED BRIDGE

, : - by .
Amir Gilani, Stephen Mahin, Gregory Fenves, Juan Chavez, and Tan Aiken
Earthquake Engineering Rescarch Center
University of California at Berkeley
ABSTRACT
The opportunity for the field' testing of ‘an isolated bridge arose out ‘of activities at the
Interstate 680 / Route 24 interchange in Walnut Creek, California. The southern section of ‘the
temporary separator bridge is seismically isolated. The primary objectch of this investigation was
to collect field data for the determination of the dynamic properties of the bridge and to conduct
analytical studies to verify the experimentally computed dynamic properties of the structure.

This paper provides a summary of the field testing program, subsequent data interpretation
leading to the determination of the bridge dynamlc propcrtles, and the analytical studies

conducted to mterpret thc experimental results.

INTRODUCTION

Bridge structures are often designed employing numerous assumptions regarding the bridge’s
response. In many cases, these assumptlons have been validated on the basis of satisfactory
performance of the structures under sefvice conditions and observed bridge behavior durmg
earthquakes. In addltlon, laboratory testing of components and assemblages and refined dynamic
analysis have verified the viability of these assumptions. Field testing of full-scale structures,
especially in the case of new construction, provides'a reliable meatis to assess the validity of the
design assumptions and the analytical models. An cxam'plc of prior successful Caltrans sponsored
field investigation is the testing of a segment of the - 880 Cypress brldge in Oakland, California,
‘followmo the Loma Prieta earthquakc in 1989 [Bollo Mahm Moehle and Stephen, 1990].

Seismic isolation® is being considered for the constructlon of brldges in Callforma, but
numerous modclmg uncertainties exist in the analysls of brldges m gencral Uncertamtles in
analys1s and questions about performance may cause des1gners to hcsﬁalc in ut111z1ng these new
“concepts. Full-scale filed tests and related analyses can hclp reduce thcse unccrtamtics to addiess
issues related to the integrity of new types of structures, afid to improve design and analys1s
methods. ...
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DESCRIPTION OF THE BRIDGE AND THE ISOLATION SYSTEM

The new temporary bridge carries the southbound 1-680 traffic through the I-G80/R-24
interchange. It is a temporary diversion for I-680 traffic while the new permanent interchange
connectors are constructed below the temporary Bridge. The southern end of the temporary bridge
consists of a seismically isolated, four-span, 700 ft*long, cor’hp‘osite steel g’irde"r’-’concrete deck
structure. The steel structure consists of three girders ‘continitous over the four spans. The three
bents are cach a single circular column hammer head design with the three isolator bearings on
the top. The circular column extends below grade in a cast-in-place drilled hole (CIDH) footing.
This bridge segment is the first new bridge in California to be seismically isolated. Figure | shows
a schematic view of the temporary viaduct, and Figure 2 and Figure 3 show the view and plan of

the isolated portion of the bridge.

Seismically isolated

700° 368" 90!

(Not to scale) ‘ Isdl'a‘tédvFréme

CIP/PS Frame ]
Drop-in Girder,Erame , ){X}Q

Figurel: Schematic view of the temporary viaduct

Figure 2: View of the isolated bridge Figure 3: Plan of the isolated bridge -
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Assumptions and criteria used in the design of the bridge, methods employcd to specify the
required isolation bearing characteristics for the contract bidding process, and the typical details
utilized in the construction have been previously presented [Thorkildsen, E., 1993]. The bridge
was designed as if it were a permanent structure and thus it complics with all Caltrans design
requirements in effect at the time of the design.

The isolation system for the bridge was designed by Caltrans, and the general performance
requirements (maximum displacements, stiffness, and energy dissipation capacity) for the system
were inicluded in the plans and specifications for the structure. ‘A peak ground acceleration of 0.60
g was assumed in the bridge design. The design spectrini is based oni 10 to 80 ft of 50l underlying
the bridge. The isolation system, supplied by Dynamic Isolation Systems, Inc., of Lafayette,
California, consists of ‘15 lead-rubber bearings, three per bent. The isolators were 23 inches
square at bent 5 and abutment 1, and 27 inches square at the other bents. All isolators were 10-3/8
inches tall, with a 5-3/4 inches diameter lead core and a rubber thickness of 6 inches. The design
displacement for the isolation system was 9.0 inches. Prototype bearings were tested to a
displacement of 1.5 times the design ‘dis’placcment (13.5 inches). Figure 4 shows a typical
hysteresis loop obtained from the test of a prototype isolator, and Figure 5 shows a view of a

typical isolator.
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- Figure 4: Typical isolator hysteresis loop » Figure 5: View of an isolation bearing

RESEARCH PROGRAM
The resedrch program consisted of three phases.'For each phase, field testing was conducted,
post-test data ‘analyses were carried out to interpret the'test results, and computer analyses: were
performed. Phase I involved dynamic quick-release testing of individual bents. Phase II involved
the forced vibration:and ambient testing of ‘the. completed ‘bridge. Phase Il involved: the ‘snap-
back free vibration testing of the completed four-span bridge.

—=197—



Phase I - Bent Tests

In order to obtain the dynamic propertics of individual bents, field testing of individual
columns was undertaken prior to the placement of the superstructure. These tests allowed the
determination of stiffness and damping characteristics of each of the four columns in the
longitudinal direction. The test program for cach column consisted of pullover and quick-release

testing between pairs of bents.

A pair of adjacent columns were connected by means of wire cables. A hydraulic jack was
used to load the wire cables slowly. Several levels of loading up to 50 kips were applied in this
manner. In order to obtain good free vibration data, the applied load was released very rapidly.
The quick-release was achieved by the detonation of an explosive bolt installed in the main
loading cable. Figure 6 shows the test setup near bent 5, and Figure 7 shows a view of the loading
system at bent 3.

Figure 6: Quick release test ée’ldpvi’ Figure 7: View of bent '3 with lozi(ling cable

The mbtrumentatlon consisted: of tWo force balance accelerometers and range sersmometers
placed on top of the bent caps and at the ground level. The applred load was momtored by a
dr;,rtal pressure gage. Data weré moritored and recorded- by a portable data acquisition system
and a spectrum analyzer. The typical test duration was nearly 41 seconds and data was collected at
a sampling rate of 200 Hz. Peak accelerations of up to 0.25 g were induced at the, top of the
column bents while accelerations at the ground level were about 25 to 40.percent of accelerations
at the top.-

The dynaric:properties (natural fiequency and'damping rati())"of ‘the columins were obtained
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by calibrating a viscously damped single degree of freedom response (o the measured
accelerations. Figure 8 shows an accelerometer time history response and Figure 9 shows the
_resulting frequency domain response of bent 4 obtained from a typical test. For the three taller
bents (3-5), the measured periods ranged approximately from 0.15 to 0.20 second, and the
damping ratio was between 5 to 6 perccm of critical. For the shorter beént 2, the measured period
was about 0.11 sccond and damping was approximately 15 percent of critical. The column mode
shapes werc computed from the ratio of accelerations n_xeasdred at top of the bents and at the

ground level.
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Figur'c 8: Time history respohse | » Figuré 9: Fouricr response

- The moment-curvature and axial force-bending momeit telationships were computed for the
columns: Fof éach coluimn’the aimu cOlumﬁvbéhding’ moment due to the application of the 50
rkips.latetal load ‘was smaller than the column cracking moment. Therefore, the ‘analylical
response of the columns were obtained using linear elastic modeling and the program SADSAP
[Wiiébn, E., 1994). The columns were modeled as cantilever elements assuméd fixed at some
point below the ground. The mass-of each column was lumped at the top of the bent. The results
of the -analytical studies closely predicted the' éxperimentally computed column properties. In
‘addition, the expetimental data compared’ favorably with the Caltrans assumed design values for
this bridge. For-example, the Caltrans calculated column vibration period of 0.19 second for a 40
ft cblumn‘is very close to‘the measured period of column 3. The embedment depth of the CIDH
“shaft to the point of effective fixity of two to three column-diameters, specified by Caltrans
guidelines, is consistent with the values computed from the expetimental results,

; ’I‘ablé.»l provides-a summery:;of the comptited individual bent properties. -
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Table I Computed bent dynamic propertics

Bxperimental : Analytical No. of column
Bent P T T T T ——————==| . diameters to
requency dampnqg ratio |- bent cap'té ground fréequency | bentcapto g.round point of fixity
(Hz) (% critical) acceleration © (Hz) . acceleration
2 8.9 154 — YR 2.1 24
3 5.0 53 : 3.9 5.0 42 23
4 58 5.9 3.9, 58 | 34 2.4
5 53 7.4 2.4 : 5.3 2.5 3.1

Phase Il - Forced Vibration Tests :

The second phase of field testing involved using two rotating mass vibrating machines to
apply harmonic excitations to the bridge at discrete frequencies. The dynamic properties of the
bridge were determined from the measured steady state forced vibration 1*eSp0nse and from the
ambient measurements taken prior and at the conclusion of the forced vibration tests.

Steel supporting frames for the mounting of the vibration generators Wwere fabricated and
placed on the bridge deck, providing a flat mounting surface for the machines. The shakers were
placed approximately: 20 ft fisrth of bent 2 and 20 ft south of bent 4, appmxnnately 340 ft apart, at
about the quar(el points along the length of the bridge. By altermg the dlrectlon of loading, the
phase between the two machines, and the rotational speed of the vibrators, a broad spectra of
frequencies in the transverse in-phase,. transverse out-of: phase -(torsional), and longitudinal
.directions wevre".s‘canned, Figure.10 shows a vibration generator: placed on-the bridge deck.:

Instrumentation consisted of 54 data channels ‘with-44 force balance ‘accelerometers and 10

‘wire pot displacement transducers.: Pairs of accelerometérs; ’al'ig'ned{'with?the'f bridge longitudinal
and-transverse. directions, were placedat four difféerent levels of each bent: at the bridgé deck, just
above the isolators on-the bottom flange of the girders, just below: the isolators on:top of the bent

caps, and the ground. Six acceleroteters were placed on‘f'the=bridge~‘déck;?hal_fw'ay between bents

3 and 4, close to the 'br‘idge centér litie; and close to the side barriers, oriented in the'transverse,
longitudinal, aid vertical directions. A set of* two: wire ‘pots at’ ea‘chvbent'ca’p*measﬁr‘e'dv‘the
deformation -of ‘the isolators in’ the transverse ‘and lohgitudinal dlrectlons A portable ‘data
acquisition system was used to record the data. ' Lo ' REETR AT
The test program ¢onsisted of selééting 4 desired’ vibration iipiit fréqiienicy and locking the
vibrators at the corresponding: rotational- speed. Thesteady-state- response-of ‘the-bridge at- the

- —200—




given frequency was obtained. Some lests at a given frequency were repeated, especially close to
structural resonance, to ensure the reliability of test results. Typically, successive frequencies
were increment by 0.1 Hz. Close to resonance, tests were performed at finer frequency interval,
producing a better definition of the modal peaks.

The experimental data were processed by fitting a sinusoidal function to each data record.
Using the least squares method, the amplitude, frequency, and phase angle of the fitted curves
were determined, and normalized 1o obtain constant-force spectrum for each record. A typical
constant-force acceleration spectrum is shown in Figure 11,

x10™
1 .
08 Bent 4
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2 0.6
2 .
& 0.4
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0 - : ' '
1.5 2 25 3
Frequency, Hertz
' Figure 10: Vibation generator‘oi the deck  Figure 11: Typical constant-force spectitim showing

‘the second transverse mode

Modal frequcnc1es were obtained from the peaks of the response spcctra The peaks were
genemlly well deﬁned and coincided for different data channels. The half-power technique was
cmployed to calculate modal dampmg, and mode shapes were evaluated by identifying the
steady-state time hlstory amplitudes and phases,

Isolator deformations of the order of .01 in., a deformation lcvel much smaller than the
isolator yield deformation, were ‘obtained during the tests. Therefore, it was expected that linear
elastic analysis would predict the dynamic properties of the brldge adequately. The analytical
studies were carried out using the SADSAP computer program. The superstructure was modeled
as line elements and the properties of these elements were selected accondmg to the design
speuﬁcatlons. The superstructure weight was computed at app10x1mately 3800 kips, and this
weight was distributed among the riodes along the deck on a tr1butary leng(h basis. The isolator
properties were selected from the data available from the pr ototype tests, and the columns were
modeled actording t6"the results’ of Phase 1 tests. Equivalentaxial and 1afe¥al stiffuess for each
bent were computed to represent the stiffness of the three isolators and the column stiffness at

each bent. A summary of the experimental and analytical modal properties are presented in Table
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2, and experimental and analytical mode shapes are shown in Figures 12 and 13, respectively,

Table 2 Bridge miodal properties

Mode Principal - " Modal frequency (Hz) S Damping ratio
number direction ambient forced vibration analytical (% critical)
T-1 transverse 1.4 : 14 1.4 3
T-2 lransverse 2.0 1.9 1.8 4
T-3 transverse 2.3 N - 22 |
T-4 transverse 34 3.1 33
L-1 longitudinal 2.7 2.5 24
V-1 vertical 1.6 1.6 1.6

An important observation can be made from cons1dermg the various mode shapes. For the
longitudinal mode shape the deformations prlmarlly were concentrated  jin the isolators,
corfesponding (o the nearly rigid, “isolated” mode shape. For ‘the transverse modes, large
deformations were observed in the superstructure col‘reé’pOndihg t'o’”the in- 'plane bending: of the
superstructure. The difference in the behavior of the longltudmal and’ fransverse mode shapes is
due to the relative stiffness of the isolators and the superstructiire. Durmg the' forcéd vibiation
tests, 1solator deformations were very small, on the order of 0.01 in.; in both principal directions.
Al this deformation level, the isolation bearings stiffness was still less than the longitudinal
stiffness of the superstructure, resulting in mainly rigid body motion of the superstructure above
the isolators. In the transverse ditection, the 1solator stiffness was on'the order of the transverse
flexural stiffness ‘of the’ superstructure resultmg in large superstructure defoxmahons in thls

direction.

'Figure 12: VEIx_perimen»tal mede,shup_eei e - Figure 13: Analytical mode shapes .
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Phase Il - Snap-Back Tests
The third - phase of the field testing involved slowly loading of the bridge deck in the

longitudinal dircction. The imposed displacement was then suddenly released. From the ensuing
nonlinear free vibration response, dynamic properties of the complete bridge were determined.

The isolated bridge segment was loaded by pushing off against the adjacent CIP/PS portion of
the bridge. This section has a cast-in-place box girder design, and was sufficicntly strong and stiff
to resist the required loads. Loading was applied by four 200 ton hydraulic jacks placed in
parallel. To obtain good free vibration response, quick release of the imposed displacements was
essential. The success of the Phase 1 testing using explosive bolts led to sclection of a special
collapsible quick-relcase device as the displacement release method.

The device'used, developed by ISMES in Italy, carries load in compression along its primary
axis. The equilibrium of forces is maintained by the tensile force in the bolt in the direction
orthogonal to the compression load. Since the device is statically determinate, release of tensile
force in' the bolt would eliminate its capacity to resist compression load -and cause the collapse of
the device. The collapse of the device was facilitated by the detonation of explosive bolts placed
as the tensile member,as verified by the laboratory tests conducted prior to field tests. Figure 14
shows a view of hydraulic rams and quick release devices at bent 5 seismic gap.

A‘total of thrée snap=back tests were conducted. The low level test at a displacement of about
0.3 in. corresponded to the “yield” displacement of the isolators. The subsequent high-level tests
were conducted at ‘displacéments of nearly 5.5 in.; approximately two-third of the isolation design
displacement. Figure 15 shows a typical isolator at bent 5 durinig the high-level tests,

Figure 14: Hydrauli_(:"fam and collapsizbl'e dcvice : S Figure 15: Inmiposed isolator deformation

The app‘liéd'ldad during the high-level tests was nearly 1200 ‘kips{Fdr cach test, hydraulic
rams were placed in pqsitign,‘:qndawgre loaded to the specified value. Next, the quick-release
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devices were placed in position. The explosive bolts were then placed and wired to the firing unit.
The hydraulic jacks were then retracted and removed. The retraction of the jacks placed the
devices under compression, maintaining the imposed displacements. Free vibration was initiated
by setting off the detonators from the firing unit.

Experimental data was monitored by a total of 57 channels. In ‘addition to the instrumentation
used in Phase II, global displacement transducers monitored the bridge response at several
locations. These transducers measured the absolute motion of both the isolated and the adjacent
CIP/PS portions of the bridge. The relative motion between the two parts was also monitored. An
clectronic pressure gage was used to measure the hydraulic load. Data was sampled at 200 Hz.

In the longitudinal direction, two distinct ‘responseé components were ideritified. The first
component was the wave propagation, or “superstructure” response due to ‘the longitudinal in-
plane flexibility of the superstructure. The second ‘contribution was due to the “isolated” mode of
response.The time ‘history response across the isolators, shown in Figure 16, indicates the
sequential release of imposed deformations, starting from bent 5. The ‘time interval between
release of deformations may-be ‘closely computéd using the wave propagation velocity of the
bridge. In addition, it is noted that shortly after the release of imposed deformations; the velocity
at bent 3 is much less than the bridge ends, as is"exp'ecte'd?'fro‘m:tlvre' half:cosine superstructure in-
phase mode shape with maxima at the ends, and a node (zero displacement)f at the eerrter., F_igure
17 shows two distinct peaks in the Fourier response of the bent 5. deck a’ceelérétion for a window
of time history response. The first peak at close to 1.7 Hz corresponds to. the. isolated vibration
mode, the other peak at approximately 8.6. Hz. is due to the superstructure response mode. 'Ihe
superstructure mode, miore dominant at the initial phase of response havmg a much shorter period,
decays out. more qurckly ‘than the 1solated mode, _and therefore nearly 1.5 seconds after the

1elease of the 1mposed deformatrons the 1solated mode’ dommates the response -
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From the decomposition of the total longitudinal response into the two distinct components,
the following modal propettics are obtained,

Table 3 Bridge longitudinal response modes

Mode Fi'cqucncy Damping ratio | Mode shape
identification (Hz) (% critical) description
isolated 1.7 9 rigid
superstruclure 8.6 7 half cosine

In the transverse direction, the response was dominated by ‘the’ in-plane bending of the
superstructure, with a'dominant frequency of close to 1.2 Hz and"a damping ratio of 3% critical.
The transverse modal properties were similar to those obtained during the Phase II tests.

The design criteria for the isolation system specified an isolator design displacement of 9.0
mches, an effective isolator stiffniess of 12 kips/in., and an Enelgy Dissipation Capacuy (EDC)
(area of hysteresis loop) of 60 klp “in per isolator. At the design dxsplaccmcnt these specifications
result in an isolatéd vibration period of 2.0 seconds and an cqmvalent viscous damping ratio of
about 14% critical. The discrepancy between the design values and the experimentally computed
ones can be expl'ained by Figure 18, which is a qualitative representation of obtained
experimental data. During the high-level tests, maximum isolator deformations of about two-
thirds of isolator design value were‘attai;ied. Shown with dashed lines in Figure 18 is the
qualitative hysteresis envelope for this level of deformation. The area enclosed by this loop
corresponds to the energy dissipated if 'tlie ampl‘ilude’ of the oscillations were about two-thirds the
demgn displacements. The solid lines in the figure correspond qualitatively to the actual path
followed by the Jsolatlon system. It is seen that the due to the smail amnplitude ‘of oscillations,
energy ch%lpatlon is much less than the design values. Therefore, smallel v1b1at10n peuods and
smaller equ1valenl viscous dampmg ratios were obtamed for the * 1solated” component of
response. '

The effectiveness of:the-isolation system may be estimated by considering' the acceleration
response just above and Just below- the:isolators. Figure 19-shows: these records for bent 4 for a
~ two-second time window, Thé accelerations: were low:pass filtered to highlight the “isolated”
mode 1esponse It is seen that the bridge accelerations are attenuateéd by the isolation system, and
the isolated vibration frequency is 1.7 Hz. ’
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Figure 18: Qualitative isolation system response Figure 19: Accéleration records at bent 4

Nonlinear dynamic analysis were conducted to estimatc the longitudinal free vibration
response of the bridge during the Phasc IIT high-level tests. The superstructure was modeled as a
one dimensional elastic continuum, the column properties were selected from Phase | results, and
the isolators at each bent were modeled as bilinear elements and their propertics were based on
the prototype test results. Figure 20 shows the plots of total longitudinal deck force versus deck
displacement. The bilinear model closely predicted the force and displacement values. Due to the
limitation of the model, the complete experimental response is only approximated.
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Figure 20: Bridge force-deformation réépbnse ‘ Figtiré 21 Recovery of a lyj’p o isolator

To monitor the response of isolators accurately, the pre-test deformation of the‘isolators, their
deformation during the tests, and their behavior subsequent to' the test completion weére compiled.
After’ the completion of both high-level tests, some residual deformations ‘were présent in'the
longitudinal direction of the isolators. It was anticipated: that this residiial displacement would

-
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diminish quickly in time and would also be temperature dependent, as indicated in Figure 21 for a
typical isolator (cast isolator at bent 3).

SUMMARY

The ficld testing program provided a reliable mean of determining the dynamic propertics of
the bridge ‘and its'components, For typical taller bents, modal frequencies of close (o 5 Hz and
damping ratios of ncar 6% critical were obtained. The bridge transverse response was dominated
by in-plané modes with the fundamental mode having a frequency of close to 1.4 Hz In the
longitudinal dircction, the modal propertics were highly dependent on the amplitude of imposed
vibrations. The frcc]u‘enc‘y'of the longitudinal “isolated” mode was 2.5 Hz during the forced
vibration tests and 1.7 Hz during ‘the snap-back tests. During the latter ‘tests, longitudinal
superstructure 'modes were observed. The fundamental frequency for this mode of response was
8.6 Hz, 'clOsely' predicted from wave propagation frequency of the superstructure. The available
anzilyt‘icallmodels were able {0 pre’dict 'reasonal‘j‘ly the linear and nonlinear response of the bridge.
The experimental and analytical values were in agreement with the design analysis results, at the

imposed level of isolator deformation. -
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ABSTRACT

The safety of continuous span bridges during strong earthquake can be enhanced by
distributing the large inertial forces on all substructure components, A new device is
being developed which enables lateral loads to be transmitted to piers supporting movable
bearings of a bridge during earthquakes but will not interfere with the behavior of the
bridge under normal operating conditions. This device not only effectively distributes the
lateralload but also dissipates a portion of thé earthquake input energy through damping.
Tests wére'made on ‘the stiffening and damping ‘component of the deVice separately. The
stiffening component uses silicone putty compound while the damping component uses
high-damping rubber. SR ‘ .

To establish the properties of the stiffening component; a simple 'Cyliﬁdér—p'iston"égselnbly
packed with silicone putty was first tested for its cyclic mechanical behavior with dif-
ferent; piston sizes and' differeit silicone compoudds. In’ addition, the effect ‘of imperfect
packing was also investigated experiméntally. Test réesults have shown that’ the stiffening
component can provide for vatious design amenabilities with desired load-transmitting
frequency: and desited load-distiibution ratios among the piets. A’ simple-span ‘bridge
model fitted with the stiffening component was'then tested, and the effectiveness of the
device in distributing seismic lateral loads to the piers has been shown.

In establishing the properties of the damping cormiponent, a eylindrical bishing of High-

B ) 3

- damping tubber material was vuléanized in‘hétween two hollow metal cyliiiders which was
‘then® conniected to'a shaft. From' the test results, it has béen shown the rubbér materials

b3 N : < A

used Possess sufficient dampiiig capatity and has very stablehysteretlc behaVIOI‘
Bridge failures and damages during the 1994 Northridgeaiid 1995 Hydgoken-Naribi Easth-

quakes can be characterized by span fall-off and severe damage on just a few lateral
load-resisting’ elements, i.e. ‘piers ‘ald siibstriuctires suppofting’ fiked ‘beatitig ‘supports:
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while piers supporting movable supports remained undamaged. Even bridges which were
retrofitted with joint and hinge restrainers experienced fall-of-span hecause restrainers are
not designed to improve the seismic resistance of the entire bridge but simply to hold on
the girders which are about to be displaced off the supports,

Restrainers used at present are typically passive within the gap distance designed to
accomodate allowable movement of the bearing supports. For displacement beyond this
distance, added stiffness is provided by the restrainers to prevent fall of span due to
excessive relative displacement. However, no satisfactory methods have been developed
for designing the strength and stiffness of restrainers [Priestley ct al, 1996]. Also, a study
by Saiidi et al [1996] concluded that the current design procedure used in the United States
(California 1990, 1991) needs to be modified to better represent the dynamic behavior of

bridges.

In order to enhance the behavior of bridges under carthquake loading, the solution gen-
erally accepted is to distribute the lateral forces among all the supporting piers. This can
be done by placing a device which utilizes the frequency-dependent properties of silicone
putty - a compound which casily deforms under slow loads but will stiffen under shock
and impulsive loads. The addition of a damping component to the device will greatly im-
prove the performance of bridges during strong earthquakes as energy can be effectively
dissipated lessening the demand on the device and the supporting piers,

The stiffening component using silicone putty, has been tested for its cyclic mechanical
behavior as well as its effectiveness in a simple span bridge model. Results are presented
in this paper. Test results of the damping component using high-damping rubber are also
presented. Load deformation characteristics and frequency dependence of the equivalent
damping and stiffness of the damping component were investigated.

2. A NEW DEVICE WITH DAMPING FOR SEISMIC LOAD DISTRIBUTION AND
DISSIPATION

A few devices (e.g., rubber bearings, oil dampers, viscous shear dampers, ...) have been
developed for seismic lateral load distribution with each offering several advantages and
disadvantages in various aspects of performance, maintenance, reliability, and simplicity
in construction as well as in design. The main objective of this research is to develop a
device with similar functions, but possessing robustness that can better withstand adverse
conditions and requiring minimum maintenance.

A device known as shock transmission unit (STU) has been developed using a special
silicone compound, which upon receipt of a sudden impact load locks up and transmits
the load through the structure [Stephen Brown, 1996]. This device has been placed at the
expansion piers of the London Docklands Light Railway in order to distribute the braking
forces between all piers of the supporting structure.

Offering several advantages primarily in performance and maintenance, a new device is
being developed combining the favorable properties of silicone putty and high-damping
rubber. The device is designed to be attached to the underside of the girder near a
movable support and the top of the pier. In such an arrangement, it allows movement
of the movable support during ambient temperature gradients, but will fix the girder-
pier connection during shock or earthquake loadings  and thereby transmitting a share
of the lateral load to the piers with movable supports (Fig. 1).” With the presence of
the damping component, the device not only effectively distributes the lateral forces on
all the supporting piers but also dissipates part of the energy .which would otherwise be

transmitted to the supporting piers.

During normal operating conditions, the silicone putty will flow slowly allowing an in-




ner shaft in the device to move freely thereby causing no interference on slow structure
movements, e.g. temperaturc change, shrinkage, ctc. However, once the device recieves
a sudden impact load, the silicone putty will react as a solid restraining the inner shaft.
This results in the activation of the damping component via the high-damping rubber
which dissipates a part of the energy input, resulting in lesser encrgy transmitted to the
pier.
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Fig. 1 A Continuous Girder Bridge with Load Transmission Devices

3. CYCLIC MECHANICAL BEHAVIOR OF THE STIFFENING COMPONENT

Preliminary objective is to investigate the basic mechanical behavior of a device with the
stiffening component under cyclic loads. From these results, suitable putty compounds
and device configurations are evaluated and improvements are made to obtain the desired
device performance. A device has been developed consisting of a piston inside a cylinder
housing filled with silicone putty compound to test its stiffening properties (shown in
Fig. 2). A 10-tonf capacity has been fabricated and subjected to repeated cycles of force-
controlled and displacement-controlled loadings with different amplitudes and frequencies.

‘The device was first tested under force-controlled loading under different frequencies
(0.001 Hz to about 5. Hz). Load-deformation characteristics are shown in Iig. 3.
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Fig. 3 Load-Deformation Behavior of Stiffening Device with Diflerent Piston Sizes

It can be observed that the silicone putty readily allows deformation. yvith.'si niﬁcm}t
hysteretic damping under low frequencies. Hysteréses in Fig. 3 plotted with bold lines is
for a device with a relatively bigger piston (gm”a‘llef‘ orifice) and relatively harder putty.
Stiffening eflect is exhibited at about 0.1 Hz. Beyond 0.1 Hz, no remarkable changes in the
load-deformation behavior can be observed. That is above 0.1 Hz, the silicone putty acted
almost like a rigid body and stiffness is provided by the load-deformation characteristics
of the end rod of the cylinder and the piston.

The load-deformation curves under two cases of displacemnent-controlled loading are shown
in the plots in Iig. 4. 1t can be observed that load induced (from about 5 tonf for 5 Hz
case) is significantly reduced (to less than 0.7 tonf for 0.001 Hz case) when subjected to
slowly applied loads. Under service loads due to temperature changes, a displacement-
controlled cyclic loading with a period of 24 hetrs simulating da.i‘ly temperature change
or a period of one year for annual temperature change would have induced almost no load
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resistance at all. In other words, the stiffening device does not interfere with the normal

functioning of the movable bearings in relieving stresses due to clongation and contraction
of the girders resulting from ambient temperature changes.
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Fig. 4 Load-Deformation Behavior Under Displacement-Controlled Cyclic Loading

In order to investigate the effect of orifice sizes, the same stiffening device was then fitted
with a smaller piston which would permit casier passage of the putty when squeezed.
Results are shown in the hystereses plotted witth the thinner lines in Iig. 3. It can be
observed that the piston was easier displaced inside the putty-filled cylinder and stiffening
was initiated at a much higher frequency of about 1. Hz. Thus, the desired frequency
at which stiffening is initiated to allow lateral load transmission may be set with the

appropriate piston size.

Silicone putty compounds can be manufactured with different “flow’ properties. A ‘softer’
putty was packed into the device with the larger piston and its load-deformation hystereses
(plotted with thinner lines in Fig. 5) are compared with the previous case of a ‘harder’
putty. It can be observed that the piston was casier displaced inside the putty-filled
cylinder and stiffening was initiated at about 0.2 Iz. Thus, the desired frequency at which
stiffening is initiated to allow lateral load transmission may be set with the appropriate
rheological property of the silicone putty. In order to take “advantage of this property,
further investigation in rheological properties of putty compounds using appropriate tests
[Ward and Hadley 1993] is needed to relate the material properties to the mechanical
properties of the intended device, B

It can be observed that slip-type behavior in the vicinity of the low load range in the load-
deformation curves exists. This type of slip hysteresis is not desirable in that effective
load transmission is not achieved within this interval. While it is not possible to ascertain
at this stage all the exact causes of this slip, undoubtedly imperfect packing is one factor.
This was investigated by testing the device filled with a proportion (90%) less than the
maximum putty content to fill fully. Hystereses plotted with thinner lines in Fig. 6 shows
the load-deformation behavioi of a device with intentionally imperfect packing. A wide
slip of constant width can be seen in all the hystereses.

The test results have shan that a device fitted with the stiffening component can provide

13—



for various design amenabilities with desired load-transmitting frequency and desired load-

distribution ratios among the piers. Proper characterization of the device confignration
and the silicone putty properties should be the next important step in the investigation
in order to better quantify the device performance.
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4. CYCLIC MECHANICAL BEHAVIOR OF THE DAMPING COMPONENT

Testing of the damping component of the new device is made using a cylindrical bushing
of high-damping rubber vulcanized in between two hollow metal cylinders which allows
connection t{:rough a shaft in the assembly. Fig. 7 shows the assembly while Fig. 8 shows
the schematic diagram of the testing system. gl"he assembly was subjected to increasing
amplitude displacement waves at varying frequencies and number of cycles.

snubber - stopper
= {1 )
FORCE

high-damping rubber

- F ig.‘ 7 Damping Component Assembly

AT

IR

|  reaction wall [ \\‘
~electro-hydraulic \

servo-actuator.
(20-tonf. capacity)

load transducer ..

specimen

gy

“ l?yig,vs" ‘Schematic diagram of the testing system

The force—deformvation;plot's are éhown in.ﬁigs. 9—12 for the 0.01 HZ-, 0.1 ‘Hz, 0.5 Hz, and
1.0 Hz tests, respectively. v
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The assembly shows very stable hysteresis loops in all frequencies and strain levels; as can
be noted, there is almost perfect coincidence of thé number of repetitions of cyclic loading
except for some minor capacity deterioration in the final stages of the cyclic loading.
Strain hardening is i 1.

due to the limitation o

1y

nitiated at about 150% shear strain. In the high fredquency range,
{ the actuator, loading up to 250% shear strain was not attained.

But still, good hysteresis loops were drawn from the carly stages of the cyclic loading.

The equivalent stiffness and viscous (1ain1)jng ratio were plotted on Figs. 13 and 14 for all

the different fréquencies used in the experiment. Fig. 13 shows an increasing equivalent,
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stiffness beyond the 150% shear strain which is the inherent hardening of rubber material
at high strain. Fig. 14 shows the high level of damping of the restrainer device, having
more than 15% value at the 200% shear strain level. Irom these plots, we may con-
clude that the stiffness and damping properties are not strongly influenced by the loading
frequencies. In other words, the damping behavior is of hysteretic nature.
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5. TEST OF BRIDGE MODEL TESTED WITH STIFFENING COMPONENT

A simple-span bridge miodel fitted with the stiffening component, of _”'qh’é'héw?de\‘r_i‘ce, was
next tested. The test setup is sliown in Fig, 15. The piers are of idenitiéal stéel section,
and part of the lateral load applied through the girder can be transmitted to the pier
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supporting the movable bearing through the device and thereby effecting load distribution
between the two piers. Without the stiffening device, only a small amount of lateral
load could be transmitted to the pier with movable bearing through friction of the roller
support. The pier supporting the fixed bearing would take almost all of the lateral load.

In the tests, displacements of the piers were measured with displacement transducers.
Likewise, the piston movement of the device was monitored through a displacement trans-
ducer attached to the shaft. In addition, a load cell was attached to the end of the device
connected to the pier supporting the movable bearing to measure the amount of load trans-
mitied. With the device having the stiffening component attached, the bridge model was
subjected to cyclic loadings with increasing loading frequencies. Test results for loading
frequencies of 0.001 Hz and 1. Hz are shown in Figs. 16 and 17.

Tig. 15  Bridge Model Test Setup

For slowly applied loads, the device barely offered any resistance and moved along with
the girder and the pier with the fixed bearing as can be seen in the displacement time
history in Fig. 16, whereas it can also be observed that the pier supporting the movable
bearing was only displaced slightly except for a small amount transferred through friction
and also due to rotational restraint of the device joints. For loads due to daily and
annual temperature changes, it can be considered that the device does not interfere with
the normal functioning of the movable bearing in relieving stresses due to temperature

effects.

When the bridge model is subjected to higher-frequency loads (the case of 1. Hz shown in
Fig. 17) or earthquake-like loads, the device wotild act to transmit loads to the pier with
the movable bearing. It can be observed from the displacement time history in I'ig. 17
that both piers are displaced equally and thereby shared in resisting the total lateral load
from the girder. The device had acted to transfer about half of the load acting on the
pier with the rest transferred through friction of the roller bearing.

In considering load distribution, it is necessary first: to evaluate the seismic capacity of the

piers. The appropriate shares of loads to be taken by the piers are related to the relative
stiffnesses of the piers and the'devices: Tests and analyses on the total response with the
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relative stiffnesses taken as paraméter of investigation are needed. In addition, thorough
study of the effectiveness of the device would also require an extensive ‘study of the
performance of the device under realistic earthquake excitations since the behavior of the
device is very much frequency-dependent. Only performance under harmonic excitation
had been conducted and presented in this study. _ :

Lastly, it should be noted that a load-tfansmittin({jv” device would demand a stricter toler-
ance in the fabrication of the joints than a damper evice. Even aslight slip or deformation
in the hinges would negate the effectiveness of the device.
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6. SUMMARY AND CONCLUDING REMARKS

A new device is being developed to enable transmission of loads to piers with movable
bearings during an earthquake with the added feature of dissipating encrgy through damp-
ing.

The stiffening component, tested using a’ simple piston-cylinder assembly packed with
stable silicone putty proved to be effeciive in distributing lateral loads among the picrs.
Test results to obtain basic load-deformation hehavior of the assembly under cyclic load-
ings were conducted in which the effect of packing, piston sizes, putty flow properties
were investigated. While it had been shown experimentally that the device has excel-
lent performance and can accomodate different design amenabilities, analytical modelin

of the material behavior in rheologically quantifiable terms agrecable to both structura
engincers and material scientists need to be done.

The damping component, tested using a cylindrical bushing of high-damping rubber vul-
canized in-between two metal cylinders proved to be effective in dissipating energy. Thus,
this additional feature greatly improves the behavior of the bridge under carthquake load-
ing and decreases the possibility of damage or collapse. :

The silicone putty used in the stiffening component allows an inner shaft to move freely
under normal operating conditions but will react as a solid upon receiving a sudden impact
load. This activates the damping component which uses high=damping riibber, dissipating
a part of the energy being transniitted to the pier. :
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DESIGN OF THE 19-SPAN CONTINUOUS
RIGID FRAME BRIDGE WITH SEISMIC ISOLATOR

Hidenao HAYASHI Shiro KAWAKITA
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Kobe Route Reconstruction Dept. Specified Planning Office, Planning Dept.
Hanshin Expressway Public Corp Hanshin Expressway Public Corp.

Kobe, Japan Osaka, Japan

SUMMARY

"The Hanshin Awaji Earthquake occurred on January 17,1995, caused tremendous damage on the Hanshin
Expressway Kobe Route., especially at Benten section (referred in Figure 1). Three bridges out of 8
completely fell down, subjecting all bridge structures except foundations removed after the carthquake.
This paper reports the outline of the seismic isolation design of 19-span continuous rigid frame bridge
with seismic isolator, which was installed at the bottom of steel pier. Results of vibration experiment
applied onto the structure are also reported.

1. PROLOGUE

After the scrutiny of suffered condition caused by the carthquake the new Benten bridge was
determined to be the 19-span continuous rigid frame with steel deck along with the installation of
seismic isolator underneath the steel piers. The general view of design is shown in Figure 2.

Such a bridge structure that provides seismic isolator underncath the bridge supporting piers had
theoretically been studied in the past [1] , however, actual application is almost none in practical use
and it was indeed the first example to be introduced on the highway bridge. The experiment of
vibration was carried out with the use of Rapid Release Jack System and heavy vehicles to inspect
and to ascertain various structural behaviors. This paper describes the outline of seismic isolation
design on the 19-span continuous rigid frame with the seismic isolator and its experiment.

2. OUTLINE OF DESIGN
2.1 Design Scheme

Before the earthquake one of piers stood on the middle of separating zone and the other on the
pedestrian lane, and they were of single RC pier ( 1.0mx 1.7m ). These piers were connected with the
upper structure by means of steel bearings that were placed on each top of the pier. The cause of
bridge fall or girder buckling such as shearing failure of the RC pier during the earthquake and the
breakage of steel bearing at the connecting points were all taken into considerations to determine the
basic scheme of construction. These elements were settled as follows ; _

1) It was found that there has been no damage on the piled foundation so that it could be utilized as
they are.

2) Deck of the expressway could become light weighted by using steel deck and design to decrease
seismic force by using isolation bearing.

3) In order to prevent bridges from falling down each bridge pier and the beam of upper structure
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would be tied rigidly and to maintain continuous girder forms as much longer as can be,

Above basic conditions were studied and it was decided to adopt a continuous rigid frame, It was
supposed that the additional piling reinforcement is needed for rigid connection or hinge connection
and finally concluded to adopt the structure of installing seismic isolation bearing on the foundation.
Since the Benten bridge is warped to the seaside and the overhang length of crossbeams differs
slightly, analyses were made on the whole structural model of the two types shown on Figure 3.

In static analysis model (a) in the Figure 3 was used. The upper structure consists of main girders,
beams, and piers in conjunction with springs in the model. In dynamic analysis model the number of
lattice was dccreased in a manner that main girders and deck plates were assembled together to a
piece of beam so that they would make a whole simple.

2.2 Seismic Isolation Design of Bearing

A study was made regarding the seismic isolation characteristic on whether the structure as a whole
can anticipate vibration isolate effect based on the “Manual of Seismic Isolation Design for Highway

Bridge" [2] .

In seismic isolation design the characteristic of structure is expressed in the value of natural period
(T) and the ratio of yield point load Qd/Wu (Denomination is taken from the “Manual of Seismic
Isolation Design for Highway Bridge"). In order to work out an appropriate value, were designed
the period and the ratio of yield point load by applying a representative bridge pier that support the
upper structure that would satisfy the following 3 design objectives;

1) In the designed vibration from the horizontal bearing capacity piers would not excessively be
plastic during the earthquake. ( Khe<{0.68 )

2) Inscismic coefficient method, a designed vibration can at least be decreased by the ~ damping
effect ( Damping constant by the seismic coefficient at the vibration h>10%) - -
3) Secismic Isolator will not be deformed extremely ( Horizontal bearing capacity during
carthquake was investigated referring to the upper structure that deflects<<250%).

Specific figure to satisfy the above condition, a combination of T=1.4 sec Qd/Wu=12.6% has been
adopted. One of the model of bearings is shown in Figure 4.

2,3 Dynamic Analysis

In the dynamic analyses two types of plane model shown in the Figure 5 Wére'inirb'duc’e“d dnd
following points were inspected by comparing two models and ascertained the adequacy of

simplified model.

1) A degree of influence whether the non linear characteristic of seismic isolator and  material

characteristic of steel bridge pier reflects to the responding results.
2) In inspecting three dimensional model, adequacy of replacing girders to one piece beam.

The seismic wave taken at the JR Takatori Station [3] was apphed for the mputof selsmlc ﬁbr‘aﬁbﬁ, \

Seismic force of EW wave was put into in chord direction of warped bridge and SN wave to the
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lateral direction simultancously. In comparing the responding values of each model it became
apparent that there was least influence due to the non-lincar characteristic of bearing and that the
deflection at most part of steel pier was within the elastic deformation.

A comparison of the test results of simplified model that treats bearing and steel pier in a lincar form
to that of actual structure model, is shown on Table 1. The values for a simplificd model are larger
but being within safe side it was judged to present no problem to carry out dynamic analysis by
applying whole model shown in Figure 3 (b).

2.4  Result of Analysis

From the static analysis, deflections were calculated for each bearing and for the girders at both cends,
Girder's deflection reached = 84mm maximum depending on the various temperature range.
Expansion joints was designed based on this movements.

The results of natural vibration analysis on the whole model is shown in Figure 6 and all up to 5th
modes shows inherent mode of horizontal direction. From the result of natural vibration analysis
applied on a plane model, the mode for horizontal move at the bearing position is so remarkable that
the similar tendency may be seen in a three dimensional model.

The time histories were exemplified in the Figure 7 for the response in the horizontal deflection of
the seismic isolator and the bending moment at the beam joint at P470. Maximum deflections were
428mm in the longitudinal direction of bridge and 568mm in the lateral direction, which were
observed after 6 seconds from the beginning of earthquake.

Also the response analysis on time history is confirmed in the rotating deflection of seismic isolator
and axial force of pier, which led to carry the test confirming of the effectiveness of bearing by using
the response value for the 1/3 scale model bearing.

Agam the stresses of intersection at the beam and the pier were investigated as the members that
receive axial compresswe force ‘and - bi-axial bending moment by applying maximum response

values.
3. VIBRATION TEST
3.1 Outline of Experiment

In order to ascertain dynamic characteristic of the bridge, it was planned to-carry out experiment
using the actual bridge. Since the bridge has 19-spans which is so long and heavy that the vibration
experiment by applying vibration of constant cycle using vibrator equipment, a rapid force release
test were broughit and the free damping vibration was measured after the release of force. Jointly with
this horizontal reaction force and deflection was measured in the static load condition. In grasping
vibration of girders and vibrational transmission through seismic isolation four axles wrecker vehicle
of gross weight 47tf ( Maximum 4 vehxeles s1multaneous1y ) was used to run on the bridge and

response was measured

Reactlo‘n fOrCe suppdr’t\Was installed on the bridge foundation and horizontal force was loaded to the
lateral direction of the:bridge, as shown-in Figure 8. Six units of rapid release system were applied
for’loading, After studymg the -effective -loading points it was- determined ‘to place them at both
mountain and sea side piets between P462 and P464. Loaded positions and measured items as well as
positions of measurement are also shown on Figure 9.
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3.2 Static Loading Experiment

Static loading experiment was catricd out for the piers of both mountain and sea side individually, or
altogether between P462 to P464 and further catried simultancous load test onto 3 bridge piers. The
load was gradually incremented in the order of 50,100,150, and 180tf. As an example of
experimental result of static loading, deformation of pier P463 is shown in Figure 10(a) and 10(b)
when piers between P462 to P464 were loaded on only mountain side and simultancously on both sea

and mountain sides.

As has been studied from this drawing, the loading on one pier represents bigger deflection of loaded
picr while the other members shows practically less deflection. Also the case of simultaneous loading
from sea and mountain side piers confirms the move to lateral direction but even in this case the
deflection value of upper part is smaller than the lower one. Deflection form of whole bridge in

lateral direction at this time is shown in Figure 11,

The maximum deflection is 110mm at the pier P463 with the load of 180tf while there was little
deflection on the piers with no loads. Figure 12 shows relationship in the horizontal spring rigidity to
deflection figure obtained in the laboratory test as well as actual test on bridges. There is a slight
difference in a small deflection but the actual data of the horizontal spring rigidity remains as same

as those done in the laboratory in the range above 80mm.

3.3 Rapid Release Test

Rapid release test was carried out in the loaded condition to reach up to 180tf when the load was
abruptly released. Deflection and acceleration were exemplified in Figure 13 as an example of
mountain side P463. Deflection went back near to the original position when load was discharged
and the vibration component is damped to die. Thereafter the deflection had slowly decreased and in
a few minutes after the release went back to the original position completely.

In a response of acceleration, while the free dampmg vibration is confirmed to remain as in the case
of deflection, its vibrated element shows high spectrum at the point of 2Hz. By measuring rotating
deflection of bearing and pursuing the vibrating mode of gate bridge pier it became apparent that
horizontal vibration at the pier foundation had been damped immediately after the release and
thereafter rocking vibration was seen at the center of each bearing From such observation in the
response to the acceleration, higher frequency of vibration is considered. to be due‘to the rocking
effect and it corresponds with the result of mherent value analysis of hinge reaction which substitute

bearmg apphed to thc plane model.

In the response analysis on the time hlstory applied on the three dimensional model that evaluates the
rigidity, it is confirmed that vibration modes of 1st through 3rd are all located under the 0.7Hz, while
all present experiments under partial vibrating condition shows a different vibrating element from the:

demgned v1bratmg characteristics. -

Secondly, v1bratlon mode on the whole brldge at the release of load is llke Figure 14 and ballooned,
vibration mode in the vicinity of bridge pier having two nodes prevails immediately after the release
of load, Howevet, the position of node moves near around the center of pier P466 and the ballooned
mode had been changed to show different vibrating character. Also while the hotrizontal vibration of
whole ‘gate bridge pier has shown the damping effect at the first wave, it was the result to show: the
case that the vibration ‘at the bearing showed over dampmg and 'the deformatlon flgure at the
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cxperiment is greater than the designed figure,

In the design of upper part, 2% damping was anticipated, however, calculated damping coefficient
from the logarithmic decrement of actual damping wave in a vertical direction had dispersed in the 4
~5% arca.

At the time of rapid rclease the reprcécnting vibration mode of main girder and its vibrating
frequency varics between 5.3Hz and 6.3Hz in torsional mode, and between 9.0Hz and 10.0Hz in
bending mode, shown in Figure 15,

3.4 Test Vehicle Runﬁing Experiment

Vehicle Load running experiment had been carried out at the speed of 20,40,60 km/hr with one vehicle
and parallel drive of 2 or 4 vehicles at 20km/hr speed and the effect of each running pattern was studied.
As an example of the result, the pattern for the damping effect taken from the longitudinal direction of
bridge with one vehicle at the speed of 60km/hr is shown in Figure 16.

Both underneath and upper bridge picr vibration had prevailed to show 2.32, 2.47, and 2.66, however,
the above frequency zone did not prevail at the foundation. Similar tendency was observed in the
lateral direction.

4. EPILOGUE

Here it was reported of the new trial of 19-span continuous rigid frame bridge with seismic isolator at
the bridge piers and outline- of design as well as contents of vibration experiment carried on actual
bridge. Although the loading condition is limited to a partial, the vibration character of seismic
isolator, bridge pier and upper structure was confirmed. However, the present experiment could not
verify the vibration obtained in the dynamic analysis. This is due to the fact that the loading was done
only 3 sets of bridge pier out of 18 and that the rigidity of bearing had a bigger value than what was
presumed to be.
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Table 1. Comparison Between Virtual Medel and Simplified Model

Viftual | Simplified
Structural : Ratio
Model Model
Position Accelerated speed (gal) 1280 1313 1.03
of main Horizontal defomation (cm) | - 660 | 701 1.06
girder : ‘
Position Horizontal |5¢25ide (cm) | 59.6 670 | 112
: mountain side :
‘of Bearing deformation (cm) 60.5 | | 67.2 1.11

Table 2. Detall and Purpbse of Experlment

Detall of Experlment '

Purpose —

j Statlc load expenment

" Conﬂrmatlon of horizorital sprmg force
* ‘equivalént damping constant value -

Rapid force release

Experiment

Confirmation of vibration mode in the rapld
force release. No. of Cycle and damping -
constant value

'Runmng EXpenment of
test vehncle

Conﬁrmatlon of wbratmg character of mam
-girders and beams and mgldnty of uppcr

. structure
© Vibration’ transmlttance mechamsm to the

sorrounding soil
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TESTING OF PROTECTIVE SYSTEMS AND HARDWARE
FOR BRIDGE APPLICATIONS

- Andrew Whittaker, Ian Aiken, Peter Clark, Gregory Fenves, Nikos Makris, Stephen Mahin
Earthquake Engmeermg Research Center
University of California at Berkeley

ABSTRACT

‘New tec'hnolo‘giesfor protecting bridges from the effects of earthquakes are bemg
1mplemented for new and retrofit construction. Two of these technologiés are seismic (base)
isolation and energy dissipation (supplemental dampmg) Knowledge has increased recently
regarding the response of components of seismic isolation and supplethental damiping systems as a
result of comprehenslve testing in university and corporate laboratorics in the United States,
Japan'and elsewhere Less knowledge is available on the response of systems of components,
espe01ally in bndges The response of $ystems of rsolatron and dampmg components is the subject
of much research at the University of California at Berkeley. This paper suimarizes work under
way at Berkeley studymg the response of the selsmrcally “isolated San Francrsco Oakland Bay
Bridge. The studiés of component Tesponsé at Berkeley, SUNY Buffalo, and other universities in
the United States have led to the’ development of draft standards for prototype testing of seismic
1solators and supplemental dampers This paper also presents and examines recently developed
specrflcatrons for testing supplemental dainping devices.

INTRODUC’I‘IQN

v Protective systemns (seismic 1solatron and/or energy dissipation systems) and hardware

(seismic isolators and/or énergy drssrpatron hardware) are being used to mitigate the effects of
earthquakes in brldges, burldrngs and other structural systems-in the built environment. Of the
two teehnologres ‘seismic’ 1solatlon is’ the friore m’tture wrth numerous applrcatlons 1n Italy, Japan,
New Zealand, and the Umted States us: expemmental data supportmg the use of seismic
isolation in¢lude component testmg of elastomenc ‘and shdlng isolators, and systems testmg of
model bulldmgs (CY g Clark et al [1996b]) and brrdges (e g, Constantlnou et al; [1993]) Less
eXperrmental data’ are avarlable on the behavror of energy drssrpatlon components and systems -
1ncorporatmg such components.

g

drssrpators fort brrdges thah burldmgs This motrvated Calirans and researchers at the UmVersrty of
Cahforma at’ Berkeley to develop a coordrnated analytical and eXpenmental research program
b'e_c ve of improving the’ state: -of- -knowledge of the'use of protecnve systems for bridge
apphcatlons “This’ prOJect is well under Way, wrth sottie' information from thrs prOgram being -

presented at thrs eeting in Clark et al [ 1996a]
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The San Francisco-Oakland Bay Bridge (SFOBB) is a 4.3 mile (7 km) long viaduct linking
San Francisco and Oakland in‘northern California, The bridge is the primary transportation Jink
between these cities with a total of 10 lanes of traffic carrying upwards of 250,000 vehicles per
day. The 1989 Loma Prieta earthquake caused significant damage to the East Bay Crossing
(between Yerba Buena Island and Oakland) of the bridge, including the loss of one upper and one
lower deck section. The multr hundred million dollar retrofit of the East Bay Crossing will include
the introduction of seismic 1solators between the horizontal superstructure and the vertical
substructure. The isolators are mission-critical hardware; acceptable performance of the Crossing
in the maximum earthquake is dependent on high performance from the isolators. Given the
importance of the bridge to Caltrans and the State of California, the lack of redundancy in the
Crossing's seismic framing system, the critical mission of the isolation hardware, and the lack of
information on the tri-directional behavior of seismic isolation components and systems, Caltrans
has embarked on a fast-track research project to prov1de the requisite information with the
specific focus being the seismic isolation system adopted for the retrofit of the Crossing, The
proposed work is described in Systems Testing below.

Energy dlssrpatron devrces (also termed supplemental dampers) are bemg used in, new and
retrofit brrdge construction in Cahfomra Hrgh proflle pI‘OJCCtS mcorporatmg dampers include the
retroflts of the Golden Gate Brrdge and the Rlchmond -San Rafael Brldge Damper hardware
being consrdered for these projects mcludes flurd viscous, frrctron lead-extrusion devices. Most
specrflcatrons for the supply of damper hardware mclude requrrements for prototype and
appllcatrons are avall'lble [ATC in preparatron] snmlar standards for brldge appllcatlons have not
yet been developed. The damper prequahtlcatron program [Alken and Kelly, 1996] for the retrofit
of the Golden Gate Bridge includes the most rigorous testing program developed to the time of
this writing. The salient features of this testing program, and comments on issues not addressed in
the program are presented in Damper Hardware Testing below.

S YSTEMSTESTING .

The Past Bay Crossrng of the SFOBB 1s composed of multrple double deck truss spans

San Franc1sco Oakland Bay Brrdge (SFOBB) reproduced from Sundstrom [1996] is presented in
Figure 1; the East Bay Crossing is to the right of Yerba Buena’ Island m thrs ﬁgure |

The retrofit strategy adopted by Caltrans for the 288' (88 m) and 504" (154 m) spans is
selsm1c 1solatron Addrtronal strengthenmg of the substructures wrll be undertakenr Sersmrc -
1solat10n was selected for the purpose of reducmg the average ae_c sler 1on» of the spans inthe .
maxrmum earthquake to approxnnately 0. 15g [Sundstrom 1996] Recognrzrng that the brrdge
was desrgned at the workmg stress level fo' eral se1smlc coefﬁcrent of 0. 10 (> 0.15 at. the
strength level), the ¢hoice of seismic isolation in heu of conventronal strengthenmg schemes has
eliminated the need for extensive retrofit of the superstructure.
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The friction-pendulum system (FPS) was selected by Caltrans for the seismic isolation of
the truss spans. This sliding isolation system was chosen [Sundstrom, 1996] because the FPS
isolators could (1) be installed without I]]’UOI modification to the pier caps, (2) accommodate the
large displacements associated with a six- -plus second isolation period, and (3) limit the shear
forces transmitted to the piers to acceptable values, Two types of sliding isolators are to be used
for the retrofit: spherical isolators, and cylindrical isolators. The Type 1 FPS spherical isolator for
the retrofit of the East Bay Crossing is 120 in. (305 cin) by 120 in. (305 cm) in plan, 15 in. (38
cm) tall, has a radius of curvature equal’to 352 in. (894 cm), and is desngned for this apphcatnon
for a friction coefficient of 0.06: [Mellon 1996). S¢e Figure 2 for sample details. The minimum
latexal displacément capacity of this isolator is 38 in. (97 cm.). The target period of free v1bratton
assocmted with this isolator is 6.0 seconds.

The seismic 1solators will' be mission: cuttcal hardware in the retroﬁtted East Bay Crossing.
Detailed knowledge of isolation system and isolator component responses is thus needed to verify
the assumptlons made for the analysis of the retrofitted spans. To provide the requisite
information on system and component responses; the Earthquake Engineering Research Center
}ns proposed the following work to C'tltrans

1. Detailed characterization of the response of mdmdual scale- model isolators to service and
seismic loads and dxsplacements

2. Earthquake sunulator testing of a I‘lgld" model suppoﬂed on combmatlons of cylindrical and
spherical FPS isolators. _ , :

3. Earthquake simulator testing of a scale model of a 288 ft (88 m) prototype truss span
supported by combinations of cylindrical and spherical FPS isolators on top of idealized piers.

A brief description of each of these tasks follows.
FPS Isolator Charactenmtlon

Elastomenc and slldmg seismic 1solat10n bearmgs have been the subJect of mgmﬁcant
study in the last 15 years. Key studies on the response of FPS sliding isolators include Al-Hussaini
et al. [1994], Constantmou etal: {19931, Mohka et al: [1990], and Zayas et al. [1987, 1989].
These studies have focused on the isolator- beh'mor under constant axial load and uni-directional,
horlzontally 1mposed dlsplacements :More reahsuc dynanuc, and espectally tri- d1rect10na1 dynamic
tests have not been carried out in general due to the lack of a dynamtc test machme capable of
subjectmg seismic isolators to three-dunen31onal dynamlc load and dxspl"tcement inputs. (Limited
‘data are available on the behawor of teflon beu‘mgs under tri-axial excitation [Mohka et al.,

1993]; but these data are hkely not apphcable to-the FPS isolators due to dlfferences in
'constructlon matenals ) - v : :

The 1solators in the SFOBB w1ll be subjected to three~d1mens1onal dynam1c mputs durmg
earthquake shaking. It is important therefore to understand the three-dimensional behavior of the
isolators; merely. inferring the. three~d1mensmnal behavior from analys1s of two-dimensional
response data cannot bejustified given the mission-critical ‘nature of the isolators. The knowledge
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gained from the three-dimensional characterization of the isolators will be used to support the
earthquake simulator studies described below and will allow Caltrans engineers to validate the
constitutive models of the isolators used for the analysis of the retrofit strategy and assess the :
effects of various environmental factors such as thermal cycle-induced wear and salt water ;.

contamination,

We propose to study the three-dimensional response of scale models of the prototype FPS
isolators using a dynamic test machine. A schematic design of the test machine is presented in
Figure 3. This machine will allow EERC researchers and Caltrans engineers to thoroughly
characterize the response of specific FPS isolators to uni- and bi-directional horizontal dynamic
excitations under both constant and varying axial loads. A minimum of four isolators (two
cylindrical and two spherical) will be subjected to detailed testing. The data obtained from these
tests will be used to support similar tests on full-size prototype FPS isolators being planned by

Caltrans.

The behavior of any type of isolator (elastomeric or sliding) is affected by service load
wear and contamination. To study the effects of wear on the sliding surface due to thermally
induced movement of the truss spans, we propose to subject one spherical and one cylindrical FPS
isolator to 20,000+ {+0.5 in. (1.3-cm), -0.5 in. (1.3 cm)} displacement cycles to simulate the
likely thermal and service load movement over the life span of the isolators. The issues of
contamination will be addressed by individually evaluating the effects of condensation and salt
water spray on the sliding surface. The protocol for the contamination tests will be determined by
EERC and Caltrans engineers, using wherever possible the protocol developed for-the Caltrans

HiTEC testing program.
Earthquake Simulator Testing of a Rigid Model

Sophisticated analytical tools have been used by Caltrans to evaluate the séismic response
of the seismically-isolated East Bay Crossing of the SFOBB. Key mathematical assumptions
regarding the global behavior of the isolators have been made. The objective of this task'isto
verify some of those assumptions by testing simple, relatively rigid models that do not include the
dynamic charactéristics of the trusses. : ' B

A small "rigid" model supported on (a) four spherical FPS isolators, arid (b) two spherical
and two cylindrical FPS isolators will be tested. The FPS isolators used in this task'may bere-
used for the earthquake simulator testing of the truss model. The models will be subjected to
prescribed earthquake inputs, and the resporises of the models will be measured Using dcceleration
and displacement transducers and load cells béneath each of the four isolators. =~ B

The earthquake inputs will include site-specific motions (used for the évaluation of the
retrofitted bridge), near-field earthquake records adjusted for the distance betweeri the:bridge and
the causative faults, and recorded and synthetic earthquake motions. Earthquake motions will
include simultaneous horizontal and vertical ‘componerits. ' SRR

‘The small "rigid" models-will be analyzed using both (a) the' computer programs used for
the analysis of the East Bay Crossing, and (b) state-of-the-ait fesearch-orientéd matheiniatical -
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tools. The goal of these analytical studies is to predict the global behavior of these simple isolated
models using the measured ground motion histories input to the models on the earthquake
simulator, The measured responses from the earthquake simulator testing can then be compared
with the predicted responses to validate the analytical models used for computing the dynamic
behavior of the FPS isolators.

Good correlation between the measured and predicted responses of these two models will
indicate that the modeling assumptions are reasonable, and that existing mathematical tools can be
used with confidence to capture the response of the truss model. Poor correlation may indicate
that the basic modeling assumptions used for the analysis of the bridge need to be improved.

Earthquake Simulator Testing of a Model Truss Span

A scale model of a retrofitted 288-foot (88 m) long truss span will be designed and
fabricated for the purpose of earthquake simulator testing. The scale model will be tested in two
configurations (A and B). In each configuration, the truss mode! will be supported on two sets of
four bearings: four spherical FPS isolators (A); and two spherical and two cylindrical FPS
isolators (B). Configuration A will correspond to the truss span at Piers E13 and E14, and
Configuration B will represent the truss span at Piers E16 and E17. The isolators will in turn be
supported on load cells and column elements designed to model the lateral stiffness, but not the
mass of the piers.

~ Detailed analysis of the 288-foot (88 m) long truss span will be undertaken to establish the
key dynamic characteristics of the truss spans and to provide bounding values for these
characteristics. These data will then be used as the basis for designing the scale model using the
appropriate similitude laws. The model of the retrofitted span will be designed and fabricated at -
approximately one-twelfth scale. The framing for the model will not necessarily replicate the
retrofitted truss span, but will provide a reasonable representation of both the dynamic
characteristics of the 288-foot long span-and the inechanisin of load transfer to the isolators. Prior
to earthquake simulator testing, forcéd vibration testing of the scale model will be undertaken to
establish (and correct,if necessary) its dynamic characteristics.

Each configuration of the truss models will be subjected to prescribed earthquake inputs,
and the tesponses of the models measured using acceleration, velocity, and displacement
transducers, and the load cells beneath each of the four isolators. Specific earthquake simulations
will be repeated following modifications to the column elemerts representing the piers so as to
investigate the effects of pler flex1b111ty on the response of the isolated bridge.

The earthquake mputs W111 mclude site- spemﬁc motions (used for thc evaluatlon of the
retrofitted bridge), near-field earthquake records adjusted for the distance between the bridge and
the causative faults, and other recorded earthquake motions. Earthquake motions will include.
simultaneous horizontal and- vertical components. The effects of foundation rocking will be
captured by rotational excitation of the simulator platform.

Prior to testing, the scaled earthquake input motions will be used_ to predict the respbhsé
of the isolated truss models. Such analyses are performed prior to simulator testing so that (1) the
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response transducers ‘are correctly located on the models, (2) the response transducers are not
over-ranged during testing, (3) damage to the scale model is avoided, and (4) analytical data are
available for the purpose of response correlation following testing. :

Spccxﬁc ObjCCthCS of the testln g program include the evaluation of ( 1) the performance of
the retrofitted truss span to different earthquake ground motions, (2) the effects of torsion and
twisting on.the response of the isolated bridge, (3) isolator and bridge response due to uplift
effects caused by vertical accelerations and overturning, (4) the effects of high frequency vertical
input on bridge response, (5) the'influence of pier flexibility on bridge response, (6) the effects of
superstructure flexibility on bridge response, (7) the effects of the wind-restraint devices, and (8)
the likelihood of permanent and cumulatlve dlsphcements followmg carthquake shaking.

Upon completion of the earthquake simulator testing program, one spher1cal and one
cylindrical FPS isolator Will be re-tested in the dyihamic test machine using the protocol developed
to test individual FPS-isolators to characterize the change (if any) in the key dynamic properties of
the isolators as a result of the earthquake simulator testing program.

DAMPER HARDWARF TESTING

The recent surge of 1nte1est in the use of supplemental dampmg hardware for new and
retrofit bridge construction has highlighted the need for prototype and production damper testing.
standards and guldelmes for in-service inspection and periodic testing of dampers. Recent
developments in these areas, primarily resulting from studies by res¢archers at the University of
Callfonna at Berkeley and the State University of New York at Buffalo are présented below.

Testmg Standards‘- o

Testmg standards for mechamcal components such as selsmxc dampm g devxces are,
unfamiliar to most bridge (and btuldmg) engineers. Such engmeers rarely design components for
bndges andbuildings that mcorporate movmg parts, and as such have little to no experience with
testing structural components with internal-(often proprletary) movmg components that are:
perhaps subject to failure by thermal cyclmg, seal damage or corrosion. Nonetheless, component
testing standards have been developed for; and used by the aerospace, defense; and nuclear power
industries, among others, for more than 30.years. The information gleaned from testing of
dampets for different types of loading environmerits, and recent knowledge gained from testing. .
dampers using earthquake-type loading- histories have been used i the development of gmdehnes
for testing dampers for building appllcatlons [ATC, in: preparatlon BSSC;1994}; Although -
prOJect~spe01ﬁc testing programs have been developed for testing dampers for new and retroflt
bridge construction (¢, 8 “Aiken: and Kelly [1995]), Ao’ natlonal damper testing’ standard has yet
been established. This paper does ot attempt to develop sucha standard, but rather: 1dent1ﬂes key
issues that must be addressed in‘such a deVeIOpment effort. Further, thére are no gutdelmes for
production testing and in:service inspection and’ testmg of supplemental dampmg hardware;"
although such testing and inspection may be crucial to the successful performance of the hardware

durmg earthquake shakmg
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Prototype Testing

The goals of a testing program for prototype dampers are two-fold: (1) to define the
mechanical characteristics of the damper; and (2) to deionstrate the robustness (i.e., the degree
of stiffness and strength degradation with repeated cycling) of the damper response. 'I‘yprcal
mechanical characteristics to beé evaluvated include effective stiffness; hysteresls loop area;
amplitude, frequency, velocity, and temperature dependence; and constitutive law.

Testing standards for prototype dampers for building applications are relatively mature.
The most current of Such standards, those presented in the ATC-33 Guidelines [ATC, in
preparation], includes'a minimum sequence of tests that address:

1. Damper response at displacements and velocities consistent with those anticipated at the
maximum earthquake displacement.

2. Damper performance for levels of seismic hazard other than the maximum earthquake.

3. Damper response at displacements and velocities consistent with those anticipated in the
design wind storm.

4. The lrkely duration of strong motron shaking — by lmkmg the number of cycles of testing to
‘the fund'tmental period of the structme

5. Damper tesponse as a functron of ambieéiit (opemtmg) temperature, frequency, and bilateral
load.

Specrﬁcally, the minimum testmg program for prototype hardware for building
applications [ATC, in preparation] is:

1. A complete sequence of productron tests (to benchmark the response of the productlon
; ‘dampers) : :

2 Testmg for en’\‘;ironrnentai' effects'(prirtcip‘ally w‘thd).

3. Twenty (20) dlsplacement cycles consistent-with maximum earthquake displacements and
velocities. Static testing is permitted for displacement-depéendent hardware; dynainic tests are
required for velocity- dependent hardware

4. 1f the response of the damper bemg tested is. dependent on frequency o br lateral load the
tests of 3, are repeated at specified increments.of frequency and bi- lateral displacement,

Acceptan"ce criteria have been developed for use with the above prototype testin g
program. First, the response of the prototype darnper, measured using effective strffness, :
hysteresrs loop area, and force -output at zero drsplacement for any. one‘cycle of loadmg, must not
differ by 1 more than 15 percent from the, average values calcnlated fro all cycles in that test; This
criterion i isa check on the robustness of the dampen The 15 percent lirnit may be mcreased or
decreased by the engtneer of record Second the average response of the prototype damper,
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calculated from all cycles in a test, must fall within the limits set by the engineer-of-record in the
specification,

For prototype testing of dampers for bridge applications, the above minimum sequence of
tests should be augmented to include testing for endurance and environmental effects and
contamination, The endurance tests should seek to replicate the effects of thermal cycling, traffic-
induced vibration, and wind-induced vibration. Environmental effects to be considered include
corrosion and ozone attack.

A detailed prototype testing program for the prequalification of vendors for the supply of
dampers for the retrofit of the Golden Gate Bridge was developed by T.Y. Lin Intenational and
executed at the Earthquake Engineering Research Center in 1995. Details of the testing program
and the response of each of the four dampers tested at Berkeley can be found in Aiken and Kelly
[1995]. Salient features of the testing program are presented below. The program was developed
to test fluid viscous dampers with the following constitutive law:

F(6) = Clu(I® sgn(@(p)

where F is the force output of the damper, C is the damping coefficient (= 75 kip.sec®/in.%),
u(t) is the relative velocity between the ends of the damper, and sgn is the signum function. The
design parameters for the full-scale dampers were: maximum force output = 650 kips (2.9 MN),
total stroke = 48 inches (122 ¢cm), maximum relative velocity = 75 in./sec. (190 cm/sec.), average
maximum power = 350 HP (0.26 MW), and peak power = 5400 HP (7.25 MW). The frequency
range of interest was 0.1 to 5.0 Hz, and the specified range for operating temperature was 40°F
(4°C) to 100°F (38°C). Testing of full-scale dampers was not possible. Reduced-scale dampers,
designed to suit the EERC damper test machine, were tested. The design parameters for the
reduced-scale dampers were: maximum force output = 100 kips (444 KN), maximum relative
velocity = 20 in./sec. (51 cm./sec), and total stroke = 12 inches (30 cm).

The prototype testing program developed for the reduced-scale dampers [Aiken and Kelly,
1995] consisted of the following tests. The acceptance criteria adopted for each test sequence are
also presented. Such a program could be modified for use in other bridge projects. '

1. Cyclic testing to provide benchmark data'on damper response prior to prolonged cyclic testing
(test sequence 2.) ' C

2. Testing for seal longevity under wind excitation: 1800 cyclés, displacement = % 6 inches (15
cm), frequency = 0.02 Hz, peak velocity = + 0.5 in/sec'(1.3 cm/sec.). The damnpers were
considered to have passed this test if there was no significant fluid loss and o evidence of seal
damage.

3. Cyclic testing to characterize the damper response: 5 to 10 cycles, constant velocity and
sinusoidal test histories, pedk force = 0'to°100 kips (444 KN); peak velocity = 0 to 20 ini/sec’
(51 em/sec.), displacement =+ 0'to +'6 inches (15 ¢m), frequency = 0.1 t0'5:0 Hz,
temperatute = 40°F (4°C); 70°F (21°C), 100°F (38°C). The accejtante criferia réquired that:
(1) the force-velocity relation for the daniper fall Within % 15 percent of specified constitutive
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law, (2) the static friction force be no greater than 2.5 percent of the maximum force output of
100 kips, and (3) the damper loop area be at least 82 percent of the area of the idealized
elasto-perfectly plastic loop.

4, Earthquake testing using the scaled maximum earthquake displacement history calculated by
analysis. ‘

It is often not physically possible to dynamically test full-scale dampers, and reduced-scale
dampers must be used for prototype testing. A key step in the testing program is the design of the
reduced-scale dampers. For metallic-yielding hardware, the design of reduced-scale dampers is
generally relatively straightforward. For friction dampers, the general configuration, interface
materials, and contact pressures should be identical in the full-scale and reduced-scale dampers.
Reduced-scale viscoelastic dampers should use the same VE materials and bonding agents as
those used in the full-scale dampers. For viscous damping hardware, the scaling procedures are
more complicated and the design of the reduced-scale dampers is not trivial. For the design of the
100-kip viscous dampers for the Golden Gate Bridge testing program, five key parameters were
identified: overall configuration, fluid, seals, orifices, and pressure. The general configuration and
function of the reduced-scale damper was required to be similar to that of the full-scale damper.
The type and grade of fluid in the reduced- and full-scale dampers was required to be identical.
The general design and operation of the orifices (including flow velocity through the orifice) and
seals, and the ambient and operating pressures in the reduced- and full-scale dampers were
required to be identical. Different, or additional parametérs may be key for the design of reduced-
scale viscous dampers for other projects.

Production Testing

‘ The V‘goal of production testing is quality control. The scope of a production testing
program should be dependent on the type of damper under consideration, and ought be developed
by the engineer-of-record to suit the specific needs of the project. Acceptance criteria for the
production dampers should be linked to the benchimark test data collected during the first
sequence of tests on the prototype dampers.

Simple material tests and displacement cycling to 0.5 times the damper yield displzicement
may be sufficient for metallic-yielding dampers. Materials tests and displacement cycling to the
displacement in the design (not maximum) earthquake may be sufficient for viscoelastic dampers.
Production testing of viscous dampers should include cyclic dynamic or drop testing, proof
pressure testing, and limited, low- velocity cyclic testing to check seal wear.

In-Service Testing and Inspection

Mission-critical lnrdware such as selsmlc isolators and energy dlssxpators ((lampers)
warrant regular inspection, and pCI‘IOdIC testmg as necessary The precedent for in- service testmg
and inspection 6f damper hardiware was set more than 30 years ago in the nuclear power industry.

Dampets composed of internal moving components, or of materials subject to aging and
envirorimental effects (¢.g., fluid viscous, viscoélastic, and friction dampers) should be regularly
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-inspected and periodically tested. Given that the current generation of such hardware has not been
in service for more than approximately 10 years, there is no proven track record upon which
engineers could base a decision to eliminate inspection and testing,

CONCLUSIONS

Seismic isolation and supplemental damping are two new technologies that are being used
in new and retrofit bridge constraction: Although' there is much information in the literature on the
bi-directional (1 vertical, 1 horizontal) behavior of elastoimeric and sliding seisinic isolators, there
is scant data‘on the tri-directional (1 vertical, 2 horizontal) behavior of sliding isolators, and even
less mfonmtton on the response of isolation $ystems to tri-directional earthquake excrtauon

’I‘o augment existing knowledge on the tri-directional response of sexsm‘rcallyfr‘s'olated

bridges, and specifically to validate the analysis and design procedures used for the seistiiic
isolation retrofit of the East Bay Crossing of the San Francisco-Oakland Bay Bridge, Caltrans is
supporting a fast-track research project at the Earthquake Engineering Research Center. The
scope of this project includes: (1) detailed characterization of the tri-directional response of
individual scale-model isolators to service and seismic loads and displacements, (2) earthquake
simulator testing of a "rigid" scale model suppoited on combinations of cylindrical and spherical
EPS isolators, and (3) earthquake simulator testing of a scale model of a 288 ft (88 m) prototype
truss span supported by combinations of cylindrical and spherical FPS isolators on top of idealized
piers. Results of this testing program will be presented at the next U.S-Japan Workshop on-

Earthquake Protective Systems for Bridges.

Recent interest in the use of supplemental damping hardware for new and retrofit bridge
construction has hrghhghted the need for protétype and production damper testing standards, and
guidelines for in=service inspection and periodic testing of dampers. Tri ‘the last two years there has
been unpfecedented guidelines-developiment activity'in the United States with much of this$' work
being based onexperimental-and analytical studies by researchers at the Unlversrty of California at
Berkeley and the State Umverstty of New York at:Buffalo: -State-of-the- knd‘wledge guidelines and
testing procedures were summarized, with the foci being prototype testing, production testing,

and in- servrce 1nspect10n and penodrc testrng o
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Figure 1. San Francisco - Oakland Bay Bridge (from Sundstrom [1996])
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The Analysis of Seismic Response of the Bridge with Menshin Bearings
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Abstract

Matsunohama Viaduct on the Wangan Route of thc Hanshin Expressway is a pioneer
structure with a special consideration on earthquake resistant design: some of its
continuous steel girders are supported by menshin bearings (base isolators with the
energy absorbing function), and the functions of lateral force dispersion and encrgy
dissipation are expected in case of earthquakes. On January 17th, 1995, a strong ground
motion of the Hyogo-ken Nanbu Earthquake, whose epicenter. was just across the bay,
actually worked on the viaduct, and important data were obtained from seismometers

- installed on the several locatlons of the bridges. In this -paper, the features of the
recorded data are carefully investigated in different approaches. First, the recorded data

of the bridge with menshin bearings are compared with the data from the adjacent
bridge which has the similar conditions except that it has conventional rubber bearings
without the dampening function. As a result of comparison, the clear effectiveness of the

,' -menshin devrce .can be conﬁrmed under the strong ground motion. Secondly, the model
sxmulatlon of the brldge is carried out, and its numerically calculated seismic responses

are; compared w1th the observed records to verify its rationality. Lastly, the perforrnance

- :of the ‘bridge under; the strong motion of the Hyogo-ken Nanbu Earthquake is simulated
. with the consideration of nonlinear property of concrete piers and menshin bearmgs and

its safety is reconfirmed.

- Introduction -

- V'-‘ ’I'he Hanshm Expressway is an mtra—elty hlghway network in Osaka and Kobe area, and
~.-the Wangan(bay shore in' English) Route is- one. of its trunk routes linking the new

| -+ international airport .in the south to the center of Osaka.and Kobe, ‘Menshin bearings
. (base, isolators with -the energy- absorbmg functlon) are adopted to. a 4-spanned

continuous non-composite steel box—glrder bridge in the Matsunohama Viaduct Jocated
at the southern part of the route (see Fzgure ).

i ‘ThlS is the ﬁrst apphcatton of menshm bearmgs for bndge structures in the Hanshm

* Expressway, and therefore, the field vibration test and model analysis ‘were conducted to
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confirm " its presumed performance, under the - carthquake, Furthermore, for data
collection and follow-up study in the future, scismometers arc installed on various
locations on both this bridge and the adjacent similar bridge with non-menshin bearings.

On January 17th, 1995, the scismometers caught the strong ground motion known as the
Hyogo-ken Nanbu Earthquake transmlttcd -across the Bay of Osaka from the cpicenter
near Kobe, The recorded data arc unique and worth being analyzed as to how the bridge
actually responded and especially how effectively the menshin device functioned.

This paper comprises three scctions: it starts with the introduction of the recorded data
and its basic analysis, where the comparison between bridges with menshin and non-
menshin bearings is the main approach to measure the performance of the .menshin
device during the carthquake. Secondly, a model simulation of the bridge is conducted,
and its presumed seismic responses are compared with the actual data to cvaluate the
model's reproductivity. Lastly, by the same model simulation with the input of the
carthquake records at Kobe, the response of the bridge is predicted aesummg lhat the
stroriger tremor hits dlrectly the Matsunohama Viaduct,

Outlines of the Ma’tstmohama Viaduct

" The Matsunohama Viaduct is located about 35 km cast-south-east from the epicenter of

the Hyogo—ken Nanbu Earthquake, as' shown in Figure . Among the bridges in the
viaduct, the one' with menshin béarings has a bridge length of 211.5m and a total width

. of 21.94m with a radius of curvature of 560m, as illustrated in Figure-2 and 3. The

substructuré which supports the superstructure is T-shaped concrete piers w1th pile

- foundations;

Menshin bearings are mounted ‘on’ three ‘middle piets (B, C and D), and’ bearings for
both end piers are coriventional roller béarings: The type of menshin bearings are’ lead
rubber ‘bearings- (LRB) which incorporates lead’ plugs within’ stratlﬁed rubber plates.
Bearings are movablé only to'the longitudinal direction, and two side stoppers installed
with a clearance of Smm prevent the excessive moveirient to the transvérse direction,
(The structural details of the bridge and menshin bearmgs can be referred to the other

references.”)

The bridge with similar configuration but with non-menshin rubber beatings is:located
just 200m north of the menshin bridge. Non-menshin bearings can disperse seismic
lateral force évenly to every column, but the bearmg itself has no dampmg function: This
bridgeis a 4-spanned contmuous non-composrte steel I-girder bridge with the total

‘length“of - 180m. Its width 'vaties 'from 25.5m' to 36.6m" (see Fzgure—2) The
- superstructure of steel I—grrders is supportéd by rigid-frame concrete piers on pile
* foundations. The bearings arc also’ mOVable only’ to the longrtudmal drrectron ‘

In the followmg, the bridge where menshm beanngs are mstalled is referred to as the
menshin ‘bridge, while the one w1th non—menshm bearmgs is’ referred to as the non—

“menshin bridge,
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3.

4,

Outlines of seismometer layout

" Both menshin and non-menshin bridge have four servo-type acccleration gauges (fen

components, in total) around picr D (sec Figure-3), which are installed on the ground
(thrcc components), on the footing (threc components), on the pier-top (three
components) and on the steel girder (one longltudmal component).

Results of survey and data analysis

(1) Survey results ‘
Though both bridges did not undergo any damages by this earthquake, a gubstantlal
level of acceleration worked on them, and measurable records could be obtained at all
points.

Figure-4 shows a typical acceleration seismograms recorded at each measurement point,
and the horizontal distribution of the maximum acceleration is illustrated in Figure-S.
The maximum horizontal acceleration on the ground level is in the range of 100gals to
140gals. Recorded response acceleration on the upper portion of the bridge (girder and
pier-top) is doubled to be a range of 190gals and 240gals in the longitudinal direction. In
contrast, in the transverse direction, it is amplified as three or four times as the ground
value, to the range from 350gals to 450gals. This difference in the level of amplification
is caused by sharp peaks appeared. in the wave on the transversc direction. The sharp
peaks are supposed to be the impact caused by the-collision of girders and side stoppers.

(2) The analysis of menshin effects

a) Estimation from the response acceleration

In this paper, the analysis and comparison of the recorded data -are focuscd only on the
longitudinal direction wherte bearings are movable and a clear menshin effect is
expected, -

Figure -6 shows Fourier spectra of the original acceleration records at some points of the
bridges. The- spectrum on the footing level, where the ground motion is transmitted into
the bridge, constitutes mainly of lower frequency compoents which are less than 3Hz on

- both bridges. As the frequency goes higher, the spectrum tapers down and it contains

almost no component higher than 10Hz. In general, the configuration of the spectrum is

-~ similar in both bridges although it shows minor difference in part.

v The' first mode vibration compohéntar'ourid '1.0Hz . is rather surpassed in both girder

level spectra, They also have higher frequency components over :10Hz, especially in the
menshin bridge. However, since there are few such components on the footing and pier—

- top level, it'can be said that they mainly consist of a noise factor caused by contact of the

girder witth the bearing stopper.

- Regarding the pierstop spectra, their: predommant frequernicies are between 2Hz and 7Hz

which are slightly higher than the fundamental mode of the whole bridge although there
exists the fundamental mode component. It can be estimated that the main vibration
mode of the pier is within this frequency range,
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In order to clarify the natural frequency of the superstructure, the ratio of the girder or
the piertop spectrum to the footing spectrum is calculated as shown in Figure7, It
shows that the fundamental mode frequency of the superstructure is estimated as
1.16Hz for the menshin bridge and 0.94Hz for the non-menshin bridge, and that of the
pier is 6,34Hz and 3.65Hz respectlvcly

The features of spectra described above implics that the method of comparing the girder
acceleration directly is not appropriate to evaluate the menshin cffect, and the following
should be reconsidered for more accurate analysis:

1) The ground motions actcd on both bridges during the eanhquake are not always
identical.

2) The difference of seismic input into the superstructure due to the difference of
the natural period also arises between the two bridges.

3) The girder acceleration responses include a high frequency component to some
extent which is supposed to be noise. .

Taking the above points into consideration, the first mode vibration portion which is the
main element of the girder response is focused on, and the next method is taken to
cvaluate the menshin effect.

First of all : girder acceleration responses of the two bridges are’ processed by low-pass

filtering, and higher frequecy compoents over 2.5Hz ate cut off. The comonent-uuder

2.5Hz can be regarded as the effective acceleration which corresponds to the seismic
force working on the girders. Its maximum value is 110. 9gals' for the menshin bridge,
and 212gals for the non-menshin bridge ‘as shown' in Table . The filtéring' lowers the
acceleration value of the menshin bridge considerably. ‘This decreasé might be due ‘to the
noise factor caused by contact between girders and side stoppers since’ the allgnment of
this bridge is slightly curved. :

Sccondly, ' acceleration respornse - spectra are . calculated by taking the footing's

- -acceleration response filtered also to the 2.5Hz level as an input-wave from'the ground
“where ‘a'damping ‘ratio and-a:natural perlod of one-degree-offreedom’ system ‘are ‘given

as structural’ parameters.: Then themaximim-value ‘of girder's effective acceleration

“calculated ‘above-is plotted on ‘the spectra at ‘each: tpoint “of:the natural périod: of the

girders. The result of this process-is illustrated in Figure8: The éffective acceleration
value of the girders is equivalent for the response value when the damping ratio is equal
to 20% for the menshin‘bridge and 7% to 8% ‘for the non-menshin bridge. This damping

~ratio for ‘the menshin’ bridge is~also found ‘to- be- adequate for menshin de81gn from

Figure-12 mentioned ‘later, ‘and the “one  for: the ‘non-menshin bridge seems - to be

* reasonable value when taking account ‘of damping effects of- both rubber bearmgs and

foundations,

This substantial difference of the damping’ factor- between two' bridges’ clarifies-that the

- menshin- device "has- actually “been actrvated and substantrally lower‘ed the grrder
- moveiment in this' earthquake. - = - SN
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b) Estimation from the displacement of bearings

Another approach of examining the menshin cffect focuses on the displacement
response of bearings, As a displacement response of bearings, its wave form is drawn
by integrating the relative acceleration which is deducting the pier-op value from girder
value. The calculated maximum displacement is 2.2cm for menshin bridge and 3.9cm
for non-menshin bridge.

The lateral force acting on the each bearing which corresponds to this bearing
displacement is cstimated by referring to the loading test data of bearings at the factory.
~ Bach acting force of all bearings in the bridge arc then summed up to the total lateral
force working on the cntire bridge, which is further divided by the total girder weight to
cstimate the scismic coefficient. Table-2 shows that the seismic coefficient for the
menshin bridge is 0.13 and the one for the non-menshin is 0.18, both of which are
different from the cffective acceleration of girder plotted in Figure-8 by 10% to 20%.
Since this diffcrence is insignificant, the effectivencss of the menshin device can still be
explaind.

Model Simulation Analysis

(§)) The outline of analysis

A simulative seismic response analysis using a s1mp11ﬁcd bridge model is carried out as
a comparative approach with observed data, Here, the simulation uses the acceleration
response at the footing as basc input so-that it can be evaluated to what degree the
performance of the menshin bridge under this earthquake can be reproduced. Figure-10
illustrates the three-dimensional frame model of the entire bridge used in this simulation.
And the shear stiffness of menshin bearings is estimated by the three different method,
as'shown in Figure- 1; and the results are compared each other; case 1 is a linear type
represented by equivalent stiffness and equivalent damping ratio which correspond to
the designed displacement of-10cm; case 2 is a non-inear type having the-designed bi-
linear property, and case 3 is another non-inear type which is formulated to approximate
the results of the factory test. Of three cases, case 1 and 2 are generally applied to the
design of bearings, and on the contrary, case 3 is"employed:in order to represent the
complicated features of the menshin bearing in the small range of deformation.

- Figure-12 shows the relation between equivalent stiffness: (Keq), equivalent damping
ratio (h¢q) and displacement of menshin devices. This diagram also include Keq and heq
values directly obtained from the factory test. Also the recorded acceleration response
used here has been processed by the ‘noise-cut adjustment over 10Hz by reason

described in 4. (2)

(2) Results of analysls - o S E
Examples of the model simulation are shown in Fzgure —13 along W1th thc observed data
- for comparison, The bridge with menshin bearings responds dlfferently according to
- each modeling case, and case 3 agrees with the survey result well iti terms of the wave

shapé and the. maximum value, of response- acceleration. The reason why such a clear

. difference appears according to the modeling is that actual dlsplacement of the menshin

bearings by this earthquaké is relatively. small comparcd ‘with the design displacement,
and that the stiffness and damping are dependant of displacement,
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Figure-14 shows the ratio of the Fouricr spectrum of the acceleration response at the
girder or the pier-top to that at the footing for case 3. This figure also shows a good
agrcement with the case of data analysis, which implics the adequacy of this analysis.

Seismic Response Analysis for a Large Scale Earthquake

Based on the results of two analyses mentioned above, the level of ground motion
working on the Matsunohama Viaduct in this carthquake was near to the level of design
seismic force, and the seismic response of the column stayed within a clastic range, In

- this chapter, assuming that the menshin bridge is closer to the epicenter and faced with

stronger ground motion, its overall response is investigated by seismic response analysis
including the column's non-lincar performance.

The model used here, as illustrated in Figure-15, is a single column model in the
longitudinal - direction. The noninear properties of the column arc represented by
Takeda model®, and the shear stiffness of menshin bearings is the bidinear type

~ mentioned in 5.(1). One of acceleration records obtained in Kobe during the Hyogo-ken

Nannbu Earthquake is uscd in this analysis, and the record of JR Takatori Station in the
north-south component which is assumed to induce a unfavorable response in this
menshin bridge, is sclected among available data,

Figure-16 shows the time historics of the response and energy accumulation of each part
of the bridge. In terms of the maximum response value, the girder acceleration is
828gals, and its displacement is 69cm. And also, the menshin bearing deforms by 38cm,
and its shear strain becomes about 300%.

The moment at the bottom of the column is 19,549tfm. This is slightly lower than the
allowable value -of 20,735tfm, which corresponds to the moment when the column's
ductility factor is 8, and therefore the bridge stays in safety range.

The results prove that the main response of this bridge is in safety range against such a
large scale earthquake due to the menshin effects of the overall bridge system, that is to
say, the energy absorption effect of the menshin bearings and the column itself.
Incidentally, it should be reminded that only the performance of the whole bridge system
in case of the utmost ground motion is examined in this analysis, and the more precise
safety check-up of each part of the bridge is not considerd. , :

In terms of the energy accumulation shift, the maximum value of input energy from the
ground is 2,941tfm, whereas the energy absorbed in the menshin bearings and the
column is 871 tfm and 1,061tfm respectively, Therefore, the rest of energy, which is
about 1,000tfm, is assumed to be consumed in the bridge's damping function.

Even under a large scale earthquake where the column goes deeply into the norilinear

- range, the amount of energy absorption by the menshin bearings is almost thé same as

that by the column, and therefore it can be concluded that-a latge proportion of energy
absorptlon of this bridge is depending on the existence of the menshin bearings, and that
the menshin effect can be expected even'in a large scale earthquake. -
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7.

Conclusions

The results from three different analytical approaches for investigating the menshin
cffect of the Matsunohama Viaduct which have been introduced in this paper can be
summarized as follows;

(1) Damping ratios of two different bearing types, namely, menshin and non-menshin
rubber bearings, can be cstimated by use of the effective acceleration and response
spectrum obtained from the observed records at the site, As a result, the effectiveness of
the menshin device can be identificd through the comparison of the obtained damping
ratios, :

(2) From the results of model simulation analysis which corresponds to the recorded
data, it can be said that the modeling of the menshin bearings based on the factory test is
more suitable than the lincar or bidinear model which is generally used in design if the
displacement of bearings stays within a small range.

(3) Based on the nonlinear response analysis under a larger scale carthquake, the
amount of energy absorption by the menshin bearings is the same level as that by the
column's plastic deformation evevn in the case that the column shows nonlinear
behavior in a large extent. It can be concluded that menshin bearings can contribute to
the seismic safety of the whole bridge system even in this case.
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ABSTRACT

Retrofit use of visco-elastic dampers at expansion joints of bridges with hinges is studied
for the purpose of demonstratmg that they can prevent the girders from falling off the seat and/or
colliding each other in the event of a severe earthquake. At this time, the Kelvin model,
consisting of an elastic spring and a linear viscous dash pot combined in parallel, is considered
for analysis. The two-dimensional finite element analysis performed on five example bridges
with one or two hinges showed that the damper is effective in suppressing the relative
displacement at the expense of some increase in the shear force and bending moment in the piers.
It also showed that the spring component of the Kelvin model had little effect on the performance
of the damper. In addition to the finite element analysis, an approximate method of evaluating
the relative displacement was derived on the basis of two-degree-of-freedom models developed
for two adjacent segments of bridges. The result obtained from the approximation agreed very
well with the finite element results.

" INTRODUCTION

Past earthquakes, particularly the Northridge earthquake, suggested that there is a room for
improvement with respect to the seismic restraining devices at expansion joints of existing 1960
vintage and other bridges particularly in California [1,2]. The objective of this study is to
evaluate and improve the current state of technology for energy dissipation system appropriate
for bridge seismic design and retrofitting applications. This study clearly indicates that the use
of linear visco-elastic dampers offers a practical solution to the problem that often arises from the
bridges with joints and thus provides them with a viable retrofitting technique.

Dealing with typical California bridges, this study investigates the effect of using visco-

elastic dampers to suppress seismic vibration. It specifically recommends the use of spring-
damper systems to suppress the relative motion of the bridge decks at joint locations. In the
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previous'study [3,4], effort was made to demonstrate that spring-damper systems are in principle
useful, and for the demonstration, Gavin Canyon’ Undercrossing that was damaged by the
Northridge carthquake was analyzed. Because of the severe skewness this structurc exhibited,
the ANSYS finite element computer code was utilized to evaluate its dynamic response to a set
of artificially generated ground motion [3]. This study’ deals with linear seismic response of
typical Caltrans type bridges without ‘skewness. For this reason, the SAP90 finite element
computer code [5] is used for structural dynamic analysis under the seismic ground motion input
given by the El Centro carthquake (NS-component, May 1940 with PGA=0.348g) and the
Northridge earthquake (NS- and UD-components, New Hall Site, 1994 with PGA=0.589¢ and
=(.548g respectively), which are shown in Fig, 1. ' ST
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California- highway bridges typically consist of a moment resisting frame system. It is
typical of California overpasses/undeipasses with more than four spans to have joints located on
spans to connect girders which would be separated otherwise. They are located nearly at
inflection points (i.e., 1/4 to 1/5th of spans). The bridge decks consist of box type gitders with
cither reinforced or prestressed concrete. The bridges considered for this study arc assumed to
have straight alignment. The results of the analysis showed beneficial effect of the visco-elastic
damper in reducing the relative displacement between girders at joint locations. The normalized
relative displacement (as a function of spring constant & ‘and the coefficient ¢ of linear viscous
damping) showed the same trend as observed in the result of the previous study [3] for the
skewed Gavin Canyon Undercrossing, The normalized relative displacement is defined as the
ratio of the reduced relative displacement to the relative displacement without the visco-clastic
damper. It was found that the values of & and ¢, particularly of the latter, for which the visco-
elastic dampers become effective are in the range that is obtainable from the devices available in

the market.

'SEISMIC RESPONSE ANALYSIS OF BRIDGES WITH VISCO-ELASTIC DAMPERS

kExamypl’e"Bridges

The 'bridge models considered in this study ére as follows:

1) Model A: five span,one expansion joint bridge with variable pier heights
of 915mand1525m
II) Model B: five span, one expansion Jomt bridge with equal pier hexght of 1525 m
‘ III) Gavm Canyon Undercrossmg (but with no skewness) having five spans,
' two expansion joints, with variable pier height
IV) Model TYTH: ' five span, one expansion joint bridge with equal pier height
0of 19.83 m )
V) Model TY2H: five span, two expansion joint bridge with equal pier height
0f 19.83 m

The geometry and boundaty conditions of bridge models are shown in Fig. 2. The material and
cross-sectional properties of the models are listed in Table 1. These bridges have periods of
dominant horizontal free vibration modes of 0.5 to 1.0 second in each isolated segment separated

by joints.

The bridges were modeled with beta version of SAP90 finite element computer program.
A simplified two-dimensional model was used. The bridge deck was modeled by a series of
frame elements of SAP90 along the center line of the superstructure. The piers were modeled
using frame elements as well. The expansion joints were assumed to be constrained in relative
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vertical movement at joints, while allowing horizontal relative movement and rotation. The pier
bases were assumed fixed while the two abutments were modeled as roller supports. In the
SAP90 model, at joint locations, the vertical relative displacement between the two nodes
joining the joints were constrained while horizontal relative displacement and rotation were not.
The simulation studies were performed on these bridge models with and without visco-elastic
dampers at joints.

‘The dampers selected for this study are the Kelvin type linear visco-elastic dampers. They
can be represented in an equlvalent spring and a viscous damper in parallel. The locations for
these dampers are at expansion joints between the adjacent bridge segments. The equivalent
spring and stiffness were assumed linear, ,

Table 1 Material and cross-sectional properties of analysis models for SAP90

Example | Structural | Moment of Inertia | Cross-Section | Mass Density Young’s
Bridge - | Component ~(m | Area(m? (Mg/m®) | Modulus (KPa)

A Girders 9.382 11.058 2.40 2. 483x107

Piers 9.103 0.5806 2.40 2. 483x107

B Girders 9.382 11.058 2.40 2.483x10"

Piers 9.103 0.5806 2.40 2.483x10’

RC Girders 11.525 - 11.058 232 |  2.621x10’

Gavin - PCGirders | 12395 11.852 232 4.10 x10°

Canyon | L16tS (ABY) 103.933 26061 | 232 2.621x10"

, Plers(BCH | 15367 | 13.729 232 2.621x10"

Piers(CD¥) | 6735 | 10,368 232 | 2.621x10

TYIH | Girders 4787 | 6936 | 232 2.621x107

T\‘(&2H APiers [ 1msc |0 de0 | 2320 | 2.621x10"
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Numerical Results by SAP90

The effectiveness of the visco-clastic dampers in reducing the relative displacement at joint
locations between bridge decks is a primary interest of this study. It is also necessary to know
whether the relative motion is a closure or opening of the joints. Furthermore, there is a concern
whether dampers installed at the expansion joints might produce additional shear forces and
bending moments of significance on the bridge substructures when subjected to seismic
excitations, Eleven different values of spring constant & and damping coefficient ¢ were used in
the ranges 0<k <3572 tonflem (0< k <200 kips/in) and 0 < ¢ <3572 tonf-sec/cm (0 < ¢ <200
kips-sec/in) for bridge models A and B, and 0<k <5358 tonflem (0< k<300 kips/in) and
0<¢<5358 fonf-sec/cm (0<c¢<300 kips-sec/in) for the other models with a total of 121
different analysis runs performed for each model bridge. ;

Table 2 shows that the natural frequencies and mass participation factors of dominant
modes for horizontal motion of five analysis models considered. Each of these bridge models is
excited as a single structure because of the vertical constraint imposed at the joint. Table 3,
however, shows the natural frequencies and periods of each structural segment separated by
joints (right and left segments for bridges A, B and TY1H, and right, center and left segments for
others). : - ' ’

Table 2 The natural frequencies and mass participation factors of dominant modes for
horizontal motion of analysis models without visco-elastic dampers

Example Bridge ‘Natutal Fréquencies and Periods Mass Participation
P & - Frequencies (Hz) . Periods (seconds) Factors (%)
| 2213 0.452 | 473
A 2286 0.438 36.3
' : 2625 0381 99
B 1352 0.739 T 137
1.440 0.694 - 819
. 1.305 0.766 27.8
2D G*}‘;".‘(’lca“y"“ 1537 | . 0651 38.9
riage 3.545 0.282 20.5
1.089 | 0.918 412
TYIH 1.194 0.837 52.7
| | 10,963 1.038 ' 755.7
TY2H 1.337 o748 VA

Table 4 lists peak relative displacement at expansion joints of structure without the damper. Figs.
3 and 4 show normalized plots of how spring stiffness & and damping coefficient ¢ affect the
reduction of relative displacements for bridges A and TY2H. As evident from the figure, for
both opening and closure, higher damping consistently reduces the relative displacements, while
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the variation of stiffness has little effect. Also note that the relative insensitivity of the results to
the type of input ground motion.

Table 3 The natural frequencies and mass participation factors of horizontal dominant modes
for bridge segments of analysis models

Example Bridge | Segment Natural Frequencies and Periods Mass Participation
Frequencies (Hz) | Periods (seconds) Factor* (%)

Loft 2.270 0.441 20.4
A v 2.500 0.400 212

Right 2.209 0.453 52.6

B Left 1476 0.678 434

Right 1.397 0.716 53.9

Left 0.747 1.339 4.3

2D Gavin 1.716 0.583 24.5
Canyon Bridge Center 1.316 0.760 40.2
Right 3.908 0.256 19.5

8.300 0.120 2.1

Left 1.200 0.833 41.2

TY1H Right 0.614 1.628 2.4
1.118 0.894 50.4

0.558 1.791 4.5
Left 1.046 0.956 26.7

TY2H Center 1.354 0.738 31,1

o 0.558 1.791 4.5
Right 1.046 0956 26.7

Note: * The values are ratio to whole bridge structure.

Table 4 Peak relative displacements at expansion joints of structure without dampers (unit: cm)

) El Centro (1940) "~ Northridge (1994)

Example Bridge NS Input NS-UD Input

A 2.11 (1.93) 4.09 (4.01)

B 282 (244) 996 (9.93)

2D Gavin | Leftloint | = 7.59 (8.15) | 2827 (2921)
Canyon |————— - ‘ — —
Bridge | RightJoint |- 8.15 (8.18) 2413 (20.73)
COTYIH | 1049 (1059 | 1397 (13.77)
“TY2H LeftJomt 1570 (1458) | 4628 (445)

Note Values in parentheses are max. olosure and others are max. openmg

— 975~



The results given in Table 4 and Fig. 3 are combined to suggest a set of minimum values of  and

¢ that must be used for the damper to prevent the bridge A girders from falling off the seat as
well as from colliding each other. For example, if bridge A has the seat width equal to 4 cm and
clearance equal to 2 cm at the joint, then the damper should have the values of k and ¢
corresponding to max. normalized closure less than 2/4.01=0.498 not to collide, while k and ¢
should have the values corresponding to max. opening less than 4/4.09=0.977 not to fall off
under the Northridge earthquake. The notmalized base shear forces and bending moments of
Fig. 5 show'that at piers of left segment structure (piers 1 and 2) of bridge A these values are
increased by as much as 30 %. Similar results ¢an be shown in Fig. 6 for center segment
structure (piers 2 and 3) of bridge TY2H.
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Simplified Relationship of Peak Relative Displacement with Damping Coefficient

In addition to the analytical simulation performed above, the relationship between damping
coefficient ¢, and corresponding peak displacement %, of a single-degree-of-freedom system
subjected to a white noise was developed as below based on random vibration theory:

- 1 ‘
X, o« — 1)

/ (‘5 sir + é(l)"l )
where &, and &, are respectively critical damplng ratio of structure itself and viscous dampers,

and a is 0.5. However, a=1.0 if the peak response at resonant frequency is considered.
Assuming conscrvatlvely that the stiffness is zero, the normalized relatlve displacement curve for

zero spring constant is given in approximation:

%= x/ [ié+ —Zi{(-f’)l - 1}] | - @)
1 | : : &

where %, is the peak relative displacement of structure without dampers, and X is peak relative
displacement of the structure with damping value of ‘¢, and zero stiffness for the dampers.

‘This approximation is based on stmphﬁed two degree-of-freedom models 1nvolvmg two

adjacent segments of bridges (left right segments for one hinge bridges, and léft-center and
center-right for two hinges bridges as shown in Table 3. Equation (2) ‘can be rewritten for
determmmg the value of damping coeftlc1ent C. requir'e'd to suppress the relative displacement

thlnn allowable value X, as:

T\ Ea/ %, : | ;‘ ;

Therefore, equatxon (2) shows the normahzed relatlve dlsplacement as a functlon of c
(= cnq) when k=0, while equatlon (3) fepresents the required damping eoeffiment as a function of

allowable relatlve dxsplacement at expansmn JOlnt ( Xan )

The peak relatlve d1sp1acements have - been est1mated by a 31mpllﬁed analys1s method

developed 1in the course of this study Results are compared in Figsi 7 and 8 with the prev1ous‘

numerlcal solutions obtamed usmg SAP90. The’ comparlsons show good agreements. The
comparisons also:show that a=1. O gives better agreement with the SAP90 solutions than fOr the
case of a=0.5, wh1le the latter assumptlon (a*O 5) shows more conservatwe estlmate than the

former.
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FUTURE STUDIES
Following future studies are recommended to be performed.

Effects of rionlinearity in viscous dampers

Maxwell-type visco-elastic dampers

Peiformance of the dampers on bridges with more than 3 expansion joints

Other types of dampers such as friction or yielding devices as restrainers at expansion joints
Details for damper installation

Effects of differential ground motion at piers of bridge on relative displacement
at expansion joints and effectiveness of the dampers

¢ & & & 3 o

SUMMARY

This study presents a simple analysis technique using two-dimensional finite element model
of bridges for displacement control. The numerical results of five different typical California
bridge examples demonstrate effectiveness of visco-elastic dampers for relative displacement
control at expansion joints. It is shown that, while damping in visco-elastic damper effectively
control relative displacements, the stiffness in Kelvin-type visco-clastic damper has little effect.
Also the simplified analysis method presented for design of dampers is very useful. The
companson of results of this method to those of SAP90 shows a good agreement. In summary,
the visco-elastic dampers appear to be effective in controlling relative displacement at expansion
joints of bridges thereby preventing failure in the event of an earthquake.
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ABSTRACT

This paper presents an effectivencss of unseating prevention’ devices with shock absorbing
mechanism and- energy dissipation ‘to reduce response of a menshin bridge. Longitudinal
response of a five-span continuous bridge supported by the lead rubber bearings was analyzed. It
was found from the analysis that collisions occur bétween a deck and abutments at both-ends to
develop alarge bending moment at the abutments, and that the collisions are effective to suppress
the deck response displacement. It was also found that unseating prevention devices with shock

absorbing mechanism and energy dissipation significantly reduce such response of the bridge.

Key Words: Menshin Design, Seismic Isolation, Bridge, Séismic Design, Dynamic Behavior,

Dynamic Response Analysis
1 'INTRODUGTION

Smce the Hyogo Ken: NanbUa -earthquake of -January ° 1995, -the menshin design has been
extenswely adopted in highway bridges. It-has been recognized effective o dissipate energy and
transfer. the lateral force: of a superstructure to as many substructures ‘as possible o prevent:
concentrauon of the lateral force to a certain substructure and to decrease bridge response during
an earthquake Ithasbeen recommended in'the menshin design that the natural périod of 4 bridge
should be about 2 tlmes or longer than the fu’ndamental ‘natural period of the' saie-bridge
supported by the conVentlonal bearifigs, and ‘that it should ‘not be forcxbly elongated aiming to
decrease the lateral force”z’ This is because the increase of natural perlod of a bridge causes an
1ncrease of deck response displacement. This tends to develop wbratlon and noise pollution due
to an adoptlon of a large expansion joint. Furthermore, i 1mpact1ng either between a deck and an
abutment or between two adjacent decks develops a large lateral force at bearings and abutments.
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It has been required to provide an'unseating prevention system at both ends of a bridge”. In the
systems, it is required to provide a falling-down prevention device as well as proving a seat length
in the menshin bridges. The falling-down prevention device has to be designed to a lateral force
equivalent to 1.5 times reaction force. Because the' design force is very large, it must have
sufficiently high stiffness and strength. A concrete block installed at an abutment scat has been
used as the device to prevent an excessive deck movement in longitudinal direction. However it
makes large impacting force to occur at an abutrient with a deck movement over a clearance
between the deck and the concrete block. Similar collisions occur between two adjacent dccks

when relative deck movement reaches the clearance between the decks.

There are two evaluations on the clearance; one is to provide a normal gap of 100 - 150 mm, and
the other is to provide enough clearance to avoid the collisions. Because the collisions either

between a deck and an abutment or between two adjacent decks could transfer large lateral force

from a girder to the other”, it is worthwhile to study whatis the most appropriate clearance.
Because it is obvious that shock absorbers and energy dissipators are effective to mitigate such

collisions, their effect must be studied. -

This paper presents a first result of a series of studies conducted for the effect of collisions and the’

effectiveness of shock absorbers and energy dissipators. -

... A BRIDGE ANALYZED

A menshin bridge, as shown in Fig. 1, consisting of five- -span continuous deck with a total length’

. of 5 x 40m = 200m and a total weight of 30,772 kN was analyzed. The superstructure is of a plate

girder with a width of 12 m. Itis supported by four reinforced concrete piers and two abutments.

The piers are 10 m high, 2.2 m long'and 5 m W1de.;Th¢ abutments are 5.6 'm h1gh;:2.’7‘-m‘long and-

12 m wide. Pile foundations are used to supportthe piers and the‘abutrients. Soil condition at the
site is the group Il (moderate ground) based on the Design Specifications of Highway Bridges".

The bridge was designed. by: the Seismic Coefficient Method and the Lateral Capacity' Method

based on the 1996 Design Specifications of Highway:Bridges”. In the Lateral Capacxty Method,

the equivalent lateral force coefficient : Ky for a-menshin bndge is evaluated as'
__kb.cm__

khcm“‘cls khc | ’. e Ly (2)
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in which &y, = lateral force coefficient in menshin design, u, =allowable displacement ductility
factor of a pier, cx= modification coefficient for energy dissipating capability (refer to Table 1),
and k. = lateral force coefficient evaluated by Eq.(3). The modification coefficient ¢ depends
on the damping ratio of a bridge for the fundamental mode. The lateral force coefficient &y, was
cvaluated as

kne =¢z *kno (3)
in which ¢z = modification coefficient for zone, and is 0.7, 0.85 and |. Odependmgon zone, and

kyco= standard modification coefficient.

Fig. 2 shows the standard lateral force coefficients k.o, where the Type:l ground métions
represent ground motions induced by the plate-boundary type earthquakes with magnitude of the
order of 8, while the Type II ground motions represent ground motions induced by inland
carthquakes with magnitude of about 7 such as the 1995 Hyogo-ken Nanbu earthquake.

Table 1 Modification Coefficient for Energy Dissipation Capability

Damping Ratio for 1st Mode h ] Coefficient cg
h<0.1 1 10
0.15h<0.12 0.9
0.12<h<0.15 - 0.8
h20.15 ol 07

The lead rubber bearings were assumed in the bridge. The design displacement up of the devices -

was evaluated as

khem* W, 3
Up K, . ‘ 4
1n whrch k,,e,,, = equrvalent lateral force coeffrcrent by Eq. (1),K B= equrvalent strffness, and Wu =

dead werght of a superstructure

Because the natural perrod the drsplacement ductlllty factor of prers, and the desrgn drsplacement

equivalent stiffness and the equrvalent damprn g ratio of the device are mterrelated some iteration
con31stmg of the equivalent static analysrs and dynamic response analysrs is requrred to geta final
desrgn value bquare shaped lead rubber bearmgs were asaumed wrth a desrgn drsplacement of
420 mm The LRBs at the abutments are 465 mm lngh 550 long and 550 mm wrde, whrle those
at the p1ers are 405 mm hlgh 650 long and 650 wrde The LRBs on the abutment consist of 31
layets of natural rubber with a thickness of 15 mm while the LRBs on the prers consist of 27 layers
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with'a thickness of 15 mm. Four lead plugs witha diameter of 60 mm were used in all the LRBs.
Five LRBs are used per substructuré to support the deck. Thus a total of 30 LLRBs are used in the

- bridge.

Based on the Design Specifications, the following clearance Sg must be provided at both ends of

a superstructure.
: {u,; +1L, between a deck and an abutment )

“lepup+ L, between two adjacent decks

in which wup= design displacement of a menshin device (mm) by Eq. (4), L, = redundancy ofa
clearance (generally & 15 mm), and c¢p = modification coefficient for clearance (refer to Table

2).

Because the design displacement is 420 mm in the LRBs assumed in this study, the clearance Sp

of 440 mm is required between the superstructure and the abutment at both ends.

Table 2 Modification Coefficient for Clearance cp

AT/T : cp
0SAT/T <0.1 1
0.1SAT/T;<0.8 )
0.8=AT/T;=1.0 1

UNSEATING PREVENTION DEVICE WITH ENERGY DISSIPATION

As well as in the conventional bridges, the unseating prevention systems are required in the
menshin brldges Because the LRBs are the “Type B” bearmgs" a fallmg—down preventron device
isrequired in the menshin brrdge as well as proving a seat length at both ends of the superstructure
It is also recommended in the Design Specifications that a joint protector be prowded if requ1red
to prevent damage at expansron joints during a moderate earthquake with a high probabrhty to‘

occur. The joint protector should be easrly replaceable after a moderate earthquake '

'I hree types of falling- down preventron devwes are assumed in the brldge as shown in Frgs 3 4
and §. The firstis a device consrstmg of a concrete wall atan abutment seat This provrdes no shock
absorbmg mechanism and energy drssrpatron Strong colhsrons oceur between the concrete wall

and the deck Thrs devrce is called in thrs paper as Type-A devrce
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The second is a device consisting of four laminated rubber bearings with a diameter of 500 mm.
This is called in this paper as Type-B device. Because 10 layers of natural rubber with a thickness
of 10 mm are laminated with steel plates, it has a high initial stiffness of 1,480 MN/m per two
devices and a high bearing capacity in compression. An energy dissipation equivalent to a
damping ratio of about 14 % can be made as shown in Fig. 4(b). They are placed on a parapet wall
of an abutment and on a concrete wall on an abutment scat so that an inertia force of the
superstructure in longitudinal direction be supported by the device in compression. The number
of devices were determined so that a compression stress of the devices subjected to a lateral force
equivalent to the total deck weight (30,772 kN) be less that a credible bearing capacity of about 88
MPa. The force vs. displacement hysteresis was idealized as shown in Fig. 4 (b). Because of the
strain hardening and deformation of rubber, the stiffness sharply increases as a displacement
increasses. Because an experimental data was not available on the hysteresis loop over the
displacement of 22 mm, it was assumed that the restoring force increases linearly with an increase
of displacement over this displacement. As will be presented later, the restoring force reached as

large as 55 MN. Four devices were provided at each end of the deck.

The third is a device consisting of 40 shock absorbing rubber pads. This is called as Type-C device.
They are of a pad of a thickness of S0 mm and a section of 250 x 150 mm. Because it is not
laminated with steel plates, the initial stiffness is only 390 MN/m per 40 rubber pads. The number
of rubber pads was determined so that a compression stress of the rubber pads subjected to a lateral
fqrce equivalent to the total deck weight be less than a credible bearing capacity of 19.6 MPa.
Similar to the Type-C device, they were placed on the parapet wall and a concrete wall on the
abutment seat. The force vs. displacement hysteresis was idealized as shown in Fig. 5 (b). Because
of the strain hardening and deformation of ‘rubber, the stiffness sharply increases as a-
displacementi increases. Because the force vs. displacement in compression over 25mm was not
avéilable, it was assumed that the resoring force increases linearly with displacement over this

displacemment. As will be presented latef, the téstoring force increased as large as 77 MN.
For the simplicity of analysis, a clearance between the surface of conerete wall and the deck was -
assumed to be equal to a clearance between the surface of parapet and the deck as shown in Fig.
6. The clearance was varied as a parametér in the following analysis.

ANALYTICAL MODEL

The bridge was idealized by ' discréte analytical inodel as shown in Fig. 7. The LRBs were
idealized as a set of bilinear hysteretic springs. The first and the second stiffnesses of LRBs were
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cvaluated based on the standard procedure?. The piers were idealized by beam elements with the
Takeda type hysteretic behavior”. The falling-down prevention devices and the joint protectors
were idealized by hysteretic models as shown in Fig. 7.

To represent the impacting effect, an impact spring element™ with the following stiffness was used
k- {kl = | | (©)
0 N> —ug : :
in which /2,;—: stiffness of impact spring, u; = clearince b'ctWeen the deck and the abutment, and
Au = relative drsplacement between the deck and the abutment definéd as
Au = u; - u; : S ‘ @)
in which 4 and u; represent a response displacement of the deck and the abutment, respectively.
The stiffness of impact sprig 'k, shiould be large enicugh to realistically represent collisions
between the deck and the abutment. It was assiined here that ky is about ten timeslarger than the

longitudinal stiffness of a'beam ‘element representing the deck”,

The Rayleigh-type damping force was assumed in the analysrs as

[C]=alM]+ AK] IR | )}
in which [M], [K] and [C] aré mass, stiffness and damping matrices, and « and ' are coefficients
to be defermined frdm'darriping’ratidsf’o’r any two modes. The damping ratio for i-th mode may
be obtainedas = - ‘ B B
gl )
in which’ ; ‘is a angular natural frequency for i-th mode. Damping ratio for i-th mode was
evaluated based on' the energy proportronal damping: method as”

= «<1>TKq> (10)

in whlch h,, dampmg ratio ij th substructure ini-th mode, ¢,j —mode vector of) th substructure .

in i-th mode kj= stiffness matrix of j j-th substructure, K= stiffness matrix of a bridge,and ®;=

mode vector of a bridge in 1-t_h mode. -

Damping ratios were assumed in each substructure as shown in Table 3. It should be noted here
that in addition to the damping ratios in Table 3, the hysteretic energy dissipation of the piers, the
LRBs and the unseating prevention. devices is inchided in the analysis by their nonlinear
idealization. The abutments were assumed to behave elastically, because they have back-fill. The
first and seventh modes were considered-in determining o and 8. in Eq. (9). They are the flrst and
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the second translational modes of the deck and the substructures. The damping ratio for the first

and seventh modes was 0.025 and 0.111, respectively.

Table 3 Damping Ratios Assumed in Eq. (10)

Structural Components Damping Ratio
Deck 0.03
" Piers 0,02
Abutments 0.1
Footings/Soil Springs 0.2

The bridge was subjected to a Type Il ground motion as shown in Fig. 8 in longitudinal direction.
It is a spectral fitted ground motion to the Type-II design acceleration response spectrum at

moderate soft site. The peak acceleration is 0.7g.

SEISMIC RESPONSE OF A BRIDGE WITH A FALLING-DOWN PREVENTION
DEVICE WITHOUT ENERGY DISSIPATION -

Fig. 9 shows a response of velocity at top and bending moment at bottom of the right abutment of
the bridge with Type-A device. The responses for assumed clearance between the deck and the
abutment u; of 50 mm, 200 mm aqd 450 mm are presented here. It is seen from high spikes of
both velocity and bénding moment responses that-several collisions developed between the deck
and the abutments. Because the maximum relative displacement between the deck and the

abutment is 470 mm, collisions occurs at the clearance smaller than this displacement.

The bending moment is higher in positive direction (right direction) than negative direction
direction (left (back-fill side movement)). This-cléatly shows that an impacting force from-the
deck to the abutment increased the bending moment in the right direction, Peak bending moment
developed at the bottom of the left abutment is the largest (174MNm) at the clearance of 200 mm
ém_o_n‘g the three cases presented in Fig. 9. At this time, the peak lateral force transfered from the
deck to the left abutment .was 115.3: MN; which is 3.7 times larger than the deck weight of 30.772
MN: It should be noted that the design bending moment of the abutment based on the Seismic
Coefficient Method (allowable stress design method) is 20.3 MNm. Although the capacity of the
abutment in an inelastic range is much larger, it is inevitable to develop damage at the abuiment

and the deck under such large impact force. . -

Fig: 10 shows a shear strain induced in the LRBs on the 2nd pier from left, Because the LRBson

—291—



other piers show the similar responses, only the response of the LRBs at the second pier from right
is presented here. The shear strain increases as the clearance increases. This means that the deck
displacement relative to the piers increases as the clearance increases. This shows that the

abutments contribute to suppress the deck displacement.

Fig. 11 shows how the bending moment of an abutment and a'pier and a shear strain of the LRBs
depend on the clearance. Response at the second pier from right and at the left abutment are
presented here as a typical example.'yThe response for the bridge with the Type-B and Type-C
devices ,which will be describe later, are also presented in Fig. 11 for comparison. It is interesting
to note that the bending moment at the left abutment increases as the clearance increases with a
peak value 0of 174 MNm at a clearance of 200 mm, and then it decreases to 13 MNm at a clearance
of 470 mm. As described previously, no collisions occur over the clearance of 470 mm. This

clearly shows how predominant the collision effect'is on the bending moment at the abutment.

On the other hand, as shown in Fig. 11 (c), the shear strain of the LRBs at the second pier from
right increases almost linearly as the clearance increases until the clearance reaches 470 mm.
Because the shear strain of the LRBs is linearly proportional to the deck displacement, this again
shows that the multiple collisions are effective to reduce the deck displacément although they
increase the bending moment at the abutment.However, as, shown in Fig. 11(b), ihe bending
moment at the pier does show a significant change depending on the clearance. Restoring force of
LRBs at the second (plastic) stiffness does not significantly increase as the lateral displacément

increases..

EFFECT OF TYPE-B AND TYPE-C DEVICES WITH ENERGY DISSIPATION

Figs. 12 and 13 show the velocity at top and the bending moment at bottom of the left abutment.
Comparing those responses to the responses in Fig: 9, it is seen that the velocity responise of the
abutment with the Type-B and the Type-C devices-are much smaller than that of the abutment with
the Type-A device. Being diferent from’ the bending momerit response of the abutment with the
Type-A device, the bending homent of the abutment with- the Type-B and C device is almost

symetric in positive and negative direction, because the deck collides with the parapet walland the

concrete wall.
Fig. 11 compares the response with the Type-B and Type-C: devices in?‘cb‘mb‘arison“\‘;vith: the

response of the bridge with the Type-A device. The bending moment at the abutment is almost the
same between the Type-B and Type-C device, and it is about 70% of the Type-A valué; The
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clearance where the bending moment becomes the makimum is also almost the same between the
Type-B and Type-C device; 350 mm in the Type-B device and 300 mm in the Type Cdevice. The
peak lateral force transferred from the deck to the left abutment was 53.3 MN and 77.3 MN in the
Type-B and Type-C device, respectively. They are about 1.8-2.2 times as large as the total deck
weight. Because a lateral force equivalent to the deck weight was the design value of the devices in
this analysis, the actual force applied to the devices was much lager than the design values. As
shown in Figs. 4 and 5, energy dissipation was not considered at the displacement in compression
over 22-25 mm, more reduction of the bending moment could be made if a device with larger

design force was used.

The shear strain of the LRBs at the second pier from left and the left abutment also decreases in the
bridge with the Type-B and Type-C devices than the bridge with the Type-A device. Because the
Type-B device is thicker than the Type-C device, the shear strain of LRBs is 30% smaller in the
bridge with the Type-B device than the bridge with the Type-C device at a clearance less than 470
mm.

CONCLUDING REMARKS

An efféctiveness of shock absorbing mechanism and energy dissipation of the falling-down
prevention devices was studied through a series of analysis of a menshin bridge with 5 span
continuous deck subjected 1o a Type II ground motion. From the analysis presented herein, the

following conclusions may ‘be deduced:

(1) The Type-A device produces a large impacting force due to collisions between the deck and
the concrete wall on the abutment seat, and the collisions develop alarge bending moment at the
abutment. The bending moment takes a peak value at a certain clearance between the concrete wall
and the deck. The collisions are effective to suppress the displacement of deck relative to the piers.
The relative displacement of the deck decreases as the clearance decreases. More analysis is
required to study what is the most appropriate clearance.
(2) The Type-B and T ype-C devices with shock absorbing mechanism and the energy dissipation
are effective to reduce the impacting effect. They decrease the bending moment at both the
abutment and piers, and the deck displacement.
+(3) A lateral force applied from the deck to the left abutment was 115.3 MN, 77.3 MN and 53.3
MNin the bridge with the Type-A, Band Cdevices, respectively. It is 3.7, 2.2 and 1.8 times as large
as the design value of the devices.
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SEISMIC PROTECTION OF BRIDGES WITH FLUID DAMPERS
AND THE ISSUE OF VISCOUS HEATING

| Nicos Makris
Department of Civil and Environmental Engineering, SEMM, University of California, Berkeley
Scott McMahon

Department of Civil Engineering and Geological Sciences, University of Notre Dame, Indiana

ABSTRACT

In this paper a closed form solution for the temperature increase within fluid damp-
ers operating under harmonic motion is presented. The cases of a viscous behavior and of
a rrgrd plastrc (hysteretrc) behavior are considered. Results are presented in a dimension-
less form accountmg for heat convection in the environment, It is found that in most seis-
mic apphcatrons temperature increases under nearly adiabatic conditions; which implies
that the temperature increase per cycle is proportional to the maximum force developed by
the damper during that cycle. Estlmates for the temperature increase in prototype passive
and semiactive dampers are presented.

INTRODUCTION

~_Fluid ~dampers have been accepted as a promising alternative to dissipate the
mduced energy in structures’ from earthquakes and other dynamic excitations. Typical
fluid dampers utilize cylindrical shaped orifice (known as “square law” or Bernoullian ori-
fices).” Such orifices produce dampmg forces proportional to the square of the piston-
velocity, a usually unacceptable performance in shock and vibration isolation. Dampers
designed for sejsmic protectron applrcatrons have specially shaped orifices which result
forces proportronal to lul* where o is a predetermmed coefficient, usually in the range
0<a<15

- A combined experimental and analytical study on the response of structures
equrpped with fluid dampers with o~1 has been conducted by Constantinou and
Symans4 Shake table tests were conducted on one- and three-story model structures with
various configurations of damper placement Fluid dampers have been implemented in
several buildings in North Ameri¢a®. The most ambitious implementation of hydraulic
fluid dampers in the U. S 1s probably the under constructlon new San Bernandmo County
:Medi'c'al Center L - -

Studres ‘on- the 1mpiementabrllty of hydr‘auhc fluid- dampers in Brrdges are under
progress Delis et al.” presented an‘analytical stiudy on’the response of the 91/5 HOV Con-
nector separation bridge in' Orange County California, while'Aiken and Kelly! présented
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experimental results from a pre-qualification testing program on fluid dampers as part of
the seismic rehabilitation of the Golden Gate Bridge.

Recently, passive fluid dampers have been extended to controllable fluid dampers.
Controllable fluid dampers such as electrorheologlcal (ER)® or magnetorheological
(MR)3'15 fluids have the distinct property of exhibiting a finite yield stress when an electric
or magnetic field is applied. Because of the presence of this yield stress, ER- and MR- fluid
dampers can deliver a friction type force in addition to the viscous type force generated
from the inherent viscosity of the controllable fluid?%/%42 Component testing on a large-
scale ER damper developed for seismic protection of bridges has been also recently con-
ducted.”’

In building app]icatiens where the dampers are installed within the skeleton of the
structure the stroke and maximum plston velocity are relative small, so that viscous heat-
ing is not a concern. In bridge applications; however, the stroke and velocity requlrements
on the damper are significant (dlsplacements of the order of 1/2 m and velocities of the
order of 1 m/sec or more). These severe requirements motivated this study on the issue of
viscous heating. In this paper an approximate analytical study is presented to estimate the
temperature increase within the fluid of passive and controllable fluid dampers.

M ACROSCOPIC CONSTITUTIVE LAW

The proposed constitutive law for fluid dampers designed for seismic protection of
brldges is of the form :

P = C|u(1‘)| sgn[i ()] | m

where P(t)—plston force, u(t) plston velocny, o.=fractional i exponent 0<0<1,C=a damp-
ing constaft with tnits (force)x(time)® and’ sgn is'the signuim function. Wheh =1, equahon
(1) reduces to the viscous case,

| P = Ci(r). R
When =0, equatlon () replesents a rigid- plastlc behavior

P =P penli(], B

where now C—v = a yxeld force The constitutive laws ngen by (2) and (3) are the- two |

limiting cases of (1) for 0 << 1. For the case of controllable fluid dampers, ER and MR

fluids exhibit a viscous behavior in the absence of field; whereas, under the presence of
field the behavior is viscoplastic. In particular, MR fluids manifest a'larger yield ‘stress
than:ER fluids and: their behavior is- nea‘rl’y'rigld -plastic.’ Accordingly, the laws given by
(2) and (3) also describe the two extreme situations in the case of controllable fluid damp-

ers without and with applied field.
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VISCOUS HEATING

When the damper piston is in motion, macroscopic energy balance of the portion of
the fluid that travels through the piston head gives

~ dO d d

)

where &, is the heat capacity at constant pressure, m, is the mass of the fluid that migrates,
P(t) and u(t) are force and displacement at the piston rod and Q = Qeomy+ Qeona 15 the net
energy loss due to: (a) convection via the solid surfaces of the bypasses and (b) conduction
in the remaining fluid within the damper. The convected term can be expressed as’

; k '
Qconv = ZA‘S (e (t) - 90) ) (5)

where; k, is the coefficient of thermal conductivity, Ay is the heat transfer surface (outer
surface of the damper), z is the thickness of the damper housing and 8,, is the ambient
temperature. During the long stroke motions of interest, most of the fluid within the
damper travels through the piston head and the energy loss due to conduction can be
neglected. Accordingly, equation (4) takes the form

do (t) du(t)

mC + A(G(I)— o) = P() ——, (6)

Pdr

which is a linear first order vd'i‘fferential equation that'can be integrated using an integration
factor. The solution of (6) is

t
0() = ™M [o® MgreM T
where
" mé 8
Q (&) e, o
and
\ kAs

Whlch isa quant1ty w1th units in rad/sec. T is an integration constant that depends on the
initial conditions, For a cylindrical damper with piston diameter, d,, and length L,
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As = nd,L, and by neglecting the volume of the piston rod, m = p1td L/4, where p is the
mass dens:ty of the fluid (for silicone oil, p = ~970kg/m’). In this case,

A= k. | (10)
zd pC

For a steel damper housing, k=25 J/(m sec °C), and an average value for the heat capacity
coefficient of the damper fluid is &, = 2000J/(kg °C)%6, Using the value of the diameter of
the damper tested by Aiken and Kelly?, d, = 0.2m, and assuming a thickness of the hous-
ing, z=0.005m, the resulting value for A= 0.05 rad/sec.

For the general nonlinear constitutive law given by (1) a closed form solution of (4)
is not known to the author. Nevertheless, equation (4) can be integrated in closed form for
the two limiting cases given by (2) and (3).

For the viscous case (a=1), the force history in (8) is given by (2), and the resulting
temperature history from (7) is
Coly | M Y
0(1) =0y+———- coscot(——cos(ot+23m(0t) S ( + 25 ) an
mC,, A2 [ A A , ] ;
((—0)

Figure 1 (left) plots the temperature increase as a function of tlme durmg one cycle of pis-
ton motion for different values of the ratio A/®. The curve for A = 0 is the adiabatic solu-
tion. Figure 1 (left) shows that for the damper tested by Aiken and Kelly?, even for an
angular frequency as low as 5 rad/sec (f=0.8 Hz) the behavior is nearly adiabatic

(A/©=0.01).

The temperature incréase after one cycle is given by

2 ) 5 27TA

on.  CoTUGA~ +2w° 1 o |
AB() = a1 (12

o me A +4o

27\
At the limit where 2nA « @, e SN % ‘and equatlon (12) reduces to

nC(DU% -
A6(~) (13)

mC

which is the expression for the temperature mcrease per cycle under adiabatic conditions.
By approximating the mass of the fiuid that travels with 2U ,,p, and replacmg CcoUo w1th
P,, equation (13) smphﬁes to: : : RS .

312




'VISCOUS DISSIPATION
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Figure 1. Temperature rise within the damper during a ome-cycle motion.
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nC(DU 2P
Ae(——) 2. 0 (14)
P pCpd®)

Using a maximum force of Py=100 kips (445kN) and d, = 0.19m, the conservative adia-
batlc:2 solution for the viscous case gives an approxnnate temperature increase per ¢ycle,
A (m) = 12%C.

For the rigid-plastic case (hysteretic case), 0=0, the force history in (8) is now given

by (2). Because of the signum function in the constitutive law of the force, the temperature
history is given by:

A A
PU. »(Bcos(ot + sinwt — s (-A0)

" TC '
0() = 0,+-22 ,  0s1<z, (15)
0 mé’,, [+ A2 2
()
nA_ A A .
P),UO 2exp (—Af) e,xp(m) - O_)ex,;(—xf) - (o—JcosmH sinmt) n an
o) = 0,+ , =<t<—, (16)
0 2 2 2 2
-mC, L+ (2
o
A - : A
pu. 2exp (—M) (exp(E——) +exp(?-n-—2")) - 25"exp (=Af) + —coswt + sinmt
yYo 2w 20 ® ®
8(1) =06,+— v —
mC, Cqs (&) N EY)
®
3n< <3
7 SES2n

Figure 1 (right) plots the temperature increase as a function of time during one cycle of
piston motion for hysteretic dissipation and different values of the ratio A/w@. The curve
for A = 0 is the adiabatic solution. Using the same approximation for the mass of the fluid
that travels, m= 2U,A p, the temperature incréase per cycle under adiabatic conditions for
the hysteretic case is :

27 P |
A0 (ZEy = 8. Ty e (18)
o TpCyd”,
For instance, with a maximum force of P,=100 kips (445kN) and d, = 0.19m, the conser-

vative adiabatic solutlon for the hysteretlc case gives an approxnnate temperature increase
~ per cycle, A8 (—(-0-) ~ 16°C, which is the upper bound value. With equatlon (18) one can'esti-
‘mate an upper bound for the temperature increase in any damper for a spemﬁed max1mum
fofce and a given piston dlameter

With the ana_lytl‘(:al s’olﬁtion' presented herein one can compute the temperatute
increase in the damper after several cycles. Figure 2 plots the temperature histories for the
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viscous casc during a five cycle motion. As the ratio A/o increases the temperature histo-
rics rcach sooner steady-state conditions. Nevertheless, even after five cycles and with
A/ = 0.1, the temperature keeps incrcasing.

In the casc of an arbitrary force-output history with length, T, in which the force
maxima, P, ., at every cycle j are known, the temperature increase at the end of the

max,

motion after N cycles is bounded by

N
, 8
AB(T) < ——- D> P i (19)
anpd pj=1

CONTROLLABLE FLUID DAMPERS

Electrorheological dampers have attracted considerable attention in the last decade
for vibration control of mechanical and structural systems. Early studies by Stevens et
al.’?, showed how a simple ER-damper is capable of reducing displacement amplitudes
when electric field is applied; while Duclos® has reported on various applications that ER-
dampers have found in the automotive industry. Recently, ER-dampers received consider-
able attention for vibration control of civil structures. The attraction of ER-dampers is that
they are relatively inexpensive compared to hydraulic dampers with mechanically con-
trolled orificing. Ehrgott and Masri’, presented identification techniques to model the
behavior of a small ER-damper that operates under shear flow. Gavin and Hanson®
designed and tested an ER-damper that consists of a rectangular container and a moving
plunger comprised of nine flat parallel plates which are rigidly interconnected.

Most of the ER-dampers proposed in the past involve shear flow. Figure 3 (top) is a
photograph of an ER-damper designed by the authors and their coworkers??. It is a scaled
up version of a prototype ER-damper which has been extensively studied previouslyZ»?2,
A schematic of the ER-damper is shown on Figure 3 (bottom). The damper consists of an
outer cylinder and a double ended piston rod that pushes the ER-fluid through a stationary
annular duct. The electric field is created perpendicular to the fluid flow across the bypass.
Some of the advantages of the developed ER-damper shown on Figure 1 are: 1) There are
no moving parts within the damper besides the piston. 2) It is a compact device that can
produce relatively large forces. 3) Because of the yield forces that ER-dampers can
develop, they can provide significant rigidity and when the yield forces are exceeded they
can dissipate substantial energy. 4) Once the power fails the damper operates as a passive
device that provides a reasonable amount of damping. 5) The dampér can operate in a pas-
sive state during many seismic events where viscous damping alone is sufficient to miti-
gate the response. 6) The proposed damper can be positioned in any direction as opposed
to other dampers which have to be positioned horizontally due to the presence of a free
surface. 7) Settling of the ER-fluid was never a problem in the response of our damper.
Even when the damper has been inactive for more than 10 weeks, it responded in a consis-
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tent manner as in previous tests. Possible reason for this good performance is that the ER-
material is nested withiti a very thin ring, and apparently the surface tension that develops
on the fluid climinated the settling probléem.

Usmg one dlmenslonal flow theory, the shear stress that develops across the bypass
can be approximated by?!

T (1) =Ap{-, o (20)

where Ap is the pressure drop across the plston ‘head, r is the radral distance from the cen-
ter line of the ER-duct, and L is the length of the duct (see. Flgure 1-bottom). The stress
* distribution § grven by (20) is mdependcnt of the materral that flows. In the case where / «d,
the solution for the Poisseuille flow between concentrlc cylinders collapses to that for flow
between parallel plates For. mstance, if the fluid that flows’ through is newtonian, with
zero-shear-rate viscosity, Ngs the pressure drop dueto viscous stresses under steady flow is
given by _
. 12n,L0
Apv = 1 —_——— TIO q —, S @1y
" wdh

where Q is the flow rate through the ER-duct, d is the diameter of the ER-duct, h is the
width of the gap and n is the number of bypasses. Equation (21) approximates the pressure
drop in the case of no field (E=0). In this case the damper behaves like a viscous dashpot,
P(#) = Cii(r), where the damping constant, C, is given by

o 2
n ndh3

When eleCtI‘lC ﬁeld is applied the behavror of the ER ﬂurd is VlSCOplaSth and the
shear stress 1_ (r) has to exceed the ﬁmte “yreld” stress, 1 T, ‘to 1mt1ate flow. Thrs value of
the “yield” stress can be also understood as the ‘capacity of the materral to exrst in a solid
state. If the stress demand, T, ( EQuatlon (20) exceeds the capacrty ‘of the ER-
material, 1. then the ER- materlal adjacent to'the walls will yield and flow. For a rrgrdvvrs-
coplastrc materral the velomty proﬁles across these “fluidized” rings is parabollc whereas
the velocrty proﬁle acr 08s ‘the: r‘emammg solid- core~rmg is constant. From equatron (20)
one 1mnied1ately recogmzes that as the pressure drop mcreases more materral yrelds The
pressure drop under v1scoplastrc flow is given by L4 : ~ :

2 1 ,.121]0LQ o 1 .

IROYTER T ’c 3
Cantta) W

C = 22)

(23)
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As flow rate increases cquation (23) reaches asymptotically the expression:

P (t) 1 IZT]OLA 3L’c
=20 (t) + —_——sgn [u(t)] (24)
Ap n ndh3

Ap () = h

where Ar is the area of the piston head and the ﬂow rate, @ = Au(1). Equation (24) is
valid everywhere but the zero-velocity limit where the factor, three, in the second term
reduces to two.

Figure 4 shows recorded (left) and predicted (right) force-displacement loops from
the large scale ER-damper without electric field (E=0) and with E=3kV/mm. As the piston
velocity increases, viscous effects dominate over plastic effects and the fraction of the
force that can be controlled reduces. The predicted response shown on the right of Figure
4 is computed with :

P(t) = Ap (t)A +P sgn[u(t)] (25)

where P is a perxmnent frlctlon force actmg on the damper seals and A is the area of the
prston head Ap is the pressure drop across the piston head given by (24) Substltutlon of
(24) into (25) gives

‘ 1 127] LAp ‘ 1’3L”ty R
P(t) = E—CT u(t) + [———h Ap+Py] segn [u(t) ] (26)
7T

Equation (26) is the resulting piston force as a function of the piston velocity, the mechan-
ical properties of the controllable fluid and the geometric characteristics of the damper.
The predicted loops on Figure 4 were ‘obtained with 1, ="1.7kPa and n, = 6Pa~s. ‘Figure 2
shows that equatlon (26) predrcts satlsfactorrly the damper response at small p1ston veloc-
‘ities. At higher plStOl’l velodities, leakage through the piston head increases, thereby reduc-
ing the pressure drop. This is a desuable behavior since a reduced pressure drop will result
in smaller forces and a less intense viscous heatmg Equatlon (26) can be used to approxi-
mate the force output from other controllable fluid dampers with similar geometry, such as
a recently developed magnetorheologlcal damper.”; 3.

comparable with theﬁfrlctron -like forces When ER- dampers are mcorporated within the
' frame ofa flex iblé ructure the demgn plston velocmes are relatxvely low (4=3"to 10 in/
see), and the desrgn ofthe damper shown on Flgure 3is approprlate As the piston veloc-
ity increases the number of bypasses has to increase to keep the flow rate at low values.
‘The "ER-damper shown on Figure 3 has been designed to accommiodate up to four
bypasses. When a substarnitial controllable force is needed at’ hlgher piston velocities a dif-
ferent design is needed. A new ER damper which can accommodate large piston velocities
is under construction.
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Returning to the issue of viscous heating, the damper coefficient, C, in equation (14)
is given by (22), and the temperature increase per cycle can be expressed directly as a
function of the geometric characteristic of the damper and the physical propertics of the
fluid,

o [ 6NLOUA, .
GRS N o)

Equation (28) is useful to estimate the temperature increase per cycle for'a given damper.

For instance using the parameters assocmted with'the F R-damper shown on Figure 1 (n=6
Pa-sec, L=0.15m, Ap=0. 004888m?, p=1400kg/m3, ¢,~2Kl/(kg °C), d=0.0145m,

h=0.001m), the temperature increase during the bottom cycle shown on Figure 4 is less
than 3 °C. Nevertheless during this cycle the velocity amplitude is small (~0.015 m/sec).
In the case where the velocity amplitude is 0.5m/sec equation (28) yields a temperature
increase of approximately 100 °C. This large value of temperature increase is because the-
damper shown on Figure 3 has a damping coefficient, C=1900kN-sec/m, which is more
than two times the damping coefficient of the damper tested by Aiken and Kelly?. This
shows that a couple of rapid‘cycles are enough to produce a temperature increase of sev-
eral hundreds °C; therefore; the alternative approach of cooling the damper is worth inves-
tigating.

Equation (28) dictates that the temperature increase per cycle is inverse proportional
to the diameter of the bypass, d. The proposed new ER damper has a bypass that its diam-
eter can be 20 to 30 times larger of the dlameter of the bypass shown on Flgure 1. Accord-
ing to equation (28), the" temperature mcrease per cycle can be also reduced by selecting a
fluid with smaller viscosity. The viscosity of other ER-fluids?can be 4s low as 10 times the
v1sc031ty of. the ER-fluid used herein 0.5 Pa—sec) Nevertheless; a smaller viscosity will
reduce the energy dlssrpatlon capablhtles of the damper in its passwe state; and therefore,
the total number of dampers installed in a building should be ‘increased. Accordingly,
when viscous heating is a concern, it is recommended that a larger number of dampers,
each one having a reduced damping coefficient, should be installed..

Another effective way in reducing the temperature increase per cycle is to increase
the width of the bypass, h. Nevertheless, after comprehensive testing we concluded that a
gap, h=0.001m (1mm) seems to be an optimal value, since larger values of h resulted in a
ﬂuctuatmg electric ﬁeld across the bypass.

" CONCLUSIONS

‘ I thrs paper a closed form solutlon for the temperature mcrease within fluid damp-
ers operatmg under harmionic moticn has béen’ presented The Gases of a viscous behavior
and of a rigid- plastrc (hysteretic) behavior were considered separately. Results are pre-
sented in a dimensionless form accounting for heat convection in the environment. It is
found that in most seismic applications temperature increases under nearly adiabatic con-
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ditions; which implies that the temperature increase per cycle is proportional to the maxi-
mum force developed by the damper dyring that cycle. Bstimates for the temperature
increase in prototype pasive ‘and semiactive damipers have been presented. For rapid
motions it is recommended that a larger number of dampers, each one having a reduced
damping coefficient, should be used. This design will reduce viscous heating.
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Fourth US-Japan Workshop on
Earthquake Protective Systems for Bridges

Resolutions

General

The Fourth U.S.-Japan Workshop on Earthquake Protective Systems for Bridges
was held at Osaka, Japan on December 9 and 10, 1996, under the auspices of Task
Committec G on "Structural Control and Intelligent Materials Systems" in cooperation
~with Task Committee J on "Wind and Earthquake Engineering for Transportation
Systems" of the UINR Panel on Wind and Scismic Effects. The workshop was
attended by 20 U.S. and 66 Japanese participants. The workshop was organized and
sponsored by the Public Works Research Institute, Ministry of Construction from the
Japan side. The U.S. sponsorship for the meeting was provided by the National
* Science Foundation and the Federal Highway Administration. Participation of the U.S.
delegates was coordinated by the National Center for Earthquake Engineering

Research.

The workshop comprised the presentation and discussion of 8 U.S. and 12
Japanese papers, which covered a wide range of topics including passive, active and
hybrid control systems, experimental and field observation for isolated bridges, design
issues and applications for new construction such as multi-span bridges and long-span
bridges. Fruitful discussions on many issues of common concern took place.
Participants also showed great interest in hybrid and active systems for bridges, as
well as design method for seismic isolated/menshin bridges.
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Resolutions

1. There are many' topics of common interest related to the development and
implementation of carthquake protective systems to bridges. It is therefore resolved
that continued cooperation between rescarchers and bridge engincers in both
countries be actively encouraged. The free exchange of rescarch and design

- expericn ,
ce, in both the laboratory and field, will facilitate the advancement of  this
technology and its practical implementation in both countries.

,,,,,

2. In viéw of the success of this workshop, the importance of this technology,
and thé raprdly advancing state-of-thie-art, it is résolved that the Fifth U.S. ‘
-Japan Workshop on Earthquake Protective Systems for Brrdges be held in ‘two

years in the U.S.

: arranged to focus on ‘single toprcs ‘Such’ A desrgn detarls, practlcal 1mplementatlon
issues related to hybrrd control comparatrve performaﬁce of drfferent hardware

in order to facrhtate the exchange of design details and plnlosophles The' meetmg
will be coordmated through the Task Commrttee G of the Panel on Wmd ‘and

Seismic Effects, UJ NR

" apphcatlon father than state: of—the Art reviews. TOplCS o' be co“"‘red should"
“includé:’ (1) innovative protectlve systems, (2) design methods “for - sersmrc
isolatéd/menshin bridges, for example, estrmatmg ‘Glearances” an‘d"‘lloWance for p1er
ductilities; (3) full-scale’ verification “of performance mcludmg recorded “mbtions
during earthquakes; and (4) design applications to new construction. As passive
protective systems have begun to be implemented in both countries, increased
emphasis on active and hybrid systems and on the use of smart and
high-performance structural materials and systems will be made in this workshop.
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"The 4th WS on Earthquake Protective Systems for Bridges"

Dccember 9, Monday

8:30-9:00
9:00-9:30

9:30-10:10

10:10-10:30
10:30-11:50

11:50-13:30
13:30-14:30

14:30-14:50
14:50-16:30

Registration

Opening Session (Co-Chairs: T. Terayama, 1. Friedland)
Opcening Remarks (Japan) Dr. Koichi Yokoyama
Opening Remarks (Japan) Dr. Shigeki Unjoh
Opening Remarks (U.S.A.) Dr. Ian G. Buckle

Session 1: State of the Art
(Co-Chairs: S. Unjoh, G. Fenves)
"Menshin Design of Highway Bridges"
by K. Kawashima, S. Unjoh
Presented by: Kazuhiko Kawashima

' "Update on the Proposed AASHTO Guide Specification for Scismic Isolation Design"

by R. Lacalle
Presented by: Roberto Lacalle
Break
Session  2: Passive/Hybrid Protective Systems
(Co-Chairs: H. Iemura, A. Kiremidjian)
"Development of High Damping Systems for Long Span Bridges"
by S. Unjoh, H. Otsuka, Y. Goto, 1. Shimoda, Y. Machara, T. Takeda
Presented by: Shigeki Unjoh
"Development of High Damping Devices for Long Span Bridges and the Design
Method"
by S. Unjoh, Y. Goto, 1. Shimoda, Y. Machara
Presented by: Yozo Goto
"Aging Studies of High-Damping Rubber and Lead-Rubber Seismic Isolators”
by P. Clark, J. Kelly, 1. Aiken
Presented by: Peter Clark
"Development of Super High Damping Rubber Damper for the Seismic Response
Control of Long Span Bridges"
by K. Goda, S. Suzuki, Y. Suitsu, S. Unjoh, H.Otsuka, K. Nagaya
Presented by: Kengo Goda
Lunch
* Session 3: Hybrid/Semi-active Systems and Smart Materials
(Co-Chairs: A. Igarashi, A. Itani)
"Modeling of a Variable Damper and its Application"
by T. Sato, M. Sato, S. Tanaka, K. Toki
Presented by: Tadanobu Sato
"Seismic Response Coritrol of PC Cable-Stayed Bridge under Construction by Active
Mass Damper"
by M. Tsunomoto, H. Otsuka, S. Unjoh, K. Nagaya
Presented by: Meguru T'sunomoto
"Thermo-visco-elasto-plastic Modeling of Elastomeric and Lead-Rubber Bridge
Bearings"
by J. Mander, D-K Kim, S. Chen
Presented by: John Mander
Break ‘
Session 4: Experimental and Field Observations 1
(Co-Chairs: T. Sato, S. Arzoumanidis)
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18:00

December 10,

"Analysis of Seismic Response of Yamaage-Bridge"
by S. Unjoh
Presented by: Shigeki Unjoh
"Scismic Isolation and Energy Dissipation Technologics: a Test an(l Evaluation
Program for Highway Bridge Applications”
by K. Almand
Presented by Kathleen Almand
“The Ru,tmmz, Foree Chalactcmtlcs of LRB under the Influence of Variable
Axial Loads and Rotational def01mdtlon .
by H. Iemura, A. Igarashi, Y Chcn, H. Nakajima
Presented by: Akira Igmmlu
"Field Testing of a F()Ul—Spdn Selsmlcally Isolated Bridge"
by A. Gilani, S. Mdhm, G. Fenvcs J. Chavez, 1. Aiken
Presented by: (zregory Fenves
"Enhancement of Lateral Selqmlc Load Dlstnbuuon in Continuous Girder Bridges :
Test of Stlffenlm, and Dampmg, Componcnts of a New Device"
by W. Tanzo, J. Hernandez Jr., H. Mutsuyoshi, A. Tsuzuki
Presented by: J. Hernandez Jr.
Reception Hosted by Japan Side

T.u_esday

8:30-9:30

9:30-9:50
9:50-10:50

10:50-11:10
11:10-11:40

11:40-11:50
11:50-13:20

Session 5: Experimental and Field Observations 2 -
(Co-Chairs; M. Abe, A. Elgamal)
"Design of the 19 -Span Continuous Rigid Frame Bridge with Seismic Isolator”
by H. Hayashi, S. Kawakita,
Presented by: Shiro Kawakita ‘
"Testing of Protective Systems and Hardware for Bud;,e Apphcatmns
by A. Whittaker, 1. Alken, P. Clark, G. Fenves, N. Makris, S. Malin
Presented by: Andrew Whittaker :
"The Analysis of Seismic Response of the Budgc with Mcnshm'Bcarings during
the Hyogo-ken Nanbu Edlthquake" . .
- by T. Naganuma, Y. Horie, H. Kobayashl N Sd%dkl
Presented by: Toshihiko Naganuma :
Break ‘
Session 6: Methods/lssues and Applications
C (Co- Chalrs' H. Otsuka A. 'Iaylm)
"Use of VIS(,O Eldstlc depcls to Suppless Seigsmic Vibration of Bridges"
by M. ShlI’l_OZU_kd, J:M Kim,-R: Purasinghe
Presented by: Masanobu Shinozuka
"Effectiveness of Unseating: Prevention Devices with Energ,y DlSSlpdthn
by K. Kawashima, M. Yabe, L :
~Presented by: Masaaki Yabe. . :
"Seismic Protection of Bud&,es with. Fluul Damipers dnd the Issue of Viscous Heating"
by N. Makris, S. McMahon S
Presented by.‘ ‘Nicos Makris
Break s
Resolutions and Closure O A
| (Co-Chairs: S. Unjoh, 1. Buckle)
Group Photo e, : AT
- Lunch : IR
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18:00 Reception Hosted by Japan Side

December 10, Tuesday

8:30-9:30 Session 5: Experimental and Field Observations 2
(Co-Chairs; M. Abe, A. Elgamal)
"Design of the 19-Span Continuous Rigid Frame Bridge with Seismic Isolator”
by S. Kawaukita, H. Hayashi
Presented by: Shiro Kawakita
"Testing of Protective Systems and Hardware for Bridge Applications"
by A. Whittaker
Presented by: Andrew letltakei
oy hc Amlysns of Scmmlc Rcsponsc of the Bridge with Menshin Bearings during
the Hyogo-ken Nanbu Earthquake"
by T. Naganuma, Y. Horie, H. Kobayashi, N. Sasaki
Presented by: Toshihiko Naganuma’
9:30-9:5( Break
9:50-10:50 Session 6: Methods/Issues and Applications
(Co-Chairs: H. Otsuka, A. Taylor)
"Use of Visco-Elastic Damipers to Suppress Seismic Vibration of Bridges"
by M. Shinozuka | |
Presented by: Masanobu Shinozuka
| "Effectlveness of Unsedtmg Prcventlon Devnces wnth Ene1 gy Dissipation"
by M. Yabe, K. Kawashima -
Presented by Masaaki Yabe
"Seismic Protection of Bridges with Fluid Dampcls and the Issuc of Viscous Heating"
- by N. Makris
Presented by: Niyc_osl Makris

10:50-11:10 Break o
11:10-11:40 Resolutions and Closure
. (Co'Chairs: 8. Unjoh, 1. Buckle)
11:40-11:50  Group Photo; - |
11:50-13:20 Lunch h
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13:20-13:50

13:50-14:30

14:30-14:50
14:50-15:30

15:30-15:50

15:50-16:50

16:50-17:10
17:10-18:10

o Break

“The 3rd WS on Seismic Retrofit of Bridges"

Opening Session
(Co-Chairs: T. Terayama, I, Friedland)
Opening Remarks (Japan) M. Yasuyuki Fujishiro
Opening Remarks (U.S.A.) © Dr. H. S. Lew
Session 1: State of the Art ‘
“(Co-Chairs: S. Unjoh, M. Shinozuka)
"Damage to Highway Bridges by the 1995 Hyogoken Nanbu Earthquake And the
Retrofit of Highway Bridges i in Japan"
by H. Otsuka, T. Terayama, J. Hoshikunia, K. Kosa
Presented by: Hisanori Otsuka .
"Innovative Seismic Retrofit of California Highway Structures"
by S. El-Azazy
Presented by: Saad I5l-Azazy
Break - o
Session 2: Screening and Prioritization of Bridges for Retrofitting
(Co-Chairs: H. Mutsuyoshi, J. Mander)

"Scismic Retrofitting Manuals for Highway Systems: System Asscssment, Screening,

Evaluatlon and Retroflttmg,"
by 1. Buckle, 1. F riedland
Presented by: Ian Friedland -

"Use of Transportation Netwmk System% for Brldg,c Retrofit Puontnzatmn dn(l
Emergency Response”

by ‘A. Kiremidjian, N. Basoz

Presented by: Anne Kiremidjian .

Session 3: Evaluation of Existihg Bridges °
: (Co-Chalrs. J. Hoshikuma, N. Makris)
"Andlytlcdl Mcthods for the Selsmnc Evaluatlon of Exwtm;> Bridges"
"~ by'R. Imbsen, F. ‘Nobari
Presented by: Roy Imbséhn :
"Seismic Evaluation and Retrofit of Existing Multi-column Bents"
by T. I‘cmyamd H. Otsuka
' Presented by “Tori Ter, ayama
"Queensboro Bridge: Seismic Condition Assessment and Retrofit of a Landmark
Bridge" ' e
by S. Arzoumanidis, R. Gajer, A. Malik
Presented by: Serafim Arzt)u/;zanidi.s'
Break

Sesswn 4: Retrotlt Methods for RC Columns 1

(Co-Chairs: Y. Kimura, R. Imbsen)

"Seismic Retrofit of Square RC Columns by Steel Jdcketmg," : o

by J. Hoshlkuma, H. Otsuka, K. Nagaya

Presented by: Jun-ichi Hoshikuma
"An Expeumentdl Study on Seismic Retroflt of Reinforced Conuetc Bridge Plers

by H. Ikeda, N. ded, K. Osada, Y. Igase, Y. Tanura

Presented by: Yoshinori Igase '
"Retrofits of Remforced Concrete Bridge Columns with Prestressing Ste(,l Ties"

334~

A
by %
L
:?‘f:“
B
h2
B

T

.
i

T




. by T. Yoshioka
Presented by: Tamio Yoshioka

December 11, Wednesday

8:40-10:20

10:20-10:40

10:40-12:00

12:00-13:30

13:30-15:10

" Break

Session 5: Retrofit Methods for RC Colunins 2
~ (Co-Chairs: Y. Adachi, P. Clark)
"Development of Base Isolation System of Existing Bridges"
by Y. Hishiki, T. Takeda, H. Nagumo, T. Ichinomiya, Y. Okimi
. Presented by: Hiroyuki Nagumo .
“An Expcumentdl Study on Duclllxty of RC Pier Modcls Winded with FRP Tape"
by H. Mikami, M. Sato, H. Konno, N. Kishi
: Presented by: Hiroshi Mikami
“Seismic Retrofit of Bridge Columnsing Prefabricated Composite Jackets”
by Y. Xiao
Presented by: Yan Xiao
"Seismic Retrofit of Reinforced Concerete Bridge Piers by Carbon Fiber Sheet”
by M. Hosotani, K. Kawashima, J. Hoshlkumd
Presented by: Manabu Hosotani
“"Experimental Study Concerning Retrofit of RC Column by CFRP Sheet"
by F. Hakamada, Y. Mackawa, J. Hoshikuma
Prevenled by: I'umzo Ilakamada

Session 6: Retrofit Methods for Steel Columns, Superstructure and Restrainers
~ (Co-Chairs: K. Tamura, Y. Xiao)

"Cyclic Behavior of She(u Lmks in Retloflttcd Rlchmon(l San Rafacl Bridge
Towers"

by A. Itani

Presented by: Ahmad Itani
"An Experimental ?tudy on’Séismic Retrofit of Steel Budg,c Piers"

by K. lehlkaWa J. Mumkoshl Y. Josen, M. Takahashi

. Presented by: Iun Mluako.s/n cre

U"'Intelmedldte ng,e Rcstrdmcns f01 Brldg,es Pcrformdnu,, D(,sq,n and Retr ()tlt"

“by'R:DesRoches, G. Fenves
- Presented by: Gregory Fenves .

“ "Scxérhnc Vulnerability Analysns of Steel Bud;,e Bedlmg,s"

by J. Mander, D-K Kim, 1. Buckle
: " Presented:by: John Mander '
Lunch
Session 7: Retrotll Methods tor Foundatlons and Geotechmcal Considerations
s (Co-Chalrs: J. Marakoshi, K. Almand)
"Inspection and Restoration of dedg,cd Foundations due to the Great Hanshin
Earthquake 1995" T ST
by H. IShlZakl, Namoh 3. deakaml N E;de(x, Y. Adachi,
Presentéd by: Yikio Adaéhi
"Seismic Design of Pile Foundations"
by M. NdkdﬂO, Y. Kimura,
Presented by: Yoshztomz Kimira™

- "Sjte Remediation and-Seismis-Résponse Meshanisns”

by K. Addlxer, A. Elgamal
Presented by: Ahmed ngamal

,"Selsmlc Design ‘Treatment of Liquefaction:Induced Ground Flow"
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10:20-10:40
10:40-12:00

12:00-13:30

13:30-15:10

by M. Hosotani, K. Kawashima, J. Hoshikuma
Presented by: Manabu Hosotani
"Experimental Study Concerning Retrofit of RC Column by CF RP Sheet"
by I’. Hakamada, J. Mackawa, J. Hoshikuma
Presented by: ‘Funﬁo Hakamada
Break . ‘ .
Session 6: Retrof’t Methods tor Steel’ Columns, Superstructure and Restrainers
, (Co Chalrs' K. I‘amura, Y. Xiao)
"Cyclic BGth!Ol of Shear Links in Retrofitted Richmond-San Rafacl Bu(lg,c
Towcns"
by A. Itani .
Presented by: Ahmad Itani
"An Expéf:imeﬁtal'SfU(l_)"ldn' S"é)isi‘ﬁicv fR_(;a:t;rdfit: of SﬂtécflifBridge Piers"
by K. Nishikawa,.J: Murakoshi Y. Josen
Presented by Jun Mur akoshz
"Intermediate Hinge Restramels for Brldges Pexfmmance Design, and Retrofit" .
by G. Fenves '
‘ Presem‘ed by G) egor y I'enves o
Selsnnc Vulnelablllty Analysns of Steel Brldge Beaung,s"
by J. Mander
Presented by: Jofhr_z‘v Mander _

‘Lunch

Sessnon 7 Retrotlt Methods for Foundatlons and Geotechmcal Consnderatlons
(Co Chan‘s. Js Murakoshl, K Almand)
"Ingpectlon and Restordtlon of Damag(,d Foundatlons due to the Great Hanshin
Earthquake 1995" o | |
by Y. Adachl H IShldel A Ndn]O J. Kdekdml N Egawa
Presented by Yukzo Adacht e R

a{(

o ,"'Selsmlc Behavmx of Plles of Brldge I‘ oundatlon" ’

~tby- Y. Kimura, M. Nakano
Prcsented by: Yos/utomt szura ‘ ' -
"Sxte Remednhon and Scnsmnc Responsc Mechdmsms"
by A. Elgamal : ‘
Presented by: Ahmed ngamal B
"'Selsmnc Design Treatment of- quuefdctlon Induced Ground Flow"

.

33—

PR




by K. Tamura, T. Hamada, T. Azuma
Presented by: Kei-ichi Tamura
"A Study on Mecasures against Ground Flow Using The Finite Element Method"
by M. Ogasawara, H. Tsunoda, T. Makita, S. Gose
Presented by: Hiroshi Tsunoda
15:10-15:30 Break
15:30-16:10 Special Session: Effects of Loading History
(Co-Chairs: K. Kawashima, A. Whittaker)
"Effect of Loading Hysteresis on Ductility of Reinforced Concrete Columns”
by J. Hoshikuma, S. Unjoh, K. Nagaya
Presented by: Jun-ichi Hoshikuma
“Testing Mecthodologics for the Seismic Performance of Reinforced Conerete Bridge

Pieys"
by A. Taylor
Presented by: Andrew Taylor
16:10-16:30 Break
16:30-17:00 Resolutions and Clesure

(Co-Chairs: S. Unjoh, H. S. Lew)
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Participants from The U.S. Side

Kathleen Almand

HITEC

1015 15th Street, NW, Suite 600
Washingion, D.C. 20005-2605
Tel. 202-842-0555

Fax.  202-789-5345

E-mail - kalmand@@cerf.asce.org

Serafim G. Arzoumanidis

Steinman, Boyton, Gronquist & Birdsall
10 William Street

New York, NY 10038

Tel, 212-266-8370
FFax. 212-266-8540
lan G. Buckle

National Center for Earthquake Engincering Roscarch

State University of NY at Buffalo
105 Red Jacket Quadrangle
Buffalo, NY 14261

Tel. 716-645-3391

Fax.  716-645-3399

E-mail igb@acsu.buffalo.cdu

Peter Clark

Earthquake Engincering Research Center
Universitly of California, Berkeley

1301 South 46th Sticet

Richmond, CA 94804-4698

Tel.  310-231-9556
Fax.  510-231-5696
E-mail sacsteel(@eerc.berkeley.cdu

Saad El-Azazy

Senior Bridge Engineer

California Dept. of Transportation

Division of Structures

1801 30th Street, West Bldg. P.O. Box 942874
Sacramento, CA 94274-0001

Tel. 916-227-8124

Fax.  916-227-8898

Ahmed-W. Eigamal

Columbia University
Department of Civil Engincering
610 Mudd Building

New York, NY 10027
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