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Synopsis:

At the Earthquake Engineering Division of the Public Works Research Institute, various
rescarches for aiming to develop rational seismic design methods of bridges and underground
structures, seismic evaluation and strengthening ‘methods of existing structures, passive, active
and hybnd control, loss estlmatlon caused by earthquake are being made.

This reports presents some of the selected publications in the research on seismic - desxgn,
seismic evaluation and strengthenmg of highway bridges, dynamic strength and ductility of
structural components, structural response of menshin bridges (seismic isolated bridges), hy-
brid control, seismic response of embedded pipes, and damping characteristics of cable stayed
bndges They were presented at mtematlonal conferences and work:,hops held in the last one
years. ‘
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ABSTRACT

In the current seismic design codes, the selsmic stability for a rigid
foundation against overturning is checked by means of a static seismic
coefficient method. However, it is known that the dynamic characteristics on
rocking vibration of a rigid foundation are significantly different from the
static ones and the seismic stability against overturning by the static criteria
seems to be overestimated .In particular for a large-scale foundations.
Therefore, it 1s necessary to develop a rational seismic design method for the
check of seismic stability in consideration with the dynamic characteristics of
the rigid foundation. This paper presents a dynamic analysis method for the
rocking .and slip motions of a rigid foundation subjected to an earthquake
ground: motion. The method was verified by comparing with the shaking‘ table
test results for rigid foundation models. :

1, IN'I'RODUCT’ION :
~The width of a-base.of a rigid foundatlon iIs currently designed so that the

seismic stability against overturning, slip and the bearing capacity of subsoil
be satisfied ‘under the condition that a static seismic force is applied by means
of .a selsmic coefficient method:. ‘As for the overturning, the foundation is
checked so. that the direction of a resultant force of the gravity load and the
static seismic force be in the width of :a foundation base or the region
considering with a certain safety factor: :

According to this method, the ratio between the width, B and helght H of
a foundation is. essentlal:for a check of overturning of the- foundation,
Therefore, If the ratio, B/H; ‘iIs the same; such as in a small block with the
height of 10cm and a large-scale foundation with the height of 50m, both are
Jud‘ged to.be overturned by the same certain selsmic force. However, actual
dynamic - vibrational characteristics: of the two foundations are completely
different ‘at a view point of required energy for the overturning of the
foundations.: A 1arge—sca1e foundation c¢an not easily be overturned even if the
static condition for the overturning is not satisfled. :

In order to develop a ratlonal seismlc design method for a rigid foundation,
a dynamic analysis method for a rigid foundation on elastic and plasto-elastic




subsoil Is proposed. This paper presents the analysis method proposed and
verification of the method by comparing with the shaking table test results for
rigid foundation models.

2. ANALYTICAL METHOD FOR ROCKING AND SLIP MOTIONS OF A RIGID FOUNDATION ON
A ELASTIC BASE FLOOR

Various analytical methods for the dynamic motion of a rigid foundation on
a rigid base floor has been proposed and studied, Mononobe'’ showed that the
static condltion, that the direction of the resultant force of a selsmic force
and a gravity load is out of the base of the foundation, is not necessary
condition for overturning, but the condition for developing rocking motion. le
derived the equations of motion for the rocking motion of a rigid foundation on
the rigid base floor and analysed the response subjected to a harmonic base
motion. Ohtsuki® proposed an analytical method for rocking vibration of a
rigid foundation considering the energy dissipation induced by the impact
between a foundation and a rigid base. Mochizukl et. al.® proposed a general
analytical method by improving the method proposed by Ohtsuki to estimate the
earthquake ground motion based on the actual body movement after an
earthquake. The analytical method includes rocking, slip and jump motions of
the rigid body. Ishiyama®™ proposed more general analytical method for a rigid
body subjected to an earthquake ground motion and the criteria agalnst
overturning by means of a limit velocity is proposed. According to these study,
the rigid foundation on the rigid base floor makes various types of vibration
such as slip, rotation; rotation with slip, jump with translation, and jump with
translation and rotation as shown in Fig.1. : :

On the other hand, analysis methods with considering elastic deformation
and/or plastic deformation of subsoil have been also proposed. Toki et: al.®
proposed an ‘analytical method by means of a finite element method for slip
between a structure ‘and subsoil under selsmic load. A jolnt element was used
for modeling separation between the structure and subsoil, and the stability
agalnst slip of the foundation was studied®. Hara et. al.” also studied
rocking, separation and slip between a building and subsoil by means of a finite
element method using a joint elément:

Although the analytical methods above mentioned consldered elastic and
plastic ' deformation “of subsoil as well as slip and separation between a
structure and subsoll, the following effects should be considered in’order to
apply for a rational seismic design of an actual:rigid foundation. ‘

1) It Is necessary to consider the effect of settlement at the edge of the
foundation by the ‘rocking  vibration -on ‘the seismic stability: against
overturning of the foundation. Since the ‘yiélding of a part: of :subsoil ‘is
estimated when a large-scale ea’rthqxiake' occurs, the effect of “the: rbearing

capacity of the subsofl on the stablllty of the foundation should also'be

considered.
2).If the foundation is- buried In" the subsoll, the resistance of the side soil

should ‘be: considered. The side soll has . two effects, l.e., - resistance  and
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separation. Therefore, the effect of the side soil on the selsmic stability of
the foundation should be investigated.

In order to Include these effects, a nonlinear dynamic analysls method for a
rigid foundation In conslderation with the effects of elastic deformation of
subsoil and the ylelding Is proposed. In the proposed analysis method, the
boundary conditions around the rigid foundation ls assumed as:

1) The rigid foundation is supported at the base by two types of spring
elements, i.e.,, a "base shear spring" and a "base vertical spring" as shown in
Fig.3. The base shear spring resists against translational motion of the
foundation. The base vertlcal spring resists against vertical motlon as well as
the vertical motion caused by rocking vibration. The rigid foundation is also
supported at the slde by a "side spring" which resists against translational
motion of the foundation.

When the rigld foundation is supported by the subsoil modeled In the above
and is subjected to an earthquake ground motion as well as considering the
effect of static force by the reaction force from the superstructure and cable
tension force in case of the anchor foundation of a suspension bridge, the
equations of motion can be written as

‘M X = Foel® 4 FuF o+ Fo°
M Y = Fo + FoF + FV° . (1)
Jo =

Mo MeT + My ® - M - MyeF - MiC
whére ‘
M, 'J : mass and Inertia moment of a rigid foundation
X, Y, 6 : absolute displacements of a center of gravity of a rigid
foundation (translation in the horlzontal and the vertical
‘and rotation)
F», Fv9 i stati¢c forces by ¢able tefision, reaction force from
superstructure, etc
Fy® : the gravity force of a rigid foundation
Fx", Fv™ i reaction forces of subsoil'at base and slde’in the
tangential direction
F»F, FvF ¢ reactlon forces of subsoll at base and side in the normal
direction S
Mx”, Mv® : moment by cable tension, reaction force from a
superstructure, ete
K, Mv"': moments by reaction forces of subsoll at base and side In
 thie tangential direction
M>:F, M." : moments by reaction forces of subsoil at base and side in
i the normal direction
The spring elements which. support the foundatlon are dlscretized and
modeled as shown in Fig.2.
2) Energy dissipation as well as restoring force Is considered in the base
vertical spring. The energy dissipation is due to the effect of Impact between



the foundation ‘and the subsoll, and it is idealized as a viscous damping.
Viscous damping force is assumed as proportional to relative velocity between
the foundation and the subsoil. The restoring characteristics of the spring s
shown in Fig.2, l.e., the spring resists agalnst compressive force and separates
to tension force. In the compression side, the spring is assumed to yield at a
certain force level and theé stiffness Is to be decreased. Therefore, the
discretized spring at the base, fyv:¥, can be written as

| 0 | : (y1>0)
P = Koi®'yi + CB Yy (yi'syi=0) (2)
Ky &' yi™ + KoiB2 (yi-yY) + C %y, (y:¥< y1)
where ‘ ‘ ‘

K. %' : initial stiffness of i- th discretized spring in the compression
side

K. ®% : second stiffness of i-th discretized spring in the compression
slde

yi” : yleld displacement of i-th discretized spring

yi ¢ displacement of i~th discretized spring

C:® : damping coefficient which represents energy dissipation due

to the Impact between a foundation and subsoil
In Eq.(2), the damping coefficient is determined from the relation between

the damping coefficient and the impact coefficient of single-degree-of-freedom
system. If the veloclities of the foundation before and after the impact with the
subsoils are assumed as v and v', the impact coefficient, e, Is defined as

e=‘—v/v ’ A R : (3)

In the case of a single degree of—freedom system, the relation between damping
ratio and velocity after and before the impact can be written as

2eb//00) = vy | (4)
Substituting Eq.(3) into Eq (4), one can have | ' | : ‘

h = vV {(In e)/( (In e)2 + (lne)®)) | (5)
The damping coefflcient C( , Is assumed as - | |

Ci® = 2hv/ (MiKyi®) N

3) The base shear sprlng Is assumed to be a bl linear type spring as shown in
Fig.2. Therefore, the base shear spring, fy: K can be written as

s 2 TRN B CH RS STUN BN STEeS 1) O
i = K>:iZ+ x4 (Clutel >KaBexi> | g fui®]) (7
[ wfoi™ ] (KaBiki<i| pfoi¥|) SR
where )
Kx:® i'stiffness of 1-th'dlseretized spring
xi : displacefient of‘l-th discretized spring




# : friction coefficient between a foundation and soil
4) The side spring s assumed to be a bi-linear type spring in the
compression side and the spring yields at the certain force level. llowever, the
damping force caused by the separation and the impact between the foundation
and the side soll is disregarded. Therefore, the discretized side spring, fi:¥,
can be written as

0 (x1 > 0)
i = Ksei™ - %1 (-x1 £ x1 £ 0) (8)
Koot x4 ™ (x1™ < -x3)

where
K»:™ : stiffness of i-th discretized spring
* 1 ylelding displacement of i-th discretized spring
xi : displacement of i-th discretized spring ,
On the other hand, similarly to the base shear spring, the friction force of
the side soil, fy:*, can be written as

B T B CH IS STON S YRS 6)
o = K%« X3 Clufsed] >Eoi®royi> | nfi™]) (9)
| ufx™ ] (KeiProyo< | pfd™ 1)
where
K,:% : stiffness of i-th discretized spring
yi + displacement of i-th discretized spring

3. SOHAKING TABLE TESTS OF RIGID FOUNDATION MODELS

‘In order to investigate the vibrational characteristics of rigid foundations
and to verify the proposed analysis method, the shaking table tests for rigid
foundation models were made™. The model used are the concrete blocks which
have width-height ratio- of 1/3 as shown in Fig.3. The léngth, volume and weight
ratios for the model A, Band C are'l: 1.65: 2.5, 1: 4.5: 15.6, and 1 : 4.2 : 10.4,
respectively. The scale of the models were determined so that the size of the
largest model C be able to be shaken within the capacity of the shaking table.
The size of model A -and B were determined so that the difference from the
largest model C be found: In the shaking table tests, concrete base floor was
prepared on the shaking table, and the model block was set on it and was
subjected to harmonic and earthquake motions as shown In Fig.4. In order to
model the effect of deformation of subsoil, a'rubber sheet was placed on the
concrete base floor, ' ’

Fig.5 shows how the rotation angle of the rigid foundation models
increases as:the peak acceleration of the shaking table Increases when the
models on the rubber sheet was subjected to harmonic excltation with frequency
of 3Hz. According to the tests, the following polints were deduced: -

- 1) When the acceleration amplitude of the shaking table exceeds certain level
the rigid foundation model starts to roé¢k. The larger foundation model is the
smaller the rotation amplitude is. Therefore, If the shape Is the same the
smaller foundation is more likely to be rotated. '




2) Since the width-height ratio of the 3 models Is assumed to be 1/3,
according to the classical rocking theory the critical acceleration which
Initiates the foundation to rock is 980/3 = 327 cm/s®. However, the test results
showed that the rigid foundation models Initiate to rock from more smaller
excitation. This is associated with existence of the natural mode of the rigid
foundation which is supported by the rubber sheet.

4. VERIFICATION OF TIE ANALYTICAL METHOD PROPOSED IN COMPARING WITIH THE
SIAKING TABLE TESTS

The shaking tests results were simulated by the analytical method proposed
in Section 2. Fig.6 shows the analytical results for the relation between the
table acceleration and rotation angle of the rigid foundation models. The rigid
models were assumed to be on the rigid base floor In Fig.6. It is interesting to
note that the experimental results, that the larger foundation Is likely to
show smaller rocking oscillation, lIs well simulated in the analysis. The critical
table acceleration for Initiating the foundation to rock is 327 cm/s , which is
quite accurately coincident with the classical theory.

Fig.7 shows the rocking amplitude vs. peak table acceleration for the
foundation resting on the rubber sheet. Stiffness and impact coefficient of the
rubber was assumed as shown in Table 1. Because the stiffness and the impact
coefficient of the rubber sheet are dependent on the model and the test case,
the average values obtained through free oscillation tests of the foundation
are used in the analysis. It Is clearly shown in Flg.7 that the critical
acceleration for initiating the rocking is sensitively affected by the rubber
sheet. The c¢ritical acceleration is much smaller than that of the foundation
restlng on rigid base floor. S o - :

In order to improve the agreement between the simulation and: the test
results the stiffness of the rubbér sheet was reestimated. The elastic modulus
obtained by shear tests of the rubber material was used in the analysis of
Fig.7. This value was obtained: under the condition that the confined effect at
the upper and lower surfaces of the rubber sheet was not considered. In the
shaking table tests, the rubber sheet was caught bétween the rigid foundation
and rigid base floor at the-upper and lower surfaces. If the upper and lower
surfaces of the rubber was confined the resulting elastic- modulus becomes 20
times larger than that obtained In the shear tests. Fig.8 shows analytical
results using this parameter. The relation between the table acceleration and
the rotation angle was obtained with better agreement with the test results as
well as the critical acceleratlon for:nitiating the rocking vibration, -

Fig.9 shows the time history of rotation angle of the model subjected ‘to a
table motlon. The -acceleration obtained on the ground around ‘the Kathoku
Bridge during the Miyagi-ken-okl Earthquake -of 1978 was ‘used: as the table
motion. The acceleration was scaled by 0.4 times (peak acceleratlion measu¥ed on
the shaking table was 196 cm/s®) and 0.5 times (that was: 243 cm/s2)::It should be
reminded here that the critical acceleration predlcted by the. clasqical rocking
theory is 980/3 = 327 cm/s>. = : o : =
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When the foundation was excited with the intensity of 0.4 times the original
record, the rocking was found during main excitation. Peak rotation angle and
‘peak translational displacement of the center of gravity of the model was
0.003rad and 2.2mm, respectively. The peak separation of the edge of the model
base was 1.5mm. When the table motion was increased to 0.5 times the original
record, those are 0.0056rad, 4.2mm and 2.8mm, respectively. -

Fig.10 shows the comparison of the time history of rotation angle between
the experiments and the analysis. The analytical results agree quite well with
the experimental results. It Is seen that the critical table acceleration for
initiating the rocking vibration becomes smaller when deformation of the
subsoll Is considered. However, the rocking amplitude of the foundation resting
on the rubber sheet is smaller than that of the foundation resting on rigid
base floor.

5. CONCLUDING REMARKS

In order to develop a ratlional seismic design method for a rigid foundation,
an analytical method for rocking and slip motions of the rigid foundation was
proposed. The method was verified in comparing with shaking table test results
of the rigid foundation models. According to the above results the following
conclusions may be deduced:

1) By taking the effect of deformation of the subsoil into consideration in
the analysis, the foundation is likely to initlate rocking at smaller table
acceleration than the acceleration predicted by the classical rocking theory.
This is due to the natural mode of the foundation. Therefore, the critical table
acceleration for causing the rocking varies with the natural frequency of the
rigid foundation and predominant frequency of the table acceleration.
Therefore, to correctly estimate the seismic stability against overturning of
the rigid foundation it is important to include the effect of subsoil.

2) The shaking table test results can be simulated by the analysis with better
agreement by considering the deformation of the subsoll.

3) Although the critical table acceleration for Initiating the rocking
becomes smaller when the effect of deformation of the subsoil is taken into
account, the subsoils do not increase the rocking amplitude of the foundation.
This is because that the natural frequency of the foundation varles with the
amplitude of rocking. ‘
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Table 1 Parameters of Elastlc Rubber Sheet
Assumed in the Analysis

Hardness Hs 65
Standard Elastic Modulas Eo 40 kgf/cm®
Values Polsson's Ratio v 0.5
Shear Modulas G 13.3 kgf/cm®

Elastic Modulas in conslderatlon
T 800 kgf/cm®
with Confined Effect

Bottom of Mode“l‘s“ Friction Coefficient 0.6

~Rubber Sheet impacf Coefficient 0.7




(1)Rest (2)Slip (3)Rotation

L

(4)Slide + Rotatlon (5)Translation (6)Rotation +
+ Jump Translation + Jump
Fig.1 Classification of Motions of a Rigid Body on a Rigid Floor
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Fig.2 Analytical Idealization for Rocking and Slip of A Rigid Foundation
on An Elastic Floor In Consideration with Ylelding of Stiffness
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Model C

WEIGHT
MODEL A 139 kgf - S
MODEL B 578 kef | Model B A
MODEL C 1,452 kef ‘
&
&
Model A .
=
O
-
u
E - —
(&)
O
(D)
l—] L—] I
20cm ~33cm | 50¢m
o N

o Loadlng Direction
: Flg 3 Rigid Foundation Models used for Shaking Table Tests

STOPPER FOR) PREVENTING
ROVE NING]

Flg.4 Set up of Shaking Table Tests.‘ ,
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ABSTRACT
A threec-year research program on
"Development of Menshin Design of Highway

Bridges" was made from Apri)l 1989 to March 1992.
Concentrated efforts were pald to develop energy
dissipating devices and falling-off prevention
devices for bridges. An appropriate design
method of highway bridges with encrgy
dissipating devices and favorable application of
the menshin deslgn to hlghway bridges were
studied. Final accomplishment of the three-year

research was compiled In the form'of "Manual fTor

Menshin Design of Highway Bridges" In March
1992, This paper outlines the Manuals.

KEY WORDS
Menshin Design, Highway Bridge, Jolnt Research
Program, Manual for Menshin Desl_gn

1. JNTRODUCTION

A three-year Joint Research Program between
the Public Works Research Institute and 26
groups consisting of 28 private firms on
"Developmént. of Menshin  Design . of Highway
Bridges” was made from April 1989 to March 1992,
This program intended to 'develop a rational
selsmlc .design “method  of ‘highway brldges with
energy <dissipating devices. The highway bridges
with -span-:length from 20 m to 100 m -were
considered as the majJor target for this Joint
ResearchProgran.

As will be discussed later;
"reduction of' response” in ' Japanese; “Although
the menshin deslgn ' Is close with
base-Isolatlon; natural pertod of ‘bridge ‘Is not

forcibly elongated In the menshin deslgn; because.
there are 'various restrictions for increasing the:

natural perlod. Instead of elongating the natural
perlod, emphasls 1s:placed In the menshin design
for Increasing ‘energy dissipating’ capability and
distributlon: of latéral force to as many
substructures: as’ possible for. decreasing lateral
force for design of substructures.

As shown In Table: 1, ‘concentrated. efforts
were pald “to 1) development -of ‘menshin (energy
dissipating) ~deviceés for highway bridges, -
development of falllng-off ‘preventlon devices
and-expanslon joints appréprlate for thé'menshin
bridges, 3) development ‘of ratléhal and simple
'menshin design  method: and . 4) - favorable

application of meénshin‘design to hlghWay bridges. .

‘In the research project;.four high dampling

rubber :bearings, -2 :s1iding friction ‘dampers, a’
steel  damper, a roller menshin® bearing a link:

bearing © and - a - viscous : damper wére newly

"menshin" means.

the-

2).

developed for bridges (refer to Fig. 1). The
menshin devices for highway bridges have to be
more compact and more weather-proof than the
base-isolation devices for bulldings since the
menshin devices are Installed at narrow and
exposed crest of bridge columns.

. The knock-off mechanism at an abutment to
ease the impact force Induced by the collislon
between the deck and the abutment (refer to
Photo 1), and a finger type expansion joint
(refer to Photo 2) which Is distinguished from
regular finger joints by the transverse movement
as well as the longlitudinal movement were also
developed.

In the research project, a simple but
rational menshin design method was developed. A
series of shaking table tests were made to study
the response of menshin bridges, and to provide
realistic data of the selsmic response of menshin
bridges (refer to Photo 3). Analysis of strong
motion records measured at a menshin bridge was
also made.

From the study to Investigate the favorable
application of menshin design, it was found that
the menshin design Is effective for constructing
super-multi-span continuous bridge with total
deck length over 1 km. Application of the menshin
deslgn for selsmic retrofit of exiting bridges and
deck connection for making existing simply
supported glrder bridges continuous was also
studled (refer to Photo 4).

The reports of the project were complled and
published by the Public Works Research Institute
In the form of the Jolnt Research Report. As well
as these reports, as the final accomplishment of
the.three-year research program, the Manual for
Menshin Deslgn of Highway Bridges was compiled.

This paper presents the outline of the
Manual.

2. SCOPES AND CONTENTS OF TIIE MANUAL

The Manual presents the selsmic design method
of highway bridges Including designh detalls when
“"the Structures Expecting Reduction of Inertla
Force", which Is specified In the "Part V. Selsmic
Deslgn" of the "Specifications of Deslgn of
Hlghway Bridges", '1s adopted. Application of the

1) Head of Earthquake Englneering Dlvision,
Earthquake Disaster ‘Preventlon Department,
Publi¢e Works Reésearch Institute, Mlnlstry of
Construction

2) Assistant Manager of Planning Division, Road
Bureau, Ministry of Construction Proper

3) Technlcal Research ‘Division, ‘Kantoh Regional
Construction Bureau, Minlstry of Construction



menshin design to selsmic stréngthéning of
substructures and connection of adjacent decks
for making existing simply supported girder
bridges continuous is also presented,

It should be noted that although the
description of the Manual Is gliven in the format
of the specifications, it merely represents the
accomplishments of the three-year research
program, and It is not the mandate specifications.

The table of contents of the Manual Is as
follows:

1. General

1.1 Scope of Application

'1.2 Definition of Terms
2. Basic Principle of Menshin Design
3. Menshin Desfgn

3.1 Géneral

3,2 Lateral Force Coefficlent  for Seismic
Coefficient Method .

3.3 Lateral Force Coefficient and Equlvalent
Lateral Force Coefficlent for Bearing
Capacity Method

3.4 Characteristics value for Menshin Devices

3.5 Computation of Natural Period of Bridge -

3.6 Computation of Modal Damping Ratlo of

: Bridges
4. Design of Menshin Devices

4.1 Basic Principle for Design of Menshin

Devices

Design of Laminated Rubbpr Bearlngs

Deslgn of Lead Rubber Bearings

Design:of High Damping Rubber Bearings

Design of Steel Dampers * .

“Deslgn-of Fric¢tion:Dampers
Design of Viscous Dampers
Design:ofiRoller Dampers

5. Dynamlc Response Analysls

5.1 General-

5.2 Dynamic Response Analysls Method

5.3 ‘Analytical Models .

5.4 ‘Design Seismic Forces

5.5 Check of Safety .

6. Deslign Detalls

6.1 General : -

6.2 Gap between Structures

6.3 Falllng-off Prevention Devices

6.4 Knock-off Devices : '

6.5 Details of Expansion Joints

7. Approving Tests of Menshin Devices

7.1 General ‘

7.2 Approving TeStS‘ . for
Requlrements for Dynamic Loads

7.3 Approving Tests . for .~
Requirements for Statie Loads

Pl NN
= N - S RN

8. Selsmic Retrofit of Existing Brldges wlth Use

of Menshin Design

9. Application of Menshin- Deslgn for Maklng
Exlsting Simply - Supported Glrder Brldges
Continuous

Appendlces ‘
1. Procedure of Menshln Deslgn K )
2. Menshin Devices for Highway Bridges

‘ Cbnflrmln‘g

Coriflrmlng'

3. References: for Dynamic Response Analysis

4. Expansion Joints and Falling-off Prevention
Devices for Highway Bridges

5. Deslgn Example of Prestressed Concrete
Bridges

6. Design Examples of Steel Girder Bridges

7. Design Examples of Super-multi-span
Contlnuous Bridges

8. Design Examples for Selsmic Retrofit

9. Deslgn Examples for Making Exlisting Simply
Supported Glrders Continuous

10. Standard Acceleration Ground . Motions
Recommended for Dynamic Response Analysls

3. BASIC_PRINCIPLE OF MENSHIN DESIGN

Whether the menshin design should be adopted
or not has to be declided based 6n the advantages
of Increasing energy dissipating capability from
not only selsmic safety but function at normal
time.

In general, menshin design can be adopted
with advantage for the following conditions:

1) bridges on stiff and stable solls

2) bridges with stiff substructures with short

natural perfod
It is recommended that the natural period of the
bridge designed by the menshin deslign is at least
1.5 times longer than that of the bridge without
menshin devices. Such elongation of the natural
period of the menshin bridge makes the coupling
vibration so small that the deformation of the
bridge be ¢concentrated at the -menshin devices..

The: most Important decision of the menshin
deslgn {s how much Increase of the natural .period
be made. In Japan solls are generally very. weak
at  the bridge. construction sites. Slgnificant
earthquakes with magnitude over.8;, which produce
long " perfod ‘ground -motions, occur. at shorter
recurrence perlod than other countries. Taking
account such- evidences Into account, -the design
selsmic force level Is take very high for design
of highway brldges in -Japan: In comparison with
the: selsmic force level adopted in U.S.A.; New
Zealand and Italy. ‘The natura)l period at'.-which
the design acceleration decrease .with increasing
the - natural period .is taken longer, l.e., 1.1
second for type I solls (stiff site); 1.3 second
for type H solls (medium site). and 1.5 second for
type i soils (soft sofls). Therefore, - the
advantage for: reducing deck: response can be
realized only by elongating the natural perlod
longer than 1.1 ~1,5 second.

- :llowever elongatlon of the natural perlod
brings -.the' Increase of the . deck .response
displacement, and this requires the adoptlon of
JoInts with long legs. This is, however, a cruclal

requirements diffleult to adopL, n particular,

for overdrossing In city area ‘because It causes
nolse’ and vibration pollution, which s the most
serlous’concern In ¢ity area. Furthermore it will
have the -dlsadvantage -for malntenance because
replacement of: the damaged expansfon- Jolnt due

to trafflc load as well as the pavement adjacent:




to the joint has to be frequently made.
Based on these reasons, it Is not adopted to
forcibly elongate the natural perlod In order to
decrease the deck response acceleration. It is
therefore more appropriate to adopt the concept
of base Isolation not for elongating the natural
period but for Increasing energy dissipating
capabllity. Distribution of the Inertia force to
as many substructures as possible, which is the
practice adopted in Japan for long time, Is also
significantly advantageous.
Therefore basic principle recommended for
introduclng the base Isolation to highway bridges
in Japan {s as follows :
1) Distribute the fnertfa force to many
substructures so Intentlonally that the
fnertla force be distributed equally by
selecting the spring stiffness of the
isolators. Simultaneously, reduce deck
response by Increasing energy dissipating
capabllity by means of damper.

2) Do not forecible elongate the natural period,
but select the natural perfod so that the
resonance of the bridge with solls be

avolded.
Such design criterfa s no more the
"isolation” of the "base". Therefore it Is

proposed to call the deslgn concept as "menshin".
The "menshin" means "reduction of selsmic
response”‘in Japanese.

In menshin design, bridges can be designed by
following the standard static deslgn method
(static frame analysis). More precise approve of
the selsmic safety can be made by the dynamic
response analysls, If required. In such analyses,
the menshin devices (Isolators and dampers) are
Idealized by as a .set of equivalent lnear
springs. Equlvalent stiffness and the equlvalent

damplng ratio of the isolator and damper are the'

major parameters used {n the analyses. In the
static frame analysis, natural perlod of the
bridge can be computed for each selsmic design
structural unit as :

T=201/3 §))

o dwicu® '
6= Swivu ' (2)
where’

T : natural perlod (sec)

wi t'dead welght. . (tf/m) of the selsmic
deslgn structural  .unit (super
structure and substructure above the
ground :surface assumed iIn selsmic
design) at point "i"

i lateral -displacement (i) deveéloped In

the selsmic -deslgn structural unit at

point:"{" when subjected to.wi In the

direction considered In'deslgn

Damping ratio of the brildges Is computed as

e

VE Kél‘ u 9;2" Y
h T ZKerrusioeq . (3

N V.1 hewr ,_hr@i-H?
Cor=Rott Ty Krui Ke0

o

K BI ' K1 ' Kei*H”
Kpi K rui Kr0,

cy= 1+

where

h : Modal damping ratio of bridge

h ¢ ¢ Danping ratio of I-th damper

h r1 : Damping ratio of I-th pler/abutment

h rui ¢ Damping ratlo of {-th foundation
assoclated with translational
movement

hr @ :Damping ratio of i1-th foundation
assoclated with rotation

Ket: Equlvalent stiffness of {-th
pler/abutment

Krur ! Translational
foundation

stiffness of {-th

Kr6@:1: Rotational stiffness of {-th
‘foundation
u st ¢ Design displacement of i-th menshin
device

H ! Helght from the bottom of pier to the
gravity center of deck
Eq.(3) glve the approximate estimation of the
damping ratio of bridge assuming that translation
and rotation of the foundation are developed
only by the inertlia force of the deck. When the
effect of the Inertla force of plers and
abutments for evaluating the translation and
rotation of the foundation c¢an not be
disregarded, it i{s appropriate to compute the
modal damping ratio as :

n
SduT hi - Ky-dug
. d=l
h = FIT K B, (4)
where
d 1y : Mode vector of Jj-th structural
component for {-th que ‘
hy : Damping ratio of j—thv structural

component
K : Stiffness matrix of J-th structural
component
#1771 Mode vector of bridge for I-th mode
K : Stiffness matrix of bridge
Table 2 shows the damping ratio recommended
for structural components for Eqs.(3) and (4).

4. DESIGN FORCE IFOR MENSHIN DESIGN

In menshin desigh,” the menshin devices are
désigned by the Selsmic Coefficlent Method and
the Bearing Capaclty Method. 'In‘both method, the
ldteral force Is statlcally appliéd té the bridge,
and the selsmlc safety Is examined based on the
allowable stress -deslgn approach In the Seismic
Coeftidlent Method ' and bearing capacity basls
considering’ dudtility In the Bedring Capadity
Method. - Brldgés “are  deslgned by the Selsmic



Coefflcient Method, and then the ductility s
checked for reinforced concrete plers by the
Bearing Capacity Method.

In the Selsmic Coefficient Method, the design
lateral force coefficfent k n Is given as

Kn=c¢z-Ca*'ci-cr ce'Knoza0.l
where
cr cez0.8 ‘ (5)
where
K »n ¢ Lateral force coefficient

¢ z : Modification factor for 7one (refer to
Fig. 2)

¢ ¢ : Modification factor for ground condition

(refer to Table 3)

c ¢ Modification factor for Iimportance
(refer to Table 4)

¢ v : Modification factor for structural
response (refer to Table 5)

¢ e : Modification factor for energy
dissipation capabllity (refer to Table
6)

K no : Standard design horlzontal selsmlc
coefficient (= 0.2) .

Those factors excluding c¢ £ are the ones
specified In the Speclfications of Design of
Highway Bridges. The modification coefficlent ce
takes a value as shown in Table 6 depending on
the first modal damping ratio of the bridge.
Reduction of the deslign lateral force as large as
20 % i{s proposed in the Manual.

In the Bearing Capaclity Method, the lateral
force coefflelent k no and the equlvalent lateral
force coefficient k ne are given as

K no

Kne= ""——”—2-——"5'——1- =20.3 (6)

Kno=cz*ci*Ccr Ce"Knoo (7)

where )
K ne ¢ Equivalent lateral force coefficient
for Bearing Capacity Method
K no ! Lateral force coefficlent for Bearing
Capacity Method :
¢ = : Modlflcation factor for zone (refer to
Fig. 2)
¢ : Modlification factor for Importance
(refer to Table 4)
r ! Modification factor for structural
response (refer to Table 7) .
e : Modiflcation factor for  energy
dissipation capablllity '
k noo': Standard lateral force coefflclent
for Bearing Capaclty Method (=1.0)
I Allowable ductility factor of
reinforced concrete plers
The modiflcation factors excluding ¢ e ate
the ones-speclfied In the Specifications of Design
of Highway Bridges. The modification factor :c e

depends on the modal dampling ratlio of the-

bridge, and takes a value of Table 8. Reduction
of the design force as large as 30 % is proposed.

5. DESIGN OF MENSHIN DEVICES

5.1 Characteristics Yalue of Menshin Devices

In the menshin design, the displacement
assumed in deslgn for the devices u s (design
displacement of menshin device), the equivalent
stiffness Ko and the equivalent damping ratio h
p of the menshin device are the key factors. They
are evaluated as:

(1) Deslgn Displacement of Menshin Device
The deslgn dlsplacement of menshin device Is

evaluated as

up= —K2 Wy s ¢ Method) (8
Ks

up= —KeeWe 5 ¢ Method) (9)
Ks

where
» : Deslgn displacement (m) of menshin

device
: Lateral force coefficient by Eq.(5) for
Selsmic Coefficient Method

K no: Lateral force coefficient by Eq. (6) for
Bearing Capaclty Method

K s : Equivalent stiffness (tf/m) of menshin
device

Wu : Welght of superstructure (tf)
supported by the menshin device

(2) Equivalent Stiffness and Equivalent Damping
Ratlo

The equivalent stiffness and the equivalent
damping ratio of menshin:device are evaluated
from the hysteresis loops as

K g F{use)— F(-usE) (10)
2u e
AW
he = 27 W (1)
where -
Kw : Equlvalent stiffness (tf/m) of menshin
device
: Equlvalent damping ratio of menshin
device
: Effective deslgn dlsplacement (m) of
menshin device, and Is glven as
Use=Cp‘UB (12)
u e ! Deslgn displacement (m) of menshin
device

¢ n. i Modification coefflclent for evaluatlng
the effective deslgh displacement (=0.7)

F(u) ! Lateral force required to produce u

for the menshin device
W : Strain energy Induced In-menshin device
assoclated with ¢ se displacement (refer
_ to Flg: 3)

AW : Energy dlsslpated ln menshln devlce per




cycle (refer to Fig. 3)

5.2 Requirements for Dynamic load

(1) Menshin devices have to be designed and
fabricated so that thelr equivalent stiffness Ko
and equivalent damping ratlo hs be within + 20
% of the design values, The equlvalent stiffness
K & and equivalent damping ratio h s for this
requirement have to be evaluated by Eqs. (10) and
(11), and they shall be the ones averaged overKs
and h s from 4th to 10th loading hysteresis
among 10 cycllc loading reversals with harmonlc
displacement of ¢ ee. This {is because deck
acceleration and displacement are within
tolerable range when the scatter of equlvalent
stiffness and the equivalent damping ratlo are
within 20 % of the design values. However, the
devices which produce unstable hysteretic
behavior should not be adopted.

(2) Ménshin devices have to be stable against 50
cycles of harmonic loading with displacement of
u s. The number of 50 was determined from the
fact that number of load reversals developed
during a major earthquake may be about-30. About
50 % tolerance was included in 50,

(3) Deck should return to the rest position even
after it was subjected to a large ecarthquake.
Therefore the residual displacement developed In
menshin devices after smoothly releasing from
the deformed displacement of us by Eq. (9) has
to satisfy

ver=0.1'us (13)
where

u sr ¢ Residual displacement (cm)

ug .

Design dlsplacement(cm) of menshin
device by Eq. (9)

(4) The equivalent stiffness and the equivalent
damping ratio of menshin devices have to be
stable against the change of load condition at
normal time, change of hatural environment such
as the temperature change and cyclic loading
developed by an earthquake. Stabllity has to be
examined agalnst the followlng requirements:

1) cyclic loading due to elongation and
shrinkage of deck due to the temperature
change and the active load

2) effect of loading hysteresls

‘3) varlation of vertical loading

4) effect of loading rate

5) effect  of pre-deformation due to ¢reep and
shrinkage

6).direction of exéitation

7) change of the equlvalent stiffness and the
equivalent damping ratio depending on the
temperature change

5.3 Requirements for Statle Load

(1) Materlals and mechanism of menshin devices
have:to glve credlt to -long term use. They have
to be stable agalnst cyclle elongation and

shrinkage of deck due to temperature change.

(2) Menshin devices have to be stable against
local shear strain. Check of the local shear
strain has to be made in accordance of "3.6 Design
of Rubber Bearings” of the "Design Guldelines of
Bearings".

(3) For rubber-type menshin devices, the creep of
rubber in vertical direction due to dead weight
of superstructure shall not exceed 5 % of total
thickness of the rubber.

(4) The equivalent stiffness of menshin device at
~10°C normalized by the equivalent stiffness at 40
‘C shall not exceed 1.5. Because the temperatures
of -10°C and 40°C is for moderate climate area, at
cold area they have to be decided based on the
approprlate site condition.

(5) Menshin devices have to have appropriate
Initial stiffness so that harmful displacement of
deck due to non-seismic lateral force such as
wind effects be avolided.

6. APPROVING TESTS OF MENSHIN DEVICES

6.1 General

Because the menshin device Is one of the the
important structural components of menshin
bridges, thelr requirements have to be well
approved by the tests. There are various types
of menshln devices for use of bridges. Based on
the mechanism for producing the energy
dissipation, the devices may be classified into
three groups as

(a) displacement dependent type,
(b) friction force type, and
(c) veloclty dependent (viscous) type.

The approving tests for the menshin devices
are presented in the Manual for each of the three
types.

6.2 Approving Tests for Dynamic Loads

For approving the requirements for dynamic
loads presented In 5.2, the following approving
tests are provided in the Manual.

(1) Approving test for conflrmlng the equivalent
stiffness and the equivalent damping ratio
(2) Approving test for conflrming stableness
agalnst 50 cycles harmonic load reversals with u
s dlsplacement
(3) Approving test for
displacement requirement
(4) Approving tests for conflrming stableness
agalnst varfation of load conditlion at normal
time, change of natural environment such as the
temperature change and cyclic loading developed
by an earthquake. These tests Include :

(a) Stableness agalnst Cycllc Load Reversals

Some menshin devices have the dependence of
the equlvalent stiffness and the equivalent
damping ‘ratfo on number of cyclic loading.
Because considerable change of these parameters
durlng an ecarthquake produces bridge response
significantly different from the one assumed In

confirmlng residual



design, 1t Is not desirable.
(b) Stableness against Load Hysteresis

In some menshin devices, the equivalent
stiffness and the equivalent damping ratio
depend on the past experience, in partlicular, the
largest deformation ever experlenced. Such
dependence of K& and h s on the hysteresis ever
experfenced Is slgnificant, it produces different
bridge response during an earthquake, Therefore,
effect of load hysteresis has to be examined.

(c) Stableness against Change of Compresslon
Force

Compression force applled to the menshin
devlce due to dead welght of superstructurc may
change associated with the error Involved in
construction stage  and scttlement of
substructure. If the menshin device shows
significantly different stiffness and damping
properties due to such change of compression
force, it brings different structural response .
Therefore, stableness of the equivalent stiffuess
and the equivalent damping ratio of menshin
devices have to be checked.

(d) Stableness agalnst Change of Loading Rate -

Because loading rate to the menshin devices
i{s not the same during excitation, dependence of
the equivalent stiffness and the equivalent
damping ratio on the loading rate has to be
examined.

(e) Stableness agalnst Pre-deformation -

Menshin devices often start to deform from
the displacement drifted to the rest polnt. This
is actually developed If an earthquake occurs
when the menshin devices deform due to. the deck
elongation assoclated with temperature change
and shrinkage = of concrete. Because the
equilvalent stiffness and the equivalent damping
ratio depend on the amount of -such
pre-deformation, thelr propertles have to be
checked. '

(f) Stableness against Temperature Change

Menshin device have to be stable against
dafly and yearly change of temperature.

6.3 _Approving Tests for Statlc Loads

For approving the requirements for -statlc
loads presented in 5-3, the following tests are
required.

(1) Approving test for conflrming dulablllty and
stableness agalnst cycllc loading assoclated with
the dally and yearly elongation and shrinkage of
deck. : o

(2)- Test for evaluatlng the stiffness of menshin
devices subjected- to: extremely low-rate
deformation such as the one encountered due to
yearly temperature change and concréte- creep.
The stiffness of the: menshin :device during. such
low-rate. deformation is quite Important In statle
deslgn for computing the lateral force developed
in-substructures due to the temperature change
and shrinkage of concrete,

(3) -Approving test for confhmlng the dependence
of the equlvalent stiffness of menshin device on:

temperature.

6.4 Two examples of the Approving Test

Approving test methods presented In 6.2 and
6.3 are precisely described in the Manual for
cach of the displacement dependent type devices,
frictfon force type devices and the velocity
dependent type devices. As the example of such
approving tests, the test method for confirming
stableness against cyclic loading and the test
method for confirming the effect of loading rate
are briefly described for the displacement
dependent type devices In the following.
(1) Approving Test for Confirming Stableness
against Cyclic Loads

At the room temperature of 20°C apply 10
cycles of harmonlc lateral load to the menshin
device with loading displacement of u e computed
by Eq. (9) or smaller and with the frequency of
0.5 Hz. The vertical load equivalent to the design
dead load shall be simultaneously applied. The
equivalent stiffness and the equivalent damping
ratio from the test have to satisfy Eqgs. (14) and
(15).

: | Kes~Keml =0.3 (j=1 )
Rxe= ——=l-282ml =
Y Ker K 8 £0.1 (3=4 -10) (19)
i hes-heml =03 (J=1.2.3)
Rne= h s = (J=4,5---10) (15)
where,

R ke i Varlation ratio of equivalent stiffness
Rnc : Varlation ratio of equivalent damping

ratlo :
Ky : Equivalent ' stiffness at j-th load
reversal(tf/m)

Kew ¢ Averaged equivalent stiffness by Eq. (16)

h sy 'Equlvalcnt damplng ratio at j-th load
reversal

h sw : Averaged damplng ratio by Eq. (17)

1 10

Kpw= —— ZKay (16)
7 J=1 .
1 10 o

hsw= —— T hey - - 17)

7 J=1
Belng different with Egs. (10) and (11), the
equivalent stiffness and the equlvalent damping
ratio for the approving tests are deflned as

F{up)— F(-u's)

Ko= CYI o (18)
AW : ‘
ho = T W (19)
where
- Ks'! Equivalent stlffness (tf/m) of menshln
" devlce .
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s ! Equivalent damping ratio of menshin

_ device
us : Design displacement (m) of menshin
device )
F(u): Lateral force (tf) required to
produce u displacement for the

menshin device
W : Strain ecnergy (tfm) induced In menshin
device assoclated with u s displacement
(refer to Flg. 4) ‘
AW : energy dissipated In menshin device per
cycle (refer to Fig. 4)
(2) Approving Test for Confirming the Stableness
agalnst Loading Rate
At the temperature of 20°C apply 10 cycles of
harmonic load with the displacement equivalent
to elther 100 % of the total thickness of rubber
or * 15 cm. Frequency of the load reversal shall
be 0.1 Hz, 0.5 Nz and 1.0 Hz. The equivalent
stiffness and the equivalent damping ratio have
to satisfy Egs. (20) and (21).

I K Bm)"K B I

Rur= £ 0.2 (J=1,2) (20)
K Bio
Rnp= ABEmzheml g, g
h Bt
where,

Rt : Variation ratio of equivalent stiffness
R nt ¢ Varlation ratfo of equivalent damping
ratio
K emi, Kemz, KbBm= ! Equivalent stiffness by
Eq. (16) at frequency of
0.5 Hz, 0.1 Hz and 1.0 HzZz,
respectively
h g1, h Bma, h Bz Equlvalent, damping ratlo
by Eq. (17) at frequency of
0.5 Hz, 0.1 Hz and 1.0 Hz,
respectively

7. CONCLUDING REMARKS

Excluding speclally long-span bridges, 1t Is
not easily adopted for highway bridges to reduce
the lateral force by forelbly eclongating the
natural  period, because seismic force level Is
very high even at long natural perlod, and
because the Increase of deck' response
displacement brlngs varlous pxoblems such as
environmental pollutfon. Therefore the menshin
deslign, which ~ places emphasis not on the
forcible elongation of the natural perlod but on
the Increase of energy dissipating capabllity and
distribution of Inertla force of. superstructure
to ‘as many . substructures  as
proposed. By the menshln design, It ls proposed
to decrease’the lateral force as large as 20 % for
the Selsmlc Coefflelent Method and 30 % for the
Bearing Capaclty Method.
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Prevention Device for Isolated Bridge
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2.2 Falling-off Prevention Device O

00

3. Development . of Design Method. for - Isolated
Bridge o - R ‘
3.1 Design Philosophy o .

3.2 Dynamic Responce. Analysis Method

3.3 Design Method of "Device “for Isolation

3.4 Simplified ' Design . Method

3.5 Design Method of Expansion Joint. and Fall-
ing-off Prevention ‘Device '

00000

4. Application ‘of Base Isolation to Bridge
4.1 Application to Prestréssed Concrete Bridge
- 4.2 Application. to Steel Bridge .
4.3. Application to- Multiple Super-long Bridge
4.4 :‘ Application-‘to Seismic Retrofit
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Table 2 Damping Ratio Recommended for Structural Components

Structural Componehts Steel Concrete
Superstruc‘tures 0.02~0.03 0.03~0.05
Menshin Device Damping Ratio by Eq.(11)

Pler/Columns 0.03~0.05 0.05~0.1
Footing 0.1~0.3

Table 3 Modification Factor for Ground Condition c a

Ground Group 1 Il 11}

C, 0.8 1.0 1.2

' Table 4 Modification Factor for Importance c

Group c, Definition

Bridges on expressway (limited access highways),
Ist  class 1.0 general national road and principal prefectural
: . road. Important bridges on general prefectural
road and municipal road.

2nd - class ‘0.8 | Other-than the above

Table 5 Modification Factor for Structural Response c

Ground Group Structural Response  Coefficient ¢
| T<0l [0ISTS1I| 11<T
Orowp 1 1o = 269752100 ¢ = 125 |c, = 133100
| T < 02 02STS13| 13<T
Growp 1L 1o = 205182100 o = 125 |c, = Lag
) T <034 [034 STS15] 15<T
Orowp Il Ve = 180752100 ¢ = 125 |c = 1e4rs




Table 6 Modification Factor for Energy Dissipation Capability c &

Damping Ratio h -

Modification Factor ¢ -

h < 0.

1.0

.h =2 01

0.9

Table 7 Modlflcatlon factor for Structural Response CR

TS TR

e
ety

Ground Group

Structural Rcsponsc Coefﬁcxcnt

CR .

Group 1

[N

14 < TEQ
= 0.876Ty

Group 1I c

R

Ty < 018
= LSLTP207 | o = 085

0.18 2 T <1.6

R

Cx

16 < Ty,
= LI6T

_T < 029

‘ LR ~
Group III Cﬁ 151T m>o7

(BQ=

'cRr-‘ 10

029 S TyoS 20|
e

20 < T
= 159‘r -

Table 8 Modiﬂcation Factor for I‘nerg—y Disslpating Capablhty

Damping Ratio h

Modiflcatlon Factor cEe’

h<01.

1.0

04;;h<0J2

0.9

0. 12S h«O 15

0.8

015sh

- b’o?
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Fig. 1 Menshin Devices Developed
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Fig. 3 Definition of Equivalent Stiffness and Equivalent Damping
Ratio of Menshin Device for Design of Menshin Device




Lateral Force

Lateral
Displacement

Fig. 4 Definition of Equivalent Stiffness and Equivalent Damping
Ratio of Menshin Device for Approving Tests

" Photo 1 Knaqkféfmbhtmént'



Photo 2 Expansion Joint Movable in Longitudinal and
Transverse Directions

Photo 3 Shaking Table Tests for Studying Structural Response
of Menshin Bridges




Photo 4 Deck Connectlon of Existing Bridge
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GUIDELINES FOR SEISMIC DESIGN METHODS OF LLARGE UNDERGROUND STRUCTURES

Hajime ASAKURA", Kazuhiko KAWASNIMA® and lifdeki SUGITA®

ABSTRACT

Outline of the Guidelines for Seismic Design
Methods of Large Underground Structures Is
presented. This s one of the fInal
accomplishments of the 5-year Minlstrial
Research Project on Development of Utilization
of Underground Space which was made between
1987 and 1992, Description is given to selsmic
deslgn methods proposed for"the Lateral Long
Underground Structures, L'atérally Wide
Underground Structures and Vertically Long
Underground Structures. '

KEY WORDS

Underground Structure, Seismic Design,
Selsmic Deformation Method, Shield Tunnel,
Disaster Prevention Systems »

1 INTRODUCTION ‘

Utilization of . underground  space Is
becoming slignificant importance in urban ‘area
in Jaban because of varlous restrictions for
getting open space for new construction. The
Minlstry of Construction Initlated a 5-year
Research Project - on - "Development - of
Utillzation Technic of Underground -Space" in
1987. The Public Works Research Institute,
Buflding Research: Institute and Geographical
Survey Institute. worked together in the
Research Projects. One of the maln research
targets of the Project was to develop rational
selsmic deslgn methods of large underground
structures embedded In soft ground.

For executing the Research Projects, joint
researches were made between the Public Works
Rese,arc':‘h Institute and Advanced Construction
Technology Center. As one of: such joint
researches, the Jolnt Research on Development
of Selsmic - Design - Method of : Underground
Structures - was . conducted between . the
Earthquake Engineering Division of the Public
Works ~ Research Institute, - Advanced
Constructlon Technology Center and 8 private
firms (.- .Fujita, -Kajima; -: Taisel, . Toblishima,
Hazama, Okumura, kounolke -and simizu)i-

. Including the research results - obtained
through the Jjoint -research": with -Advanced
‘Constructlon - Technology . Center, - the.: final
dcconplishments of the S-year Research Project
was complled in March 1992, The results of

investigations on the selsmic design methods of
underground structures were complied in the
form of "Guldelines for Selsmic Design Methods
of Underground Structures"®, Because the
selsmic  design methods for the underground
structures with small dlameter such as the
petroleum plpes® and water pipes™, and
common utility ducts® were already in use, the
Guldellnes show the selsmic design methods for
larger -underground structures than those
faclllities.
This paper outlines the Guldeiines.

2 SCOPES AND CONTENTS OF THE GUIDELINES

The Guldellnes presént the seismic design
methods for large underground structures
constructed In:soft ground in city area, As
shown In Fig. 1, uniderground structures may be
classified, based -on their structural response
characteristlics, into three groups as

T
Q )

TR BRI P

{a) Laterally Long Undergiound  (c) Vertically Long Uﬂdergmund
Structures ‘ Structures

W W 4(%%% >.
(b)’ Laterally Wide Underground Structures
Fig.1 Classification of Underground Structures

1) Laterally Long Underground Structures
Long underground: struétures embedded
laterally along ground surface. Seismlic’ force
along -their axes Is the major effect of an
earthquake for such structures.
~2) Laterally Widé Underground Structures”
Widely spread underground structures along

1)Directer, 18t Research Department, Advanced

Construction Technology Center

2)Head, Earthquake - Engineerlng  Division,

'Public'Works Research Institute

3)Research Englneer; ditto
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the ground surface. Shear stress along the
surface of structures assoclated with shear
deformation of ground due ‘to an earthquake Is
the major seismlc effect,
3) Vertically Long Underground Structures
Long underground structure in vertical
dircction. Shear stress along the. surface of
structures associated with shear deformation
of ground due to an carthquake Is the major
seismic effect.

The scismic safety requlred for design
depends on the type,utilization and Importance
of the structures. Therefore, seilsmic design
methods which are requlred for underground
structures are presented for the three types
In general sense In the Guidellnes.
Underground highways, underground parking
space and common uti{lity ducts were Imaged for
developing the Guidellnes.

It should be noted that .although the
description is glven .In the format of the
specifications, it 1Is not the mandate
speclfications. It - merely describes the
research results.

The table of contents of theé Guidellnes is
as follows:.

1 General
1.1 Scopes
1.2 l)eflnltlon 'of Teritis
2 Baslc Prlnclple of Sefsmic Deslgn
3 Loads and Loads Combination for Seismic
Design
3.1 Loads and Loads Combination
3.2 Selsmic Effects
3.3 Inertia Force
3.4 Deslgn Ground Displacement
5 Dynamic Earth Pressure
" 3.6 Deslgn Shear Stress around Surface
3.7 Classlfication of Soll Condltion
3.8 Input Ground Motion for Dynamlc
Responsc Analysls
3.9 Soll Spring Stiffness
4 Selsmic Deslgn Method of Shield -Tunnels
4.1 General
4.2 Selsmic Désign Method In Axlal Direction
4.2.1 Basle Principle of Seismle Design
4.2,2 Seismic Design by Seismlc beformation
Method
4.2.3 Equivalent Stiffness of Shleld Tunnel
without Second Llning ! :
4.2.4 Equivalent Stiffness of Shield 'I‘unnel
with Second Linlng " e

‘Deformation

major: - selsmic
'structlires; - - The

4.2.5 Evaluation of Selsmic Safety
4,2.6 Dynamic Response Analysis
4,2,7 Minimum Refnforcement of Second
Lining In Axlal Directlon
4.3 Seismic Deslgn Method In Transverse
Direction
4,3.1 Basic Principle of Selsmic Design
4.3.2 Selsmlc Deslgn by Secismlic Def‘ormatlon
Method
4.3.3 Dynamlc Response Analysls
4,3.4 Evaluation of Selsmic Safety

5 Selsmic Design Method of Latcrally Wlde
Underground Structures
5.1 General : '
5.2 Selsmic Design by Seismlc Deformation

Method
5.3Dynamic Response Analysis

6 Selsmic Design of Vertically Long
Underground Structures
8.1 Basic'Principle of Selsmic Design
6.2 Selsmic Deslgn by Selsmic Deformation

Method
6.3 Dynamic Response Analysis -
6.4 Evaluatlion of ‘Selsmic Safety

T Structures Expecting Reduction of Selsmlc
Effects
7.1 General
7.2 Flexlible Joints
7.3 Structures Reducing Stiffness of Ring’
_ Joint of Shileld Tunnel
7.4 Isolation of Underground Structires

from Surround Subsoils .

:8 Earthquake Disaster Prevention Systems for
Underground ‘Highways ‘ :
8.1 General :

8.2 Fear and Anxlety of- Drlvers ‘agalnst an’
Earthquake

8.3 Factors Causing ‘Fear and Anxiety to
Drivers at Underground lighways

8.4 Baslc Countermeasure’ agalnst Earthquake
Disaster o

3 BASIC PRINCIPLE 'OF: SEISMIC DESIGN : -

Selsmic ‘design of: underground structures
is recommended to be fade by the Selsmie
- Method®. In. -the  Selsmié
Deformation Method, = the ~displacément’ and
deformation developed:  In the isubsurface
ground durfng an earthquake are takénas the
effects: - to - underground

+ gelsmic :
underground :struétures:1s-distingulshed by the
small mass effect and the large damping ratlo
from regular struétires on ground; fie:, -

40—
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Flg.2 Selsmic Zoning Map and Modification Coefficient ca

a) mass effect {s small because unitt welght of
underground structures 1Is In most cases
smaller that that of subsurface ground, and

b) damping is very large because radiational
damping due to energy disslpation from
underground structures to subsolls |s very
large. . :
Therefore, it 1s assumed in the Seismic

Deformation method  that during an earthquake

underground structures deform following the

deformation of subsurface ground. Modelllng of
underground structures has to be made so that
structural response of the: underground
structures be correctly representéd. Because
the: Increase .’o‘_f stress ' and- deformation of
underground structures due to selsiic effects
are evaluated by the Selsiilc Deformation

Method, . the stress and deformation actually

developed ‘during an earthquake have to be

computed' by ‘adding them with those. developed
due--to the-static loads such as ‘the  dead
weight.

‘Evaluation - of selsmic safety- - of
underground structures .can be made by elther
the Allowable ‘Stress ‘Design' Method or the
Bearing  Capacity Deslgn ‘Method. In the
Allowable Stress Deslgn Method the stress and
thée dlsplacemernit: developed - In - structual
components are required to be less than the
allowable stress and ‘allowable displacement.
In the Bearing Capaclty Design Method the
sectional forces developed - In structural
componehts are required smallér that those of
dynamlc béaring ‘capacity of strudtural systems

- consldering ~ ductility,  Displacement  of
- structures are also ‘required to ‘be smaller
than the critical displacemént. .

Flg.3 Deformation of Subsurface Ground

Table 1 Classification of Ground Conditfon

GROUND CONDITION DEFINITION APPROXIMATE ESTIMATION
GROUP 1 Ta <0.2SEC TERTIARY OR OLDER
GROUP II 0.258To<0.65EC | ALLUVIUM AND DILUVIUM
GROUP 111 0.88ECSTo SOFT ALLUVllfM

After the design by means of the Seismic
Deformation Analysis, dynamic response
analysis Is recommended for the underground
structures with complex structural response.

4 LOADS CONSIDERED FOR SEISMIC DESIGN
In  selsmlc design of underground
structures, the dead weight, the earth
pressure, the water pressure, the uplift force,
the ground settlement and the selsmic effects
are to be conslidered. The ‘loads have to be
combined so that the most critical stress or
displacement be developed. As “the -selsmic
effects, the following loads have to be
consldered:
(1) Inertla Force
The lateral force coefflcient has to be
evaluated as ’
Kn=Cz-Cs*Cu Kno (1)
where,
kn : lateral force coefficient
¢z ¢ modification factor for zone (refer
to Flg. 2)
¢a ! modification factor for ground
condlition (refer to Table 1)
cu ¢ modification factor for depth, and Is
evaluated as
v Ceuw=1.0-0:015%2 ' (2)
<2 ¢ depth:from ground surface (m)
Kro t standard lateral force coefficlent

Assumed In Seismic Deformation Method
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(2) Design Ground Displacement
The design ground ' displacement . is
cvaluated ‘depending on the depth and the
distance as (refer to Fig: 3):

u(z.x)=—$—~ “Ts- cos(—-——) sln(~~-—) (3)

where, , : ; s
u(z,x): Design ground displacement (m) at
depth z (m) and at distance x (m)
S+t Deslgn velocity response spectrum at
design base rock (cm/sec); and is
determined as : -
Sw=¢% Svo o (4)

¢z ¢ Modlficatlon factor for zone (refer
to Fig, 2)

Svo ¢ Standard velocity response spectrum
(cm/sec) at design base rock, and is
glven by Figi 4:for the Allowable

" Stress Desfgn Methdd and by Fig.5
for the Bearing Capacity Deslgn
Method

Tz : Natural period of subsurface ground

(sec), and s evaluated as
Te=1.25'Ts (5)

Te=45% ~nme- (6)

Hy : Thickness of {-th soll layer (m)
Ve ¢ Shear wave velocity of i-th soll
layer (m/sec)
L : Design wave length (m) of ground
motion
2l L=z
L=~ n
Li,L= ¢ Deslgn wave length (m) at
subsurface ground and base rock,
respectively, and are determined as
Li=Tg Veo (8)
LE = TB ‘ VBDB (9)
Vep ¢ Averaged shear wave velocity of
subsurface ground (m/sec)
Ve=oe ! Shear wave velocity at design base
rock (m/sec)

(3) Deslgn Shear Stress around Surface

At the surface of underground structures
contacting with solls, the design shear stress
around surface has to be applied to the
underground structures as shown in Fig. 6.

o0 UMz} Ground Surface ulz)

"//////’

Subsurface Ground

z=H

RZAZA Bese-Rock
Fig.6 Design Shear Stress around Surface

The design shear stress -around: surface is
glven by Eq. (10). If the deslgn shear stress
around surface by Eq. (10) !s larger than the
strength of - solls around the ‘underground
structure, the deslgn -shear stress around
surface shall be the strength of solls.

relSseetesinGE)  (0)

where. ‘
¢ Deslgn shear. stress around surface
(6£/m®). :

Sv-t Design veloclty response spectrum at
deslgn base rock (cm/sec), and ls
glven by Eq: (4)

Gb ¢ Shear modulus of subsurface ground
(t£/m=)

Ts ¢ Natural perlod of subsurface ground

Mo, 2k S e 0

ey
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(sec), and Is computed by Eq. (5)
H : Thickness of subsurface ground (m)

(4) Dynamic Earth Pressurc

Dynamic carth pressure by Eq. (11) Is
applied to side wall of underground structures
as shown In Fig. 7.

0 U(Z) Ground Surface u(z)
‘ /4 /
otk / C:IC:ZN:Z? o0

Subsurface Ground

2zl
AN Bese-Rock
Fig.7 Dynamic Earth Pressurc
p(z)=Ks

where,
p(2)

{u(z)-u(ze)) (11)

: dynamic earth pressdre per unit
area (tf/m3) at depth z (m)
ki : spring stiffness of soils per unit
area (tf/m=)
u(z) : Deslgn ground displacement (m), and
is glven by Eq. (3)
& : Depth of base of underground
structure (m)

(5) Input Ground Motions for Dynamic Response
Analysis
Design acceleration response spectrum at
design base rock is glven as
S=¢z-¢n- So (12)
where, '

S : Design acceleration response
spectrum (cm/sec) at deslgn base rock
: Modlfication factor for zone (refer

to I'ig. 2)
Co ! Modli‘lcat.lon factor of damping ratlo,
and Is glven as

o
o

Cp == ~um====-40,5 (13)

h: ¢ modal damping ratio of critical
S ¢ Standard acceleratlon response
spectrum at deslgn base rock, and Is
given by Flg. 8 for the Allowable
Stress Pesign Method and by Fig. 9
for the Bearing Capacity Design
Method
Input . -accelerations. for :time response
'analysls shall be elther selected from strong
motlon records which have the close response
spectral characteristics with S by Eq. (12) or
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Standard Acceleration Responsc Spectrum
(Allowable Stress Design Method)
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Fig.9 Standard Acceleration Response Spectrum
(Bearing Capacity Deslgn Mecthod)
obtalned by adjusting. the strong motion
records In frequency domaln so that the
acceleration response spectrum be matched

with S by Eq. (12).

5 SEISMIC LARGE
TUNNELS
5-1 Secismic Design Method in Axial Dircctlion
(1) * Selsmic Deslgn by Selsmic Deformation
Method

Shield tunnels are constructed by
assembling a number of segments, ring bolts

-and segment bolts as shown in Fig. 10.

DESIGN METHOD OF SHIELD

" Although there may be varlous ldeallzations of

shield tunnels as shown In Flg., 11, the
idealization of shield tunnels as a beam with
equlvalent stiffness may be the most
approprlate for selsmlc design. Assuming a
shleld tunnel as a beam, elastically supported
by sSubsurface ground, with -equivalent
stiffness as shown In Flg. 12, the selsmic forces
developed in the shield tunnel are evaluated



SEGMENT JOIRY

I'lg.10 Segments and Joints of Shicld Tunnel Lining

by the Sclsmic Deformation Method as™ :

Ph= a® ~’51:‘5'-‘~ (EAYS (14)
Bhe o7, ~’—’L'—’3"-~ (EAYSo (15)
Pz a% -’3-(—‘3['-:-'3’-”9--(13/\) (16)
PL=a™ —’-’-(—‘311:3-"-?i)—(EA)Iq (17)
M= a 254-’-&;'-"-(131)@.:. (18)
M= a 3—‘33;:5'—"—(131)6.:. L)
Qn=a z-§-ﬂfg—'1(EI).;q , (20)
Qu=a y‘f-”L—;‘—'i(Ene.:. (21)

where,

PSP ¢ Compression and tensiqn’j force (tf),
respectively, 'developed due to the
deslgn ground displacement in

Spring Elements: Spring Elements Beam Elements

L

;a0 1AW U
Shel)
U'H: Elements

{a) Finite Element Model

]
i
]
(]
i

/Tenslon
+ 8

Cpmpreséloh

Flexural Stiffness Axial Stiffness

] . —
(6) ldealization by Beans with Equivalent Stiffness
Ig.11 ldeallzation of Shleld Tunnel

lateral direction

PS,Py": Compression and tenslon force (tf),
respectively, developed due 'to the
design ground displacement in
vertical directlon’ :

Mn,Mv : Bending moment in horizontal
plane and vertical plane (tf-m),
respectively : '

Qn,Q+ : Shearing force In horlzontal
plane and vertical planc (tf),
respectlvely .

(EA)S4,(EA) s @ Equlvalent compiession
rigldity (tf) and equivalent tension
rigldity (tf) of shield tunnel, and
is glven by Egs.(31) and (32) ‘

(El)eq : Equlvalent flexural rigldity (tf),
and Is glven by Eq. (35)

un : Design:lateral ground displacement (m)
at depth of gravity center of shield
tunnel, and is glven by Eq. (3)

u. : Design vertical ground displacement’
(m) at depth of gravity center of
shleld tunnel, ‘and {a'given-as 1/2 of

L : Design wave length (m), and'is give by
Eq. (T) '

af, af,az &s: Coefficlents to

‘réprésent the degree of transmission
of response displacement from the
subsurface ground to shield tunncl,
‘and-1s glven by Eqs. (22) ~ (25): -

Ring Jolnt K.

 Fig:13 Axlal Stiffness of Segments-Ring Jolnts
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M ERE (26)
R »/_;45 ‘ : :
- * ;'_\({Z‘_(EA_)I.:. ) A : (,27) ‘
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LEeve'L (30)
’ _K-;:IA, :‘ K‘:I:Z',' KqB:SOiISprlng In - ‘ )

longitudinal, transverse and
vertical direction, respectively
(tt/m)

(2) Equlvalent Stiffness of Shleld Tunnel
without Second Lining

1) The equlvalent stiffness of shield tunnel Is
different between tension and compression as
shown In Flg. 13. The equivalent rigldity Is
computed by Eqs. (31) and (32).

(EA) §a=EsAs (31)
1

DX LT RS tolAs 2

(FEA) o4 (Ka/K)+1 E=A (32)

where,
(EAYS+ : Equivalent compression rigldity
(t)

(EAYs4: Equivalent tension rigldity (tf)

Es ¢ Elastlc modulus of shield segments
(t£/m=) .

As : Sectlonal arca of segment- ring (m%)

ls : Length of segment (m) in axial
direction

Ks : Stiffness of segment-ring (tf/m),
and Is glven by Eq. (33)

Kg=—--~~- (33)

K¢ : Tenslon stiffness of total
rlng—Jolnts (tf/m), and Is given by Eq.

(34)

Ks =n-Kko (34)
ks : Tenslon stiffness of a ring-joint

(tf/m)

. n: number of ring~Jolnt
2) The equivalent flexural rigidity of shield
tunnel is computed as shown in Fig. 14, and is
glven by Eq. (35)®

=

COs~ ¢

where,

Ny
[N

T\

‘e

Flg.14 Flexural Stiffness of Shicld Tunnel
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Fig.16 Modcl of Shield Tunnel, Ventilation Tower and Subsurface ground

Equivalent flexural rigldity of
shield tunnel (tfm=)
E= : Elastlc modulus of segment (tf/m*)
I= : Moment of Inertla of segment (m*)
¢ : angle measured from center line to
neutral line (rad), and Is given by
solving the followlng équation :
1 Kas .
P rcOt B = (~omtrmmmmmans) (36)
2 BsAsz/ls

(EDeq :

(3) Equivalent Stiffness of Shield Tunnel with
Sccond Lining

General description for evaluating the
equivalent stiffness of shleld tunnel ®With

second lining s difficult because It depénds .

on the spring action of axlal reinforcements of
the second lning. Based on a serles of m@dgl
loading test results at the Public: Works

Research Institute™ '™ as shown In Flg. 185, lt
Is -Known that as well as the segments the .

second lning reslsts to the compresslon force.

However, to the tenslon force the Interaction

between the segments and the second lining
depends significantly on the damage developed
in the second lining and at thelrln‘gﬂolnts. It
may be classifled into four steps as shown in
Table 2.

(4) Evaluation of Seismic Safety by Dynamlc
Response Analysis

~In the dynamic response analysls, shield
tunnel Is generally ldeallzed by a elastic beam
with the equlvalent stiffness as shown in Fig.
16. The subsurface ground lIs ldealized by
efther finite element model or spring-mass
model, and the nonlinearity of sofl stiffness is
modeled by the equlvalent 1{near method “Input

’.ground motion ls prescribed at the base-rock.
‘Evaluation on spatlal variation of: lnput motfon

at the deslgn base rock Is very lmporLanL

(5) Mlplmum .Axlal Relnforcement In Second
Llnlng
For avolding the concentr‘ation of the

_ Adamage at only selected ring- Joints as shown In
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Table 2 Damage Degree of Shicld Tunnel with Second

Lining

SECOND LINNING

SEGMENT (OUTER LINNING)
SECOND (INNER) LINNING

Step : Damage Degree

I All sections In st and 2nd Mnings are In elastic. No damage.

I Cracks In 2nd 1ining around ring only at ring jolnfs

JoInt but at other sectlons.

HI | Cracks In 2nd lning around ring occur not only at ring

fallure Is to be developed.

IV | Contact between the 1st lining and 2nd llnlng Is lost. Final

Fig. 17, it is requlred to provide the minimum
reinforcement In the second. lining In tunnel
axls as .
As=(AL' 0 L-Pr)/ 0o Ls (37)
where,

As : Minlmum relnforcement required for
second lining in longltudinal dlrect,lon
(cm®)

Ac : Sectlonal area of second lining (cm®)

o L : Tenslon strength of second

lining(kgf/cm?®)

¢ Le ¢ Tenslon strength of relnforcement in

second lining (kgf/cm®) v

Pr : Tenslon strength of ring jolnt(kgf)
yand takes the smaller value between Pa
by Eq.(38) and Pe by Eq.(39).

Pasn-pa v (38)
Pe=m- pe o (39)
where,
Pa lenslon strength of anchor
relnforcement(kgf)

Pe ! Tension strength of ring. bolts(kgf)
n : Number of anchor. relnforcements per
ring joint

m : Number of ring bolts per rlng Jolnt

‘Pt Tenslon strength of an anchor bolt(kgf)

Pe ! Tenslon strength of a ring bolt(kgf)
5-2 Scismic Design. Mgthod in Transverse
Direction

The selsmlc design of shleld Lunnel in
transverse direction is generally made as ¢
1) Ideallze the shleld tunnel as a rlng with
equivalent stiffness, .
"2) Conslder soll sprlngs,
ring, . which represent
lnteraction.
3) Evaluate the design ground dlsplacement.

arbuhd_ the tunnel
the soll-structure

SECOND LINNING
TENSION CRACK

4 )
O &= HF gy |
O Sroment e
] _ |y )
(85 o as |
FAILURE OF JOINT
(&) Insufficlent Reinforcement
- ¢ LTENSION CRACK
G TG s
TENSM’CRACKS

— .
S %‘3—"

" PROPAGATION OF CRACKS

" {b) Enough Reinforcement
Fig.17 Minimum Reinforcement Requlred in

Second Lining for Preventlng Concentration

-of Damage at only, Selected Ring Joints
the design shear stress around surface and the
Inertia force at the center of gravity of the
shleld tunnel,
4) Divide the design shear stress around
surface and the fnertla force into the
compohents In  tangenflal and  normal
dlrections, "and apply them to the shleld
tunnel. The design ground displacement is also
divided into the components in tangential and
normal directions, and apply them to the shiéld
tunnel ‘through the soll springs,
5) Computé the Increase of force, due to
selsmic effects, developed In the tunnel rings,
and’ ‘
6) Evaluate the force, developed In the tunnel
rings, during an earthquake by adding the
force of 4) with the force developéd due to
statlc loads

- When the following assumptions can be made
for the shleld tunnel and subsurface ground,
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Flg 18 2nd Model Refornatlon of Fourier Serrles
assumed for Tunnel Ring

the fofce lncrease,: due to l;he selsmlc effects,
developed ln the tunnel ring can be easlly

computed, k )

1) The subsurfac_e ‘ground 1Is elastic and
homogeneocus, » . , .

2) 'The fundamental mode Is slgnificantly

prodomlnant in theé subsurface ground,

3) 'I‘unnel Fing is elastic, . .

4) The  inertia force to Lhe tunnel ring Is
negllglblv small, ‘ o

5) Depth of soll to the shield tunnel ls large
enough; :and .the shield tunnel Is ‘not in ‘close
proximity of the deslgn base-rock,

G) Sal,urat,lon of the deslgn shear stress around_ ,
‘;urf‘ace at the shear strengt,h of solls: :Is.

dlsregarded and -

) The soll spring can be evaluated based on;:
force vs. displacement relatlon of an elastic’_
rlng placed in lnflnlte elast,lc “homogeneous :

materldl as shown In Fig. 18.,

'I‘he assumptlon 7) requlre more explanatlon -
Conslder an elastic ring which Is placed In the,
lnf‘lnlte elastlc materlal From Lhe dlsplacementz .
of -the rlng by applylng a dlstrlbuted load, Lhe,
soll spring may be cvaluated by Eqs. (40) and .

(41). S T
_i120r Do eyt
k"'—',R, Cr | S (40)
2Gp TR
kl‘|.= """ +Cr' Gt (41)
i (41)
. . in= S
o 5 : ~:n=Y sl
O ey g A
3-4v o =
0 in=0,1

Cn'= { (43)
n2-2v o(nel)

where,
kn : Spring stiffness assoclated with the
displacement in normal (or tangentl'al),
“direction due to the force in normal ’
(or tangentlal) dlrection(tf/m®)
kn' : Spring stiffness assoclated with 'the'
dlsplacement in normal (or tangential)
direction due to the force in.
tangontlal (or normal) dlrectlon(tf/m”)
i 'Elastic’ modulus of‘ subsurface
soils(tf/mz’)
R : Radlus of shield tunnel rlng(m)
v'o’t Polsson's ratlo of subsurfdce’ ground
‘n: mode humber In terms of Fourlier serleq
When the soll spring can be represented by
Egs. (40) and (41), the incrcase of force,
developed in shleld tunnel ring, due to the’
selsmic ‘effécts ‘may be represeénted as

M SRS

ey s

| m=',3'3;-%%’%-U;;éih(——z-}i;—) C-sin20  (45)
Q-8 3&,;‘2‘% sin(Z ). C-cos20  (40)
N=- 8 3—}%:;—;?}% sln(-z-ﬁ:}) (l (-;(—:":"-l C
v-sanB : ‘ -‘ . ’(4"1)
C’(e:‘é‘;‘S'Qé;”“}?i';g(%‘g';:>"éi o (49)

where.\

M Bending moment of tunnél ring per unlL
length(tf-m/m)

Q : Shear force developed ln tunnel ring "
per unit- lengt.h(tf/m)

N : Axial force developed’ ln t;lmnel rlng

U per unlt’ length(tf/m)

6 : ‘Angle méasured ‘from: crest of tunnel
rlng(rad) T '

Hg: Thiekness of subsiirface s6ils(im)
H Depth ‘of the gravlty centér iof shield
“‘tunnel £from the ground: surface(m)

R : Radlus of tunnel rlng(m) v
“BI V' Fléxural rlgldity of tunnel ring per S
unit length(tf m“/m) |
* (o'l Shear modulus of subsurf‘ace
ground(tf/m'a) K
"y 87 Polssen's ratlo of sﬂbsuﬂl‘ace g‘t‘ouhd
Uh : Deslgn ground dlsplacement at; ‘the”"
ground su)‘f‘acé, éﬂd ‘Is glven by Ed. (3)
* BT ModIfleatibn faétor FOF hlghet‘ order
modes ( l 3 )
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Fig.18 Shear Stress around ‘Surface, Dynamlc
Earth Pressure and Incriia’ Foree for Seclsalc

Design of Laterally Wide Underground Structurcs

Fig.20 Two Dimensional Finite Element Idcallzation

6 SEISMIC DESIGN METHOD OF LATERALLY WIDE
UNDERGROUND STRUCTURES

The - shear stress -around - surface {s
slgnificant In selsmic design.of-the Laterally
Wide. Underground Structures. The increase of
force, 'developed in. the. structures, due to
selsmic effects.are computed by -applying: the
deslgn = shear - stress : around surface,  the
dynamic earth pressure and thé inertia force
as shown in. Fig. 19, - : co .

.Dynamic ; response. analysls is: recommended
for the Lateérally Wide:Underground Structures
with the following conditions : - v
1): For :the underground structures constructed
In :subsurface .  ground :with = slgnificantly
irregular soll condltion in-either-vertical of
lateral - . direction.'  The . .condition : where
frregularity of the' surface. or ‘the . design
base-rock s slgnificant 1Is also the- one
recommended -for-the dynamic: résponse analysis.
Two dimensional finite element ideallzation as
shown: In- Fig, 20 1is recommended -for such
analyses, . P AP .
2) For:.. the. underground . structures with
significant. .. ‘out-of-plane. deformation.
Analytlcal . models: -as:-shown in Flg. 21 1s
recommended for such  structures.: . In.  the
models, the subsurface ground Is recommended
to be ldeallzed by the mass-spring ‘model with
one: or two layers In vertical direction‘and the
Laterdlly: Wide =~ Underground: - Structure - ls
ideallzed: by plate elements; shell:and. solid
elements. '

Fig.21 Idealizatlon by Plate Elements and
Shell Elements

7 SEISMIC DESIGN METHOD OF VERTICALLY LONG
UNDERGROUND STRUCTURES ; _

Because the' deslgn shear stress around
surface Is predomlnant In the Vertically Long
Underground Structures, It Is important to
evaluate it carefully. Flg. 22 represents how
the selsmic forces are .appljié(l to - the
structures. There are structures wlth,.?large
sectlon, which shows significant deformation in
lateral directlon as well, Sh‘el_ll elements and
solld él‘ements are recommended for the

Direction of E}tcltalIOn

(Ob (Ob 10K

i

(a)’ Dynaric ~{b) Shear Force” around
..; Earth Pressure - Surface

Fig.22 Selsmic Effééts to Vertically Long
‘.- Underground Structures - -

Direction of Excjtotion

“(¢) Inertia Force
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analysis of such underground structures.

8 EARTUQUAKE DISASTER PREVENTION SYSTEMS
FOR UNDERGROUND HIGHWAYS
8-1 General

Although selsmlc deslgn Is, of course, hade
for constructing underground highways, there
are always conslderable “anxlety for selsmic
safety. When an ecarthquake occurs at' the
situation where drivers have much anxliety
about selsmic safety, - ‘féar 1is llkely 'to be
amplified to cause panle. Therefore- although
selsmlc  design Is of course essential
fmportance for reduclng seismic damage, it Is

by FSM for Fear and Anxlcty

also Important to mitigate fears and anxicty of
drivers agalnst safety during an earthquake.

8-2 Fear and Anxiety of Drivers agalnst an
Earthquake

Fear and anxléty which are 1likely to be
induced In drivers when they Imagine
"underground highways" and "earthquakes" were
analyzed by the Value Engineering Method. It
was found from the analysis that there are two
typbes of fear and anxlety. The first is the fear
and gnxlety which are always possessed by
drivers agalnst the Image of "underground
hlghways", and the second is the fear and
anxfety agalnst the accidents which are likely
to be developed during an ecarthquake:
Although some of them are infantile
Imaginations from the professional sense, It Is
important to know how the drivers feel agalnst
"underground highways" and "earthquakes".
(1) Fear and Anxlety Always Possessed by
Drivers v :
a) Fear and anxiety from latent sense to the
underground structures

Fear and anxiety come from various latent
sense to the underground hlghways such as
darkness, -narrowness .and dirtiness In
comparison with the on-ground highways.: They
also  comé from unexperienced driving on
underground, unfamiliar - sense and
Insensibility to time and directlion.
b) Fear'and anxlety agalnst driving

Fear. and anxlety are sometimes developed
even. -only : antlcipating to drive “on
underground highways. The typlcal sénses are

e e

s L o i e v
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the difficulty to know where they are driving,
Hmited vistbility and possible bad manner of
drivers.
¢) Fear and anxiety against environment

They come from antictpation that the
environment may be worse at underground
highway than at on-ground highways, such as
Insufficient facilities for services and rest

room and difficulty for access to other
facilitles. Little change of scenery and
clreumstance and possible Insufficlent

maintenance for service facllitles also cause
the fear and anxlety. Sometlmes they are
induced even from imaging that there may be
few drivers at the underground highways.

(2) Fear and Anxlety against Possible Accldents
during an Farthquake
a) Fear and anxiety assoclated with possible
influence of damage

Fear and anxlety are developed agalnst
possible Influence to drivers due to structural
damage, damage of' non-structural components
and crash of cars. Submergence and fire are
the most typical scenario for such fear and
anxlety. They are also induced by looking at
the occurrence of panfc, break-down of
electricity and accidents.
b) Fear and anxiety
countermeasures ’

Some drivers have fear and anxlety because
they do not know how to respond to emergent
situation, where dlsaster prevention facllities
are and ‘how to operate them due to thelr
inexperlence.
c) Fear and anxlety agalnst evacuation

Fear -and anxiety are Induced by imaging
unsuccessful evacuation from underground
highways. For example, they have the fear and
anxiety agalnst the possible difficulty to know
where the evacuation and refuge space are,
possible long time required for evacuatlon.
Insufficlent sign for dlrectlon and rush of
refugee.
d) Fear and anxiety  for
Information for damage and refuge

They come from the anxiety for not be able
to get enough information on damage situation
and ‘evacuation. Drivérs at underground
highways ancipate that they could not get'the
Information on what damage was developed ‘on

agalnst emergency

insuffictent

ground, and that the ‘information may  be
fncorrect - even If they could get the
information. - ' i

c) Fear and anxlety agalnst traffic accldents
This 1Is not necessarfly unique to the
underground highways. Fear and anxlety are

Induced against snake-like driving'" and
collislon of cars due to sudden brake.
8-3 Factors Causing Fear and Anxlety to

Drivers at Underground Highways
There are various factors causing fear and

anxiety to drivers during an ecarthquake.
Because the factors are complicatedly coupled,
their structure was analyzed by the
Interpretive Structural Modeling Method and
the Fuzzy Structural Modeling Method. Flgs, 23
and 24 show some of such analyses. Based on
the analyses, the most baslc factors (the
lowest factors identified from the analyses)
causing fear and anxiety to drivers during an
earthquake may be represented as :
(1) Fear and anxlety ‘always possesscd by
drivers

a) sense of closing and .isolation

b) complex routes

c) lttle separation between automoblles and

pedestrians

d) Insufficient education for trarfic morals

e) Insufficlent environmental control

d) difficulty for access to other facilities
(2) Fear and anxlety against possible accéldents
during an earthquake

a) vulnerablility of facilities

b) vulnerabllity of cars

¢) unexperlenced response

d) Insufficlent evacuatlon facilities

€) fnsufficlent evacuation control systems

f) Insufficlent disaster Informatlon systems

g) unexpected obstaclés on highways

h) vibration of tunnel

8-4 Baslc Countermeasures agalnst Earthquake
Disaster

It Is the most Important to take
countermeasures agalnst the most fundamental
factors causlng fear and anxlety of drivers
during an earthquake. Because the
contribution of each factor is different, the
countermeasure’ have to be taken consldmlng
thelr effectiveness. The Analytlcal lllerarchy
Process Analyses were made to identify the
predominant factors for causing fear and
anxlety of ‘drivérs, and it was found from such
analyses that the followlng moasurcs may be
effactive ¢

(1 Simulation of envlronments of on-ground



highways

It Is baslc to simulate the environments of
on-ground hlghways so as to prevent drivers to
have strong feeling to be driving on the
underground highways., It s effective to make
the space large enough so that mental pressure
due to the scnse of closing and Isolation be
small. It [s effectlve to have sun-light at
underground.

(2) Positlve utillizatfon of advantage of
underground v

Because ground shaking at underground s
smaller than that at the ground surface,
positive education of this feature may be
important. It Is also important to educate that
the evacuation to the ground surface Is not
the only one chofce for drivers during an
carthquake, because underground structures
arc sometimes more safe that the on-ground
structures.

(3) Disaster cducation and disaster prevention
training ‘

Because there are varlous fear and anxlety
which come from wunawareness of dlsaster
prevention systems such as the unawareness of
where the disaster prevention facllitles are,
more efforts are required to educate drivers
on dlsaster prevention systems. Distribution
of pamphlet for educating the disaster
pkeventlon systems may be essential;
Construction of disaster prevention center,
which Is In most cases constructed at the
corner of the underground space difficult to
see from drivers, at the place where drivers
can see caslly may be an effective way for
obtaining the trust from drivers. Posltive
advertisement of such disaster prevention
systems may be effective.

(4) Traffic control systems

Nice traffic control systems are fmportant.
It Is required to shut-down the trafflc to
enter the underground highways after a
slgnificant earthquake.

(5) Emergency Faclllitles

Rellable access to the ground surface
whlch can be used even after a significant
carthquake is requlred However as was pointed
ouL In (2), it Is" not the only one cholce for
drivers to evacuate to the ground surface. It
may be more rellable to construct stable
shelter In underground so that drlvers could
evacuate Into Lhe ehelter in case of emergency.
(8) Formulation of disaster Information system

It Is required to provide the dlsaster

informatlon system for showing whal are
happenlng on at on-ground soon after the
occurrence of an carthquake. Such mon{toring
system of the on-ground scenery may be also
effective at normal tlme to mitigate the fear
and anxlety to be in underground. It should be
noted however that the Information systems
which can provide Information by only letters
and volce are not sufficient enough, because
Insufficient amount of Information {s ltkely to
amplify the fear and anxiety of drivers at
underground. Visible monitoring systems is the
most effective way.

9 CONCLUDING REMARKS

The preceding pages presented the outline
of the Guidelines for Selismic Design Methods of
Large Underground Structures. Because it s
antlcipated that more use of underground
space for varlous purposes  such as
underground highways and parking Is going to
be made due to varfous restrictions of
utilization of on-ground land, active use. of
the Guldelines for designing large underground
structures is exbected.
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SEISMIC RESPONSE CONTROL OF HIGIWAY BRIDGES BY VARIABLE DAMPER

by

Kazuhiko Kawashima', Shigekl Unjoh® and Hideyuki Shimizu®

ABSTRACT

This paper presents analytical. and
experimental studies on the dynanic
characteristics of a variable damper developed
at the Public Works. Research Institute.

Effectiveness of the varlable damper for selsmic
response control of hlghway bridges s
analytically Investigated. A small-slze model of
the varfable damper is developed and the dynamic
characteristics through the dynamic loading
tests Is also presented.

KEY WORDS
Seismlc Response Control, Highway Bridges,
Yariable Damper, Small-Size . Model, Dynamic

Loading Tests

1. INTRODUCTION

‘The varlable damper"® {s a viscous damper in
which  the viscous - damping force lIs varlable
depending on the response of highway bridges as
shown in Fig.1. That is:

1) ‘The damping coefficient of the variable
damper 1is .taken large during a small deek

vibratlon: so that the damper has the same

function as. a fixed bearing support against the
braking load of vehlcles. It is movable agalnst
actions with low-velocity such as an elongation
of deck by temperature change.

2) When the amplitude of deck vlbratlon becomes
larger up to a certaln. level durlng an
earthquake, the ‘damping coefficient. is .decreased
so that the energy disclpatlon be optimum and the
jnertla force - of - superstructure to
substructures be decreased approprlately.

.3) Furthermore. when the vibration amplitude.of
the deck becomes excessive, the damping
coefflclent is, gradually Increased In. order to
suppress the excessive amplitude, Therefore, the
damper has.a function as a stopper with & shock

absorber. .'I‘hls s to prevent the Impact response:

by the sudden operation .of the stopper®.

Therefore,‘ the varlable damper. hes the
advantages . of ., usual . -viscous damper
stopper""”. a passlve .energy dissipator and -a

stopper with a shock absorber function.
. The concept. of the .variable damper, In, which

the damping charaoterlstlcs can:ibe. varlable'

dependént.on the situation,. ‘has been eff’ectlvely
adopted in a field of mechanlcal engineering, in
partlcular in a suspension-system for .an alrcraft
and an automoblle. .An. actlve suspenlen to
lmprove drlvlng comfortablllt:y and stabllity of
the -automoblle is one of the exanples®®,
However. it is a new Idea to apply the varlable

damper for highway bridges based on the concept
of distributing the f{nertfa force of a
superstructure to substructures. ‘

Although varfous types of the variable
damper can be made, the simplest one may be as
shown in .Flg.2. The basic component is an
cylinder-type viscous damper. A by-pass pipe is
Installed between the cylinder-cells divided by
the piston. The damplng characteristics of the
dampelr can be controlled by varying the amount
of flow of viscous material which passes through
the by-pass. Slnce varfous technology for
controlling such - material flow has Dbeen
developed, the variable damper is most promising
and near to the practical use. Furthermore, the
external energy required for the operation s
slgnificantly smaller in the variable damper than
in active control devices'®,

This paper presents analytical and
experimental studles on the  dynamic
characteristics of a varlable damper developed.
The effectiveness of the variable damper. for
selsmic response control of highway bridges is
analytically Investigated. A small-size model of
the varlable damper Is developed and the dynamlc
characterlstics through the dynamic loading
tests Is also presented.

2. SEISMIC RESPONSE ANALYSES OF HIGHWAY BRIDGFS
WITH VARIABLE DAMPERS v

2.1 Selsmic Response Analysis Method of Muitl-
Degree-of-Freedom System with Varlable

Dampers

The equatlons of motion for a ‘l—lhear
multl degree of~freedom system with the variable
dampers may be written as

Mx+(C+Cv)x+Kx~~MxO (1)

in whlch M C and K represent mass, damping and
stiffness matrices of the system, respectively. x
and Xo denote. displacement vector of the systenm
and- an earthquake ground motlon; respectively.
Cv denotes a damplng matrix of the varlable
dampers and Is assumed as

1) Head of Earthquake Engineering Divislon.
Earthquake Disaster Preventlon Department,
Public Works Research Institute, Minlstry of
Construction :

2) Research Englneer, ditto o

3) First Research Division, Fukushima
construction Offlce, Tohoku Reglonal
Construction Bureau, Ministry of Construetion
(Formerly- Asslstant Researéh Efnginéer of the
Earthquake Englneering Divislon," Publlc wOrRs
Research Institute) .
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w= T enV (2)

enY = ':—:,! -X:] (3)

in which ¢i;¥ and ne represent damping matrix of
the variable damper, which Is Installed between
the i{-th node and the j-th node, and a number of
the varfablé dampers Installed, respectively. V is
the damping coefficient of an each variable
damper and is glven as a function of relatlive
displacement and relative velocity between the
nodes where the varfable dampers are installed.

Although there are varlous methods to
prescribe the damping matrix 'C, it is assumed
here to be written as Eq.(4) assuming that the
damping matrix C can' be djagonalized by the
modal matrix.

€= (@) dlag(2hrww) (&) (4

in which, @ denotes a modal matrix of the system
and diag{2hk ® 1) denotes a diagonal matrix with
elements of 2hkw x (K=1,2,3,+ « + +': mode number),

Sihée- Cv is time-varying, Eq.(1) has to be
solved by a direct integration method. According
to the above analytical method, a computer
program "VDAM" which éan’ analyze earthquake
response of ~a multi-degree-o6f-freedom system
with the variable dampers was developed.

2.2 ¥ighway Bridge Analyzed and Analytical
Conditions

In order to ‘investigate the &fféctiveness of
the variable damper, a simple span gl¥der
bridge, as shown in Fig.3, with a span length of
30m Is analyzed. ‘The response In ‘longitudinal
direction "Is considered. Although the variable
damper has better applicabllity ‘for multi-span
continuous glrder bridges, the slmple span girder
bridge is taken as an analytical model here for

simpliclty. The superstructure of the model Is’
supported by elasti¢ isolators in longitudinal’
direction and the varlable ‘dampers are assumegd
to be installed between: the superstructure and:

the pler top.

The model can -be  assumed as a
single-degree-of-freedom osclllator If 1t Is
assumed that the deformation - of the
superstructure Is negliglbly 'small and ‘that the
plers are ldeallzed as a Mnear spring. Therefore,
the damping coefficlent of the varlable damper.
V, can be written as

V = Ve Kp he : | -’(5)

in whlch ma, Ke ‘and hv- represent mass of. the
superstructure, a combined sprlng -stiffiiess of
elastic Isolators and plérs; and . required

damping ratlo for the varlable damper,
respectively, The weight of the superstructure
and spring stiffness of the isolator are assumed
as 241.5tf and 640tf/m, respectively. The flexural
stiffness of plers Is assumed so that the
fundamental natural perfod of the model be 0.5sec
when the both bearing supports are hinged. The
stiffness of Isolators result in the fundamental
natural period of 1 sec for the model with elastic
isolators.

Damping ratio of the varlable dsamper hwv
defined by Eq.(5) can be variable dependent on
both relative velocity and relative displacement
between the superstructure and the pier top.
Only analytical cases in which the damping ratio
Is varied with the relative deck displacement are
shown here for representing the cfféctiveness of
the variable damper although the
velocity-dependent variable damper was also
studied.

Six cases in total are analysed as shown in
Fig.4. In Case 1, the variable damper is not
installed, l.e., no control. In Case 2, the damping
coefficlent of the damper h: is assuned
iIndependent on the relative deck displacement.
The damping ratlo h: is varled as a parameter to
be Investigated. Cases 3 and 4 are cases for
lnves‘tl'g‘atlng‘ the effectiveness of the stopper
with a shock absorber for- preventing excessive
deck displacement. The damping ratio increased
from hy, to ha. dependent on relative deck
displacement: In Case 3, a weak stopper, l.e., a
stopper with a shock absorber Is assumed and the
damping ratio hz s assumed to be 3. In Case 4,
the strong stopper is assumed and the damping
ratio ha {s assumed to be 500. ‘The displacement at
which the stopper Inltlates to work is assumed as
2/3 of the peak relatlve deck displacémént du of
Case 2. This displacdement s defined hereafter as
a deslgn displacement of'the variable damper. The
designidisplacement of the varlable damper du is
7.7cm as wlll be shown In Case 2. Case 5 s a case
for Invéstigating the efféctivéness of the
stopper for suppressing small deck displacement
caused by vehlcle loads. Thé danping ratio ls
increased frém hy to hz In the Fange ' of the
relative displdcement from =1/6dv to 1/6d.. Case
6 Is a combination of'Cases 3, 4 and 5. :

An accelératlon ground motion shown in Fig.5
Is". used as an  Input acceleration., The
acceleration, recéorded on the ground around the
Tsugaru = Bridgé durlng ~ the Nihonkai-Chubu
Earthquake of '1983, was modified so that the
response spectrum - matches with the target
spectrum. The acceleration’ spectrum, “which is
specifled In'-"Part -V - Selsmlc Déesign" of  the
"Design Speclifications’ for Highway Bridges", for
the ‘¢heck  of bearing - capaclty of reinforced
concrete ‘plérs on  soft ‘soll site' (ground
condition 1), Is assumed as the target spéctra,

' When' the varlable damper {s'not provided, the
modal damping ‘ratlo ‘of the model : brldge ls
assumed to be 2% of crltlcal in the abo‘ve cases,
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2.3 Effectlveness of the Varlable Dampers for
Seismic Response Control of Highway Bridges

Fig.6 shows how the peak deck response and
force developed at the pler vary In accordance
with damping ratio h, for constant damplng (Case
2). The peak deck displacement monotonously
decreases wlth Increasing the damping ratio h,
and become almost stable for the damplng ratio
equal or greater than 2. The peak deck
acceleration takes minimum at the damping ratio
hy of about 0.5. This Is because the function:as a
damper stopper becomes predominant rather than
an energy dissipator. The shear force and
bending moment at the pler bottom with increase
of the damping ratio h, in a similar manner with
the peak deck acceleration.

On the other hand, as the damping ratio
increases the maximum damping force developed In
the varlable dawper Increases, while stroke of
the piston decreases. Total energy dissipated
during the excitation takes maximum value at the
damping ratio of about 0.2,

Based on the analysis, the most appropriate
damping ratio h: Is considered as 0.5, which makes
peak ~‘deck displacement and maximum bending

moment-at the pler bottom decease to 31% and 37%.

of those wlth no control, respectively. The
damping force and peak stroke of the plston
requiréd fro this control are 34.7tfx 2 =
and 7.7cm, respectively.

Assuming hi as 0.5, the effectiveness of the
stopper with a 'shock absorber was analysed.
Fig.7. compares the deck displacement ‘and

acceleration as well. as damplng force of -the.

varlable damper for Cases 2 - 4, In Case 4, the
pulse-type ~response developed .. by strong
operation -of ‘the stoppers is seen In the damping
force of the variable damper. Fig.8 compares the
peak response.and peak damping force.for Case 2
- 4. Comparing Case 3 with Case 2, the peak deck
response slightly decreases while maximum forces
at the pler bottom Increase only:7%. The maximum
damping force of Case 3 developed in the varlable
damper becomes 1.73 times that of Case 2, and the
peak stroke decreases by about-10%. The decrease
of the stroke of the varfable damper means that
the function of the stopper operates effectively.

On' the other hand; when-the stopper operates
strongly (Case d4) the responses become larger,
and deck acceleration and forces at the pler
bottom becomes .about 2 times those In Case 3.
Although the stroke - of the .varlable damper

decreas¢ to the displacement at which the strong.

stopper - operates, the -peak . damping force
Increase to about 4;3 times that In Case 3.
'Flg.9 shows the efféect of the stopper at-the

small-deck displacement. The damping ratio:of.the.

damper, hi, Is assumed to be 0.5 and hz Is varled
as ; a . parameter,: -Although - .the peak deck
displacement.. decréase monotonously . as. the

damping: ratl{o h= of the varlablé -damper lncreases .

up .to.8,: 1t Increases for the damping ratlo hz
greater than 8. This Is because that the function

69.4tF

as a damper stopper becomes more predoninant
rather than an energy dissipator when the
damping ratio hz becomes larger. The peak deck
acceleration takes a minimum value when the
damping ratlo hz is about 1, and It Increases
monotonously for the damping ratio h= greater
than 1. The forces at the pier bottom vary with
hz in a similar manner with the deck acceleration.

on the other hand, as the damping ratio h=
increases the damping force of the variable
damper Increases and the ‘stroke and the total
energy absorbed decrease. Therefore, damper at
the small deck displacement which s for
suppressing the deck motion caused by the
vehicle loads has contrary effects to make
selsmic response smaller. Therefore, It s
necessary to determine damping ratio hz in
consideration with the function of bridges for
normal :loads.

_ Table 1 summarizes the peak responses In
Case 1 to 6. If the varlable damper with hy = 0.5
and hz = ha = 3 Is provided, peak deck
displacement and peak deck acceleration decrease
25% and 43% of those with no control,
respectively. The maximum bending moment at the
pler bottom decreases to 46% of that. The
required damping force and peak stroke of the
variable damper are 62.6tfx 2 = 125tf and 5.78cm,
respectively. The varlable damper with this
specification can be designed within the current
scope of damper technology.

3. DEVELOPMENT OF A SMALL-SIZE MODEL OF TIE
VARIABLE DAMPER

3.1 Outline of A Small-Size Model of the Varlable
Damper

Fig:10 shows a design plan of the varlable
damper developed. The model 1s designed so that
the damping force be varlable In the range of
20kgf to 200kgf, maximum relative displacement of
damper piston be within & 2.5cm. The control of
the dampling ratio 1Is arbitrarily made. by a
personal - computer dependent on relative
displacement . and velocity developed between
deck and substructures.

The: plston-cylinder has the total length of
394mm, the pressure area of the piston is 12.56cm®
and the stroke of the piston fs + 2.5cm. A steel
plpe by-pass is Installed between  the
cylinder-cells divided by the piston and the oll
tank through two servo-valves. The servo-valve
Is called as a D.C. proportional magnetic valve,
and the wldth of. the valve Is adjusted by the
magnetlc force of the D.C. Pproportional solenold
The return spring. Is Installed at the spool as
shown In Flg.11, The differentlal transformer is
installed. at the servo-valve for the position
detection of the spool :so that the accurate
control can; be made. The {nput voltage from a
servo amplifier to the servo valve Is set in the
range of 0. to 5V. The valve s closed at the Input
voltage of OV and the valve Is fully opened at
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5V. The viscous material used for the variable
damper is an usual ofl for a dynamic loading
actuator.

Fig.12 shows the flow of the viscous material
in the variable damper. The damper piston can
move In the left and right directions
accompanying with the deck response. When the
piston moves in the left side the viscous material
flows from the left cell of the cylinder to the
oll tank through the servo-valve 1, and from the
tank to the right cell through the check valve 2
which can pass the ofl only In one direction. At
this time the servo-valve 2 Is closed. When the
piston moves in the opposite direction the oil
passes through from ¢ylinder to the tank through
the servo-valve 2 and check valve ‘L. Therefore,
the damping characteristics of the varlable
damper is controlled by the servo valve 1 when
the piston moves in the left slde, and by the
servo-valve 2 when the piston moves in the right
side.

3.2 Dynamlé Loading Tests of the Small-Size
Model of the Varlable Damper

The variable dampér can vary the damping
characteristics depending’ on the displacément

and/or velocity of the structures. Therefore, in

order to provide the variable damper with the
required damping characteristics it Is neceéssary
to know the basic dynamic characteristics of the
varlable damper. The damping characteristics of
the variable damper is controlléd by the amount
of opening of the servo-valve and ‘It s
controlled by the input voltage to the
servo-valve. Therefore, - to know the
characteristics of the variable damper
developed, the relation between the Input
voltage to the servo-valve and damping
characteristiés of the varfable damper Iis
essential.

Fig.13 and Photo 1 show the set-up of the
dynamic loading tests. The opehing 'of the servo
valve Is kept to be constant under the condition
that the Input voltage Is set to be a constant
value, l.e., the damping ratlo of the varlable
. damper 1is set to be constant, the load Is appilled
to the model by a dynamic actuator under the
displacement control. The Input voltage to the
servo amplifier, reaction force and stroke of the
piston are measured. The loading Is harnonlc and

10 cycle were repeated for each * loading

displacement.

Table 2 shows the experimental casés. Case 1
Is to measure the friction force of the damper
plston and statle loading was made with l6ading
frequency of 0.051l2 ‘and loading displacemeént of

20mm. The Input voltage of the variablé dampér s

assumed to be 5V so as to open the valve fully.

Case 2 Is to obtaln the fnput voltage to the’
servo-valve vs. damplng force of the variable:
damper rélation., Loading frequendy, - loading

displacement and Input voltage are Varled.

3.3 Performance of the Small-S8ize Model of the

Yariable Damper
(1) Friction force of the damper-piston

Filg.14 shows & hysteresis 1loop of the
load-displacement relation when the damper Is
loaded with the loading frequency of 0.05Hz and
loading displacement of 20mm to obtain the
friction force of the damper-piston, The
load-displacement relation shows almost
rectangular shape. This represents the typical

type energy dlssipation. The hysteresis |{s
"stable for a number of loading cycles., The

average friction force was obtained as about
Tkef.

(2) Nysteresls Loops of the Load-displacement

Relation

Fig.15 shows hysteresis loops of the
load-displacement relation. In the loading
displacement of 2mm, the time-lag was found in
the peak damping force for the input voltage
lower than 1.5V, This is developed due to
compressibility and friction between the pilpes
and  the viscous material. To compensate the
effect it Is required to make the pressure area
gréater for obtalning enough flow even If the
displacement is small. In the loading displacement
of 6mm and 10mm, the hysteresis loop seems as

expected. -

(3) 'The relation between the input voltage and

damping force

Flg.16 shows the relation between the loading
displacement and damping forcé dependent on the
fnput voltage. The empirical equations obtained
by -a least square method are also shown ‘In
Flg.16. The relation between the damping force
and “loading veloclty shows a functlion of the
power of the loading velocity as an usual
cylinder-type viscous "damper. Therefore, the
empirieal equation is assumed as

F = Fo + C(V)+v"®¥ (6)
wheére
“F : damping force (kgf)
Fo : frlctlon force of the damper- plston
(Tkef)

G(V) : damplng coefflclent (function of the
input voltage V)
v i veloelty of the damper- plston
n(V) : power coefficlent of:velocity term.
: (function of the input voltage V)
In Eq.(6), 'damping coefficlent 'C(V), and power

coefflclent "of ‘veloelty térm n(V), are unknowh

factors. -‘They are computed : by ‘a“least square
méthod based on: the tests ‘results. The' damping
coefficient © C(V) ‘thus . obtained - ‘are - almost
constant In the ‘range ‘of the Input voltage of 0
to 5V, and averaged yaluve .of  C(V) i1s 0.8, The
relatlon betweén the Input voltage and:the power
coefflclent “of “the  veloéity term -obtalned: is
shown in* Fig.17 The poweér coeffislent” Increases
with ‘ decrease of the Input voltage. When  the
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Input voltage s larger than 2.8V, the power
coefficient becomes almost constant (n(V) = 1.4),
and when the input voltage is lower than 2.5V the
value takes larger. The relation obtained by a
linear approxlmation Is shown in Fig.17.

5. CONCLUDING REMARKS

The effectiveness of the varlable damper
developed for selsmic response control of
highway bridges was analytically finvestigated.
The small-size mode) of the variable damper was
developed and the performance was studjied
through the dynanlc loading tests. According to
the above investigations the following
conclusions may be deduced: )

1) In order to provide functions as damper
stopper, energy dissipator and stopper with
shock absorber for the varlable damper, the
damping ratio of hy = 0.5 and hz = ha = 3 is the
most favorable. _

2) By providing the varlable damper with
damping ratlo shown In 1), the peak deck
displacement and the peak deck acceleration of
the model highway bridge were reduced to 25% and
43%, respectively. The peak bending moment
decreased to 46%. The required peak damping
force and peak stroke of the varlable damper
were 62.6tfx 2=125tf and 5.78cm, respectively. The
peak damping force is équivalent with 52% of the
deck welght. These capabllity of the damper can
be desligned within the current scope of damper
technology.

3) Based on the dynamic loading tests of the
small-size model of ‘the varlable damper, the
load-displacement relation was obtalned as
expected. A proto-type model of the varlable
damper is now under development for further
improving the performance.
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Table 1 Peak Response of the Bridge and the Variable Damper

Oect Pite . Yetioble Domper

P : Beadin + Relotive Relotire 1

Mstyticol  Cores Oisplocement Yetocity Acceterotlon | Sheor Force Mmm’ Domplng Force displocement Velotity Yotol Entiyy °A

{em) {em/$) {cm/5?) {11] {tem) (n {ces) ten/s) {ttom) B

i
Ho Comtrot - 33.04 | 1890 1300 166,9 3297 —_— ) — ] —_—

Constomt Gomping hi0.5 i0.28 60.2 478 63.4 1223 347 7.67 44.9 93,9 /
Oisplocement Dependent Oomping ._.____F__“._hy 3 . '
with Weok Stopper for Excessive N 8305/ 9,94 54.2 538 72,0 1395 60,2 6.90 €8.) 94.4 }
O¢ck Respénse Olsplocemeat — i ] ] &
Displocemient Oependent Demplng o) he1500

with Strong “Stopper for Excessive I MlO,Sl : 10.90 76.4 965 123.9 2382 151.3 5,54 112.3 94,9 A
Qeck Respansé Displocemeat ——te Ay :«
Olsplocement Depeadént Damplng i3 - ‘ . ‘ 7
with ‘Stoppec for Smoll . c 105 8.50 513 567 80. 1 1540 64.7 6.34 55.8 74.5 %
Deck Response Olsplacement : . g
Oisplocemeat ergndeni Domping 7 ’
{Comblaatioh of Case 3 ’ 8.38 47,5 555 81,2 1528 62,8 5.18 50,7 7.4 i
ond Case 4} ’

Table 2 Experiment for Small-Size model of Variable Damper

Loading Loading - | Ihput

Case | Objective Frequency (Hz) | Displacement (mm) | Voltage (V)

: Medsurement‘of ' » ‘
I [ Friction Force of 0.05 20 5
Damper Piston

~ [Relation bétween [ ST IR
2 | Domping Forceand [ 1,234 | 2,6/10,15 | 0~5
Input Voltage , R .
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SEISMIC DESIGN METHOD OF UNDERGROUND PARKING GARAGE STRUCTURES

by Kazuhiko KAWASHIMA'®, Hideki SUGITA® and Tomoru NAKAJIMA®

ABSTRACT

Presented In this paper Is the outline of seismic design method of
reinforced concrete underground structures for parking garage based on the
Guide Specifications of Design and Construction of Parking Garage issued by the
Ministry of Construction in 1992, Background of seismic design by means of the
Seismic Deformation Method is described.

INTRODUCTION

Resolving traffic congestion in urban area is a significant importance.
Providing enough space for parking is one of the key solutions for decreasing
the traffic congestion and traffic accident. For this purpose, the Ministry of
Construction revised the Road Law in 1991 so that the bodies who construct the
road, such as the Ministry of Construction and Regional Governments, can
construct parking garages as the "Supplementary Structures of Road". It is
anticipated that many garages would be constructed underground of roads in
urban areas because of various limitation of space available and restriction of
land use on ground.

For facilitating the construction of parking space and garage, the Gulde
Specifications of Design and Construction:of Parking Garage was notified by the
Ministry of Construction in March 1992. Main body of the notification -as well as
the supplementary explanation was published by the Japan Road Assoclation in

1 Head, Earthquake Englneering Dlvislon, Public Works Research Institute,
Ministry of Construction, Tsukuba Sclence City, Japan -

2 Research Engineer, ditto

3 Research Engineer, ditto
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November 1992". The Gulde Specifications cover planning, design and
construction of parking space and garage. In the chapter of Planning, the
overall procedure of planning, basic considerations for type selection,
lay-out, size and height of parking lots are described. In the chapter of
Design, description is glven to design and construction of relnforced concrete
underground structures for parking garage, because they are the major type
adopted In urban area and they require specific design and construction
considerations. When other type of structures such as prestressed concrete
structures are used, appropriate modifications are required to adopt the Guide
Specifications. General design procedure of main body of the structures
including seismic design and design of facilitles such as electricity, lightning
and ventilation are described. Construction procedure with emphasis on the
fact that the construction of underground parking garage structures is made in
highly populated city arcas are described in the chapter of Construction.

Table of contents of the Guide Specifications is as :

Chapter 1 General
Purpose
Scope
Chapter 2 Planning
1 Survey
2 Basic Planning
‘Chapter 3 Design
1 Geéneral
1.1 Seope
1:2 'Definition of terms:
2 Désignof ‘Main Body of Parking Garage Structures
2.1 Loads-
2.2 Materials
2.3 Allowable stress
2.4 Soll properties for design
2.5 General provisions for design of strctural members
2:6 Design of stretural members
2.7 Strctural details K
- 2.8 Design of foundatjion
2.9 Speclal conslderation for wall and floor
3 Seismic Design
3.1 Baslc principle for selsmic design
3.2 Loads and load combination
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3.3 Evaluation of soll liquefaction
3.4 Seismic design
3.5 Evaluation for uplift due to liquefaction and countermeasaure
3.6 Evaluation of safety by dynamic response analysls

4 Design of Temporary Works for Construction

Chapter 4. Constrction

1 General

2 Planning of Construction

3 Notes for Construction

This paper outlines the seismic design method of the underground parking
garage structures based on the Guide Specifications.

STRUCTURAL TYPE OF UNDERGROUND PARKING GARAGE

Structural type of underground parking garage may be classified into three
groups, l.e., the Slab and Beam Type Structure, Beam and Column Type Structure
and Flat Slab Type Structure as shown in Fig. 1.

The Slab and Beam Type Stru¢ture which Is the most often adopted is of
longitudinal beams, 'slabs,v side walls and columns. Lateral beams are not
provided. Because two dimensional frame idealization is the most popular In
design analysis, the structure is ldealized as shown In Fig. 2 for design
purpose. The design ‘is made for two perpendicular directions. The side walls
are assumed as the plates which resist for earth pressure, and are assumed to
be supported by the lateral beams, columns and slabs. Contribution of the
slabs is considered in ‘évaluating the equivalent stiffness of longitudinal
beams. The upper slab, intermediate slab and lower slab are assumed as beams
with the equivalent stiffness. Thus, the structure is ideéalized as an elastic
frame consisting of beams (slabs) and columns as shown in Fig. 2.

The Beam and Column Type Structure is 6f longitudinal beams, transverse
beams, lateral beams, columns, f,sﬁ]".abs and side walls. The slde walls are assumed
as the plates which resist for éarth pressure, and are aS'sumed‘ to be supported
by the lateral beams, transversé beams and columns. The slabs are assumed as
the plates 'which resist to elther soll pressure (upper slab and lower slab) or
vehicle load (Intermediate slab). Contribution of the siabs and the side walls
" is consldered in evaluating the equivalent stiffness of beams and columns. The
structure is idealized as shown in Fig. 3. -

.__75.....



R e S SR
SN e Sy TR

pper JSlab. Longitudinal @
Intormediate Slob— / Beam

/4

Column —~{——__

(—~JT Am7d W~—-SideWall

N T N
Lower Slab—/

(a) Slab and Beam Type Structure

Upper Slab-

Intermedlate Slab -\

~ Column —<

R

Longitudinal
Beam

/¥Lotér0l‘ Beam
/
—1]

" >~ —|]#—side Wwall
Lower Slab—/

_(b) Beam-and Column Type Structure

| ez'; Upper Slab¢’ei .;i o | : ;_"”
Intermediate Slabx /Plate AR

| -r.

Jtsiewar

Lower Slab S :
(¢) Flat- Slab rI‘ype Structure

Fig. 1 Major Structural ’I‘ype of Underground Parking Garage (2 S’rory)




Upper Slab

' Column-\. / [Cdlumn
Side Wall —~ \\ // -— Side Wall
NI
,\—Intermediate Slab

Lower Slab

(a) Lateral Direction

/—Longitudindl ' Beam

Column

AN

\ : Column .

\: Longitudinal Beam

Longitudinal Beam

(b) Longitudinal Direction
IFig. 2 Analytical Idealizatlon of Slab and Beam Type Structure

‘ 'Lat,erol Bedm
Column;\ . [ /—Column

quumn Y \\\; /// 7 Column

\\:Lateral Beam
- =Latéral “Beam

(a,) Lateral Dlrection v

/Longltudmal Beam -

bt coum
\ T ; .

Column -
%Longltudinol Beum
Longltudmal Beum

_ Lon 1tud1na1 Direction |
Fig. 3 Analytical Idealiza tion of Beam and Column Type Structure

-7



The Flat-Slab Type Structure is of slabs, side walls and columns. Because
no lateral beams and longltudinal beams are provided, slab-column connections
require special attention in thelr strength. The slabs are assumed as beams with
the equivalent stiffness. The side walls are assumed as the plates which resist
for earth pressure, and are assumed to be supported by the columns and slabs.
The idealization of the Flat Slab Type Structure is shown In Fig. 4.

| | Upper Slab
cgwh‘m] /v_’\—CAolqmn
NI
\x — 17

\\~Intermediate ‘Slab

~Lower Slab -
(a) Lateral Direction

/—-U_pper Slab

\ Column

%—Intermediate Stab

Lower Slab

"~ (b)! Lon ltudlnal Directlon L
Fig 4 Analytical Ideal zation of’ Flat Slab Type Structure

Coiumn

DESIGN FORCE AND BASIC PRINCIPLE OF DESIGN

In design of underground parking garage $tructures, @ dead weight, ®
active load (vehicle load), ‘® earth pressure, @ hydraulic pressure, ® uplift
force, ®selsmic effects, @load during constructlon, .effect of soll settlement
‘and @ other effects have to be considered All the loads are not always need to
be considered In design, “and those which are required 't6 be considered have to
be selected. Table 1 shows the standard combination of the loads.

The design 1is made based on the allowable design approach. Desi'gn
calculations are therefore made assuming the elastic behavior of the
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Table 1 Standard Combination of Loads

Construction

Loads Static Stage Seismic .
Dead Weight . O O O
Active Load © A - O
" Earth Pressure O O -1 0O
1-1yd‘;£ugic'15reilssix‘re‘ o 0 o)
Uplift Force O O
Seismic Effects | O
fl‘éillporéry Lbad ’during Construction O
Effect of Ground Settlement ‘ A
OthQr-L_oaqs L . AN FAN

O has to be considered
A considered if required

structures. The calculation of forces and stress have to be principally made
based. on the frame analysis, -in which the structure. is assumed as a two
dimensional frame' consisting of beams and columns. Safety has to be examined in

the two perpendicular directions.

SEISMIC DESIGN

Basic Principle of Seismic Design

Seismic design is made by the Selsmic Deformation Method®. In the Seismic
Deformation Method, the displacement and deformation developed in the
subsurface ground during an earthquake are:taken as the major seismic effects
to underground structures. 'The selsmic response-of underground structures is
distinguished:by the small: mass .effect and the large damplng ratio from regular

structures on ground, ke ..

a) mass effect s small because unlt weight of -underground structures is

smaller that that of subsurface ground, and . . . . -0 . =
b) damping is very . “large . because radlational damping due to energy

dissipation from underground structures to subsolls Is very large.
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Therefore, it Is assumed in the Seismic Deformation Method that underground
structures deform following the deformation of subsurface ground during an
earthquake. Modelling of underground structures has to be made so that
structural response of the underground structures be correctly represented.

Because only the Increase of stress and deformation of underground
structures due to seismic effects are evaluated by the Selsmic Deformation
Method, the stress and deformation actually developed during an earthquake
have to be computed by adding them with those developed due to the statlc

loads such as the dead weight.

When liquefaction of sandy soll layers is developed around ‘the underground
parking garage, the uplift assoclated with the Increase of pore water pressure
has to be examined.

Dynamic response analysis is recommended for the underground parking
garages with complex structural response.

Loads Considered for Seismic Design

In seismic design, dead welght, earth pressure, water pressure, uplift force,
ground- settlement and selsmic éffects are to be consldered. The loads have to
be combined so that the most critical stress or displacement be developed. As
the seismic effects, the following loads have to be considered® ¥:

(a) Inertia Force - B ‘
The lateral force coefficient has to be evaluated as

Knh = Cz'Cu‘cuKnao (1)

where, et s
‘kn': lateral force eoeffictent = o
¢z 1 modification factor Por zone (réfet to Fig. 5) .
ca 1 modification factor for-groundicondition (refér to Table 2) =
cu ¢ modification factor for depth, and is evaluated as

cu=1.0"~ 00152‘ St e e e ()

depth from ground surface. (m) I
k '+ standard lateral force coefficl_entl (=0.2) -
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Flg. 5 Modification Factor for Zone
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Table 2 Modification Factor for ground Condition

. i
GROUND CONDITION DEFINITION | APPROXIMATE ESTIMATION ’
GROUP I Ta < 0.2SEC TERTIARY OR OLDER -g
GROUP II 0.28Ts<0.6SEC | ALLUVIUM AND DILUVIUM g
GROUP 111 0.6SECS Ta SOFT ALLUVIUM ‘Z

(b) Design Ground Displacement

The design ground displacement is evaluated depending on the depth as
(refer to Fig. 6) : ?
1 : .
w(z) = —=Sv Ts: cos(——-) o T (3) ;
w 21 . .
where, Co
U(z) deslgn ground dlsplacement (m) at dcpth 7 (m)
design veloclty response spectrum at deslgn base rock (cm/sec),
and is given as S
Sv = ¢z Svc- ; (4)
Cz ! modificatlon fact,or I‘or zone (refer to Fig 5)
Svo @ standard velocity response spectrum (cm/sec) at design base
- rock,. and is’ given by Fig. 7
Te : natural period of subsurface ground (sec), and is evaluated as
Te=1.25Te C (5)
Hi o A N
-'1 =473 - ‘ ’ ' 6
CVar. - - (6)

thickness of i- th soll layer (m)

V:i : shear wave velocity of 1-th soil layer (m/sec)
12=zQ Dlsplacement

774 U(L Ground Surfoce .
' o S!lbsur‘?faée
2 Uiz Ground
Coasp”
WA/ 7/ /72
oy Base- Rock Assumed in

Selsmlc Design

Flg 6 Deformation of Subsurfaee Ground Assumed
: - In Seismic Deformation Method
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Fig. 7 Standard Velocity Response Spectra

(c) Design Shear Stress around Surface

At the surface of underground parking garage structures contacting with
solls, the design shear stress around surface has to be applied to the
structure as shown in Fig 8. The design shear stress around surface is given by
Eq. (7). If the design shear stress around surfade by Eq. (7) is larger than the
strength of soils, the design shear stress around surface shall be the strength

of soils.
Go nZ
. HSv T | n( 5 ) ) o B (7)
where,

¢ ¢ deslgn shear stress around surface (tf/m®)"
Sv ¢ design velocity response spectrum at design base rock (cm/sec),
and is glven by Eq. (4) ‘ '
Go : shear modulus of subsurface ground (tf/m%)
,Tsf 3 natural period of subsurfaee ground (seo), and 1s computed by
- UEey) ’ |
H thickness of subsurface ground (m)

(d) Dynamic Earth Pressure

_ Dynamic earth pressure by Eq. (8) 18 applied to side walls of underground
parking garage structure as shown in Flg.
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u(z) _ Ground Surface ~ U(z) '

I TS ! ' ! ' ! ) /fT : \
Y 7 S T 5
4—-—- 4 -4—- -t / . ’i
Subsurface Ground 7
z=H - z
PRI\ Bese-Rock ¢
Fig. 8 Design Shear Stress around Surface &
Ground ' o
,=040) Surface “ufz)
r
S L__JL_71_J i v
a /L7 7 o
1528
:
" Subsurface Ground
z:
7 SR G Bese Rock

Fig. 9 Dynamic Earth Pressure
p(z) = ke {u(z)-u(ze)) - (8)

where, 4
p(Zz) : dynamic earth pressure per unit area (tf/m*) at depth z (m)
ku : spring stiffness of solls per unit area(tf/m%)

u(z) : design ground displacement (m), and Is given by Eq. (3)
s : depth of base of structure (m) '

Effect of L.lquef‘actio'n

(a) Estimation of Li quefaction :

Saturated alluvial sandy layers whlch have the water table within 10 m from
the ground surface and have Deo- values on the grain size accumulation curve
between 0.02 and 20. mm are vulnerable to 11QUefactlon up to a depth of 20 m

below the ground surface. L

For those soil layers which Were Judged to be vulnerable to 11quef‘action,
liquefaction potential shall be checked based on the 1tquefaction resistance
factor FL® defined as
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F..=R/L (9)

where,
IL ¢ liquefaction resistance factor
R ! resistance of soil elements agalnst dynamic load defined as

R=R) + Rz + Ra (10)
N
Ri = 0.0882’m7— (11)
0.19 (0.02 mm < Do < 0,05 mm)
Rz = {0.2251103‘10(0.35/1)150) (0.05 mMm<Dso=0.6 mm) (12)
-0.06 (0.6 mm<Deo=2.0 mm)
- { 0.0 (0% sFz=< 40 %) (13)
0.004Fc-~0.16 (40% <Fc=100 %)

N : N-value of standard penetration test

Dso ¢ averaged grain size on grain size accumulation curve

Fe : fine sand (grain size less than 74 uxm) content

L :dynamic load induced in soil elements during an earthquake
defined as ‘

L = Ko ——2— (14)
' o v

Ke 'sei‘smlc coefficient for evaluating liquefaction, and shall be
determined as ’

ks = Cz * Ca * Cu * Kan (]5)
¢z and ce : modification factors for zone and ground condition
(refer to Fig. 5 and Table 2) ,
cu ¢ modification factor for depth, and is given by Eq. (2)
kKeo' i'standard deslign‘horizontal seismic coefficient for check of

liquefaction (=0.15)
o v: total overburden pressure (kgf/cm=), and

SO v= ‘{7tlhw+ 7"£2'(3Zf‘ hw )}/10 - (16)

‘o v't effective overburden'pressure (kgf/cm®), and



gy o= {')' cthe + 7 oz (Z - hw)} /10 (17)

z : depth from ground surface (m)

h. ¢ depth of water table (m)

7 «1 ¢ unit weight of solls (tf/m®) on water table.

7 vz : unit weight of solls (tf/m®) under water table

7 «=' 1 effective unit weight of soils (tf/m®) under water table, and is
glven as

72 = 7.z ~ 1.0 (18)

Soil layers having the liquefaction resistance factors, F., smaller than 1.0
shall be judged to liquefy during an earthquake.

(¢) Treatment of Liquefaction

If the soils underneath the bottom of underground parking garage
structure is judged to develop liquefaction, countermeasures have to be
considered regardless of the ‘degree of uplift. There are basically three
measures for the liquefaction as shown in Table 3. The first is to excavate the
soils which liquefy during an earthquake for placing the bottom of the
structure on deeper stable soil layers. The second method is to strengthen the
foundation of the structure. The foundation should be desi'gned strong enough
for uplift force. Consideration should be paid to the settlement after an
earthquake. due to liquefaction. The third is to prevent the liquefaction by

either replacing or strengthening the soils. The appropriate countermeasures
have to be selected considering effectiveness and cost.

Table 3 Countermeasures for Soil Liquefaction

Place the'bo‘ttom'ai deeper Stéblé soil layer

Strengthening of Foundation Ao . Useof Piles

.. Increase of Soil Density | -Vibro Floatation; Sand Compaction Rod Compaction

Prevention of — e
Liguefaction Improvement of Grain Replacement, Injection, Deep Mixing:
Size or Solidification : . L L

When there are soils which have the liquefaction resistance factor F. < 1.0
at side of the underground parking garage as shown in Fig. 10, the uplift of the
structure has to be checked even If the.scll layers ‘under the bottom of the
structure are stable agalnst liquefaction. This Is because the pore water
pressure at the slde of the structure tends to propagate to result in the
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Soil Layers fo
""" = Develop Liquefaction

Fig. 10 Check against Uplift due to Soll Liquefaction developed
at Side of Structure

Stable Soil Layers

propagate to result in the increase of the pore water pressure at the bottom of
the structure. It 1s usual to have water-path due to disturbance during
excavation. The safety agalnst uplift shall be examined as

W + We
Fg = =———— 19
Us + Up (19)

where,
Fs : safety factor against uplift
W= : welght of overburden soils (tf)
We : weight of underground parking garage (tf)
Us : uplift force due to static hydraulic pressure (tf)
Up : uplift force due to Increase of pore water pressure associated
with liquefaction (tf), and shall be evaluated as

Ul:n:Au'A:Lu'Uv"A (20)

A . : pore water pressure (tf/m®)

A : sectional area of bottom of structure (m®)

Lu : pore water pressure ratio (Lu = Au/o +')

o ' : effective overburden pressure (tf/m3) at surface of stable soil
layer

If the safety factor F= Is less than 1.0, measures agalnst the uplift have to
be taken. |

Dynamic Response Analysis

Dynamic response analysls Is recommended for the underground parking
garage structure with complex structural response. In the¢ dynamic response



analysis, design acceleration response spectrum at the deslgn base rock is

glven as
S=c¢Cz'CoSo (21)
where,
S deslgn accelération response spectrum (cm/sec) at design base
rock | | :é,
cz : modification factor for zone (refer to Fig. 5)
co ¢ modification factor for damping ratio, and is given as

oGt

e

—2 o5 (22)

o oML

T modal damplng ratlo of critical for 1-th mode
So : standard acceleration résponse spectrum at design base rock

and iIs given by Fig. 11
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Fig 11 Standard Acceleration’ Response Spectrum .
‘ for Dynamic Résponsé Analysis - - o

Acceleration R‘ésponse-~8pectrum So {cm/sec

Input acccleratlons for time response analysis shall be elther selected from
strong motion records which ‘have the close response spectral chardctcristlcs
with S by Eg. (22) or obtained by adjustlng the strong motion records in
frequency domain so that the acceleration response spectrum be matched with S

by Eq. (22).
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STRUCTURAL DETAILS
In addition to design Calculatjlon, attention should be pald to structural
detalls., Tablec 4 summarizes the major Structural details. Special attention is

placed on the amount of tie and stirrup 'rclnf()rcement.

Table 4 Major Structural Detalls

Beam ® Aa 20005
where
Ayt refnforcement in tensfon (cm')
b ¢ height of heam (cm)
d :effective width 6f beam (cm)
Interval of stirrup should be less than 1/2d or 25¢m,
Stirrup ratio 2 0.2%

'Diameter of main reinforcement = 13mm
Number of main reinforcement = 4
Main reinforcement ratio = 0.8%
Diameter of tie reinforcement = 13mm
Interval of tie reinforcement = 1/2d . .

< 15mm
124

Column

GISICIOICR =TS

where . :

d : sraller size (width) of column

¢ ¢ diameter of main reinforcement
Tie reinforcement ratio = 0.2%.. -
Minimum width of column = 30cm ]

9@

.Bei?m-C_Qlu_mn . At column between 2 times larger width of column from the beam-column connétion
Connection a) Interval of tie remforcement < 10cm
o b) Tie reinforcement ratio 203%
At beam between 12 times height of beam from the beam-column connetion’
a) Interval of snrrup = 20cm
'b) Sllrrup ratlo o2 0 3%

S

®

‘Thlckness = 20cm B
Dlanteler of relnforcement = l3mm ‘
Interval of main reinforcement = 125mm
Interval of sub reip_l‘o'rc_qmen,t 2 200mm -

Stab.

Thickness = 20cm

e = 1/30X Height

" Double-sided reinforcement
Relnforcement ratio = 0.25%
Interval of reinforcement = 30cm

Structural Wail

@@@;@ @@@@f

CONCLUDING REMARKS

The preceding pages presented the outline of the seismic design method of



reinforced concrete underground structure for parking garage based on the
Guide Specifications of Design and Construction of Park Garage issued by the
Ministry of Construction in March 1992, Although there are various
specifications which describes seismic design method of underground structures
of road, most of them arc for speciflc projects. This is the third
specifications, following the petroleum pipe line® and common utility ducts™,
which comprchensively specifies selsmic design method of underground facilities
of road. Because scismic safety Is one of the most critical issues, it is expected
that the specifications contribute for design and construction of underground
parking garage with enough seismic safety.
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SEISMIC STRENGTIENING AND RETROFITTING OF NIGIIWAY BRIDGES IN JAPAN

Kazuhiko KAWASHIMA and Shigeki UNJOH

Earthquake Engineering Division, Public Works Research Institute

SUMMARY

Presented are current technical developments for seismic strengthening and
retrofitting of highway bridges in Japan. Selsmic Inspections, history of
provision of seismic design codes, and seismic strengthening methods for
highway bridges and the applications are described with emphasis on practical
applications of strengthening and retrofitting.

INTRODUCTION

Japan iIs one of the most seismically disastrous countries in the world and
has often suffered significant damages from large earthquakes. More than 3,000
highway bridges have suffered damages In the past earthquakes since the Kanto
Earthquake of 1926. It should be noted here that although there were many
bridges which suffered damages due to earthquakes, number of bridges which
fell down was only 15 except number of bridges which fell down by fires. Since
the damage to highway bridges loses functions as an emergency evacuation
route and a transportation route for emergency relief goods and it takes a
long time to be repaired, it significantly affects social and economical
activities in the area. Therefore, it Is important to provide appropriate seismic
resistance for highway bridges.

This paper presents the factors which affect seismic vulnerabllity of
highway bridges and the selsmic strengthening and retrofitting for the
substructures with emphasis on the practical applications.

DETAILS OF THE PAST SEISMIC INSPECTIONS OF HIGHWAY BRIDGES IN JAPAN

The Ministry of Construction has made several seismic Inspections of
highway bridges throughout the country since 1971 as a part of comprehensive
earthquake disaster prevention measures for hlghway facilities. Seismic
strengthening work for vulnerable highway bridges has been succeSSIVely made
according to these sélsmic Inspectlons. ‘Table 1 shows the history of past
seismic Inspections of highway bridges in Japan.' ™



Table 1 Details of the Past Seismic Inspections of Highway Bridges in Japan

e Hiok 1 ted Number of Bridges
ear ighways Inspecte Inspection Items
' P Inspected Strgnec?t%frf ing Strengthened
1971 All Sections of National Expressways and @ Deterioration
National Highways, and Sections of the Others | @ Bearing Seat Length S for Bridges supported by Bent 18.000 3,200 1.500
(Bridge Length = 5m) Piles
1976 | All Sections of National EXpressways and O] Deterxoratlon of Substructures. Bearing Supports and
Nati y ti f the Others: Girders/Sl
ational Highways, and Sections of the Others irders/Slabs 25.000 7000 | 2500
(Bridge Length = 15mor 0verpass Bridges) @ Bearing Seat Length S and Devices for Prev enting i ‘
Fallmg—off of Superstructure
. i
1979 All Sections of \anonal Expressways, National | D Deterioration of Substructures and Bearing Supports
Highways and Prmczpa} Local nghwavs, and @ Devices for Preventing Falling-off of Superstructure -
Sections of the Others (Bridge Length = 15m 3 Effect of Soil Liquefaction
or Overpass Brxdges) - | @ Bearing Capacity of Soils and Piles - :
- ® Strength of RC Piers 35,000 16,000 13,000
® Vulnerable Foundations (Bent Pile and RC Frame on
Two Independent Caisson Foundation)
1986 All Sections of Nanonal Expressways, National @ Deterioration of Substructures, Bearing Supports and
' Highways and Pnnclpal Local Highways, and Concrete Girders ,
Sections of the Others: (Bridge Length = 15m @ Devices for Preventmg Falhng-off of Superstructure
or Overpass Bndges) Q Effeéct of Soil Liquefaction 6,000
@ Strength of RC Piers (Bottom of Piers and Termination 40.000 11,800 (As of the
~ Zone of Main Reinforcement) ' End of 1989
® Bearing Capacity of Piles Fiscal Year)
® Vulnerable Foundations (Benit Piles and RC Frame on
Two Independent Caisson Foundation)
Note) Number of bn"dg-ésfiﬁspected, number of bﬁdgés that required strengthening and number of bridges strengthened are approximate numbers.
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The first seismic Inspection was made In 1971 in order to strengthen and
promote earthquake dlsaster prevention measures In Japan. The damage
experiences of highway bridges caused by the San Fernando Earthquake
(Magnitude = 6.6) close to Los Angeles, USA, In Fébruary, 1971 was a turning
point of the initiation of the inspection. Highway bridges with span length
greater than or equal to 5m on all sections of national expressways and
national highways, and sections of the others were Inspected in which attention
was pald to detect deterforation such as cracks of reinforced concrete
structures, tilting, sliding, settlement and scouring of foundations, etc.
Approximately 18,000 highway bridges in total were inspected and approximately
3,200 bridges were found to require retrofitting.

Following the first selsmic Inspection, it has been subsequently made in
1976, 1979 and 1986, with gradually expanding highways inspected and inspection
items. The latest inspection of 1986 was made with the Increase of social needs
to Insure seismic safety of highway traffic after the damage experiences caused
by the Urakawa-oki Earthquake of 1982 and the Nihon-kai-chubu Earthquake in
1983. The highway bridges with span length greater than or equal to 15m on all
sections of national expressways, national highways and principal local
highways, and sections of the other, and overpass bridges were inspected. The
inspection items Included deterioration, devices for preventing falling-off of
superstructure, strength of substructures and stability of foundations.

A series of these seismic strengthening works, approximately 23,000 highway
bridges were successively strengthened by the end of 1989 fiscal year.

SEISMIC DAMAGE TO HIGHWAY BRIDGES AND PROVISIONS OF SEISMIC DESIGN CODES

It was in 1927, which was the next year of thé Kanto Earthquake in 1926, to
initiate introducing the seismic effect In the design of highway bridges. The
Civil Engineering Bureau of the Ministry of Internal Affairs in those days
notified "the method of seismic desigh of abutments and plers". The seismic
design method has been developed and improved with progress of comprehensive
technology on earthquake engineering and a number of damage experiences. In
particular, the seismic design technology was integrated and summarized by the
establishment of "Specifications for Selsmic Deslign of Highway Bridges" in 1971,
which independently provided selsmic design issues. Furthermore, it was revised
in 1980 and integrated in "Design Specifications of Highway Bridges" as "Part Vv
: Seismic Deslign." And the "Part V : Seismic Deslgn" was revised in 1990 and is
‘curren'tl'y in practice. In the latest specification for selsmic design, design
seismic " loads, bearing capacity of reinforced concrete pler for lateral force,
soil llquéfactlbn, design detalls in selsmic design and so on are prescribed and
it may be an unique specification for selsmic design in the world. It should be
noted here that the remarkable attentions were pald to the seismic design of
highway bridges after 1971,

Table 2 shows the provisions of deslgn issues for the selsmic design method
of highway bridges. In this table, the design issues for seismic design of

substructures are shown.

—05—



— 96__

Table 2 History of Seismic Design Methods for Highway Bridges in Japan

e ot D D o 19% o 19es Oo1see, - 1966 1968 . 1970- 1971 wn 1975 1980 w0 -
Details of Road Design SmMrsD&mSmﬁnansim SpedificationsDesign Specifications Design Specifications Design Specificatons  Design Specifications Specifications for Design Specifications Design Specifications Design Destn
Structure (draft). of Steel Highway of Sedi Highway  of Substructures  of Steet Highvay - of Substructures . of Subsructires Seismic Desitnof . of Sibstructares of Substrochures  Specifications  Specificasions
Roo¢Law,MIA  Bridgesdraft), - Bridges, MOC ' (PleFoundaticns),  Bridges. ¥OC ‘(Survayand Design), (PiersandDirect  (Caisson Foundations) Highway Bridges,  (Cast-in-Piles), (Ple Foundations).  of Highway of Highway
: MIA o MOC - - MOC . FoundaGomsh,MOC "~ - MOC - MOC MOC MOC Bridges. MOC  Bridees. MOC
Seismic Largest Seismic k, 202 kv =0.1~0.35 . k=017 03 —
" © ] Loadse mcacan oo : - 3 . Revision of Applicacson ke ¥0.1~03
Coefficient w : varied dépendent. varied dependent on the Swmndardization of Seismic CoeMcient e of Viedied Seigmic. SHETIion of St |
! on the'site - site and-ground'Condition Provision of Modified Seismic Coefficient Method' Coefficient ) T Ntedifiod aae
Seismic g:'nam& Earth ?Puz_tﬁonk proposed by Mononobe . “Provision of Dynamic .
Loads essure and Okabe were supposed to be used. Earth Pressure
Dyvnamic Hydrautic Less Effect on-Piers except ) Provision of Hydraulic Pressure I
Pressure High Piers in Deep Water. - o
.. T : Provision of Dynamic Hydraulic Pressure,
Bending at Supposedtobe designed inasimilarway Provisions of Definite
Bortom provided in current Desigin Specifications Design Method "
| Reinfored Shear Less-?ffeg on'RC Piers excgpt those wity;'_Sm;a_ll_e{ ______________________ Check-of 1 Provision of Defizite
‘ section area such as RCFrame and Hollow Section Shear Strength Design Method. Decreasing
Concrete N AL N of Aliowable Shear Stress
Termination of - Elongation of Aa Length of
Column % ;,l‘l Terminated Reinforcement at Mid-Height
"1 Reiforement
at Mid-Hieght . : . i
Bearing Capacity * | - ‘ o Less Effect oo RC Piers Ducrility Check
for Lateral Fore, : with-Larger Section Area i Cleck of Bearing Caparity
" i foc Lawral Fesee
. Provisions of Definite Design Method ;
Footing TTemEomomteesse AR - Provisions of Effective width and
(Designed asa Cann}eve; Plate) Check of $ Strengeh
N NS . o Provisions of Design Details for Pile Head
Pile Foundation - Bearing Capacity in vertical direction  Provisions of Definite Design Method f
‘ was supposed to be checked. {(Bearing Capacity-in vertieal and horizontal diréctions) B Sopdiion Foundation o Shopss o
Direct Foundation Stability (Overturnisg and Slipywas Provisions of Definite Design Method
: supposed t0-be checked.” (Bearing Capacity, Stability Analysis)
: : e . . . isi f Definite
a R Supposed 1o be designed in a similar way provided ,3'2,?:‘;‘};%0@ =
Caisson Foundation i v R A O I Smes s eeenealT -
: in Design Specification of Caisson Foundation of 1969
' — Eroviions of Sl Lavers of which Bariog Provisions of Evaluatioa
o i apacity ignored in seismic design “W—I__— Consideration
Seil Liquefaction f Liquefaction and the of effect of fice}
I ireatment in seismic design  Sand content
. Provisions of Design'Methods for Steel Provision “T""‘Tim“ Method of Selsmic Load at Bexring
5 ‘Bearing Support Bearing Supports (Bearing, Roller; Anchor Bolt)
Bearing i B -
Support | Devices Preventing ?"Viﬂm of g&ﬁng x::gs of Stopper a1 Movable 1
.| Falling-off of eat Length : Superstructure| from Falling (Seat Pro of Siopper 22 Movavie Searings,
Superstructure I Length 3, Connection of Adjacent Decks) from s.n‘:msm Longh Se . Devicent
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FACTORS WHICII AFFECT SEISMIC VULNERABILITY OF NIGIIWAY BRIDGES
AND FEASIBILITY OF SEISMIC STRENGTIIENING

Table 3 summarizes the factors which affect selsmic vulnerability of highway
bridges and feasibility of seismic strengthening which was obtained through the
statistical analyses of the damaged bridges In the past ecarthquakes in
Japan.'® 'Y According to the results, 16 factors In total are slgnificantly
assoclated with the damages of highway bridges, in which 8 factors of ®design
specifications, @ devices for preventing falling-off of superstructure, @
ground condition, @effect of scouring, @materials of substructures, @type of
foundations, @ intensity of ground motion, and ®effect of termination of main
reinforcement at mid-height significantly affect seismic performance of highway
bridges.

From the viewpoint of seismic strengthening, these 8 factors can be
categorized as follows :
1) ®devices for preventing falling-off of superstructure
— Installation of devices ‘
2) @ type of substructure, @ effect of soil liquefaction, and ® type of
foundation
— Improvement of seismic strength of foundations
3) @type of substructure, @materlals of substructure, and ®effect of
termination of main reinforcement at mid-helght
— Improvement of seismic strength of substructures
4) ®intensity of ground motion
— Distribution and decrease of seismic loads

Fig.1 shows the typical and effective seismic strengthening measures for the

above categories. ' "

SEISMIC STRENGTHENING METIIODS OF FOUNDATIONS AND THE APPLICATIONS

,.Séismicstrehgthe‘ning of foundations are required in cases of 1)weak
bearing capacity of solls Induced by soll liquefactlon, 2)weak bearing capacity
of soils by scouring, and 3)vu1nei‘éb’le foundations which were built of bricks
and masonry without sufficient consideration for seismic design. -

~In the“abo\(e items, seismic Stréngthening measures to soil ‘liquefaction is
becoming the most Important a seismic strengthening one. There are two
measures’ to,mlt'lgate the effect of soil liquefaction, which include measures to
prevent or mitigate occurrence of soil liquefaction itself, and measures to
resist the effect of sofl liquefaction by strength of foundations. The former
measures Include increase of strength of soils agalnst soil liquefaction and
replacement of liquefiable soils by non-liquefiable ones. On the other hand, in
‘ordér to resist the effect of sofl liquefactlon by the latter measures,
foundations have to be supported by non-liquefiable layer so as to prevent the

settlement and tilting.
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Table 3 Factors which Affect Seismic Vulnerability of Highway Bridges

and Feasmllitv of the Seismic Strengthenmg

remi'orement have’ hlgher \nlnerab:hty

Feasibility of
Items Seismic Yulnerability Seismic Principles of Countermeasures
Strengthening
@ Design Specifications , i < Strengthening of inadequate
‘ Those designed in accordance with 1926 or 1939 Specifications have higher vulnerability C members from'the viewpoint of
) - : current Design Level
@ Type of Superstructure -Gerber or simply supported’ g:rders with 2 or more spans have higher vulnerability
- Arch, frame, continuous girders, cable- -stayed bridges or suspension bridges have lower X
vu!nerabmtv
® Shape of Superstructure Skewed or curved bridges.do not necessarily have higher vulnerability than;strnight bridges X
@ Materials of Superstructure Reinforced concrete bridges or prestressed concrete brids ges have lower vulnerability than %
steel bndgm although the dlfference is small
® Slope in Bridge Axis Bridges with slope in bridge axis have higher vulnerability X
® Device for Preventing Falling-off ) : . '
of Superstructure Bridges with devices for preventing falling-oﬂ' of superstructure have lower vulnerability o Instailation of Devices
@ Type of Substructure Bridges supponcd by single-line bent piles or by reinforced concrete frame placed on two .
v separte camon foundations have higher vulnerability -O Strengthening of Substructures
& Heignt of Piers '. Bridges supported by higher piers havé higher vulnerability X
® Ground Condition Bridges constructed on soft soi} have higher vulnerability X
0 ot il Li . S L . : . . . X f Foundations or
1@ Effectof Sonl’Ll.t“;uefv'acllon . B.ndgies constructed on~sandy soil Iayers Susceptible to liquefaction have higher vul nerability O gt:ﬁg}:ﬁ::g Zf Su::oun ding Soils
Q) Irregularity of Supporung Soil | Bridges constricted on soils with |rregulamy of sup portmg conditions have higer x
Condition . - vulnerability : :
® Effect o Scour¥ng Bridges vi?t_xcré theﬁsurfacevsoils are scoured have higher vulnerébility O 3: ?gj&g@ﬁ?ﬁ:&ﬁ&mug
‘ @ Materials of Substructures Bridges supported by. plane-concrete substructures designed in-accordance with 1926 or 1939 o Strengthening Substructures,
R specifications have higher vulnerability Renewal of Substructures
Type of Foundati . .
® Lyp ounda »1011 } Bndg&, supported by timber, brick, masonry or other old unknown type substructures have e Strengthening of Foundations
- higher vulnerability )
® Intensity of Ground Motion Bndg&s subj Jected to hlger mtensnty of ground acceleration haye: higher vulnerability. In .
‘ o ; O Application of Base-Isolation
particular, vulnerabllxty becomes qulte high when the bndges are subjected to peak ground
; accéleration larger than 400 gal (0.4g)
@ Effect of’l‘ermmatxon of Main Brldges wich.RC. Picrs which do not have enough anchomge length for terminated o
Remforcement at de—helght

Strengthening of Substructures.

Note' O Ttems for'which sexarmc sttengthemng is feasible
X Ttems forwhich séismic strengthening is not feasible’




Seismic |

Retrofit

__ Installation of Falling-off . (BFDevices for Preventing. - ____ Connection between Superstructure and

PreventionDevices. - Falling-off of Superstructure Substructures.
T — Stopper
— Extension of Seat Length
— Strengthening of Foundations —— (0 Effect of Soil Liquefaction Replacement of Soil

@ Effect of Scouring Enlargement of Footing

i_ ; , Increase of Number of Piles
TN .

_ 1 Type of Foundation Installation of Lateral Beams

\ Concrete Covering of Ground Surface

Steel Plates / Piles for Guarding Foundation

- . 3 X 3
— Strengthening of Substructures—— @ Type of Substructures : Placmg (ff New Concrete Surrounding
: ‘ ' Old Section

— (3 Materials of Substructures Steel Jacket

| - L Placing of Wall

‘— (® Effect of Termination of

Main Reinforcement at Increase of Number of Piles
Mid-height

— Decrease of Seismic Loads —— (® Intensity of Ground Motion Base-Isolation

Fig.1 Selection of Seismic Strengthening Measures for Highway Bridges



Although the selection of the above two measures depends on the ground
conditions and structural conditions of each site, the strengthening measures
by Increasing strength of foundations may generally be reliable and
economical, |

Table 4 and Table 5 show the seismic strengthening methods for abutment
foundations and pler foundatlons, respectively.'®

Two strengthening practices to soll llquefaction are shown as follows:'®

A _SEISMIC STRENGTHENING PRACTICE BY INCREASING NUMBER OF PILES

The strength of piers and plles as shown In Fig.2 were found to be
sufficient, but the bearlng capacity of soils became vulnerable when the soil
liquefaction occurred. Three strengthening methods by @ground improvement by
soil cement, @ increase of number of piles in the transverse diréction by using
steel pipe- piles, and ® covering of the existing foundations by steel sheet
piles were Investigated and compared as a strengthening measure. Since Method
@ was relatively expensive, Method @ was finally adopted as a result of
comparison of Methods @ and @ with consideration of construction method,
ecconomy and reliability,

In the strengthening deslgn, it was assumed that the exlisting piles resisted
seismic load up to the designed level and that the force beyond the design
force was supported by newly constructed piles. Since the pler to be
strengthened was on the high water channel, the temporary road to the pier was
provided and steel pipe pile was placed by using a vibro hammer. The new
footlng was constructed by shutting-up by steel sheet piles from water around
the pier. Integration between existing and new footings were made by anchoring
reinforcing bars and 1nJect1ng resln mortar.

A SEISMIC STRENGTHENING PRACTICE BY CONNECTING BEAMS

Fig.3 shows a strengthening practice of 1ll-span simply-supported
pretension ‘concrete slab bridge. Reinforced concrete bent plies were used for
piers ‘and abutments. It was.found that the liquefactlon resistance factor, F.,
of the layer with thickness of 3.2m under the river bed was less than 1.0 and
pile length which was supported by the stable soil layer was 1/3 of total pile
length of 12m.

Three strengthening measures by @strengthenlng of all 12 substructures,
® strengthening of one substructure per two spans, and @ strengthening of
both abutments and connecting all pier crests by continuous beams were
investigated as a strengthening method. Alternative methods by @ replacement
of liquefiable soil layer by non-liquefiable soils and ®chemical grouting were
also Investigated. As a result of the investigation of these measures, Method @
was selected with consideration of reliability, construction method and
economy. '_

In the strengthening desigh, it was assumed that existing bent -piles
supported the vertical load and that selsmic loads was supported by 1ntegrated
structure of new and existing ones. Since pler crests of bent piles were
strengtheneéd by conn_ecting beams, it was required to Insure appropriate
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Table 4 Seismic Strengthening Methods for Abutment Foundations

A . . . . . 3 ) . o .
Method @ Earth Anchor @ Enlargement of Footing |3 Increase of Number of Piles @ Piles for decreasing-earth; &) Others (Measuresinthe | & Others (Measures in the
A . pressure front of Foundation) back of Foundation)
ST Supporting Counteriorted  Double Steel
Ty . -
= ] Member dile Sheet Pite
Diustration { =
Reinforced
Concrete Slab —
Increasing resistance'to sliding | Excavating ground in the Excavating ground in the Constfucting piles in the Increasing resistance to Decreasing earth pressure by
4 |
. and o by earth: . front of footing and front of footing, constructing | back-filling ground and sliding and overturning by counterforted pile. double
Outline erturning . -t .
anchor constructed fromthe | enlarging the footing - piles and enlarging the decreasing earth pressure reinforced concrete slab or steel sheet pile, improvement
abutment wall to the ground. | footing ‘to-the foundation supporting member of ground, ete.
e - Bearing Capacity of Soils_. . N + Bearing Capacity of Soils . : . . Lo . . .

i . i R i . I s * Displacement of Foundation | - Bea Capacity of Soils *Displacement of founda
Strengthemng;ltem * | - Displacement of Foundation Bearing Capacity of Soils - Bearing Capacity of Piles 5P ‘ ning Lapaain iSp! tion
Pointsto be considered’ | Share of loads between earth- "Connection of new and ;hgre '-’f{;,'adsﬁﬁ“é?nﬁew- . -Share of earth pressure - Connection of new and -Share of earth pressure berween
in the Design anchor and existing Jooting existing footing ' of new andgegisﬁng footing . between piles and abutment | existing structures new and existing structures.

‘ Construction can be made by | Construction space can be Constuction method for Traffic regulation is Construction space can be Traffic regulation is recessary
Traffic - | relatively small-scale small. plaang pilesisrestricted necessary during small. during construction.
Regulation.: | construction:machines. because of limitted construction construction
Construction| Clear} ] space. Cast-in-place pile
-learheadway under the < {reverse circulation drill methed)
Space- girder at reast up to3m is and steel pipe pile with joints
necessary. - can be applicable.
. . . .+ | “Construction ofcofferdam b R
) Construction of cofferdam.is | noet pﬁ . ]'s necessary. Speci ;'1 same as @ 0t necessary sameas & not necessary
Pointstobe | Cofferdam necessary but may-be construction method under . .
considered | small-seale. ﬂzlaglrdg using short sheet
. i piles with joints is necessary.
in the
Construction Attention should be paid to | Seability of foundation should | Stability of foundation Decrease of bearing capacity | sameas O and @ same as &
Eﬂ‘ect on cut of reinforcing bars of be checked during during construction should be | of soils by soil relaxation
Existing abutment wall. Strengthof | o o0 checked. Placing point of should be checked in case of
Structure | fixing sectior of earch . pﬁes isuli:e‘x}iged :hlf buttered . constructing cast-in-place
: anchor should be checked. pile is in the exisung piles. ¢ piles
Effecton - | Attention should be paid to same as sameas O
Surrounding | underground structures in
Structures . | the back of abutment.
- Earth anchor method has been -Reliable construction for * Reliable construction for * Although increase of
gllbphfd nmany Eor;@‘-“sm connecting new and existing | connecting new and existing resistance to lateral force
. C;r?}ul considmﬁonlsto per- footings is necessary. footings is necessary. is reliable, this method can
iveness of stren ing | By installation of projection be applicable only for short
effecti gthening \ ¢ -
Commentary should be given because the in the bottom of footing span bridges.
back ground may move increase of bearing capacity
. i‘g:lggrage pornlon should be | to lateralloading is pessible.
leveled-under the bottom of

footing.




Table 5 Seismic Strengthening Methods for Pler Foundations

L JMethod @) Foot Protection @ Cofferdam @ Inucese of Numbier of Pites | @) Cast-In-Slte Diaphragins Wall
Tronsverse ‘
qm..l/g:, - Existing Foundotion
= =57
Foot foot -
[I-1] Prolection ing I " "
v NN ‘.-'
Hlustration Rt B ek L‘_Tf | Sheet
- ongituding| i
A e i Pite
rd AY
S~ SN S Chemicol—ff [y -9 — b ceocones ://
Grou"ng"“’ oooooooooo%
ot i s SRS SIRE -
Ploce Pite
Prolecting fonndatlon from l‘,,‘,’;‘;’,’;ﬂ‘c’," n‘_":,rfc’cd"i','; :;{(fm' Increasing number of plies and | Constructing cast-n-sife
scouring by blocks, cover foundation ang f:lllllgsuils insige, | entarging the footing diaphragmis wall and integrating
Outline | conerete and matress Chemical routing and new structure with existing
shaped gablon prepacked concrele can bie used foundation
__ | _for solt filling.
Strengthening - Scouring * Scouring ~llcnrlhg Capacity of Soils + Bearing Capacity of Soils
Item * Bearing Capacity of Piles *Bearing Capacity of Piles *Scouring

Points to he
considered
in the Design

- Strengthening Area
» Can not be a parmanent
strengthening method

* Blocking of drainage arca of
river

* Reliable efTectiveness of
strengthenin

+Share of loads between new
and existing structures

+Connection between new
and existing structures

- Reliable effectiveness of
strengthening

* Blocking of drainage area of river

* Effect of water flow pressure

Points to he

* Relatively easy construction

- Construction machine for
sheet piles may be restricted
by limitted construction

*Relatively casy for constructing
piles in transverse dircction
+ Construction machine is

« Apporopriale construction -
method for ground condition
should be selected.

considered restricted for constructing
In the space. piles under the girder
Construction *Cofferdam and dry-up
construction is necessary for
connection of new and existing
footings.
Method | ® Strengthening by Stell Pipe Pile ® Enlargement of Kooting @ ftinsitebean, e ® Foundation Improvement

llustration

(™

Pile

— .

.. _Water Stop
Sheet Pile

Cost-in-site Continves Beom

Qutline

Strengthening by constructing
steel pipe piles under existing
footing

Construciing fooling at the
design ground surface and
resisting to moment and
lateral loads

Increasing stability of foundations
by connecting adjacent
foundations by cast-in-site beam
or reinfored concrefe plate.
Applicable for short span bridges.

Increasing bearing capacity of
soft soils by placing quicklime
pife, sand compaction pile, gravel
-drain, chemidal grouting, soil
_coment, ¢le,

Strengthening
Item

. lloﬁripg Cnp:iclly of Foundation
* Bearing Capacity of Soils

* Bearing Capacity of Suils
* Scouring .

* Bearing Capacity of Soils
* Displacement of Foundation,

-,Bedrlhg Capagity of Svils
+ Efféct of Soil Liquefaction

Polnts (o be
considéred.
in the Design

> Share of loads belween new and
exlsting structures.

« Conticctivn of new and existing
struclures

+ Evatuation of effectivencss of
foundation improvement
- Improvement'area

Points (o be

considered foundation is generally difficull.
in the » Construction cost s relatively
Construction

+ Construction of cofferdam and
placement of pile under

expensive,

* Construction of cofferdam {s
necessury

* Construction of cofferdam
under the girder is necdssary.

« In case of river crossing bridge,
transference of river course Is
necessary.
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strength for the connecting beams. Therefore, the connecting beams were
deslgned as a device for preventing falling-off of superstructure. The
connecting beams and fix bearing on the lateral beams were designed using two
times horizontal seismic coefficlent. It should be noted here that the
connecting beams were also used as girders of pedestrian decks.

SEISMIC STRENGTHENING ME'I'IIODS:”j OF PIERS AND THE APPLICATIONS

‘There are two cases that required strengthening of substructures, which
Include vulnerable type and materials of substructures, and weak strength of
reinforced concrete plers at the bottom and termination =zone of main
-reinforcement at mid-height.

Type of foundations vulnerable to seismic damage Includes single-line bent
piles and reinforced concreté frame 6n two independent caisson foundation.
Substructures made of plain concrete, brick and masonry which were
constructed in the old ages are also vulnerable to brittle failure.

On the other hand, substructures which have weak strength at the bottom
include the cases in which the deslgn seismic force is smaller than current
design level or arrangement of tie reinforcement is not adequate. The strength
at the termination zone of main reinforcement at mid-height had not generally
checked before 1980. When' thé anchorage length of terminated reinforcement is
not enough long, brittle fallure at the zone is anticipated similarly to the
damage of the piers of the Shizunal Bridge during the Urakawa-oki Earthquake
of 1982, ‘ o

There are two strengthening methods for such weak reinforced concrete
piers, which include placement of new reinforced concrete or steel jackets. In
both cases, it is important to integrate new and existing structures. Recently,
jacketing method by using new materials such as carbon fiber and fiber
reinfOrced plastic are also being studied.

Table 6 and Table T show the selsmic strengthening methods for vulnerable
bent plles and reinforced concrete. plers.'®

The seismic strengthening practices of substructures are shown as
follows, ' .

A SEISMIC STRENG'I‘HENING PRACTICE BY PLACING NENW. REINFORCED CONCRETE (CASE 1)
Fig.4 shows a- 'seismic stréngthening practice:for increasing ductility of 'a
‘reinforced concrete pier by placing new reinforced concrete. The cover
concrete of the existing pler was chipped -out up to the surface of long‘itudinal'
reinforcing bars, anchoring reinforeing bars were newly installed and new -
relnforced’ cohcrete with thickness of 17¢m was placed.
The longitudinal reinforcing bars were anchored with necessary anchorage '
length ‘and anchorage portion was inclined toward the pier center in order to
anchor them to the existing footing. .
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Table 6 Seismic Strengthening Methods for Bent Piles

Tacrcéase of Number of Piles In

Increase of Number of Piles In

Mn Reinforced Concrete ( nnnccllon oI’A(Ij1ccnl Piers
Method @ ransverse Dircetion O Longitudinal Direction @ Section @ by Cast.in-site Beam
- T |
Hiustration T u i H(T .'”Wﬂ/ “ 1" ”aﬁ
Constructing plles outside of Constr ucllng ptlcc hn ‘ l’luclng new rclnforccd (‘onnccling .ndyucnl plers
Outline deck tongitudinal diréction under | concrete anid imtegrating and/or abutment by cast-in-site

the girder and connecting
new and existing piles by new

new and existing structures

“beam

footing

Strengthening Hem

Type of Substructure (Bent B
Pile) (Bearing Capacity of Pile)

Type of Substructure (Bent |
Pile)(Bearing Capacity of Pile)

“Type of Subslruclmc
" Pile)(Strength of Pile,
of I’ile) -

(Benl
Stiffiess

Type of&ubsu uclm ¢ (ncm
Pite)(Bear lng (,ap'lcnlv of l’slc)

Points to bie considered
in the Design

Connectlon of new and
existing scction

“sameas (D

by Increase of weight

Check of pile stress caused

Connection of beam nnd
existing piles

Tralfic

viot necessary In general. When

i o e, LO"“'““""" method Is Construction spacé fs same as @

L epulation, | construction of piles is mede: Festriéted for Machig piles relatively small; .

Paints Constructionf from the deck, partial traffic | under the girder. !

to bcid . Space regulation is necéssary, T ‘ :

considere — T - - - -

intl ' Cofferdam isnecéssary for - | smincas @ - Cdnsiruction of cofferdam .+ |~ Construction of cofferdam .

nihe i , .| constructing footing. Special under the gider is nccessary, | under the girder is, Nceessary,

Constructionf coffergam | éonstruction methid Is Same as O In casé of Fiver crosstig bridge, :
required for constructing transference of river course is
sheet pile conder the glrdcr ‘ ‘hecessary: ._g

. s L o
Methad ® 5\3:?::::17?1(;; 'l'i‘é'f{‘(":'i" ® ff;"");'\i‘i;‘;fgﬁ;g'"‘“bh Bearing @ Connection of Deck Stab
G iE REE BT
Fuxmg of Superstrutture
@ v ® @ ® . 10, Substructure
- . . [ (e RarY Rt 1 = . L o (| N —10 .
s : y o P | ) . ll Py 1A " = e ol
Hlustration I \ \ ‘”‘\’ 7 @ @ﬁ@
\Tie Rod {] gon pite SR S SN
. Bent Pite. ;
Connecting plcré and abutments by lfiitinig'suhéi'slrﬁ;duré i();ﬁsilb.lsll'ruél:urb,‘ (,onncclmg adJaccnl (lc(k sl.ll)s nn(l
Outline tic-rod and increasing stiffness in the and increasing stiffriess in the Increasing drivability. E

longitudinal direction,

longitudinal dircction,

Strengthening Hem

“Fypé of Formdatlon (tent Pile) (Bearlig -

Capacity of Pile Stiffness of Pile)

“typé of Féundation (Bent l’nle) (Bcaring :
. Capacity of Stiffness of Pile)

‘ 'l‘\pc of houndallt»n (llcn( I’ule) (Slll’l‘ncss
of Pile) ooy L i

I’olnls lo be considcrcd
inthe D(-sign

» Design inethud for devlées for preventing
falling-off of supersty ucture is applicuhle.
« Anchorage of fié-rod and antl-corrosive -
coaling of tie-rod - .

-+ Connection betwéen supcrslruclure and
subs(ruc(ure .
L Sir cnglhenlng ul‘f‘\lng porllon ol‘ pler 8
. crest and girder. . .

'__.Slrcngthcnlng ol‘connccnon ‘portion of

slab is nécessary,
' R R R Y

Traffic not necessary ) l’nrllul traffic ,rcgulaiionjs nccessnry. o lrnmc rcgulnllon is nc v l‘or
Points ('_‘Zﬁ‘;.',":,'é’.'{(’m S o remmlng eep'msloh jolnl and rcpl.\clng
tohe Space ‘ : _a'partiof deck slab,: |
considered IS TV - o
inthe not necessary not necessary ' not necessary |
Construction] ¢otferdum 5 Fyoan Y
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‘Table 7 ‘Seismic Sti'engthehjng Methods for Piers

‘Method @ New Reinfored Concrete Section @ Steel Jacket 3 Wall and Lateral Beam
Existing Pier Existing Pier
> . i -~ Wall
' \ t . \ \ 1
| 5 Remioc ! Terminated i i Terminated
; Reinfoced [} | i -« - Steel N !
IHuStl‘atlon ' Con(ﬁrete"‘ : ‘ ‘ | Pomt of e e JU cket - ! -‘——.poi.nt of .
\ - Main I D Main !
| | Reinforcement col | Reinforcement T Loterat 8eo
i . . r m
; l ] r T ] I ! I l 1 .
K .' ' l I
! ]
|
- Placing new reinforced concrete on - Placing steel jacket on existing piers . Construction of wall to increase lateral
existing piers strength of reinforced concrete frame.
Outline - A number of practices for repairing - Connecting two independent caisson
damaged pier : foundati?n by lateral beam for reducing
} the relative displacement
IStter;ngthemng . Strength of Pier ' - Strength of Pier - Strength of Reinforced Concrete Frame

- Two Independent Caisson Foundation

Point$ to be
considered
in the Design

- Anchorage of reinforcing bars to footing,
chipping at cover concerte of existing pier
and anchoring reinforcing bars for

‘integration of new and existing structures

- Thicknessand width of new reinforced
concrete ' : :

- Blocking of drainage area of river

- Anchoring method of steel jacket to

existing pier and feoting

- Thickness, width and anchor bolt density
- Future maintenance (painting, etc)

- Connection between new and existing
structures

Points to be
considered
inthe
Construction

- In case of a river crossing bridge,
construction of cofferdam is necessary. -

same as

same as O
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A _SEISMIC STRENGTHENING PRACTICE BY PLACING NEW REINFORCED CONCRETE (CASE 2)

Fig.5 shows a seismic strengthening practice of a multi-column reinforced
concrete frame pier. Three strengthening methods by @ replacement of pler, @
placement of new lateral beam, and ®placement of new reinforced concrete so
as to change a structure-type from multi-column to oval sectlon type were
investigated. Method ® was finally selected as a result of investigation with
conslderation of the viewpoint of river administration.

In the strengthening design, it was assumed that the selsmic force was
supported by the Integrated structure of new and existing ones. All of cover
concrete of the existing structure was chipped -out in order to Insure
Integration between exiting and new structures. Although the weight of
substructure increased, strengthening of foundation was not required because

the foundation was on the stiff ground with N-valué of more than 50.

A SEISMIC STRENGTHENING PRACTICE OF RFINFORCED CONCRETE_FRAME BY PLACING
REINFORCED CONCRETE WALL

Fig.6 shows a strengthening practice of a reinforced concrete frame to
Increase lateral strength In the transverse direction by placing new reinforced
concrete wall. Thickness of the wall was designed as 40 cm, and it was assumed
that seismic loads was supported by the Integrated structure of new and
existing ones. Cover concrete of the connection portion of the existing
structure was chipped-out and anchoring reinforcing bars were Installed for
reliable integration between new and existing structures.

A SEISMIC STRENGTHENING PRACTICE OF BENT PILE BY INCREASING NUMBER OF PILES

Fig.7 shows a seismic strengthening practice of a bent pile by increasing
number of piles. Since the existing steel pipe piles were corroded and heavily
damaged, the bent piles were strengthened by placing new reinforced concrete
and the structure-type was changed to wall-type. Since the deck width was
enlarged for increasing the number of traffic lanes, enlargement of pier width
and construction of new piles were required

In the strengthening design, it was assume that seismic loads was supported
by the Integrated structure of new and ‘existing ones. In order to Insure
reliable integration between new and existing structures cover concrete of
existing structure was chipped-out and anchoring reinforcing bars were
installed. Since necessary plle length was 42m long, a steel pipe pile with
larger diameter of 1.2m was selected. In the strengthening construction, a steel
shell frame, which was a part of mold for comncrete was used The construction
of piles and setting of the steel shell frame was made from the ship.

A SEISMIC STRENGTHENING PRAC'I'ICE OF REINFORCED CONCRETE PIER BY STEEL
JACKETS

Fig.8 shows a seismic strengthening practice of a reinforced concrete pler
at the termination zone of maln reinforcement at mld- height. Instead of placing
new reinforced concrete, steel jackets were used for covering the existing
reinforced concrete pler. This was to mitigate the environmental effects such
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as nolse and alr pollution caused by chipping-out of cover concrete of existing
piers during construction, and to prevent Increase of weight of pler because
residual bearing capaclty of the foundation was not enough. The minimum width
of a steel jacket ‘was determined to be more than two times section width
through the dynamic loading tests conducted at the Public Works Research
Institute. In the strengthening construction, the pler was covered by steel
Jackets from the bottom to crest of the pier for better outside appearance.

CONCLUDING REMARKS

This paper presents selsmic strengthening methods for highway bridges with
emphasis on practical applications. In the past seismic strengthening work in
Japan, installation of devices for preventing falling-off of superstructure has
successively been made. However strengthening of substructures has had
difficulties such as cost problem and lack of rellable strengthening methods,
so promotion of the strengthening work for substructures is now belng
required. Therefore, 1t is significantly important to develop rational and
effective selsmic strengthening methods with application of new materials and
construction methods. It should be noted here that strengthening methods by
connecting girders of a multi-span simply-supported bridge and base-isolation
design are also being developed and applied.
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SEISMIC BEHAVIOR OF BERIED PIPELINES
THROUGIH FIELD OBSERVATION

By Kazuhiko KAWASHIMA®, Iideki SUGITAZ and Tomoru NAKAJIMAZ

ABSTRACT

This paper presents seismic response characteristics of embedded pipes
based on field measurements. Strains induced in steel pipe and ductile pipes
with expansion joints are studied. Special attention is placed for effect of
bends on pipe response. Soil springs which are important i{n seismic design by
means of the seismic deformation method is also studied based on the measured
data.

INTRODUCTION

Seismic design of embedded pipeys i1s generally made by the seismic
deformation method® in which embedded pipes are assumed to respond in
accordance with strain induced in ground during earthquakes. Pipes are
considered to be beams elastically supported by soils when the stiffness of the
soil is modelled by springs. Although the seismic deformation method has been
adopted for seismic design of embedded 1lifeline facilities, measured data
avallable for evaluation pipe response during earthquakes is very limited.
Strong motion observation was Initlated for measuring pipe response, because
precise evaluating of pipe résponse In ground is essential for improving seismic
design method. Special attention was paid to obtain response data for pipe with
bends and expansion joints

’I‘his papcr presents an analysis of the measured data of pipe response, and
soil spring stiffness to be used in the selsmic deformation method 1is also
presented.

1 iIead Earthquake Engineering Division, Public Works Research Institute,
', Ministry of Construction, Tsukuba Science City, Japan
2 Research Englneer, ditto
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OBSERVATION SYSTEMS

Fig.1 and Photo 1,2 shows the observation systems placed at Sodegaura city,
about 50 km east of Tokyo, for measuring seismic behavior of embedded plpes
Continuous steel plpe with a diameter of 15 cm and ductile pipes with dlameters
of 15 cm and 30 cm are embedded 1 m below the ground surface as shown In Photo
3-7. The length of the continuous steel pipe Is 120 m and there Is a bend at 20 m
from the right end. The length of one element of the ductile pipe is § m in the
15 cm diameter pipe and 6 m In the 30 cm dlameter pipe. ’I‘hey were jointed
together by expansion joints which are capable of absorbing a relative
deformation of X 10 % of pipe length in the axlal direction and a rotation of +
6 degrees. Stoppers for preventing excessive pulling-out are provided at the
expansion joints.

SSTH SST2 SST3
. AN ful; SR A b
AO "\'3/" Cdg 5 ’ ‘ 2:
. - GSTY _ , GST3
i ?sn sored. ?’?6 DST2.
N | R R & . ST
Bo JAZ ng n , DQ 4 ‘T5A AR

-~

LEGEND

“Displdcensnt of Joinl (JI~J3)

Strain ‘of Pipe’ (SSTH~SSTT, DSTI~DST3)
~Down-hole  A¢celerometer (A~G) -
~Strain of Ground (GST1~GST.3)

- Figure 1. Observation Systens,

[

0 20 30(m

hi‘oob

Dense lnstrumentatlon is made to measure the pipe response The strafn
induced In the steel and ductile pipes as well as relative displacements
developed between two adjacent ductile plpe sections were measured Strain
gauges with eoatlng agalnst water are placed on the both sldes of the pipes SO
that the flexural strain as well as the axial strain could be detected

R A o NN AR TN PR T s

The ground acceleration and ground strain were measured Three components
down-hole accelerometers were lnstalled at slx points to measure ground
accelération. The measured ‘data was used to compute the averaged ground'
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strain induced at the site. Speclal devices were installed 1 m below the ground
surface to directly measure ground strain. The devices consist of two 80 cm
diameter circular plates and a 6 cm diameter double tubed steel rod. The
circular plates were connected to the double tubed steel rod.

Movement of the circular steel plates in accordance with soils vibration
during carthquakes would develop small relative displacements between the two
circular plates. Ground strain may be evaluated by dividing the relative
displacement by the length of the double tubed steel rod. This device has been
successfully used for measuring ground strain at several observation sitesl)3).

A1l the measured signals are digitized with an interval of 1/100 second and
recorded with a diglital ‘acquisition systems. Pre-event memory of about 10
seconds are provfded't'o get full records from their start.

MEASURED DATA

Observation was “initlated in January 1989 and many records have been
already obtained. In this report the pipe response was analyzed based on the
measured data obtalned after October 1989. Record which are large enough for
analyslis were measured by thirteen earthquakes as shown in Table 1.

Table 1. Major Earthquakes Triggered

MO e SRR IRAL EPICEN'_FER_ e MAGNITUDE | FoCAL
OF EQ. R LONGITUDE | LATITUDE (a0 DEPTH (k)

| Bq-1 |1989. 10. 14 lZU—l\lOb;?Sr:{IMA 135" 03° W 5.1 25
EQ-2 |1990. 6. 1 c;ﬁg?\T—%N 1 ot a0 35* 33" 6.0 70
EQ-3 [19%. 6. 5], A‘m{gﬁ'ﬁ\?f;m 139" 20° w50 | 53 120
EQ-~4 [1990. 6.27| SAGAMI~BAY 100 07" | - 3t 00’ 5.4 148
"8a-5 |199. 8.23 g}gﬂ'ﬂ(‘zg e 24 N B2 | 4 50

| Ba~ 6. |1090. 8.23 gz;ﬁ}?\l’_EKOEg 140° 24° 35° 21" 5.2 49
BQ~17 |1900.12.11 &'Hﬁ’ﬁgg 1010 | a0t iy 3
BQ-8 |1990.12. 16 SHDDLE OF - 0" 13" 35* 37° 46 7
BQ~9 [1991. 6.28| TOKYO-BAY 139° 52' 320" 46 68
EQ=10 [1991. 7.14 NAgﬁlS\J%?iEN Teetar | %' 54, T

| Ba=11 |1091. .20 l é‘:ﬁggﬁ*;&i 140° 06 | 350 45’ 19 80
"EQiiz (0811518 |  TOKYOSBAY | wotor | stz |- 4o 8l o
BQ-13 |1992. 2 2| TOKYO-BAY |- 130 08" % | 53 0
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Fig. 2 shows the measured axlal strain induced In the steel pipe and ground
accelerations developed by an ecarthquake with epicentral distance of 75 km and
an earthquake magnitude of 5.7. This earthquake Is designated herefnafter as EQ f
3 earthquake. The peak ground acceleration was about 65 to 70 c¢m/sec® and the 5
peak pipe strain was about 7.2 to 10.1x. It is Interesting to note In Fig. 2 that
although there are many similarities of the pipe strains between the three
locations, the pipe strain are considerably different each other. This clearly
shows that the pipe response In axial direction depends considerably on the
response of nearby soll.
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~ TIME (SECOND)
(d) Acceleration at point C
Figure 2. Measured Axial Strain of Steel Pipe and Ground
Acceleration C Point during EQ 13
Because the ground motion was small, the d.evices:f‘o,r measuring ground
strain did not directly detect ground strain. Fig. 3 shows ground strains
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computed for the EQ 13 earthquake from measured ground accelerations. The
measured ground accelerations were double integrated to obtaln the ground
displacements™, Assuming triangular clements such as A ABC and A BCD, the
ground strain along plpe axis was computed with use of the standard finite
element method®. Linecar interpolation function for displacements was assumed
In each finite element. If the ground straln computed for A ABC, which Is the
averaged ground strain between points A and C, is compared with the axial plpe
strain at point SSTI, in Fig. 2, it Is found that the strains obtained are quite
similar,

20
10

Max = 11.66 p

STRAIN (g)

(a) Averaged Strain between A ABC

STRAIN (g)

"2OL_ L 1 i 1 1 |' Il L |Ma|x 5']8.4]5\'“'
10 11 12 13 14 15 16 17 18 19 20 2f 22 23 24 25

TIME (SECOND)
(b) Avéeraged Strain between ‘A BCD

Figure 3. Ground Strain Computed for EQ 13 from Mcasured
Ground Acceleration

Fig. 4 shows aXiai_strain induced during the EQ 13 earthquake in the ductile
pipes. Almost .no relative displacement was developed at the joints. It is
interesting to note that the strain of- the ductile pipe at the point DST- ] is
quite similar with the strain of the steel pipe at the point SST-1. ‘The strain of
the ductile pipe is not necessarily smaller than the strain of the steel pipe.
This Implies that reduction of axial force induced in the ductile pipe due to
the expansion joints was qulte small during the EQ 13. The forces developed at
the eXpansion Joints during the EQ 13 were so small that friction at the
expansion Jolnts prevented slippage to occur between the adjacent pipe
sections. ~

Fig. 5 shows a distribution of peak strain along the steel pipe for the EQ 13

earthquake. Both’akial and:fléxural strains are presented. It should be noted
that although axlal strain is predominant in the stralght section, flexural
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straln becomes larger than the axlal strain at the bends. Flexural strain has to
be therefore taken into account in seismic design of pipes at bend sections.
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Figure 4. Mecasured Axial Strain of Ductile Pipe dufiﬁg E_d13
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Fig. 6 shows the axial straln of steel pipe vs. peak ground acceleration
relation for the data obtained by the ecight carthquakes presented in Table 1.
Although number of the data obtained is still small, clear correlation between
the pipe strain and the peak ground acceleration is observed. By Increasing the
number of data, this is expected to provide a practical estimation for the pipe
strain induced during earthquakes.

8
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e
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PEAK GROUND ‘ACCELERATION -(GAL)
Figure 6. Axial Strain of Stecl Pipe vs. Peak Ground Acceleration Relation

EVALUATION OF SOIL. SPRING STIFFNESS |

An analytical model presented in Fig. 7 is often adopted to estimate dynamic
response analysis of embedded plpes The pipe 1s 1dealized by a beam
elastically supported by springs which represent pipe -soil interaction. Soil
response is computed by prescribing the input ground motion at the base rock.

In the analytical model pres'ented'in':F‘ig.‘ 7, 1t is essentlal to determine the
stiffness of the soil springs which elastically support correctly the'pipe
Various methods have been proposed from analytleal and experimental studies
to estimate the soll springs However due to limitation of measured data
avallable for estlmating sofl springs based on measured selsmic response data
of ' pipes, few studies have been made for soll springs. Therefore, with use of
the analytical model presented In Fig. 7, the soll springs stiffness were
studied.

The response displacements of soils which were estimated from the measured
accelerations were used for oomputing the pipe responses. The steel pipe was
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; \ \-SOIL SPRINS
2 MASS REFRESENTING

\ SOILS RESPONSE
-BASE ROCK
Figure 7. Analytical Model for Dynamic Response Analysis of Embedded Plpes

2

STEEL PIPE 1 JJ;'

Figure 8. Analytical Model Used for Pipe Response

idealized by a discrete analytical model with 24 beam elements as shown in Fig.
8. Because the displacements which were computed from the measured
accelerations were available at only six points, the displacementb at each
nodal’ point of the ana]ytical model were computed from either linear
*‘interpolation or extrapolation of the displacements from the six points

" In the 'D"e"‘si'g‘n‘ Specifications of Pétroleum Pipelines®, the soll spFing
stiffness is stipulated to be estimated as
‘K=¢ X Go o N | o Q)

, where X : stiffness of soll spring per unit length cia coefficient and’ G
shear moduli of soils The shear moduli of sofls are estimated as

where 'y . @ unlt welght of ‘solls, Ve : shear wave veloélty of ‘solls, | and g
acceleration of gravity. In the specifications the coefficient ¢ 1is
stipulated to be determined by appropriate tests, and a value of 3.0 is

‘ recommended when such test data is not available
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The soil spring which gives reallstic estimation for the measured pipe
strain was therefore studied. Fig. 9 shows the approximation of the computed
pipe strain assuming a soil sprlng stiffness of 100 tf/m* and 300 tf/m*. The
computed axial and flexural straln approximatoe quite well the mecasured pipe
strain. Because shear wave veloclty which was measured at three points In the
observation site was about 150 m/sec at the depth between the ground surface
and 15 meters below the ground surf’aoe, the soll spring stiffness of 100tf/m*
and 300tf/m® are predicted by assuming a coefficient "c" of about 0.05 and 0.16
respectively in Eq.(1). From such evidence it may be sald that the recommended
value of 3.0 for the coefficient "c¢" In Eq.(1) 1s excessively conservative, It is
important to precisely study the coefficient "c¢" which gives a realistic soil
spring stiffness.

— 20p
15
{0
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0

STRAIN (1

(a) Axial Strain
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STRAIN (1t
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o MEASURED

“(b) Flexural Strain
Figure 9. Best Cor‘rélat’iéh‘of Pipe Strain for EQ 13 CONCLUSIONS
For accumulating actual selsmic behavlor of ‘embedded pipes during
'earthquakes, ‘'seismic observation of two types of pipes was fhitiated. Based on
the analyses of the measured data on the strain of embedded plpes, ‘the

followlng conélusions may be deduced'

1) Although axial strain was predomlnent In ‘the 's;tr‘alé}it“ s‘ec'tl(‘)n, "'fl'exu‘ral



strain Is more predominant than axlal strain at the bend section of the pipe.
Flexural strain should be considered In seismic design at bend sections.

2) Considerably good correlation was observed between the measured axlial
strain of the pipe and the peak ground acceleration. Accumulation of
measured data is expected to provide a realistic estimation method for the
pipe strain based on the peak ground acceleration.

3) The computed pipe strain assuming Eqs.(l) and (2) was excessively larger than
the measured pipe strain. It is thought that the spring stiffness predicted by
Eq.(1) assuming the coefficlent "c¢" of 3.0 Is too conservative. Coefficlent "c"
has to be precisely studied by analyzing more measured data.

FUTURE DIRECTIONS

Accumulation of measured data lIs required for providing a reallstic
estimation method for the pipe strain based on the peak ground acceleration,
and for studying the coefficient "c¢" which gives a realistic soil spring
stiffness. Because the observation site is located at one of the highest
seismicity area in Japan, it is anticipated to have a number of mesuared data in
a short time.
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EFFECTIVENESS OF TIE VARIABLE DAMPER
FOR REDUCING SEISMIC RESPONSE OF HIGHWAY BRIDGES

Kazuhiko KAWASHIMA, Shigeki UNJOII, IIiroyuki IIDA
and Hidetoshi MUKAI

Earthquake Engineeflng Dl\}‘lsl'on, Public Works Research Institute

SUMMARY
Presented -are analytical and experimental studies on the dynamic
charactéristics of a variable damper developed at the Public Works Research
Institute. Effectiveness of the varlable damper for reducing selsmic response
of ‘highway bridges ‘Is analytically investigatéd. A prototype model of the
variable damper is developed and the dynamic characteristics obtained
through the dynamic loading tests is also presented. '

INTRODUCTION

Because integration of functions of a damper-stopper and a energy
dissipator is effective for 1ncrea91ng seismlc safety of highway bridges, the
applicability and practicablllty of the variable damper, in which the damping
characteristics is variable depending on the response. of highWay bridges, has
been studied at the Public WOrks Research Institute” ™. -

This ‘paper presents analytical and experimental studies on the dynamic
characteristics 'of * the ' variable - damper Simple analytlcal results are
described for presenting the effectiveness of the variable damper for
reducing seismic¢ response of highway bridges. A prototype model of the
variable damper is ‘developéd’ and‘the load-displacement’ characteristics and
the controllability - obtalned ‘through the dynamic loading tests are also
presented.

FUNCTION‘? OF 'I‘IH‘ VARIABLF DAMPF R

, ~The variable damper is-a viscous damper In- which the. vlscous ddmplng
force.is variable:depending on:the response of highway bridges as shown in
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Fig.1l. That is:

1) The damping coefficlient of ‘the variable damper {s taken large durlng a
small deck vibration so that the damper have the same function as a fixed
bearing support against the braking load of vehicles. It is movable agalnst
actions with low-velocity such as an elongation of deck by temperaturc
change.

2) When the amplitude of doc'k vibration becomes larger up to a certaln level

during an earthquake, the damping coefficlent 1s decreased so that the
energy dissipation be optimum and the Inertia force of a superstructure to

substructures be decreased appropriately.

3) Furthermore, when the vibration amplitude of the deck becomes excesslve,

the damping coefficlent is gradually increased in order to suppress the
excessive amplitude: Therefore, the damper has a function as a stopper with a
shock absorber function. This is.to prevent the impact response . by the
sudden operation of the stopper®

Therefore, the variable damper has the ddvantiges of “an ‘usual viscous
damper-stopper® ™, a passive energy dissipator and a stopper with a shock

absorber function.

Bnde TENSIERIPREIS L i
.

DECK RESPONSE RELATIVE TO PIER GREST ..
Fig.1 Basic Conccpt of Variable Dampers

The concept of the variable damper, in which the damping characteristics
can be variable dependlng on the. sttuatlon, has been effecthely adopted in a
field of mechanical englneerlng, in partlcular in a suspension system for an
aircraft and -an’ ‘automobile., -An ‘actlve suspension ‘to Improve driving
comfortabllity ‘and stabflity ‘'of the automobile Is-'6ne of the:examples® '®.
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However, 1t is a new Idea to apply the varlable damper for highway bridges
based on the concept of distributing the Inertia force of a superstructure to
substructures.

Although varlous types of the variable damper can be made, the simplest
one may be as shown In Fig.2. The basic component Is an cylinder-type viscous
damper. A by-pass pipe Is Installed between the cylinder-cells divided by the
plston. The damping characteristics can be ¢ontrolled by varying the amount
of flow of viscous material which passes through the by-pass. Since various
technology for controlling such material flow has been developed, the
variable damper is most promising and near to the practical use. Furthermore,
the external energy required for the operation is significantly smaller in
the variable damper than in active control devices'".

CONTROLLER

: SUPERSTRUCTURE
S = QL th

VISCOUS MATERIAL & ™ CYLINDER
PISTON—  \ g
N\, |

’_SUBSTRUCTUBE‘ BYPASS \SERVO VALVE

SENSOR

Z

Fig.2 Variable Damper
' SEISMIC RESPONSE ANALYSES OF HIGHWAY BRIDGES WITH VARTABLE DAMPERS
~In'order to Investigate the effectiveness of the varlable damper, a simple
span girder bridge, as shown in'Flig:3, with a span length of 30m Is analyzed® .
The ‘response ‘1n longitudinal ‘direction is' considered.’ Although the variable
damper ‘has better applicabllity for multi-span continudus glrdér bridges, the
simple span'girder bridge s taken as an analytical model h‘ére"for“Simplldity.
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The superstructure of the model s supported by elastic isolators iIn
longitudinal direction and the variable dampers are assumed to be installed
between the superstructure and the pier top. The welght of the
superstructure and spring stiffness of elastic isolator are assumed as 241 5tf
and 640tf/m, respectively. The flexural stiffness oi’ piers is assumcd so that
the fundamental natural period of the model be 0.5sec when the both bearing
suppcrts are hinged. The stiffness of lsolators results In the fundamental
natural period of lsec for the model with elastic isolators.

1SOLATOR

777/777‘ - - S /i/////
Fig.3 Highway Bridge Analysed and Analytlcal Idea]iyation

Damping ratio of the variable damper can be variable dependent on both
relative veloclty and relative’ displacement ‘between the superstructure and
the pler top. Only analytical cases in which the damping ratio s varied with
the relatlve deck displacement are shown here for presenting the
effectiveness of the varlable damper. - ‘

Fig.4 shows the control method of the damping coefi‘icient of the variable
dampér so that It has the f'unctions as d damper- stopper, a energy dissipator
and a stopper with a shock absorber function. The,displacement, at which the
stopper function for preVentin'g excessive displacement Initiates to work,-is
assumed as 2/3 of the peak relative displacement.du and the damping ratio is
increased from hi to ha. The. displacement du is defined hereafter as a design

displacement of the variable. damper For. suppressing small deck: displacement
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the damping ratio of the variable damper Is Increased from h, to hz in the
range of the relative displacement from -1/6du to 1/6d.. The design
displacement du, damping ratio h:, hz and hz are assumed here as 6.34cm, 0.5, 3
and 3, respectively, These values are determined through the parametric
analyses to obtain approprlate ones for the model bridge with the variable
damper® , :

DAMPING COEFFICIENT C

e 2 H2E3 €3 3=
| | |
} G| \_hi=0.5 ,
‘ B |
| | 1
o -2 L4 =
3 6 6 3

RELATIVE DISPLACEMENT (xdu)

Fig.4 Displacement Dependent Damping (du=6.34cm)

The acceleration recorded on the‘grou‘nd around the Tsugaru Bridge
during the Nihonkai-Chubu Earthquake of 1983 was used as an input
acceleration. The acceleration was modified so that the response spectrum
matches v_vithw'the “target spectrum. The acceleration spectrum, which is
speei"fz‘ie’d' in "‘Part V Seismic Design"™ of the "Design Specifications for
Highway Bridg‘es , is assumed as the target spectra. The target spectra is used
for the. check of bearing eapacity of reinforced conecrete piers on soft soil
site (ground eondition III ). '

When the variable damper is not- provided the modal damping ratio of the
model bridge s assumed to be 2% of éritical.

Table 1 compares the peak responses of the model bridge with and without
control. If the variable damper with h, = 0.5 and h= = ha = 3 is provided, peak
deck displacement .ahd peak deck acceleration decrease to 25% and 43% of
those with no control respectively. The maximum bending moment at the pier
bottom decreases to 46% of that. The required damping force and peak stroke
of the varlable damper are 62, 6tf % 9= 125tf ‘and’ 5.78cm, respectively. The
'variable damper with this speeification can be designed within the current
seope of damper technology '
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Table 1 Peak Response of the Bridge and the Variable Damper

5 Deck ‘ Pler Variable Damper
Analytical e ‘ —- — —
Displa- | Acéele- | Shear | Bending | Damping | Relative |  Totdl
Cases cement ration Force Moment Force Displace- | Energy
(em) (cm/s%) (tf) (tf m) (tf) ment (cm) | (tf-m)
No Control 33.04 1,300 166.9 3,297 - - ---
Displacement 4 : :
Dependent 8.38 555 81.2 1,528 62.6 5.78 17.4 N
Damping {

DEVELOPMENT OF A PROTOTYPE MODEL OF THE VARIABLE DAMPER

Qutline of A Prototype Model of the Variable Damper

Fig.5 and Photo.1 show a deslgn plan and a view of the varlable damper *
developed. The model is designed 'so that the maximum damping force be 20tf, b

maximum relative dlsplacement of damper plston be within =+ 10cm. The control
of the damping ratio is arbitrarily made by a personal computer depending on
relative displacement and velocity developed between deck and

substructures | o S 'f V ‘ :
o VAIVE . " CHECK
- DM SERVO VALVE - it VALE |
T = o I B (T e W= &
] ' CYLINDER oowi _*.‘_’.F.,,g
N , JhS |
PR 1 184 ) AR (440) o o
| Fig 5 Prototype Model of Varlable Damper ‘
The piston cy]lnder has the total length of 1 184mm, the presSure area of i
the piston is 137.4cm® and the maximum stroke of the piston is . + 13cm. A steel
pipe by-pass with servo valves Is Installed between the cylinder-cells
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divided by the piston. The servo valve is a D.C. proportional rellef valve.
When the oil pressure through the valve increases to specified one, the pore
oil pressure s relleved. This pressure Is deflned hereafter as control
pressure. Therefore, damping force of the piston is developed by the
difference of the pressure between two cells in the cylinder. The damping
force Increases up to when the pressure reaches the specified one, then
becomes constant after the pressure exceeds the specified one. Therefore, if
the control pressure of the servo valve Is assumed to be constant, the
damping force Is dependent on neither displacement nor velocity of the
piston. Therefore, friction type damping force is 'developed.

YINDE

, ; Photo 1 Prototype Model of Varlable Damper

The input Voltage from a servo amplifler to the servo valve is designed in
the range of O to 5V ’I‘he control pressure is 0 at the lnput voltage of OV and
Increases wlth increase of the lnput voltage. The viscous material used for
the varlable damper is an usual oil for a dynamic loading actuator. 'I‘he
variable damper also has a fall safe function for an emergency condition such
as power. failure. The control pressure ¢an be fixed at arbitrary one for such
cases.

. Fig.8 shows the flow of the viscous. material in ‘the variable damper. The
damper plston can move in the left and rlght directions accompanying wiLh ‘the
deck response..When the piston moves in the left slde, the viscous materlal
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flows from the left cell of the cylinder to the light one through the by-pass
and the servo valves. The difference of the pressure In the two cells s
adjusted as specified one by servo valves. When the piston moves {n the
opposite direction, damping force is controlled In the same manner.

OIL TANK

Ty
— 17 ALVE

VISCOUS
"~ MATERIAL

- [Ny ol

\\\\\\\\ AAMNNN]| PISTON

| CYUNDER N
Fig.6 Flow of Viscous Material

Dynamic Loading Tests of the 'Prototype ModeI 'of‘the“:Variable Damper

The variable damper can vary the damping characteristics depending on
the displacement and/or velocity of the structures Therefore, in order to
provide the variable damper with the required damplng characteristics it is
necessary to know the basic dynamlc characteristics. Th’e\““ damping
characteristics of the variable dampcr is controlled by the control pressure
of the servo valve and it Is controlled only by the input voltage to the
servo valve from the Servo amplii‘ier Theretore, in order to arbitrarily
control the damping force of the variable damper developed the relatiOn
between the input voltage to the servo valve and damping characteristios of

the variable damper is essentlal.

Fig 7 shows the set- up of the dynamic loading ‘tedts. Under ‘the condition
that the control press‘ure of ‘the” servo vaIVe is kept to be eonstant ‘the
loading was applied to ‘the piston by ‘a dynamic actuator “Whder the
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dilsplacement control. The input voltage to the servo valve, reaction force
and stroke of the piston are measured. The loading is assumed as harmonlic and
repeated by 10 cycles for each loading displacement.

- Table 2 shows the experimental cases. Case 1 Is to measurc the friction
force of the damper piston. Static loading was made with loading frequency of
0.05Hz and loading displacement of X 100mm. The input voltage of the variable
damper is assumed to.be‘OV so that the control pressure be 0. Case 2 is to
obtain the relation between input voltage to the servo valve and damping
force of the variable damper. Loading frequency, loading displacement and
input voltage are varied. It should be noted here that the loadling, in which
the maximum loading velocity exceeded Tem/sec, was not made because of the
capability of a loading apparatus.

SERVO AMP
| 'VARIABLE N [
CONTROLLER DAMPER’ L
’ LOAD =
l ~ SENSOR
4. N - T Y e o 5 N
LA ul DISPLACEMENT

/oo | | | SENSOR
ACTUATOR — 1 1 l
ol T

Fig.7 Set Up of Loading Test .

" Table 2 Experimental Cases

Loading Loading JInput

Case{ - oObjedtive ' | Frequency | Displace- Voltage
. 1 (Hz) | ment (cm) (vquS

':Mé’eisrliré«me'rifﬁof ' ' ) ’ .
2L |- Friction:Force of- 0.06 - 4100 0
'Da,mper~stopvper

| Relatton between |
.2 . |'Damplng Force and| 0.1~1.0 +2~4100 | - 0~5
Input Voltage




Performance of the Prototype Model of the Variable Damper

(1) Friction foree of the danpcr—piston

Fig.8 shows hysteresis loops of the load displacement relation whcn the
damper s loaded with ‘the loading frequency of 0. 050z and loading
displacement of -+ 100mh" t6 obtain the I’rlctlon force of the damper ‘piston,.
The léad- displaccment relation shows almost rectangular shape. It méans that
the typldal friction type load-dlsplacement relation Is obtained The
hysteresis s stable’ for a number’ of 1oading cycles The average Tr jction
I‘orce is about 1t¢.

jor ; , : :
8~
6. ]
4..
Taf L
o O ——(= =
9 -2r 1
-4r T
-6/ | 4 ]
i o ]
-10 e .
-0 -5 - 0 .5 10 15

DISPLACEMENF (cm)

B Fig 8 Hysteresm Loops of Load-Displacement Relation ‘
(Displacement 10cm, Frequency 0 05Hz) :

(2) Hysteresis Loops of the Load displacement Relation

Fig.9 shows some of hysteresis loops of the load displacement relation
obtained. The hysteresis :1oops'are shown for the. loading frequency is 0.1Hz
and loading displac'e'ment of . lcm, +.5cm and x 10cm. The variation of
hysteresis loops with the input voltage are :also.. shown. in Fig.9. The
hysteresis loops have the rectangular shape which means that the variable
damper has the typical friction type hysteresis loops as designed Although
the damping force instantaneously decreases from specified one to 0 at the
instance when the direction of movement of the plston changes at maximum
displacement,’ the time- lag is found at the standing of the damping force. This
Is because Increase of the oil préssute from 0 to specified one takes some
time. Turbulence is also found at the Instance when the damping force reaches
specified one. This may be because the pressure wave motion is developed by
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sudden standing of the pressure.

(3) The relation between the Input voltage and damping force

Fig.10 shows the relation between the damping force and the input
voltage. The empirical equation obtained by a least square method is also
shown in Fig.10. The damping force varies as a power function of the Input
voltage when the Input voltage Is lower than 1.8V. When the Input voltage is
greater than 1.8V the relation becomes almost linear. Therefore, the
empirical equation is assumed as

. “{OAW37+LO (0=Vs1.3) ()
8.14V - 9,95 (V> 1.8)

where, F and V represent damping force (tf) and input voltage (Volt),
respectively. In Eq.(1), the constants are determined as averaged values of
those obtained in each loading case.

30 , . , .

no
L=
T

F=8.14V-9.95

S

DAMPING PORCE (tf)

0 t B2 3 4 5
INPUT VOLTAGE (V) ‘
Fig.10 Damping Force vs. Input Voltage Relation
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(4) Controllability of the Varlable Damper

Based on the above experimental results, the damping force Is controlled
by the Input voltage using Eq.(1). The controllablllty of the variable damper
$0 as to control damping force as shown in Fig.1 Is tested. The control of the
varlable damper {s made by control signal from a personal computer according
to the displacement and/or veloelity obtalned by sensors.

Fig.11 shows hysteresis loops of load-displacement relation to show the
controllability of the variable damper. The commanded damping force and the

30 T T - 1 T T T
o ~ REGEND .
20 B ::88?/1%;%5850 ’
10+ e i
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Q o Sooo L] aeesmmmmTs - .
N < \\\ \\\
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< r i .
-20} .
-0 : L : .
-f2 -9 -6 -3 0 3 6 9 12
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(a) Sampling Time 0.1séc
0 —— — r , : -
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Fig 11 Controllabillty of the Varlable Damper Developed
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measured one are shown in Fig.11. Fig.11(a) arid:(b) show the cases when the

sampling time of dlsplacoment Is assumed as 0.1sec and 0.0lsec, respectlvely
The damping force is found to be controlled almost as commanded When the
sampling time Is 0.1 sec, corrugation is I’ound when the damping force Is
varied with the displacement Therefore, it Is required to use the appropriatc
sampling time In order to precisely control in consideratlon with the loading

velocity. ,
_ CONCLUDING REMARKS

The applicability and controllability of the varlable damper developed
for reducing seismic response of- highway bridges are analytically and
experimentally studled. The prototypc model of the variable damper was
developed and the performance was studied through the: dynamic loading
tests. According to the above investigations the following conclusions may be
deduced: :

1) By providlng the variable damper with functions of a damper -stopper, an
energy dissipator and:.a stopper, the peak deck displacement and the peak
deck acceleration of the model highway bridge were reduced to 25% and 43%,
respectively. The peak bending moment at the pier bottom decreased to 46%.
The required peak ‘damping force and peak stroke of the variablc damper were
62.6tf x 2=125tf and 5. 78cm, respectively The peak damping force is
equivalent with 52% of the.deck weight. These capability of the damper can be
designed within the current scope of damper technology.

2) Based on the dynamic loading tests of the prototype model developed, the
load- displacement relation is obtained as designed. The damping force of the
variable damper is controlled by the lnput voltage. The relation between the
damping force and input voltage is given by the empirical equation.
Furthermore, it is found that the damping force of the variable damper
developed can be controlled almost as commanded :
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ABSTRACT

A three-year research program on "Development of Menéhin Design of Highway
Bridges" was made from April 1989 to March 1992, Concentrated efforts were
paid to develop energy dissipating devices and falling-off prevention devices
for bridges. An appropriate design method of highway bridges with energy
dissipating devices and favorable application of the menshin design to
highway bridges were studied. Final accomplishment of the three-year
research was compiled in the form of "Manual for Menshin Design of Highway
Bridges" in March 1992. This paper outlines the Manuals.

INTRODUCTION

A three-year Joint Research Program between the Public Works Research
Institute and 26 groups consisting of 28 private firms on "Development of
Menshin Design of llighway Bridges" was made from April 1989 to March 1992.
This program intended to develop a rational seismic design method of highway
bridges with energy dissipating devices. The highway bridges with span length
from 20 m to 100 m were considered as the major target for this Joint Research
Program. '

As - will ‘be discussed ‘later, "menshin" means "reduction of response" in
Japanese. Although the menshin design is close with the base-isolation,
natural perlod of bridge is not forcibly elongated In the menshin design;
because there are varlous restrictions for inereasing the natural period:
Instead of elongating the natural perlod, emphasis Is placed In the menshin
design for Increasing energy dissipating capability and distribution of
lateral force to as many substructures as possible for decreasing lateral
force for design of substructures. s ‘

As shown in Table 1, concentrated efforts were pald to-1) development of
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menshin (energy dissipating) devices for highway bridges, 2) development of
falling-off prevention devices and expansion Jjoints appropriate for the
menshin bridges, 3) development of rational and simple menshin design method
and 4) favorable application of menshin desfgn to highway bridges.

In the research project, four high damping rubber beai‘lngs, 2 sliding fribtlon
dam‘p’ors, a steel damper, a roller menshin bearlng a link bearlng and a
viscous damper were newly developed for bridges (rcfer to Fig 1). The
menshin devices for highway bridges have to be more compact and more
weather-proof than the base-isolation devices for buildings since the menshin
devices are Installed at narrow and exposed crest of bridge columns.

The knock-off mechanism at an abutment to ease the Impact force induced by
the collision between thé' deck and the abutment (refer to Photo 1), and a
finger type expansion jolnt (refer to Photo 2) which is distinguished from
regular finger joints by the transverse movement as well as the longitudinal
movement were also developed.

In the research project a slmple but rational menshln design method was
developed. A series of shaklng table tests were made to study the response of
menshin bridges, and to provide realistic data of the selsmic response of
menshin bridges (refer to Photo 3). Analysis of strong motion records
measured at a menshln brldge was also made

From the study to investigate the favorable application of menshin design, it
was found that - the . menshin  design is. effective . for :-constructing
super-multi-span: continuous bridge with total deck -length -over -1 -km.
Application of the menshin design -for seismic retrofit.-of exiting -bridges and
deck connection for: maklng~ exlsting simply : supported:. girderm bridges
continuous was also studled (refer to Photo 4). TR

The reports of the project were compiled and published by the Public¢: Works
Research Institute in the form of the Joint Research Reporti As well as thesé
reports, as the final accomplishment of the three‘yoar‘re'searoh‘prOgram‘,ithe
Manual for Menshin:Design:of Highway Bridges was compiled O ‘

This paper presents the outline of the Manual

SCOPES AND CONTENTS OF THE MANUAL, - .- .~ .. .. . .

The ‘Manual presents the selsmic deslgn method of highway bridges. Inelnding

—~162—

RS




design details when "the Structures Expecting Reduction of Inertla Force",
which is specified in the "Part V Selsmic Design" of the "Specifications of
Design of llighway Bridges", Is adopted. Application of the menshin design
to selsmic strengthening of substructures and connection of adjacent decks
for making existing simply supported girder bridges continuous is also
presented,

It should be noted that although the descrlpt’l_on ()f the Manual lIs given in
the format of the specifications, it merely represents the accompllshmehts of
the three-year research program, and it Is not the mandate specifications.

The table of contents of the Manual is as follows:

1. General
1.1 Scope of Application
1.2 Definition of Terms
2. Basic Principle of Menshin Design
3. Menshin Design
3.1 General
3.2 Lateral Force Coefficlent for Selsmic Coefficient Method
-3.3 Lateral Force Coefficient and Equivalent Lateral Force Coefficient
for Bearing Capacity Method -
3.4 Characteristics value for Menshin Devices
3.5 Computation of Natural Period of Bridge
3.6 Computation of Modal Damping Ratio of Bridges
4. Design of Menshin Devices ‘
4.1 Basic Principle for Design of Menshin Devlces :
4,2 Design of Laminated Rubber Bearings
4.3 Design of Lead Rubber Bearings
4.4 Design of High Damping Rubber Bearings ‘
4.5 Deslgn of Steel Dampers '
.. 4.6 . Design of Friction Dampers
4T ~~:De‘sign‘ of :Viscous Dampers
4.8 Deslign of Roller Dampers
5 Dynamlc Response Analysis
5.1 ‘Gendral” |
5.2 Dynamlc Response Analysls Method
5.3 Analytical Models
5.4 Deslgn Selsmic Forces . .
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5.5 Check of Safety

-6, Design Details

6.1 General -
6.2 Gap between Structures

6.3 TFalling-off Prevention Devices
6.4 Knock-off Devices

6.5 Dotaila of Expanslon Joints

"7 Approving Tests of Menshin Devices

8'

7.1 Goncral
7.2 Approving Tests for Confirming chuirements for Dynamic Loads
7.3 Approving Tests for Conflrming Requirements for Static Loads

Selsmic Retrofit of Existing Bridges with Use of Menshin Design

9. Application of Menshin Design for Making Existing Simply Supported Girder

Bridges Continuous

Appendices

1.
. Menshin Devices for Highway Bridges

. References for Dynamic Responsé Analysis

.éExpansion Joints and Falling-off Prevention Dévices for Highway Bridgés

. Design Example of Prestressed Concrete Bridges

. Design Examples of Steel Girder :Bridges

. Design Examples of Super-multi-span Continuous Bridges o

. Design Examples for Selsmic Retrofit S L

. Design Examples for Making Existing Simply Supported Girders’ Continuous
. Standard Acceleration: Ground: Motions Recommendéd- for Dynamic Response
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Procedure of Menshin Design

Analysis

BASIC PRINCIPLE OF MFN‘%HIN DESIGN

Whether the menshin design should be adopted or not has to be declded based
on the advantages of increasing energy dissipating capability from not only
selsmic safety but function at normal time.

In general, menshin design can be adopted with advantage for the following
conditions:

1) brldges on stiff and stable solls ;
2) bridges with stiff substructures with short natural period
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It 1s recommended that the natural period of the bridge designed by the
menshin design is at least 1.5 times longer than that of the bridge without
menshin devices., Such elongation of the natural period of the menshin bridge
makes the coupling vibration so small that the deformation of the bridge be
concentrated at the menshin devices.

The most Important decision of the menshin -design is how much Increase of the
natural perlod be made. In Japan soils are gonerally very weak at the bridge
construction sites. Significant earthquakes wlth magnitude over 8, which
produce long period ground motlons, occur at shorter recurrence period than
other countries. Taking account such ovldences into account, the design
selsmic force level Is take very high for deslgn of highway bridges in Japan
in comparison with the selsmic force level adopted in U.S.A., New Zealand and
Italy. The natural perlod at which the design acceleration decreasé with
Increasing the natural perlod is taken longer, i.e., 1.1 second for type 1
soils (stiff site), 1.3 second for type U solls (medium site) and 1.5 second
for type M s0lls (soft soils). Therefore, the advantage for reducing deck
response ¢an be realized only by elongatlng the natural period longer than
1.1 ~ 1.5 second. :

However' elongation of the natural period brings the increase of the deck
response displacement, and this requires the adoption of Jjolnts with long
legs. This 1is, however, a crucial requirements difflcultv to adopt, in
particular, for overcrossing In city area because it causes noise and
vibration pollution, which is the most serious concern in city ‘area.
Furthermore it will have the dlsadvantage for maintenance because
replacement of the damaged expanslon jolnt due to traffic load as well as the
pavemént adjacent to the jolit Has to- be frequently made

Based. on ‘these reasons, it Is, not adopted to forcibly elongate the natural
period .In order to decrease the deck response acceleration. It is therefore
more appropriate to adopt the concept of base isolation not for elongating
the natural period but for Increasing energy dlsslpating capabllity
Distribution of the lnertia force to as many substructires as’ possible, which
is the practlce adopted in- Japan for long time, 1Is also significantly

advantageous.

Therefore basic principle- recommended for introducing the base Isolation to
highway bridges in Japan is as follows ! | \
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1) Distribute the Inertla force to many substructures so intentionally that
the Inertia force be distributed equally’'by selecting the'spring stiffness
of the Isolators. Simultaneously, reduce' deck response by increasing
energy dissipating capability by means of damper.

2) Do not forcible elongate the natural perlod, but select the natural

: period so that the resonance of the bridge with solls be avoided.

Such deslgn’ crlterla is no more the "lgolation” of the "base". Thercfor(, it'ts
proposed to call the deslgn concept as menshln ' The "menshin" means
reduction of selsmlc response in Japanese h ' '

In. menshin deslgn, brldges can be designed. by followlng the standard static
design method (static frame :analysis). More precise approve of the seismic
safety can be made by the dynamic response analysis, if required. In such
analyses, the menshin devices (isolators and dampers): are idealized. by as a
set of equivalent linear springs. Equivalent stiffness and the .equivalent
damping ‘ratio of the isolator and damper are the major parameters .used-in the
analyses. In the static frame analysis, natural period:of.the bridge can be
computed for each seismic design structural unit as : :

T =20Yy96 . - - - e ()
PRSSES SLE R o @
' S wi U ' ) ’
where - -
T ;natural period (sec) g
- W idead- weight (tf/m) of the selsmic design structural unit (super

structure and . substructure above the ground surface assumed in

selsmic design) at point Hyn ,
N VIS ’*:lateral ‘displacement () developed  iA’'the’ seISmic desi
o 'structural unit "at polnt "I" When subjected 't0 w; ln t}ie directlon

considered in design

'''''

Damping ratlo of the bridges is computed as 5

«E ‘K g U 'B( e Ry SRR e S T R AR L
2 Kpr* uet™* Cci - AR
‘ REEE S TS U FUREY STy LOTURES & B N U I L S LD YN PR TP
C hi= h E1 "i ey + — T + — .P :,l T A s
K pi Krur 0 Kie @0 Vel e g R ER
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‘ K e K B Kai+ HZ
ci=1 + . -} -
K & K rui Kr0

‘where
h :Modal damplng ratio of brldgo

h e .Damplng ratio of 1-th damper

h =i :Damping ratio of i-th pler/abutment

h ruciDamping ratio of i-th foundation associated with translational
movement

h = ¢ y:Damping ratio of 1-th foundatlion assoclated with rotation

K r; :Equivalent stiffness of i-th pler/abutment

K ruitTranslational stiffness of i-th foundation

K # 0 Rotational stiffness of {-th foundation

u =1 :Design displacement of I-th menshin device

H :Helght from the bottom of pier to the gravity center of deck

Eq.(3) give the approximate estimation of the'damping ratio of bridge assuming
that translation’ and rotation of the foundation'are developed only by the
Inertia force 'of ‘thé déck. When thé:effeéct of: the inertia force of piers and
abutmentsfor évaluating ‘the translation and rotation of the foundation can
not be 'dlsre‘g‘arded,”ltils appropriate to compute the modal damping ratio as

n
CxuiTe hy vKkyp v @y : :
)=l v

o where
' ,¢ u 'Mode vector of j th structural component “for i-th mode ‘
“hy Damping ratio of j th structural component

K :Stiffness matrix of J-th structural component
¢ T :Mode vector of bridge for 1-th mode - :
K :Stiffness matrix of brldge

Table 2 shows the damping ratio recommended for structural components for
Egs.(3) and (4) ‘ -

DESIGN FORCE FOR MENSHIN DESIGN

In-menshin idesign,: the menshin devices are degigned by the Selsmic Coefficient
Method and the Béaring Capaclty Méthod. -In both method; the lateral force s
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statically applied to the bridge, and the seismic safety {s examined based on
the allowable stress design approach In the Selsmic Coefficient Method and
bearing capacity basis considering ductility in the Bearing Capacity Method.
Bridges are designed by the Seilsmic Coefficient Method, and then the
ductlility Is checked for reinforced concrete plers by the Bearing Capaclty
Method.

In the Selsmic Coefficient Method, the design lateral force coefficient k n is
glven as

k‘h=CZ'CG;‘CI'CvT“CE‘thgO.’].
where | .
cre* ceg=0.8 : ' ‘ . (5)
where .
k » :Lateral force coefficlient

z :Modification factor for zone (refer to Fig. 2)

s :Modlfication factor for ground condition: (refer to Table 3)

+Modification: factor:for importance (refer to Table. 4)

-+ :Modiflcation factor for structural  response (refer to Table 5)

‘e tModification factor. for energy dissipation capability (refer to
Table 8)

k no :Standard design horizontal seismic coefficient (= 0.2)

o 0 o0 ¢ o

Those féetOrs excluding ¢ g are the ones spec:ifiedﬂin'the Speciflk‘atlons of
Design of Highway Bridges. The modification coefficient ¢ & takes a value as
shown in Table 6 depending on the flrst modal damping ratio of the brldge
Reduction of the design 1atera1 force as large as 20 % is proposed in the
Manual.

In the Bearing Capaclty Method;, the"lateral:force coefflclent ‘K ne and the
equivalent lateral force coefficient k ne-are given-as i

K he‘= CKoRs §0,3 [T SR : ' . (6)
v (2/1 - 1) :

thZCZ'Crl‘Cé'C‘E'khoD | (7)

where , 7
K ne :Equivalent lateral forée coefficlent for Bearing Capacity Method
kK no :Lateral forde coeffiélent for Bearing Capacity Method = - ;
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¢ z :Modification factor for zone (refer to Fig. 2)

¢ 1 :Modification factor for Importance (refer to Table 4)

¢ = :Modlfication factor for structural response (refer to Table 7)

¢ e :Modification factor for encrgy dissipation capability

K neo:Standard lateral force coefficient for Bearing Capacity Method
(=1.0)

u :Allowable ductility factor of reinforced concrete piers

The modification factors Aexevludlng ¢ g are the ones specified In the
Specifications of Design of Highway Bridges. The modification factor c E
depends on the modal damping ratio of the brldge, and takes a value of Table
8. Reduction of the design force as large as 30 % s proposed.

DESIGN OF MENSHIN DEVICES

Characteristics Value of Menshin Devices

In the menshin design, the displacement assumed In design for the devices u e
(design displacement of menshin device), the equivalent stiffness K s and the
equivalent damping ratio h s of the menshin device are the key factors. They
are evaluated as:

(1) Design Displacement of Menshin Device
The design disyplacement‘ of menshin device is evaluated as

up = K IK WJ (S.'C. Method) T ' (8)
E -

. u:;i:g K ne s W l(B.C. MeéthOd) St : . (9) :
o Ker » » SRR _

where R
us Design displacement (m) of menshin dcvice '
k'n iLateral force coefficient’ by Eq. (5) for Selsmic Coefficient Method
k rno tLateral force coefficient by Eq.(6) for Bearing Capacity Met,hod
.K & -:Equivalent stiffness (tf/m) of menshin device :
Wi iWelght of superstructure (tf) _suppOrted by the menshin device

(2) Equivalent Stiffness and EquIVaféﬁt; Daniping Ratio

The équivalent ‘stiffness and the ‘quivalent damping ratio of” menshin device
are évaluateéd from’ the hysterésis 106ps as: R
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F Y= (- "
K o = (uee)— F(-une) (10)
2 U Be

he=-2W A

27zW

where .
K e :Equlvalent stiffness (tf/m) of menshin device
h & :Equivalent damping ratio of menshin device |
u se :Effective design displacement ‘() of menshin device, and 1s givén
as o
UBeC E° UE . (12) '
ue :Design displacement (m) of menshin device
¢ & :Modification coefficlent for evaluating the effective dcsign

displacement (=0.7)
F ( u )Lateral force required to produceé i for the menshin device
W :Straln energy Induced in menshin. device associated with ¢ e&
displacement:(refer to Fig. 3) , - '
A W :Energy dissipated in menshin device per cycle (refer to Fig 3)

Requirements for Dynamic Load

(1) Menshin devices have to be designed 'and fabricatéd '$o that thelr
equivalent stiffness K s and equlvalent damping ratio h-z be within-+ 20%
of the design values. The equivalent stiffness K s and equivalent damping
ratio h e for this requirement have to be evaluatéd by Eqs. (10) and (11),
and they shall be the onés averaged over K = and h = from 4th to 10th
loading hysteresis among 10 cyclic loadlng Treversals with harmonic
displacement of ¢ ess. This Is because deck acceleration and displacement are
within tolerable range when the scatter of equlvalent stiffness and the
equivalent damping ratio are withln + 20 % of the deslgn values IIowever, the
devices which produce unstable hysteretlc bchavior should not bc adopted

(2) Menshin devices have to bé.stable against’ 50 cycles ’o‘ff'h“a‘r‘mon'ic Jloading
with displacement of 'u s. The numbér of:50 was determiried from the fact that
number of load reversals developed during a‘major earthquake ‘may. be about
30. About 50 % tolerance was Included In 50.

(3) Deck should return to the rest, posltlon even after. lt was subjected to a
large earthquake. Therefore the residual displacement developed in menshln
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devlees after smoothly releasing from the deformed displacement of u & by
Eq. (9)‘has to satisfy

Uers 0.1+ us (13)

where
u sr :Residual displacement (cm)
ue :Design displacement(cm) of menshin device by Eq. (9)

(4) The equivalent stiffness and the equivalent damping ratio of menshin
devices have to be stable against the change of load condition at normal
time, change of natural environment such as the temperaturc change and
cyclic loading developed by an ecarthquake. Stability has to be examined
agalnst the followlng requirements:

1) cyclic loading due to elongation and shrinkage of deck due to the
temperature change and the active load

2) effect of loading hysteresis

3) variation of vertical loading

4) effect of loading rate

5) effect of pre~deformation due to ¢feep and shrinkage

8) direction of excitation

7) change of the equivalent stiffness and the equivalent damping ratio
depending on the temperature change

Requircmcnts I'or Static Load

(1) Materlals and mechanlsm of menshin devices have to give crediL to long
term use. They have to be stable against cyclic elongation and shrinkage of
deck due to temperature change.

(2) Menshlh ‘devlbes have te-be Stahle agalnstb local shear strain. Check of the
local shear strain has to be made in accordance of "3.6 Design of Rubber
Bearings" of the "Design ‘Guidelines of Bearings".

(3) " For f‘ﬁbh’ét““type“ menshin “devices, the creép of rubber In vértical
direction due to dead: weight of SUperstructure shall not ‘eXceed 5 % of total
thicKness of the Fubber, R o

(4) The equivalent stiffness of menshin device at -10°C normalized by the
equivalent stiffness at 40 °C shall nét exceed 1.5, Because the temperatures
of -10°C - and: 40 °C .-is for moderate climate area, at c¢old area they have to be
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decided based on the appropriate site condition.

(6) Menshin devices have to have appropriate initlal stiffness so that harmful

displacement of deck due to non-seismic lateral force such as wind effects be
avolided.

APPROVING TESTS OF MENSHIN DEVICES

General

Because the menshin devlce is one of the the Important structural
componeénts of menshin bridges, their requirements have to be well approved
by the tests. There are various types of menshin devices for use of bridges.
Based on the mechanism for producing the energy dissipation, the devices may
be classified into three groups as

(a) displacement dependent type,
(b) friction force type, and
(c) velocity dependent (viscous) type.

The approving tests for the menshin devices are presented in the Manual for
each of the three types.

Approving Tests for Dynamic Loads

For approving the requirements for dyrvl‘a‘mic loads presented in 5.2, the
following approving tests are provided in the Manual.

(1) Approving test for confirming the equlvalent stiffness and the equiva]ent
damping Patio

(2) Approving test for confirming stableness against 50 cycles harmonic load
reversals wlth u e displacement ‘

(3) Approving test for confirming residual displacement requirement

(4) Approving tests for confirming stableness ‘a'gainst; varfation of load
condition at normal time, change of natural environment such. as the

temperature change and cyclic loading developed by an earthquake. These
tests Include :

(a) Stableness agalnst Cyclic Load Reversals

Some menshin devices have ﬁ‘the"vdepér’rdenoé of the equivalent stiffness and the
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equivalent damping ratio on number of cyclic loading. Because considerable
change of these parameters during an carthquake produces bridge response
significantly different from the onc assumed in design, it is not desirable.

(b) Stableness agalnst Load Hysteresis

In some menshin devices, the equivalent stiffness and the equivalent damping
ratio depend on the past experience, in particular, the largest deformation
ever experienced. Such dependence of K s and h & on the hysteresls ever
experienced is significant, it produces different bridge response during an
earthquake. Therefore, effect of load hysteresis has to be examined.

(¢) Stableness against Change of Compression Force

Compression force applied to the menshin device: due to dead welght of
superstructure may change assoclated with the error involved in construction
stage and settlement of substructure. If the menshin  device shows
significantly different stiffness and damping properties due to such change
of compression force, it brings different structural response . Therefore,
stableness of the equivalent stiffness and the equivalent damping ratio of
menshin devices have to be checked.

(d) Stableness against Change of Loading Rate

Because loading rate to the menshin devices is not the same during
excltation, dependence of the equivalent stiffness .and the equivalent
damping ratio on the loading rate has to be examined.

(e) Stableness agalnst Pre-deformation
Menshin devices often start to deform from the displacement drifted to the
rest point. This: Is actually developed. iIf an earthquake occurs when the
menshin - devices deform due to the deck elongation associated with
temperature change -and :shrinkage of concrete. Because the equivalent
stiffness and the equivalent damping ratio depend on the amount of such
pre-deformation, their properties have to be checked.

(f) Stableness against Temperature Change

Menshin device have to be stable agalnst dally and yearly change of
temperature.
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Approving Tests for Static Loads

For approving the requlrements for statlc loads presentéd in 5-3, the
I’ollowlng tests are requlred '

(1) Approving test for conflrming durability and stableness agalnst cyélic
loading assoclated with the daily and yearly clongation and shrinkage of
deck. ' :

(2) ’l‘ost for evaluatlng the stif‘f’noss of monshin devloes subJocted to
extremely low- rate deformatlon sueh as 'the one encountored due to yearly
temperature change and concretc croep The stlI’fness of the menshln device
during such low-rate deformation Is quite important in static design :for
computing the lateral force developed In substructures:dne to the
temperature change and shrlnkage of concrete. ‘

(3) ‘Approving test for conflrmlng the dependence of the equlvalent stiffness
of menshin device on temperature. - : ’

'I‘wo exalnplcs of tho Approving Test

Approving test methods presented in 6.2 and 6.3 are. preclsely described in
the Manual for each of the displacement dependent type devlces, friction
force type devices and the velocity dependent type devices. As the example
of ‘such ‘approving tests,’ the tést méthod for conf-irming 'stablénéss against
cyclic loading ‘and’the test method for confiriing' the effect of loading rate
are briefly described for the ‘displacement dependeit type devides In ‘theé
following. ' :

(1) ,Approvmg Test for Confirming Stableness against Cyclic-Loads . - ;
At the: -room"témpefafu"f‘e‘ of '20°C "a‘pp‘ly 10“"c‘yb’31‘é}s‘ of harmonic "iéiter‘dr Toad to

the ‘menshin: ”deVice wlth 1oading displacement of u'e coniputed ’by Eq. (9) o1
smalleér and with the: frequency of 0.5 Hz. The vertical load: equivalent to" the‘
design ‘dead "1oad’ shall ‘be simultanéously: »applied. The-equlvaleﬁt.stlffnes’s»

and the equivalent damping ratio from‘the' test Have to 3s‘"a“t'1'sfy‘ Eqs.(14) and
(15)° . <'v,':'.‘f'.1, [ ’

] Klér Kew |, { S;Q~;3,;.(UJ¥1&2~,3) R Y S
RL'C’ ' K em =< 0.1 (j=4n5"_'10) k ( )

| hos-hom | S 0.3 (J=1.2.3) o
R o = | P . < O.l (J=4,5 . 10) | (15)
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where
R «c :Varlation ratio of equivalent stiffness
R nc :Varlation ratio of equivalent dampling ratio
K &5 :Equivalent stiffness at j~th load reversal(tf/m)
K en :Averaged equivalent stiffness by Eq. (16)
h g; :Equlvalent damping ratio at j-th load reversal
h em :Averaged damping ratio by Eq. (17)

1
iy == ———— ] 16
Ke 7 241( Bj (16)

1
h em = — ) 17
2 7 241’1 BJ (17)

Being different with Egs. (10) and (11), the equivalent stiffness and the
equivalent damping ratio for the approving tests are defined as

. P(ue)-F(-ue) - »
KB: (UB) (UE') (18)
' 2us : . : :
h g = =t . S - 19
S SN
where

- K & :Equivalent:stiffness (tf/m) of menshin device
“~h & itEquivalent damping ratlo of menshin device
u e :Design displacement (m) of menshin device .
F(u )Later‘al force (tf) required to produce u displacement for the
menshin device
W :Straln energy (tfm) indiced In menshin device assoclated with u s
. displacement (refer to Fig. 4) o
“A W tenergy. dISSipated{m menshin device per cycle (refer to Fig. 4)
(2) Approving 'I‘est for Confirming ﬁhe Stableness against Loading Rate

At the . temperature of 20 C apply 10 cycles of harmonlc load wiLh the
displacement . equivalent toieithe_r ;OQ__%_of_‘ the total thickness of rubber or
+ 15 em. Frequency of the load reversal shall be 0.1 Hz, 0.5 llz and 1.0 liz.

The equlvalent stiffness and the equlvalent damping ratlo have to satisfy
Egs. (20) and (21). AR S

i tn"K A LT T T R
|'_:KB f BfJ Ié 0.2 (J=L,2) . . - (20

Siviy . B
K Bmt E !

-:a-‘R?m;—,—— ;
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R e = I h Byl h. BEm) I g 0.2 (J=1,2) (21)

h Erm

where
R wr :(Variation ratio of equivalent stiffness
R nr :Variation ratio of equivalent damping ratio
K emi1, K Bz, K smaiEquivalent stiffness by Eq. (16) at frequency of 0.5
Hz, 0.1 Iz and 1.0 llz, respectively
h Bmr, h Bz, h emsiEquivalent damping ratio by Eq. (17) at frequency of
0.5 Hz, 0.1 Iz and 1.0 Hz, respectively

CONCL.UDING REMARKS

Fxcluding specially long span bridges, it 1s not easily adopted for highway
bridges to reduce the lateral force by forcibly elongating the natural
period, because selsmic force level is very high even at long natural period,
and because the Increase of deck response displacement brings various
problems such as environmental pollution. Therefore the menshin design,
which places emphasis not on the forcible elongation of the natural period
but on the increase of energy dissipating capability and distribution of
inertia force of slipers_tructure to as many substructures as possible, is
proposed. By the menshin ‘design, it' 1s proposed ‘to dec¢rease the lateral
force as large as 20 % for the Seismic Coefficient Method and 30 % for the
Bearing Capacity Method. - ‘
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Table 1 Research Theme and Organizations of J. oint Research Program
between the Public Works Research Institute and 28 Private
Firms for Developing Menshin Design Method of Highway Bridges

Resexrch ‘Theme P|Ka|Si|Ob| Ko Tnl H [P [ Su] M[ G [ON] Ti| 1] N Kol Ns OL|Y [To|Bs |Bb|Se [sn [Pe |3 |N | Giet i

1. Development of Device for Isolation :
1.1 High Energy Absorbing Rubber Bearing o v ‘ ololo ol
1.2 Fricion Damper o) olle]
1.3 Steel Damper ‘ e o o Ol | Bs
1.4 Link Bearing Develop of , O
1.5 Viscous Damper B
1.6 Test Method of e} ol |o

@0
o)
O
0]
9]
0
o)
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Table 2 Damping Ratio Recommended for Structural Components

Structuratl Comppnents Steel Concrete
Superstructures 0.02~0,03 0.03~0.05
Menshin Device Damping Ratio by Eq.(11)

Pler/Columns 0.03~0.05 0.05~0.1
Footing 0.1~0.3

Table 8 Modification Factor for Ground Conditlon ¢ o

Ground Group | 1 1

Cq 0.8 1.0 1.2

‘Tablé 4 Flodlﬂcatlon Factor for Importance ¢

Group c, Definition

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

2nd class 0.8 Other than 'the above

Table § Modification Factor for Structural Response ¢ +

Ground  Group Structural ~ Response  Coefficient ¢
f T'< 0.1 0ISTS 1| 11 <T
Orowp 1 Je = 260T82100 | ¢, = 125 |c = 1330
T < 0.2 02STS13| 13<T
Growp I | o = 215782100 ¢, = 125 |c = 1497
T < 034 034 STS1S| 15<T
Group 111

¢ = L80T'”21.00 ¢, = 125 ¢, = L6AT™®
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Table 6 Modlification Factor for Energy Disslpation Capability ¢ u

‘Damping Ratio h Modlfléatlon Factor ce
h < 0.1 1.0
h =z 0.1 0.9

Table 7 Modification factor for Structural Response ¢ r

Ground Group Structural  Response  Coefficient ¢,
i Ty & 14 14 < T
EQ = BQ
Gowp I 1 =07 & = 0876T,™
Ty < 0.18 0.18 S Ty51.6 16 < Ty
Group 11| ¢ = 151 TWP207 | ¢ = 085 [c, = LI6T,™
G = LSIT A 207 | o = 10 [t = LSIT,™

Table 8 Modificatlon Fé‘('::tovl:" for Energy Dissipating Capabllity

Damping Ra’tié h - Modlficatlon Factor c&:
h<o0.1 1.0

0.1 = h< 0.12 | 0.9

.0.125"l;<0.-15 . o.é' ”
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Fig. 1 Menshin Devices Developed

TYPE OUTLINE OF MENSHIN DEVICE
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Flg. 3 Definition of Equivalent Stiffness and Equivalént Damping
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Fig. 4 Definition of Equivalent Stiffness and Equivalent Damping
Ratlo of Menshin Device for Approving Tests

Photo L Knock-off Abutment
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Photo 2 Expansion Joint Movable In Longitudinal and Transverse
Directions

Photo 3 Shaking Table Tests for Studying Structural Response
of Menshin Bridges
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(b) Setting of Menshin Bridges

Photo 4 Deck Connection of Existing Bridge with use of Menshin Bridges
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ABSTRACT

This paper presents an analysis of a measured acceleration record at
Miyagawa Bridge, the first seismically Isolated bridge in Japan. Amplification
of the peak accelerations is examined between the deck, pier and ground
motions. Seismic isolation effect can be clearly observed. Dynamic response
analysis using the analyti"cal‘ model adopted for seismic design is made
assuming the acceleration recorded at underground as the input ground
motion.b Response acceleration computed at the deck is quite similar with the
measured acceleration although peak acceleration is larger in the analysis.

INTRODUCTION

Miyagawa Bridge is the first 'seismically isolated bridge in ‘Japan, and is.
located on National Highway'No. 362 in Shizuoka ken'’®. It completed in March
1991. Strong motion observation has been made since the completion. Because
the first record was obtalned by an earthquake with magnitude 4.9, which took
place close to the site, an analysis was made,for verifying the effectiveness
of Menshin Design®. This paper presents the selsmic behavior of Miyagawa
Bridge'based on the analysis of the recorded accelerations.

STRONG MOTION OBSERVATION AT MIYAGAWA BRIDGE

12

As was rvep’orted in the previous 'paper , the Menshin Design (seismic
isolation design) -of Miyagawa Bridge was made in accordance with the
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Guldelines of Menshin ' Design of Highway Bridges®. In the Menshin Design, the
Menshin devices are designed by both the Seismic: Coefficient Method and the
Bearing Capacity Method. In both methods, the lateral force s statically
applied to the bridge, and the selsmic safety Is examined based on the
allowable stress design approach In the Seismic Coefficient Method and the
bearing capacity considering ductility in the Bearing Capacity Method.

The lateral force coefflcient was not, howovor, roduccd at Lhe Mivagawa
Bridge from the doeign value specified In the ‘%peoif‘lcatlone of Deslgn of
Highway Bridges® bocauec it was the pllot projoci, for verifylng the
effectiveness of Lhe Mcnshln ])cslgn The lateral force coeI‘I’l(,lcnt is
therefore ? in both longltudinal and transverse directions '

LLead rubber bearings®™ were adopted so that damping ratio of 0.12 can be
obtained for the first mode of the bridge. Natural period of the bridge in
longitudinal direction was assumed as 0.76 second in the Seismic Coefficient
Method and 1.0 second in the Bearing Capacity Method. Because of the
deformation dependence of the stiffness of. the:lead rubber bearings, the
natural period is not the same for the Selsmic Coefficient and the Bearing
Capacity Method.

S(v)/:ilt co'ndit'ibn‘ at the site Is I- group ( stlﬂ‘ ) based on the cla'stsi‘i‘icat',i‘on' of
ground Condlt,ion spcclfied ‘in Lho Seiqmic Design Speclficatlons oI‘ HIghway
Bridges

Three 3—components feed-back servo type strong motion accelerometers were
placed on the deck and pier crest at pier 1 (P1) and 10 m below the ground
surface 10 m apart from the abu!t'méritv'l\:':(A"l)"as shown in Fig. 1. The data are
recorded: on the analog magnetic type recording:system when: the ground
acceleration larger than the triggering:level is developed. .

4 . -+ SMA ¢ Strong Motion Accelarograph. .
- Flg. 1 Mlyagawa Bridge and Location: of Accelerometers. .
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The first record was obtalned by an earthquake with magnitude 4.9 which took
place about 30 km north cast from the site. Selsmic Intensity of Japancse
Methodological Agency was II.

ANALYSIS OF MEASURED RECORDS

Fig. 2 shows the accelerations recorded at the deck, pler crest and 10m below
the ground surface. Because intensity was so small, first part of the
response could not be recorded. But main part could be successfully
recorded.

Table 1 shows the peak acceleration. At 10m below the ground surface, the
peak acceleration was 11.6 cm/sec® In longitudinal direction and 8.9 ¢m/sec®
in transverse dircction. This decreased to 10.4 cm/sec® in longitudinal
direction and 6.6 cm/sec® In transverse direction on the pier crest. Because
the amplification of the peék acceleration from the ground to pier crest is
generally about 2.5 for this type of bridges®, the decrease of pler response
In comparison with the ground acceleration at 10 m below the surface is
apparent. Furthermore, it decreased to 5.0 cm/sec® In longitudinal direction
and 4.3 cm/sec® in transverse diroction on the deck

Table 1 Peak Accelerations Mcasured

ocation | Lpeiudinal | Trnererse | e
Deck on P1 5.0 4.3 2.6
Pler Crest of P1 10.4 6.6 2,5
19 m underground 11,6 8.9 2.9

Fig. 3 shows such decrease of amplification in terms of acceleration response
spectra with damplng ratio of 0.05. It is apparent that although ground
motion at 10 m below thé surface had the preddminant period of 0.2 ~ 0.3

second, It is not predominant in the deck motion.

For studying the amplification from the 10 m below the ground surface to the
pler crest and the deck, ratlos -of the acceleration’ response spectra
presented In Fig. 3 are shown In Fig. 4. It Is seen in Fig. 4 that the
acceleration respohse spectrum ratlo R defined as the acceleratioh response
spectrum of the deck motion divided by the acceleration respohse spectrum of
the ground motion measured at 10 bélow the ground surface is approximately
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0.2 at natural perlod of 0. 2~ 0.3’ seeoﬁd The motion at this’ period is filtered
out at the deck due to the effect of seismie lsoldtlon.

On the other hand the ratio R defined as the aeceleratlon response spectrum
T of Uthé- deck fotion ‘divided by the decelération response ‘speatrum ‘of the
ground métion measured “10 m’ below ‘the ‘ground surface lnereases to 1.4 in
“1ongitudindl’ diréction and 2.0 in ‘trahsvérse dlréction at natural perlod of
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about 0.85 second. Reminding the fact that the natural period assumed in the
Seismic Coefficient Method was 0.76 second, this represents the amplification
of deck response due to resonance of the first mode. Reflecting the fact that
the deformation of LLRBs developed during the earthquake is much smaller than
that assumed In the deslgn by means of the Selsmic Coefficlent Method,
stiffness of LRBs is approximately 25 % higher than that assumed In the
design, ‘

The LRBs were designed so that yloldlng of the lead plug be doveloped for the
lateral force coefficlent over 0.12. Of course, bccause the’ roqponqe durlng
the earthquakc was much smaller that. this level, bilinear bchavior of [RBG
seems not slgnificant. However It should be noted that LRBs sliow high energy
dissipation capability from small displacement. Fig. 5 shows the equivalent
damping ratio of the LRBs obtained from the full size test™. Although the
equivalent damping ratio for shear strain smaller than 20 % is not presented
here, 1t is known that the equlvalent damplng ratio’ for smaller shear range
can be approximately evaluated by cxtrapolatlng the relation presented in
Fig. 5. Therefore it may be assumed that the equivalent damping ratio of LRBs
was approximately 30 % for the shéar straln developed during the earthquake.

0.4 . : : " . .:' l : . .
& 03[ :
‘ 5 0.2 7
S ' - LEGEND. |
5 02} : : by
= : =O==_For Abutment ‘
. ~F= For Piers
I ' .
0 50 ' 100 150 200

‘ _ 'Shear Strain (%) * :
- Fig. 5 Equivalent Damping Ratio of Lead Rubbor

Bearihgs Based on Full Model Teéts
STUDY or T]IE RECORD BY DYNAMIC RESI’ONSE ANALY‘EIS

Because dynamic response analysls wac; made at the design stage fOr Miyagawa
. Bridge, It was decidod to adopt- the same analytlcal model as, shown ln Fig 6
. for studying the record. The. acccleration rec,orded at, 10 m, below the ground
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Fig. 6 Dynamic Response Analysls Model of
Miyagawa Bridge for Design Purpose
surface was regarded as the input ground motion and.the response of the deck
and substructure were computed and compared with. the recorded
accelerations. Because the footings of Pl and P2 are almost on the same level
with the down holc acce]erometcr placed 10 m below the ground surface (refer
to Fig 1), it was consldered appropriate to apply th(, acceleration measured
at 10 m bolow Lhc ground surfacc to the footings. Although the footing oI‘ two
abutments, Al and A2 is slightly hlgher in level than the down ho]c
acceleromcter, 1t was dlsregarded in the analysls because it would cause only
minor difference.

Analysis:-was made by the equivalent linear analysis. Because the deformation
of the LRBs was quite small during the earthquake, the first stiffness k. was
assumed as the equivalent stiffness of LRBs as »

Ki1=065 k= | (1)
ue )
;_Q_d:AP'(ID‘ ‘ (3)
F=AR'G‘7+AP‘Q, ' (4)
. q =-283.6 7 ©4 183.8 4 + 850 (5)
‘where .

'k 1 :1st stiffness of LRB (kgf/em)
K = :2nd stfffness of LRB (kgf/cm)
Q 4 .ylelding force of lead (kef)
g o ishear stress of ylelding of lead plug ( = '85.0 kgf/cm )
G  Ishear njodulus of rubber (kgf/cm?)
F ishear force of LRB (kgf)
u e :design displacement (cm)
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7 ishear strain

Modal damping ratio h of the bridge was computed by means of the
energy-proportional damping method as®

n
J«E_l¢lJTthJ¢u

b= ® KD, (©
where

$ s mode vector of j-th structural component for i-th mode

h ; :damping ratio of j-th structural component

K s istiffness matrix of j-th st'ruc.turaldcomp'onent

® - :mode vector of bridge for i-th mode

K istiffness matrix of bridge

13(1 (6) is effective to evaluate the modal damping ratio of brldges based on
an experlmental studyB’ Damplng ratio of structural compononts was assumed
in design as shown In Table 2. Because the deformation developcd in LRBs is
small during the design earthquake assumed in the Seismic Coefflclent
Method it was assumed 1n the design ‘rhat the damping ratlo of LRBs is 7cro

‘in the Seismic Coefflclent Method It may be thereforo good to assume 7cro

damping ratio for LRBs for the consistency with the selsmic design. However it
became  apparéent that zero demplng “ratio for LRBs gives appreciably lager
bridge résponsethan the measured values. Therefore it was assumed as'0.3

based on the above described full model test results on the  damping
~ characterlstics of LRB.

Table 2 Damping Ratio Assumed In Seismic Design of‘Ml‘yagawa"Brldge

, For Design ‘
Sfr‘:uétural Components Selsmic Coefficiont Rearing Capacity For this Analysis
Method Method i

‘Super structure 0.03 0.03 10.03

Piers and Abutments 0.05 0.05 0.05

Foundations 0.1 0.1 ' 64

Al 0 ' '9;17'7 f 0.3

Menshin Pl o 0137 ] ~‘;_-0‘3

Bearings P2 o 0139 0.3

A2 0 0099 .. 0.3
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Fig. 7 Computed Deck Acceleration

Fig. 7 shows ‘the response acceleration of the deck thus computed. Although
the computed acceleration is- 1.5 ~ 1.7 times larger in amplitude than the
measured résponse, ‘overall characteristics. of the computed response is
similar ~with  the measured acceleration. Overestimation of response
acceleration of the ‘deck may be attributed to the fact that the damping ratio
of the foundation is underestimated 'infvthe“dynamic analysis. This is for the
sake of giving safe-side result for'design. purpose:; '

* CONCLUSION

- Thé first record obtained-at the Miyagawa Bridgé, the first Menshin bridge in
Japan,: was analyzed to study the selsmic behavior of Menshin ‘bridges. The
following conclusions may be deduced based on the analysis presented herein

Cirie

acceleration at 10 m below the ground surfaco 'I‘his cloarly shows Lhe
eff’ectiveness of the selsn’llc Isolatlon

2) When ampliflcatlon of the response from the 10 m below the ground surface
to the deck:is repr‘esented, in terms of-the acceleration response ratio with
damping  ratio .of:.0.05, the acceleration response ratio R defined as the
resbonse acceleration of the deck motion divided as  the response
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acceleration of ground motion measured at 10 m below the ground surface Is
only 0.25 at natural period of 0.2 ~ 0.3 sccond which Is the predominant
period of the ground motion. IHowever the acceleration response ratio R
defined as the response acceleration of the deck motion divided by the
response acceleration of ground motion measured at 10 m below the ground
surface Is 1.4 ~ 2.0 at 0.85 second which is the fundamental natural period of
the bridge. Therefore selection of the natural period In consideration with
the predominant perjod of ground motion is very important In the Menshin
Design,

3) The dynamic response analysis model whiéh was adopted for the seismic
design of Miyagawa Bridge can realistically simulate the response of the deck
although the analysis overestimates the mecasured acceleration.

REFERENCES

1) Matsuo, Oishi, Ilara, K. and Yamashita, : Design and Construction of
Miyagawa Bridge, Bridges and Foundations, Vol. 91-2, 1991

2) Matsuo, Y and Hara, K. : Design and Construction of Miyagawa Bridge -First
Menshin Bridge in Japan-, 1st U.S.-Japan Workshop on Earthquake Protective
Systems of lighway Bridges, National Center for Earthquake Engineering
Research, Buffalo, N.Y., U.S.A., September 1991

3) Technology Research Center for National Land Development : Guidelines for
Base Isolation of Highway Bridges, 1989

4) Japan Road Association : Part V Seismic Design of Design Specifications of
Highway Bridges, 1990

5) Robinson, W.H. : Lead Rubber Hysteretic Bearings Suited for Protecting
Structures during Earthquakes, Earthquake Engineering and Structural
Dynamics, Vol. 10, 1982

6) Kawashima, K. : A State of the Arts of Earthquake Engineering Research for
Application to Selsmic Design of Bridge FFoundations, Technical Report, No.
2385, Public Works Research Institute, July 1986

7) Makiguchl, Y., Matsuo, and Hara, I. : Performance Test of Lead Rubber
Bearings for Mlyagawa Bridge, Annual Meeting of the Japan Soclety of civil
Engineers, Part I, 1991

8) Kawashima, K., Nagashima, H. and Iwasaki, H. : Effectiveness of the Energy
Proportional Method for Evaluating Modal Damping Ratio of Menshin Bridges,
Civil Engineering Journal, 1992 : :

— 188 —

e
=

PN




Design Example of a Highway Bridge Based on
The Manual for Menshin Design of Highway Bridges

Kazuhiko KAWASHIMA
Mitsuo OKADO
and
Michihiro HORIKAWA

~2nd U. S, -Japan Workshop on
Earthquake Protective SyStems for Bridges
| Tsukuba, Japan
Decenber 1992



SR




DESTGN EXAMPLE OF A HIGHWAY BRIDGE BASED ON
THE MANUAI, FOR MENSHIN DESIGN OF HIGNIWAY BRIDGES

Kazuhiko KAWASIIMAY?, Mitsuo OKADO? and Michihiro HORIKAWA®

1) llcad, Earthquake Engincering Division, Earthquake Disaster Prevention
Department Public Works research Instltutc, Ministry of Construction,
’l‘qukuba, Japan

2) Assistant Manager, Design Department, New Structural Engincering Ltd.,
Chiyoda-ku, Tokyo

3) Chief, Design Department, New Structural Engineering Ltd., Chiyoda-ku,
Tokyo

ABSTRACT
Presented is a design example of a base isolated bridge with a span length of
40 m and a clear height of 10 m. Design was made in accordance with the

Manual of Menshin Design of Highway Bridges. LEffect of Menshin design is
discussed.

INTRODUCTION

A design was made for the same design condition with the U.S. group for
comparing the selsmic isolation design of bridges. Two tvpcs of Menshln
devices were considered in this example calculation. First is the lead rubber
bearings® (LRB) and the other is the high damping rubber bearing (IIDR).
Design was made in accordance with the Manual for Menshin Design of IIighway
Bridges which was compiled in March 1992 as the final accomplishment of the
Five Year Research Program between the Public Works Research Instltlite and
28 private firms on the "Dcvelopment of Menshin Systems of Bridges". The
design is.not the detallod design but the rough estimation of approximate
size and relnforcement

DESIGN CONDI'I‘ION

A bridge with - multl “gpan continuous ‘prestressed concrete girder with a
welght of 200 KN/m ( 20.4 tf/m ) as shown in Fig. 1 Is considered. Only a single
span segmefit ‘is’ ‘desligned. ‘The: span “length ‘and “the width of the
superstructure are assumed as 40 m and ‘14 m, respectively. The girder depth
{s 2:m. The' clear helght ls assumed ‘as 10m:-Soil condition is assumed as a
stiff clay with N-value of the Standard Peénetration Test of 30 or more.
Thickness of this layer is about 60 m. Those are the design conditions
specified:’ for 'thé common conditlon between U.S. . and- Japan. Table .1
summarizes those conditions.

Because the ‘soil is of stiff clay with N-value of 80 or more, it may be
diluvial ‘clay layer. The sofl condition is classifted by the characterlstics
value as defined by

—f‘lgl =



where,

Ta ¢ characteristics value:(sec)
H « : thickness of 1-th sub layer (m)
Ve : shear wave velocity of i-th sub layer (m/sec).

Because the shear wave veloclty of the dlluvlal clayey layer may be over 400
m/sec, the soil condition may be classified as the 1st group In accordance
with the "Part V Seismic Design" of the "Design Specifications of Nighway
Bridges"®,

The foundation type is therefore “assumed as a spread foundation (direct
foundation). The bearing capaclty, which {s the most critical In design of
foundation, is assumed as 60 tf/m* . In actual design, the detaliled soll survey
Is required. Table 2 shows the design condition of the foundation based on
the Design Specifications of Highway Bridges. Assuming ‘that the covering
depth is 1.5:m, the pier height from the surface of ‘the footing to the pier
crest is 11.5 m. : ‘

It is assumed that the bridge is located in the selsmically active area. And
also it is assumed that the bridge is categorized as the "Important” bridge.

Then based on the Manual the deslgn lateral force coefficlent in the Selsmlc
Coeffictent Method Is as"’> '

 kn = tz'Ca'Ccr'ct'Cce*Kno 2 0, 1 . (2)
Where , _
crrceg = 0, 8 ‘ ' (3)
where, ' ' ' ’ S
Kn ! sefsmice’ cocfflcient In the’ Seismic Coefficient Method
¢z  : modification factor for zone (=1.0, Seismically active’ area)
ca : modification coefficient for ground condition ( = 0.8, 1st
group)
C1 : modification factor for lmportance ( = 1.0, important bridge)
crt - :modification of structural-. response, and- shall be computed
, by Table 3. ‘
CE : modification: factor for damping ratlo of bridge, and shall
. be determined by Table 4 - :
K no ¢ standard design . latcral force coefflcient for Seismic

Coefficient Method( =0.2)

In the Bearing Capacity Method the lateral force coefficlent shall be as .\

k ho .

Kne =gy —-1 =% . ”(f?‘- L
Kho = Cz'C1*Cr*¢Ee' Kneo: -~ .- - - I +(5)
where, ‘ o ' , B I I TS SRR
K ne : equivalent lateral force coefficlent for Bearing Capaclty

1 Method
K no : latéral force coefficient in the Bearing Capaclty Mcthod
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cz : modification factor for zone ( = 1.0, seismically active arca)

Ci : modification factor for importance ( = 1.0 , Important
bridge)

CR : modification factor for structural response, and shall be
computed by Table 5

CE : modification factor for damping ratio of bridge, and shall
be obtalned by Table 6

K neo : standard lateral force coefficlent for Bearing Capacity
Method ( = 1.0)

u : allowable ductility for reinforced concrete piers

The modification coefficlents ¢ g, ¢t and ¢ r have to be determined based on
the natural period and damping ratio of the bridge.

Because In seismic design the bridge 1s critical in longitudinal (bridge axls)
direction, major attention was pald In seismic design in longitudinal

direction.

DESIGN OF MENSHIN DEVICES

Design Requircments
The design displacement of the Menshin device fs an Important paramcter for
designing the Menshin devices, and is defined as

us = ——}(—;—BWL (Seismic Coefflcient Method) (6)
us = kTm;—“—,f- (Bearing Capacity Method) (7
where,

‘ue : design displacement of Menshin device (cm)

Ke : equivalent stiffness (kgf/cm?)

Kn : seismic coefficient in the Seismic Coefficient Method, and

: .+ shall be computed by Eq: (2) .

K no : lateral- force coefficlent In the Bearing Capacity Method,
and shall be computed by Eq. (5)

Wy : welght of superstructure supported by the Menshin device
(kgf)

It should be:-noted in Eq. (7) that the lateral force coefficient by Eq. (5) is
used for deslgn of the Menshin device. Therefore the reduction of lateral
force considering the ductility of the pier is not considered for evaluating
the lateral force for deslign of the Menshin device.

Following {tems are required to be checked for the Menshin dé{rlces :
(a) Check agalnst Vertical Pressure

(8)

Omax = 0 max, a
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OCmox— Omin = A0 a (9)

0 max = Rmax/A RO (10)

0 min = R min/ A R » (11)
where, . :

O max : maximum vertical stress (kgf/cm?)

o maxia ¢ allowable maximum vertical stress ( = 80.0 kgf/cm?)

7 win : minimum vertical stress (kgf/cm?)

WA :"allowable amplitude of compression stress ( = 50 kgf/cm® )
R max : maximum vertical force ( dead welght + maximum active load)
Rmin - : minimum vertical force'( dead weight '+ minimum active load)
Ar : sectional area of Menshin device (cm®)

A ro : effective sectional area of deformed Menshin device (cm?)

(b) Check against Lateral Dlsplacemént

St | (12)

Uop = Y 0a*
U £ 7ea' 2 ta (13)
where,

uo ¢ deslgn displacement of Menshin device against normal load
such as creep, shrinkage and temperature change (cm)

7 oa : allowable shear straln of rubber against normal load ( 0.7 )

e :‘deslgn displacement of Menshin device’ agalnst normal load
and selsmic effects (cm) :

7 B2 : allowable shear strain of rubber agalnst normal load and
selsmic effects, and shall be 1.5 In the Seismic Coefficient
Method and 2.5 in the Bearing Capacity Method

Ztoe : total thickness of rubber (cm)

(c) Chéck against Bucklihg
(14)

0c¢c & 0 cke
where, S o
oo+ - :'averaged vertical stress (kgf/cm?)
O ¢Ra : allowable vertical stress for -safety -against buckling
‘(kgf/cm?), and shall be determined: as :
>0"70'Ra=G">S">a/fS - (15)
where, - S
G : shear modulus of rubber (kgf/cm®)
S : coefflcient depending on shape, and’ shall be obtalriod in the
square bearings as L o
S_2(a+b)te (16)
AR : sectional area of rubber (cm"?)
a,b i effective length and width-of rubber ‘(¢m)
t o : thickness of ‘one rubber layer (cm)

a =‘Va/2teor b,/ "% te
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Sto : total thickness of rubber (cm)
f o : safety factor (= 2.5)
(d) Check against Local Shear Strain
(7c”7R+79)_._ 7u/fn (17)
where, :
7 a : local shear strain due to vertical load
7 R ¢ local shear strain due to rotatfon of bearing
7 a : local shear strain due to latéral displacement
7 u : rupture strain of rubber and shall be determined by Table 7
fs : safety factor for local shear strain, ‘and is 2.5 for normal
load and 1.8 and 1.2 for selsmic deslgn by means of the
Seismic Coefficlent Method and Bearing Capacity Method,
respectively ’
(e) Check against Stress of Internal Steel Plate
[ —_<. U san (18)
t e X ) .
L 98T Te (19)
where,
O e : stress in tension of the plate (kgf/cm?)
Oean : allowable stress of steel in tension (kgf/cm?)
‘te : thickness of steel plate (cm) '
7o : maximum vertical stress induced in Menshin device (kgf/cm?)
“ta : thickness of .one rubber layer (cm)

Design Requi rcment of LRB

In ‘the - LRB ~natural rubber. WIth ‘the shear modulus: of 8.0 kgf/cm® was

adopted.

The equivalent stiffness and the equivalent damping ratlo Is

obtained as

Ar: G v+ A q

KB'%"' . YU Be . R . o N (20)
- 2Qa {upetQa/ (Kz2—K1) }
he = #upe (Qat upeK2) ‘ : : (21)
where, |
Ke : equivalent stiffness (kgf/cm?)
She ok equivalent damping ratlo. . .
. Upe.. . effective deslgn d1Splacement of Menshin devlce (cm)
. Qa s yield force of lead and. can be determined as
A - 4 sectional area of 1ead plug (cmz)
do : ylelding shear streqs of lead ( 85 kgf/cm Y
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Ar : scctional area of rubber (cm?)

G : shear modulus of rubber (kgf/cm?) .
¥ ¢ shear strain
q : shear stress of lead, and shall be obtained as
— 283.67 %+ 183.87 +85.0 (0= 7 £0.5)
q = 28.3972%—128.19 +163.0 (0.5< v £2.0) (23)
20 (2.0< 7 £2.5)

Ki, K2 : Tfirst and second stiffness of LRB (kgf/cm?)

The shape of the lcad pi.ug needs to be as

He :
De = 7 (24)
where,
He : helght of lecad plug (cm)
D e : dlameter of lead plug (cm)

Design Requirements of DR
In the HDR, the equivalent stiffness and the equivalent damping ratio are
evaluated as

Ar-G (%) ‘

K= B B . (25)

G (r) = { 45.3—T2.T7 o +57.37 o*~19.0% o°+2.187 o* (0< 7 €<2.0)

12.2 (2.0< 7 63.0)

. (26)

he=0.15440,0383% 9—0.04457 e2+0.008587 e (0<% «3.0)

a (27)
where,

Ke : equivalent stiffness (kgf/cm?)

he : equivalent damping ratlo ,

G : shear modulus of the high damping rubber (kgf/cm?)

Ar : sectional area of rubber (cm?)

7 e : effective shear strain

Stae : total thickness of rubber

Design of LRB and HNDR . , .
The natural period of the Menshln bridge is recommended in the Manual to set
about twice as long as the oné ‘of the’ bridge with usual’ ‘bearing condition
(non-Menshin bridge). Because the natural’period of thé non- Menshin bridge
was estimated as 0.58 second, it was almed to design LRB and HDR so that thc
natural period of the Menshin bridge becomes approximately 1.1 second. It

should be noted that effect of solls was consldered In computing the natural‘

perlod by a sct of soll springs as ’hown In Table's. Because the soll Is stiff,
cffect of soll was' Ingensttive for the natural perled. :
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Because the equivalent stiffness of LRB and HDR depends on the deformation
developed In the device, the natural period of the bridge is not the same
depending on the device and the Menshin design method. The natural period
of the bridge was cvaluated as 1.23 second (LRB) and 0.95 second in the
Selsmic Coefficlent Mcthod, and 1.91 second (LRB) and 1.44 second (HIDR) in the
Bearing Capacity Method. The damping ratio was evaluated as

ZKepi+ upi®+ Cni
h SKet* upi“* ¢ (28)
_ L _het . hrpui , hr0;-H?
¢nt =hpid K pi b Kruig I Kr @ ; (29)
1L Ke: , Kei , Kei+H?
ci= 14 K »i F K ruig * Kr0: (30)
where

h : Modal damping ratio of bridge

h e; : Damping ratio of i-th damper

h pi : Damping ratio of i-th pier/abutment

hrus : Damping ratio of 1-th foundation associated with
translational movement

hr0i: : Damping ratio of i~-th foundation associated with rotation

K ri : Equivalent stiffness of i-th pler/abutment

K rus : Translational stiffness of i-th foundation

Kr0; : Rotational stiffness of I-th foundation

Ui : Design displacement of i-th menshin device v

H : Helght from the bottom of pler to the gravity center of
deck

The damping ratio of structural components Including the LRB and DR was
assumed as shown in Table 9. The damping ratio of the bridge for the first
mode was evaluated by Eq. (28) as 0.21 (LRB) and 0.13 (HDR) in the Seismic
Coefficient Method and 0.12 (LRB) and 0.11 (IIDR) In the Bearing Capacity
Method. The design displacement ue was 3.1 cm (LRB) and 2.3 ¢m (IIDR) in the
Seismic Coefficient Method and 33.0 c¢m (LRB) and 18.5 cm (IIDR) In the Bearing

Capacity Mecthod.

The modlf!cation factor for damplng ratio of brildge cg, which was evaluated
from Tab]os 4 and 6 based on the above described damping ratio of the
bridge, is shown In Table 10. Table 11 shows the modification factor for
structural reqponse Cr (Se]qmlc Coefflcient Method) and ck (Bearing Capaclty
Method). The lateral force co<>ff1clent becomes 0.17 (LRB) and 0.18 (IIDR) in
the Seismic Cocfflclent and 0.45 (LRB) and 0.55 (HIDR) in the Bearing Capacity

Method.

1t shou]d be noted that lf the non- Menshln bridge has the natural period of
0.58 second, the modification factor for structural response ¢r and ¢k ls
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1.25, and that the reduction of the lateral force coefficlent by means of the
modification factor for damping ratio of bridge ce can not be considered. A
comparison of the lateral force cocfflclent between the Menshin bridge and
the non-Menshin bridge Is shown In Table 12, ‘In the Menshin bridge the
lateral force coefflclent 1s 15 % (LRB) and 10 % (HDR) in- the Selsmic
Coefficient Method and 36 % (LRB) and 21 % (HDR) In the Bearing Capacity
Method less than the non-Menshin bridge.

Iig. 2 shows the LRB and DR designed based on those conditions. Although
there was some Intcraction between the design of Menshin device and the
design of substructurc which will be described later, the final shape of the
devices determined Is presented here. The most critical factor for
determining the dimenston of the Menshin devices was the check against the
lateral displacement in the Bearing Capacity Method by Eq. (13). THe shear
straln of the rubber Is 250 % and 231 % In LRB and HDR, respectively, while
the allowable shear straln 4 s» In Eq. (13) is 250 %.

Table 13 summarizes the design of LRB and HDR.

SEISMIC DESIGN OF SUBSTRUCTURES

Scismic Design of Pier

Seismic dcsign of pler was made by the Seismic’ Coef‘f‘lclont Mcthod. Fig. 3
shows the analytical model for the pier and the foundation. For designing
the pier, the distance in longlitudinal direction from the edge of the pier to
the front edge of thé bearing has to be larger than ‘the’ following seat
length to avoid the spalling of the concrete at the plcr crest during an
earthquake :

S = 20+0. 51 (31)
where, ‘ - ' ' -
‘ S - : seat length’ from the ‘edge of pler to the edge of bearlng
' (ci)
1 : span lengt (m)

Bécause the span length 1s'40 m, 40’ ch is requlred for: the seat length S. The
seat length has to be provided both side of the bearing in‘longitudinal
direction Because the length of the Menshln devlce Is 95 cm (LRB) and 89 cm
(IDR), two times of the seat length 'S plus ‘the length of the ‘Mehshin’ device
{s 175 cm (LRB) and 169 ém (HDR) Therefore, the dépth of the pler (length in
longitudinal direction) was ‘determined as about 2 m. Thé¢ width of ‘the pler
(length in transverse dlrection) ‘was dotermlned so that the stress of’ the
concrete and that of the reinforcement become in good proportion. ,

The strength of the concrete is 240 kgf/cm?, and the grade of ‘the
reinforcement Is the SD 345 (deformed bars)., As shown In Table 2, the
allowable stress Is 120 kgf/cm'“’ in cont:rete and 3,000 kgf/cm2 in’ the

reinforcement.
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Table 14 shows the force used for selsmic design of pler and the stress
computed. Because the bottom of the pler Is the most critical In selismic
deslgn, the design calculation was made for this section. It can be sald that
the selected section Is In good proportion, because the stress developed in
the concrete and the reinforcement Is close with thelr allowable stress and
both the concrete and the reinforcements are effectively uscd.

After the dlmonqion of the pler and tho reinforcement was determined, the
check of bearing capacity was made by the Bearing Capacity Method. Some
Increase of the depth and the reinforcement was required.

Fig. 4 shows the section thus determined. The size off the column Is 2.2 m in
longitudinal direction and 3 m In transverse direction. When LRB is adopted,
38 reinforcements with the dlameter of 29 mm are required along the face In
axlal direction, and 24 reinforcements with diameter of 19 mm along the face
in transvcrse direction are required. The total area of the relnforcements is
313.0 cm®, and this corresponds to 0.47 % of the concrete section (main
reinforcement ratio = 0.47 %). One the other hand, when HDR was adopted, the
diameter of main reinforcement along the face in longitudinal direction were
required to increase one grade, and 38 reinforcements with diameter of 32 mm
were provided. The reinforcement along the face in transverse direction was
the same with the previous case. The total area of the reinforcement is 370.6
em®, and the main reinforcement ratio 1s 0.56 %.

Secismic Design of Foundation

Design of foundation was made by the Seismic Coefficient Method. Safety
against sliding, overturnlng and bearing capacity of supporting soil was
checked. Table 15 summarizes the design of the foundation. The size of the
footing is 7.5 m'X 7.5 m when the LRB was adopted and 7.7 m x 7.7 m when the
HDR was adopted. ‘

CONCLUDING REMARKS

The preceding pages presented a design example of a brldge supported by LRB
and HDR. By adopting the Menshin devices, 10 % ~ 15 % decrease and 21 %~ 36
% decrease of the lateral force could be made in the Selsmic Coefficient
Method and:the :Béaring Capacity Method, respectlvely The bridge designed
seems In good shape and: reasonable
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Table 1 Design Conditions

] Multi-span Continuous Prestressed
- Structure -

Concrete Girder

Span Length ..

40m

. Width

14m

Clear Helgth

'10m ‘

Doad W'efiyg‘h"t "(_S"f I
Superstructure|

© 20.4t0/m (200KN/m)

Solle Condition|

~ N=30, Depth=60m

~ Table 2 Design éqnq‘iﬁwnffof Foundation

“Allowable

Steel | oea |

3,000ks/G(5034)

Stress o ‘
. Concrete O oa

120kgf/cm?( o ck=240Kgt/ém?)

Allowable Bearing Capacity qa |

. Safty Factor for Sliding -

60t f/m>

12000 |

Safty for Overturning

| combined force of Axlal force and/|”
lateral force should be applied |

within 1/3 of the width of footing |
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Table 3 Modification Factor for Structural Response cr

Ground Group

Structural Response Coefficient cr

T<0.1 0.1sTs 1.1 L1<T

Group I cr= 2.69T3 2 1,00 cr=1.95 | co=1337"2"7
T<0.2 0.0<T< 1.3 1.3<T

G . =Ts )

roup I Cr=215T"%21.00 | ocr=195 |cc=14977"°
T<0.34 0.3d<T< 1.5 1.5< T

Group It cr=1.80T"® = 1.00 cr=1.25 | cr=1.64T2"2

Table 4 Modification Factor for Damping Ratio ¢=

Damping Ratio h

"Mlbdi‘ficat"ion Factor ce

h < 0.1

1.0

h=0.1

0.9

Table 5 Modification Factor for Structural Response Cr

Ground Group

Strﬁcfdrél ReSpdnse Co‘efficient Cr

1.4 < Tea

" Tea = 1.4 _
Group I  er=0.1 cx = 0.87T8THS
T Tea < 018 | 0.18=Tis£1.6| 1.6 Tea
Group I cx = 1L51THE 2 0.7 cr = 0,85 or = 1.16T:%"
R Tea< 0,29 [ 0.295Tea< 20| 2.0< Tee
GroupIl - ¢ = 1.0 cr = 1,59T&®

ce = 1.51TES 2 0.7
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Table 6 Modification Factor for Danping Ratio ck

Damping Ratio h-

‘Modification Factor ck

h< 0.1

1.0

0.1=h<0.12

0.9

0.12s h<0.15

0.8

0.15sh

0.7

Table 7 Rupture Strain of Rubber

Type of Rubber

Shear Modulus

G(kgf/cm®)

Riibkt‘lfir’e 'Stf:rain
7y u(%)

Natixral Rubber

8.0

500

10.0

500

12,0

. 400

Chloroprenc Rubber

8.0

400

10.0

400

Table 8 Spring Stiffness of Solls

'LRB

'HDR

Stlffness for Translation ‘_;

2.88 % 10°tf/m | 2.99 % 105tf/m

B Stiffﬁéss ‘_for';‘Ro‘itatfc:)ri -
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Table 9 Damping Ratio Assumed in Design for Structural Componcnts

Superstructures 0.03

LRB | 0,28
Menshin SCM IIDR | 0,16
Device LRB | 0.15
BCM} IDR | 0.14
Pler/Columns 0.05
‘ Footing 0.1

Table 10 qul'flcatlon Factor ce for the Bridge Designed

LRB | HRD

SCM | 0.9 | 0.9

BCM | 0.8 | 0.8

Table 11 Modification Factor cr and cr for the Bridge Designed

LRB | HRD

SCM | 0.9 | 1.0

BCM | 0.8 | 0.8

'f‘able 12° Comparison of Lateral Force Coefficient ,
L ~between Menshin Bridge and Non-Menshin Bridge

SCM__ BCM
LRB | HDR | LRB [ IDR

@D Menshin Design | 0.17°| 0.18 | 0.45 | 0.55

Non-Menshin
Design

/@ 859% | 909% | 649% | 79%

Design Method

®@ 0.20 0.7
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Tablé 13 Design of LRB and HDR

LRB

IIDR

Characteristic Values
SCM BCM

scM | BeMm

Lateral Force Kin{ . 0,17 0.45

0.18 0.55

Natural Period o T(s)| 1.23 1.91

0.95 1.44

Design Displacement .ué(‘c'm) 8.1 33.0

2.3 18.5

Effective Diépla'cemenf' -uBé(cni) - 2.1 23.1

1.6 13.0

Damping Ratio hr| 0.21 0.12

0.14 0.12

Equivalent Stiffness = Ko(tf/m)| 4,775 | 1,132

6,403 | 2,374

Equivalent Damping Ratlo  hs| 0:28 | 0.15

A0.16 0.14

Lateral Force  F(tf) | 1059 | 261.4

144.0 | 448.0

Vertical Strain 7 <| -0.24 | 1.09

0,60 |. 1.62

Local [—— —
Shear |Lateral Strain ¥ s{ 0.75 2.50

0.28 | 2.31

Strain

Total Straln - 7| 0,99 | 8.59

0.88 | 3.93
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Table 14 Design Force and Check of Seismic Safety of Pler

Characteristics LRB DR
Axial Force F 1,062tf 1,0626¢
Force Developed e i -
at Pler Bottom Bend;ng Moment M 1,564tfm 1,656t m
~ Shear Force Q 136tf 144tf
Diameter of Main Relnforcement and Interval D29@ 150mm | D32@ 150mm
; ‘ S : . ot 2 : 2
Seismic Design Stress of Concrete o ¢ lOSkgf/cm 106kgf/cm
Method » : i 2 ° 2
Stress of Reinforcement o = |2,838kgf/cm 2,643kgf/cm
| Bearing CaDp“lagg]t]);tconsiderlng 186te 219¢F
Bearing Capacity | Y
Method Lateral Force consldering 1656F 2031
Ductility Kne'W
' Table 15 Design of Foundatlor}" 'j
%Allowable
LRB IIDR " Values
l 7Bearlng§Capaélty? : 54.6tf/m* 53.2tf:"/r)n2 60.0tf/m?
Safety Factor for'Slfding | * 6.8 | 6.6 | =1.2
Safety for Overturning | 5
(Eccentriclty from 1.23m 1.28m | < 2.5~ 2.6
Center of Footing) .
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ABSTRACT

Presented are two loading schemes proposed for evaluat,ing the equivalent
stiffness of Menshin devices against low rate loading developed due to the
elongation and shrinkage of a bridge deck associated with the daily change
of temperature. Although it is important for properly designing the Menshin
devices against such deformation, it Is generally difficult to evaluate it
because the test requires a special loading facility which can produce the
loading with: extremely low frequency. Therefore the Extrapolation Method
and the Relaxation Method are proposed for such purpose. The valldity of
the two methods is examined through' the tests to two high damping rubber
bearings -and a lead rubber bearing.

INTRODUCTION

Menshin devices are subjected to various loadings developed by not only
seismic effects but creep, shrinkage: and temperature change effect. It is one
of the main feature in bridge application that the elongation and shrinkage
of a deck becomes important as the total deck length becomes long. Menshin
devices are.designed so that the lateral force developed in the devices by
not only selsmic effects but such temperature change, creep and shrinkage
be properly distributed to as many plers as possible. For distributing the
lateral force to plers, {t is important to correctly evaluate the equivalent
stiffness of the devices.

Some: Menshin ‘devices . have the: loading: rate dependence of their equivalent
stiffness. For example, some high damping rubber. ‘bearings (HDR) have lower
equivalent stiffness against low- rate -loading such as the one developed due
to the daily. temperature change than the equivalent stiffness -against
selsmic loading. Such characteristics are favorable for constructing super
multi ~gpan continuous -bridge with the deck length over 1 km,. because the
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lateral force developed due to shrinkage and eclongation of the deck
associated with temperature change becomeés quite large In such bridge.
Therefore, if the equivalent stiffness against the low rate loading Is small,
it Is favorable to reduce the lateral force caused by the deformation of the

deck associated with temperature change.

For studylng the equivalent stiffness against the low rate loading, a special
loading facility which can produce the loading with extremely“low frequency
is required. However because the loading rate required is very low, it is not
always ecasy to produce such low rate loading. Therefore special -loading
procedures are required for studying the equivalent stiffness against the

low rate loading.

Two methods are proposed for such purpose in this paper. The validity of the
procedures is presented through the implementation of the methods to two
high damping rubber bearings and a lead rubber bearings.

EVALUATION METHOD OF SHEAR MODULUS AGAINST LOW RATE L.OADING

Low Loading Rate Expected due to Daily Temperature Change

Assoclated with the deck elongatlon and shrinkage due to the dailly
temperature ‘change, the Menshin devices are subjected to cyclic: loading
reversals with very low loading rate. The deck elongation and shrinkage is

evaluated as
AL=¢g At L (1)
-where,’ ' '
A L : elongation and shrinkage of ‘deck (m)
: coefficient of elongation per unit length and unit temperature

(l/m/°C)
At : increase of temperature (°C)-
L : effectlve length of deck (m) againet temperature change

&

The coefficient & of elongation per unit- length and unit temperature is l 0
x 107° in concrete. . _

It {s required to design the devlces agalnst such tempcrature change effect

asl)

wsSyearEts “(2)*;
UBS 7ea St B GO

where, v ‘ :
.+ deslgn ‘displacemént of Menshin device agalhst normal 16ad-sueh

5 W

Uao o

a$ treep, shiinkage and temperature change effect (cm)
v'oa ¢ allowable shear strain of rubbeér against normal load ( =07 )
ue design dlsplacement of Menshin device against normal load and -

gefsmic effests:
“# =a - allowable shear strain of rubbér against normal 1oad and: seismlc
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effects, and shall be 1.5 In the Selsmic Coefﬂclent Method and
2.5 In the Bearing Capacity Method
Z t o : total thickness of rubber (cm)

Because the Menshin devices are designed so that Eqgs. (2) and (3) are
satisfied, it can be considered that the shear strain induced In the Menshin
devices due to the temperature change effect should be less than 7 oa, l.c.,
70 %. There are other contribution by the creep and shrinkage in concrete
bridges. Therefore the shear strain induced In the Menshin devices against
the temperature change efféct may be between 50 % and 70 %.

Assuming that the daily temperature changes in a harmonic way as shown in
Fig. 1 with the period of 24 hours, the averaged shear strain rate may be

approximated as

e _ 7 _50%~T0% _ B s,
o F & hours. = 2.3 x 107" /sec 3.2 x 107 /sec  (4)

in which % and '; represent the shear strain and shear strain rate, and t*
represents a quarter of a day (6hours).

It should be noted that the shear strain rate during an earthquake is much
larger than those values. Because the Menshin devices are designed against
normal load and seismic load so that Eq. (3) be satisfied, one can consider
that the shear strain developed in the Menshin device during an earthquake
is' at ‘maximum 150 % in the Seismic Coefficient Method. Therefore assuming
that the: first natural period of the bridge is 2 second, the shear straln
rate during an earthquake may be estimated as

+ 7. 150:% . _ I i .
7 T T¥*T T1/4 second . 3 /sec (5)

Extrapolation Method

]

If the loading rate vs. the equivalent stiffness of the Menshin devices can
be evaluated for a set of loading rates which can be produced by the testing
machine available, the equivalent stiffness for theé desired loading rate may
be estimated by extrapolating the relation. This mcthod is not special but
may be used for most type of Menshin devices.

In the Manual for the Menshin Design of Highway Brildges, it Is recommended
to conduct the test for loading rate of 0.002 cm/sec, 0.005 cm/sec, 0.01
cm/sec, 0.056 cm/sec, 0.1 cm/sec, 0.5 cm/sec, 1.0 cm/sec and 5.0 cm/sec. The
Menshin: devicdesare subjected to a harmonic: excitation with elther strain
amplitude of - 50% or displacement amplitude of 7.5 cm under the vértical
load- equlvalent to the dead weight of superstructure and at the temperature
of 20°C. .
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Relaxation Method

Although the mechanism causing the loading rate dependence of the shear
modulus of rubber (high damping rubber) Is not well known, it may be related
to the relaxation of the rubber. Therefore the loading rate dependence of
the shear modulus of rubber may be evaluated by the relaxation method.

When a rubber specimen is subjected to a constant shear strain for a certain
period, the stress induced in the specimen decreases as shown In Flg. 2 (a)
and (b). Because shear modulus of the rubber Is defined as

Ge=—— ’ : (6)
v
where,
G = : shear modulus of rubber ( kgf/cm®)
T : shear stress (kgf/cm®)
7 : shear strain

shear modulus G s vs. period of relaxation t * relation can be written as
shown In Fig. 2(c). The averaged shear strain rate for a period of relaxation
t * may be evaluated from Eq. (4) as :

T o m

Therefore, the shear modulus. G = vs. shear strain rate 7 relation-may be
written as shown in Fig. 2(d). It should be noted that this relation is similar
In nature with the loading frequency ‘dependence of the shear modulus of
rubber subjected to a harmonic excitation. Therefore, by specifying an
appropriate shear strain rate 7, one can estimate the shear modulus for 7.
It should be noted that the equivalent stiffness .of the Menshin devices can
be obtained from the shear modulus of the rubber as

¢

Ar Gse
g M E 8
Ke 2 ts ' ( )
where,

K e : Equivalent Stiffness of Menshin device (kgf/cm)
A r: Sectional area of Menshin device (cm®)

G = : Shear modulus of rubber (kgf/cm%)

2 t o Total thickness of rubber (cm)

’l‘hls method is proposed herelnafter as the "Relaxat:lon Method"

However various consideration has to be made- for applying the Relaxaticm»
Method for evaluating the equivalent stiffness of the Menshin : devices
subjected to. the dally temperature .change, because the: shear strain
developed in the Menshin devices by the dally temperature effect changes

with time as shown in Fig, 1.
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As the first approximation for such change, a constant strain may be applicd
to the devices as shown In Flg. 3(a). But more accurate result may be
obtalned by applying the strain in several steps as shown in Flg. 3 (b) and
(c). It Is expected that the accuracy would be improved by increasing the
number of load step.

In such a stepwise loading, the load necd to be applied as follows. Consider
the case where the shear strain is applied to the devices In three steps. The
shear strain for which the low loading rate stiffness is required (target
shear strain 7 1) Is dlvided Into three steps as shown in Flg. 4(a). The load
needs to be applied to the specimen until the shear strain induced in the
specimen reaches to 1/3 of the target shear strain. Then hold this shear
strain for two hours so that relaxation be developed. The stress of the
specimen decreases as shown In Fig. 4(b) due to relaxation. Then, apply the
load until the shear strain induced in the specimen reaches to 2/3 of the
target shear strain and hold it for two hours. Finally the same procedure
needs to be repeated for the target shear strain. The stress developed in
the specimen after the relaxation for two hours at this shear strain level is
the shear stress required. This approximates the shear strain developed
against a quarter cycle of harmonic loading with the period of 24 hours.
Because actuator can be held for two hours after each stepwise loading, a
special loading facility which Is capable to produce the extremely low
frequency loading is not required.

The shear stress vs. shear strain relation of Fig. 4 (a) and (b) can be
obtained as shown in Fig. 4(c). .

Although it was proposed to apply the shear strain as shown in Fig. 4 (a), it
may be applied as shown in Fig. 5 (Loading Scheme B) as an alternative
scheme: The Loading Scheme A which was proposed ‘in Fig. 4 (a) would give
higher equivalent stiffness than the Loading Scheme B, because relaxation
time at the target shear strain Is longer. Loading scheme for approximating
the actual change of the dally temperature needs to be carefully set.

TEST MODELS

Three types of test specimens as shown in Table 1 were used to evaluate the
stiffness of ‘the devices agalnst low straln rate load reversals. The HDR-A
and: LRB aré specimens fabricated for this test. The HDR-B is the specimen
with the sameé size and characteristics with the one adopted for the Yama-age
Bridge" Figs 6,7 and 8 as well as photos 1, 2 and 3 show the qpeclmens

LOW LOADING RATE SHEAR MODULUS OF HDR-A

Fxtrapolation Mcethod

In the Extrapolation Method, the HDR-A was subjected to a harmonic loading
with the displacement amplitude equivalent to 50% shear strain of the
rubber. The loading frequency was varied as 0.05 Hz, 0.1 Hz, 0.05 Hz, 0.01 Hz,
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0.005 Hz, 0.001 Hz and 0.00025 Hz. Because the straln rate may be evaluated as

7 5 4q 0 (9)
where,

7 : strain rate (1/sec)

v : shear strain

T : frequency (llz = 1/sec)

the strain rate in the tests was from 1/sec to 0.00041/sec.

The vertical load of 14.7 tf, which corresponds to the vertical stress of 80
kgf/cm®, was applied to the specimen for representing the dead welght of the

deck. A speclal loading facllity at the Yokohama Rubber Co. was used for the
test.

: i o P N A R A S Wit S S T
o R R R T e T ST IR A

Fig. 9 shows the hysteresis of shear strain vs. shear stress relation for the
shear strain rate of 1/sec, 0.021/sec and 0.00041 /sec. It is apparent that the
equivalent stiffness decreases as the shear strain rate decreases. Fig. 10
and Table 2 show how the equivalent stiffness In terms of shear modulus
decreases as the shear strain rate decreases. Because the test results for
various strain rates are consistent, they may be approximated as

AT T A

Sestiness o iy i

e A

Ge=5. 887224 4 7. - , (10)
where,

G = : shear modulus of HDR-A (kgf/cm®)

y : shear straln rate (1/sec)

By substituting 7 = 2.3 x 10™°/sec from Eq. (4), one can estimates the shear
modulus of 7.7 kgf/cm®. Because the ‘shear strain during an earthquake is.
about -3/sec by Edq. (5), the shear modulus at the shear straln rate of 3/sec is
evaluated by Eq. (10) as 14.3.. The 7.7 kgf/cm® is about 46 % smaller than 14.3.

Relaxétion Method

After the Extrapolation Method was:'made, the same specimen was used for the
Relaxation Method. In the Relaxation Method, the target shear strain of 50 %
was applied In the period of 6 hours. The loading step was set as 1, 2 and 4. -
In case of loading step of 1, the specimen was subjected to a load with the
loading rate of 1 mm/sec ( shear strain rate of 2.1 x 107%/sec ) until 50 %
shear strain. Then holding of the shear strain was made for 6 hours to have
the relaxatlon. In the case of loading step of 4, the specimen was firstly
loaded until 12.5 % shear strain, and the the shear strain was kept constant
for 1.5 hour. The load was then Increised so that 25% shear strailn was
developed, and the holding of the shear strain was made for 1.5 hour.
Similarly, the load was stepwisely Increased until the shear strain reached
to 50%. It should be noted that because the shear strain was Increased from 0

to 50% for 6 hours, the shear strain rate is 2.3 x 10"5/sec for. all the three
tests. - : : v
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Fig. 11(a) shows the shear straln vs. relaxation time relation thus used for
the three types of loading steps. The relaxation of shear force of the
specimen was developed as shown In Fig. 11(b). 1t is seen that the shear force
at the shear strain of 50% slightly increases as the number of load step
Increases from 1 to 4. It Is expected that the case of 4 loading step would
glve more accurate result. Fig. 11 (¢) shows the shear force vs. shear strain
relation,

From those results, the shear modulus of the HDR-A was evaluated as shown
in Table 3. The shear modulus was 7.0 kgf/cm® In case of 4 load step.
Reminding that for the shear strain rate of 2.3 x 107®/sec the shear modulus
of the HDR-A evaluated by thé Extrapolation Method was 7.7 kgf/cm® the
shear modulus evaluated by the Relaxation Method i{s very close with that
evaluated by the Extrapolation Method.

LOW LOADING RATE SHEAR MODULUS OF LRB

Extrapolation Mcethod

The specimen was subjected to a harmonic loading with the displacement
amplitude ‘equivalent to 70% shear strain of the rubber. The loading
frequency was varied as 1 Hz, 0.023 Hz, 0.0023 Hz, 0.00023 Hz and 0.000012 Hz.
Because a specially deslgned facllity which is capable for evaluating the low
rate loading at Oiles Corporation was used, loading test could be made for
the target shear strain ( 70 ¥ / 6 hours = 3.2 x 107%/sec ). The shear strain
rate by Eq. (9) is from 4.4/sec to 0.00005/sec: in" this series of tests. The
vertical load of 30.2 tf, which corresponds to the vertlcal stress of 60
kgf/em®, was applied to the specimen

Fig. 12 shows the hysteresis of shear strain vs. shear force relation for the
shear strain rate of 4.4/sec, 0.01/s5éc and '0.0002/sec. From these results,
shear strain rate dependence of the shear modulus was obtained as shown in
Fig. 13 and Table 4. The shear modulus G = vS. shear strain rate 4 relation
may be approximated as : :

Gs=12, 14900 . | (11)

From Eq. (11) the shear modulus for the shear strain rate of 8.2 x 107 /sec
is ‘estimated’ as ‘7.9 kgf/em®. On ‘the other hand, the shear strain rate
developed during an earthquake s estimated by Eq. (5) as 38/sec. The shear
modulus corresponding to this shear straln rate is evaluated by Eq. (11) as
12:7 kgf/cm®, Therefore the above shear modulus for the dally temperature
c¢change is approxlmately 38 % smaller than the one developed durlng an
earthquake. ‘

Relaxation Method-

The same specimen was used for ‘the Relaxation Méthod. The target shear



strain was assumed as 70 %, and the number of load step was 1. Therefore the
load was Increased until the shear strain of the specimen reached 70 %, and
then holding of this shear strain was made for 6 hours.

Flg. 14 shows the decrease of stress developed In the specimen and the shear
force vs. shear strain relation. From these results, the shear modulus of the
specimen was obtalned as 7.7 kgf/cm® for the loading rate of 3.2 x 107%/sec.
Because the shear modulus evaluated from the Extrapolation Method is 7.9
kegf/cm®, this value 1is quite close with the one evaluated by the

Extrapolation Method.

LOW LOADING RATE SHEAR MODULUS OF HDR-B

Only Extrapolation Method was applied to the HDR-B. The specimen was
subjected to a harmonic loading with the displacement amplitude of 70 % of
the shear strain of the rubber. The loading frequency was varied as 0.005 Hz,
0.0011 Hz, 0.00011 Hz and 0.000012 Hz. The vertical load of 238 tf, which
corresponds to the vertical stress of 40 kgf/cm®, was applled to the
specimen beside the lateral loading.

Fig. 15 shows the ‘hysteresis of shear force vs. shear strain. From these
results, the shear strain rate dependence of the shear modulus was
evaluated as shown in Fig. 16 and Table 5. This can be approximated as

Gs=11, 1 -9q0094s . (12)

Based on Eq. (12), the shear modulus corresponding to the shear strain rate
of 3.2 x 107%/sec -and 3/sec s evaluated as 7.2 kgf/cm® and 11.6 kgf/cm=.
Therefore, the shear modulus developed during the dally temperature change
is 38 % smaller than that developed during an earthquake.

CONCLUSIONS

For evaluating the equivalent stiffness of the Menshin devices subjected to
low shear strain rate loading, two methods were proposed. -In-both- the
Extrapolation Method and the Relaxation Method, the test can be made even
if a loading facility which is capable for producing extremely low frequency
loading is not avallable. A series of loading tests were made for verifying

the test methods propose’d with use of two high damping rubber bearings:and
a lead rubber bearing.: From the results presented in, the following

conclusions may be deduced :

1) The shear modulus of HDR-A ievaluatéd by the Extrhpdléti()n Method forut”;he
shear straln rate of 2.3 x 10%/sec ( = 50 % / 6 hours ) is 7.7 kgf/cm ,~while
the value evaluated by the Relaxation Method is 7.0 kgf/cm=. S

2) The shear modulus of LRB evaluated by the Extrapolation ‘Method.for .the
shear strain rate of 8.2 x 10°%/sec ( = 70 % / 6 hours ) Is 7.9 kgf/cm while
the value evaluated by: the Relaxation Method is 7.7 Kgf/cm®. . -
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3) Based on 1) and 2), it can be sald that the Relaxation Method glives the
close shear modulus by the Extrapolation Method. Therefore, the Relaxation
Method can be used as well as the Extrapolation Method for estimating the
equivalent stiffness of Menshin devices for low rate loading devolopcd by

the temperature change.

4) Based on the Extrapolation Method, the shear strain rate dependence of
the shear modulus is given by Eq. (10) for IIDR-A and by Eq. (11) for LRB.

5) Assuming that the shear straln rate developed during an earthquake Is
3/sec and that the shear strain rate due to the dally temperature change Is
2.3 x 107° for HDR-A and 3.2 x 10~ for LRB and HDR-B, the shear modulus
agalnst the dally temperature change Is 46 % (IIDR-A), 38 % (IIDR-B) and 38 % (
LLRB) smaller that the one developed during an earthquake.
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Table 1 Specimens Used for Loading Tests

. o Dead wéiéht with leé Load Design Displacement
Specimen | Natural Period of Menshin Device
in Design Vertical Load | Vertical Stress
(sec) ) (kgf/cm®) (qm)‘
HR-A | L2 5 60 7
~ HOR-B L4 | s 86| B
w | ooe | w | e |
?

Table 2 Shear Straln Rate De'penden-é‘é' :o'f“éhear Modulus of HDR-A evaluated
by Relaxation Method . . . . ,

‘Frequency | Strain Rate| Shéarlﬁddﬁlus |
. Kz - (1/ses) | (kgf/cm?)
2.5 x10-| 4.1 x10-| 8.3
1.0 X107* | 2.1 x10-° 8.5
5.0 x10~° | 1.1 x10-? 9.3
1.0 X107% | 2.1 X102 9.7
5.0 X10°2 | 1.1 X10-! 10. 6
10 X10* | 2.1 x10- 11. 2
5.0 X107 1.0 12.9

Table 3 Effect of Number of Load Step by Relaxation Method (IIDR-A)

Number of | Shear Modulus
“Load Step | Gs ( kgf/cm?)

1 6. 1
2 6.5

4 7.0
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Table 4 Shear Strain Dependence of Shear Modulus of LRB by Extrapolation
Method

Frequency Strain Rate Shear Modutus (kgf/cm?)
Hz (1/sec) | No.1 Pacilities No.2 Facilities

4,6 X107 | 2.0 x10-* - 8.7

2.0 x10-* | 8.8 x107*| 8.0 9.2

2.0 x107*| 8.8 x10*| 9.8 10. 1

2.0 X107 | 8.8 x10-? 10. 7 =

1.0 4.4 3.1 -

Table 5 Shear Strain Dependence of Shear Modulus of IIDR-B by Extrapolation
Method ‘

Frequency »Strainrﬁate$ JShéarfMOdhlus

“Hz (1/sec) (kgf/cn?)

L2 x10-°| 3.3 x10°| 7.2
__,1,,1“;19—4 3.2 X107 | 1.9

L1 x10-* | 3.2 x10°0| 8.8

5.0 X107% | 1.4 x10-? 9.3
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Inelastic Behavior and Selsmic Design of a Iighway Shield Tunnel

Kazuhiko Kawashima' and Yukitake Shioi®

Abstract

Nonlinear behavior of shield tunnels required for seismic design
by means of Selsmic Deformation Method s presented based on
dynamic loading tests. Application of the test results to the seismic
design of Trans-Tokyo Bay Highway Tunnel is also described.

Introduction

Shield tunnels have been widely adopted in. city areas where
open-cut. tunnelc cannot constructed due to various restrictions
from land use and existlng structures. Because the shield tunnels
are constructed by bol‘ring a number of segments, it shows a
significant discontinuous behavior in their stiffness and failure
modes. A series of dynamic loading tests wére made at:the Publié
Works Research Institute to clarify the stiffness and fallure modes
of ‘thé ‘shield tuiinels. Thé ‘Fesult 'of’ investigation: was reflected to
the selsmic deslgn of Tk‘ans Tokyo Bay nghway

This paper brlefly summarlzes the concept of: seismic design of
the shield tunnels’ by ‘means of ‘the seismic deformation method and
dynamié regponse andlysis, test results of the dynamic loading tests
and the seismic design of Trans ’I‘okyo Bay nghway

1) Head, yffEarthquake' Engineerlng 'Divlslon, Pu‘bylic ‘Works ReSearch
Institute, Ministry of Construetlon, Tsukuba - Sclence City,

Ibaraki-ken, :Japan.. :
2) General Manager; Deslgn and Engineering Department Trans Tokyo

Bay Highway Corporation, Ichi-bancho, Chiyoda-ku, Tokyo
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Selismic Deformation Method

Seismic design of underground structures is made by the Seismic
Deformation Method. The underground structure Is idealized by an
elastically supported beam subjected to a assumed ground
deformation as shown in Fig. 1. The ground deformation assumed In
design depends on the engineéering assumption on the ground strain
induced during an earthquake. Tunnels are In most cases critical
when tenslon force Is induced in their axis due to the ground

deformation.

Dynamic response analysis as shown In Fig. 2 is generally made to
study overall dynamic behavior of the underground structure. In the
analysis by the Selsmic Deformation Method and dynamic response
analysls, it Is essential Importance to accurately evaluate the
equlvalent stiffness and the failure modes of shield tunnels.

ST\ i
-4 } ,Sﬁrings,,b:e;\jeen
s Turnél and Ground
& ‘*\Lumpsed Mass
(e of »S/pr(fa_cg&Soils
; Springs Representing
d Stiftress of Surface Soil
"™~ Base Rock

Ground
Surface

Base Rock

Flg. 1 Ground Doformation Flg. 2 Analytloal Model for
. pefoTmationMethea . Dynamic Response Analysis

Inelastic Behaviorof ‘Shield Tunnels

.. A serles of dynamic loading tests were-conducted at the Public
Works Research Institute to study the nonlinear behavlor:of. shield
tunnels subjected to alternative tension and compression in axial
direction. Tests were also made for theé tunnel subjected to pure
bending moment. and rotational moment. Because the behavior of the
shield tunnel subjected. to. the axial tension. and compression. force
is the fundamental  importance,. test  Fesults' for this. case.. Is
described hereinafter. Two types of specimens as shown in Fig. 3
were used. The first specimen was made by assembling 16 pieces of
concrete segménts’ with 900 mm ! long “and 125 mm'-thick:” Thel sedond
specimen 1s * the “'Same’ ‘with':the “first’ spetimén, :blit. reinforced
concrete lining (second 1lining) with the thicKnéss of 200 mm was
placed inside the'coneréte segments (first segment)ys oo oot o
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R
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1=200
Unit (min)
(b) MODEL WITH SECOND LINING

Fig. 3 Shield Tunnel Models for Dynamic Loading Tests

The specimens were loaded as shown in Fig. 4. One of the two ends
of the specimens was fixed to a reaction wall, and the other end was
subjected to alternative tension and compression by two dynamic

actuators,

Rupture of [T
Ring" Joint -

Ruplore of
Ring Joint

J
KL

JT2

ITi

(o} MODEL' WITHOUT SECOND LINING
- Fig. § Fallure Modes
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Axiat Load (tf)

Fig. 5 compares the fallure mode of the specimens. Faflure
occurred only at the ring jolnts with segments belng free from
damage. It should be noted that failure concentrated only at one of
the three ring joints when the second lining was not provided, while
the fatlure equally distributed at three ring joints when the second
lining was provided. In the specimen without second lining, once
cracks occurred at one ring jolnt, then the damage due to further
loading tended to concentrate to this ring joint. Fig. 6 shows the
fallure mode of the ring joints. As the tension force increased the
face plates deformed so - that the anchor bars deformed only at the
end of the side plate. This resulted In rupture of the anchor bars
at this point, and developed pulling out of one side of the face
plate from the other.

s orRuplure of . Lt
Anchor Bar © _ .*
. -0

-

.
C 6 L.

o« o o o

oo, (M Spetuto o
: . of Concrete
~~ Cracks

Fig. 6 Fallure ofRing Jolnt"dué ‘to RU’b‘tUré‘of'Ah-chor Bars
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Fig. 7 Hysteresls Loops of Force vs. Deformation in Tunnel Axls

Flg. 7 compares thé hystevesls' loops for the two specimens.
Although the stiffness of the specimen is very high for compression,

— 240 —




it is small In' tension: The stiffness In tension decreases as the
fallure of the ring joints increases. In:the specimen without second
lining ' the  restoring force was lost at displacement of 22 mm in
tension, while in the specimen with second lining the restoring force
of 60 tf was still preserved at displacement of 100 mm. The
displacement of 22 mm and 100 mm corrésponds to 0.6 % and 2.8 % of
the total length of the specimen. They can be recognized as the
ductility of the shield tunneéls. The second lining is very cffective
to' increase ductility as well as the Increase of restoring force
capacity. For making the reinforcement in second lining effective
for 'increasing the ductility, the following reinforcing bars are
required in the tunnel axlis.

Asr;'nll'. > Ao 0_,0/0' s’_ | i (l)

where Aomin ' : minimum reinforcemént in second lining (cm®), A. :
section ‘of second lining (cm®), ‘¢ « i tension strength of concrete of
second lining, and ¢ = : strength of reinforcing bars (kgf/cm®).

Seismic'Design of Trans-Tokyo Bay Highway Tunnél

"~ Advantage of the second ‘lining was reflected to the seismic
design of Trans-Tokyo Bay Highway. The Highway, under construction,
is of shield tunnel with length of 10 km and bridges with length of 5

_l4.3 km { Total' Length )
: F F 47km ' o]_xm

4.7 km_

" LEGEND

A Atluviol
Diltuvial

(Soft)

Dilluviot
(Stiff)

TP1000(m)
i

Depth (m)

Flg  9 S.hie'ld Tunnels .and"»Ven"tilation Tower
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km, and links the Kawasaki city and Kisarazu city around the Tokyo
Bay as shown In Fig. 8. Fig. 9 shows the shield tunnels at the
approach from Kawasaki City side near Haneda International Afrport.
Two shield tunnels with outer diameter of 13.9 m are belng
constructed in a very soft cohesive solls, 20 -30 m below the seca
bottom. The depth from seca-water level to the bottom of tunnel fis
about 60m.

In the tunnels, the scecond lining was decided to be placed for
Increasing water tightness, ductility against seismic effect and dead
weight. Because impermeability of the tunnel is very Important, it
was also decided to put waterproof membrane between the first and
second lining. The waterproof membrane made the effectiveness of
the second lining against seismic effect very complicated. The
waterproof membrane might Isolate the second lining from the first
1ining when the shield tunnels are subjected to tension force due to
the ground deformation induced during an ecarthquake. It should be
noted that the tension force is developed firstly in the first lining
and then transmitted to the second lining because the flrst lining
directly contacts with the soils. If so, the waterproof membrane
might be effective to decrease the reinforcement In the second
lining. Such isolation effect was at first expected to the waterproof
membrane. But this decrecases the effectiveness of the second lining

for increasing ductility against seismic effect.

For clarifying the effect of the waterproof membrane, a large
scale loading tests was made as a Joint research between Public
Works Research Institute and Trans-Tokyo Bay highway Corporation.
It was found from the tests that no slippage would not be developed
between the first lining and the second lining, because there are
considerable roughness and unevenness between them. Thus, although
the isolation effect by the waterproof membrane cannot be expected,
the second lining was fully approved for its effectiveness for
increasing ductility agalnst seismic effect even if the waterproof
membrane is inserted.

Concluding Remarks

Shield tunnels have a very complicated structural response due
to the nonlinear behavior associated with the interaction between
segment and ring joint and between flrst lining and second lining.
Seismic response of soft surface soils has to be correctly evaluated
taking account of spatial variation of ground motion along the
tunnel axis. Although the nonlinear behavior of the tunnels is being
clarified based on large scale model tests, further studies are
required for tunnel and soll Interaction when the tunnel {s
subjected to a large scale earthquake.
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ESTIMATION OF DAMPING RATIO OF CABLE-STAYED
BRIDGES FOR SEISMIC DESIGN

By Kazuhiko Kawashima,' Shigeki Unjoh,? and Meguru Tunomoto?

AesTRACT: This paper proposes a method to cvaluate the structural damping
ratio of cable-stayed bridges, based on cnergy dissipation. As demonstrated by
many ficld forced-excitation tests, the damping ratio of cable-stayed bridges varics
from bridge to bridge. This is due to the fact that the encrgy mechanisms predom-
inant in the bridges studied are different. Therefore an analytical approach capable
of evaluating the damping ratio from structural components is desirable. By dividing
a cable-stayed bridge into scveral substructures in which the cnergy dissipation
mechanism can be regarded as the same, it is. proposed for cach substructure to
evaluate the energy dissipation function, which relates the amount of energy dis-
sipation, with cither the strain energy or the displacement at specific points in the
substructures. By cvaluating the overall energy dissipation and strain energy in the
whole bridge, the damping ratio for the desired mode shape can be obtained. The
proposed method is applicd to a cable-stayed bridge model. Dependence of the
damping ratio on oscillation amplitude and cable type of the bridge model is pre-
dicted with reasonable accuracy by the proposed method.

INTRODUCTION

According to a number of full-scale tests conducted for cable-stayed bridges,
it is well known that natural frequencies and natural mode shapes can be
predicted with acceptable accuracy by means of linear analyses that assume
appropriate mass and stiffness distribution (Kawashima et al. 1986; Wilson
and Liu 1991). However, few investigations have been made for damping
ratio. It is pointed out from the field forced-excitation tests that quite smaller
damping values than those usually adopted in seismic design were obtained
from the tests (Kawashima et al. 1986; Stiemer et al. 1988; Ohlsson 1986).
Dependence of damping ratio on natural mode shapes is also pointed out,
based on analysis of strong motion records of a cable-stayed bridge (Ka-
washima et al. 1990). Because response of cable-stayed bridges significantly
depends.on damping ratio, it is of great importance to correctly evaluate
the damping ratio for seismic design. . » o

'For developing an empirical method for estimating damping ratio of cable-
stayed bridges, various attempts for correlating measured damping ratio
with structural characteristics such as natural frequency, span length, and
pier height have been made. However, because factors contributing to damping
ratio vary from bridge to bridge, they show considerable scatter in most
cases. Analytical approaches capable of providing more accurate evaluation
of the damping ratio of cable-stayed bridges arc therefore desirable for

improving seismic design.

'Head, Eafthquake Engrg. Div., Public Works Res. Inst., Ministry of Constr.,
Tsukuba Science City, Japan, 305. L ,

2Res. Engr., Earthquake Engrg. Div., Public Works Res. Inst., Ministry of Constr.,
Tsukuba Science City, Japan, 305. L

“3Visiting Res. Engr. at Earthquake Engrg. Div., Public Works Res. Inst., Ministry
of Constr.,, Tsukuba Sciénce City, Japan,.305, .

Note. Discussion open until September 1, 1993. To extend the closing date one
month, a written request-must be filed with the ASCE Manager of Journals. The
manuscript for this papér was submitted for review and possible publication on June
4, 1991, This paper is part of the Journal of Structural Engineering, Vol. 119, No.
4, Aptil, 1993. ©ASCE, ISSN 0733-9445/93/0004-1015/$1.00 + $.15 per page. Paper
No. 1997. e '
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The present paper describes a method for estimating the damping ratio
of cable-stayed bridges based on energy dissipation, and investigates its
validity through a comparison with free-oscillation tests of a scaled model.

FREE-OSCILLATION TEST OF CABLE-STAYED BRIDGE MODEL

Experimental Model

To study damping characteristics of cable-stayed bridges and to provnde
realistic response data that ¢an be used to verify an analytical procedure
for evaluating damping’ ratio, a series of model oscillation tests were made.
Fig. 1 shows an experlmental model that was accurately fabricated for sim-
ulating the Meiko-nishi Bridge (Kato et al. 1983) as a prototype. The rigidity
and mass of the model were determined assuming scales of length, density,
and tlme of 1/150, 1/1, and 1/V/150, respectively. Although the dampmg
ratio is nondlmenswnal the 31mllar1ty law for the dampmg ratio is quite
difficult to satisfy because there are various mechanisms for causmg energy
dissipation. Therefore, instead of paymg special attention to similarity of
the damping ratio, consideration was givén for selection of the materials of
the model. It should not be therefore considered that the damping ratio of
the model tully represents that of the prototype. In the present study, only
qualitative characteristics of the damping ratio are useful for the analysis.

Table 1 shows comparisons of the length, rigidity, and mass between the
prototype ‘and the model. El, and EI, represent ‘flexural Tigidity around
transverse axis y and vertical axxs z, respectlvely Considering total balarice
of the model, the ratio of the centet span and total deck length was reduced
by 6% from prototype and, in order to reduce the effect of viscous damping
with air, the ‘weight and’ rlgldxty of the deck were made: approx1mately 8
times’ ‘and 3 times greater, respectively, than'the values: détermined: by the
similitude ratio. Although the number of cables'is 22 ¢ on each side in the
prototype, thésé were’ 81mphf1ed to 3 in the modelt :

For modelmg the ‘déck; lateral béams of 12, 7 X 3.0'mm were’ attached
at 50 mm intervals. Lead’ Welghts were placed as shown'in Fig. 2; to match
the mass ratio ‘The towér 'was made of two 5.5 xS, 0 mm steel members
which were rlgldly fixed to a rigid steél base, ,

“Piano wires of 0.5 mm’ diameter were ‘used: as ‘cables: SpeC1al mountmg
devices as shown in Fig, 3 ‘were used to anchor the dables to'the' tower so
that cable tension cotld be’ adjusted. ‘The cable tension due to dead welght
was adjusted to match’ with'the ¢omputed values within + 10%.’ -

The deck was supported by only cables so that frlctlon be't'we'en the deck

PLATE
SPRING

25 50

- S Tsupponr
w5 | e T
SRS a— —— (UNIT M)

FIG. 1. Experlmental Brldge Model

.
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“TABLE 1. Scale of Bridge Model
S v 7 o Model determined Ratio of columns
Property , Dimensjbn Similarity Prototype by similarity law Model (6)/(5)
1 - 2 (3) (4) 5) (6) 7
‘ - ‘ ' (a) Deck
Deck length: mm L 7.55 x 108 5.03 x 103 5.05 x 103 1.003
Main-span length' mm L 4.05 x 105 2.7 x 103 2.55 x 103 0.94
Side-span lénigth - mm L 1.75 x 103 1.167 x 103 1.25 x 103 1.07
Mass (per umrIength) N-s%mm? pL? 8.145 x 10-3 3.621 x 10-7 2.723 x 10-¢ 7.52
Mass of inertia‘ (per. unit Iength) | N-mm?-s¥mm? pL* 1.842 x 10* 3.638 x 103 1.313 x 103 36.1
Flexural: ngxdlty EL- N-mm? pLeT -2 1.326 x 10V 1.746 x 10¢ 5.884 x 10¢ 3.37
Flexural rgidity EI N-mm? pLST -2 2.364 x 1018 3.114 x 107 1.054 x 108 3.39
Torsional rigidity GJ N-mm? pLT -2 1.291 x 10 1.699 x 10¢ 7.708 x 10¢ 4.34
(b) Tower
Hexght mm L 1.2 x 10° 8 x 1(? 7.5 x 102 0.94
Flexural nglchty EI N-mm? pLST -2 4.403 x 10%7 5.79% x 10¢ 2.145 x 107 3.70

Note::Scale' of length L = 1/150; scale of mass p = 1; scale of time T = 1/7/150




STEEL BAR
FOR MOD

- LATERAL
_BEAM

FIG. 2. Maodel of Deck

SERINGEION
M@NT cNELE
T TOWER

FIG. 3. Device to Mount Cables with Tower

and the tower due to relative movement of the deck in longitudinal direction
can be disregarded. Cable arrangements were studied, as shown in Fig. 4,

varying from fan type (type 3A) to harp type (type 3E). .

Fig. 5 shows the fundamental natural frequencies and natural mode shapes
of the model predicted with a standard linear modal analysis. Geometrical
stiffness associated with the axial force induced in the tower and the deck
was included. S o
The fundamental mode is an antisymmetric mode in the longitudinal
direction and symmetric mode in the vertical direction. In the longitudinal

— 248 —




/lm\%\\\

L
TYPE 3A
%\\\\x /ﬂ\\
1 1
TYPE 38
//l/k\ %
TYPE 3C
/41 A\\
i 1
TYPE 3D
//_IL\\ ,//J!-\\\
TYPE 3E ‘

FIG. 4. Cable Arrangement of Bridge Model
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|
TYPE 3A (f=0.68Hz)

= “"’

TYPE 3E (f=0.65Hz)

(b) VERTICAL
FIG. 5. Predicted Mode Shapes for Bridge Model
oscillation, the natural frequencies increase as the cable type changes from
the fan type to the harp type. It should be noted that vertical deformation

of the deck associated with a unit displacement of the deck in this direction
increases as the cable type changes from the fan type to the harp type. The
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shortest cable acts in an important role for producing the deck deformation
in the vertical direction. As will be described later, this is closely related
with energy dissipation of the deck. On the other hand, for flexural oscil-
lations in the vertical direction, few changes of the natural frequencies and
the mode shapes are observed for the various cable types.

Free-Oscillation Test

The deck was statically displaced so as to create an initial deformation
close to the target mode shape presented in Fig. 5. It was then smoothly
released to result in a free oscillation. In the longitudinal direction, one of
the ends of the deck was laterally displaced so as to produce an initial
deformation close to the first mode shape. For developing the first flexural
olscillation mode in the vertical direction, the center of the deck was dis-
placed.

The free oscillation of the model was measured at the center of the deck
for the vertical oscillation and at one of the ends of the deck for the lon-
gitudinal oscillation. The displacement at these points was regarded as a
reference value for measuring the amplitude of free oscillation. For mea-
suring the displacement, a noncontact displacement sensor was used to
prevent the damping ratio of the model from being affected by cables of
the sensor. The damping ratio was computed from the averaged decay over
(2n + 1) cycles of free oscillation as :

Sy = 2t Ly B )

v 1 - hm h At +-n

in which §,, and A,, = logarithmic damping ratio and damping ratio of
critical, respectively; and a,,_, and a,, , , represent the amplitude at (m —
n)th and (m + n)th oscillation, respectively. n is assumed as 7.

EFFECT OF MODE SHAPE ON DAMPING RATIO FROM FREE
OsciLLATION TEST

Table 2 shows the natural frequencies of the model measured from the
free-oscillation tests, in comparison with the predicted values. The natural
frequencies predicted agree well with the experimental values.

As an example of the free oscillation, Fig. 6 shows the displacement decay
of the type 3A and type 3E excited in longitudinal direction. It is apparent
that the decay of the free oscillation is significarntly different depending on
the cable type. o

Because the damping ratio thus estimated from the free oscillation varies

TABLE 2. Comparison of Natural Frequencies (Hz) between Predicted and Ex-
perimental Results - ‘ :

Longitudinal Mode - Vertical Mode |

Cable type Experimental | - :Predicted Experimental Predicted
(1) , (2) _ (‘3)‘, 4 (5)
3A 054 | 054 0.66 0.68

3B 061 061 | 065 | 067
sc | o | o076l oes | D66
3 | 0 | oer | oe | 0es
38 138 | 14t | 068 | 065
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FIG. 7. Damping Ratio versus Oscillation Amplitude for Longitudinal Oscl‘llatlon
in accordance with the amplitude of oscillation, the damping ratio was
- evaluated as a function of the oscillation amplitude as shown in Figs. 7 and

8. Two or three tésts were made for each cable type, and this accounts for
the multiple lines for éach cable type in Figs. 7 and 8, o
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Oscillation in Longitudinal Direction

The dependence of the damping ratio on the cable type is considerable,
as shown in Fig. 7. Some scatter of the damping ratio against the amplitude
was developed in type 3D and type 3C in the amplitude range from 0.5 mm
to 4 mm, probably associated with slightly distorted initial deformation of
the model.

The damping ratio at the same amplitude increases as the cable type
changes from the fan type (type 3A) to the harp type (type 3E). For example,
the damping ratio of type 3A is 0.4% at an amplitude of 8 mm, while the
damping ratio of type 3D is approximately 3 times larger (1 .2%) at the same
amplitude. Such a significant cable-type dependence of the damping ratio
may be clearly related to the flexural deformation of the deck in the vertical
direction per unit deck displacement in longitudinal direction (refer to Fig.
5). Larger flexural deformation of the deck in the vertical direction, as
associated with the harp type, dissipates a greater amount of energy resulting
in a larger damping ratio.

Oscillation in Vertical Direction | ,

In the vertical direction, the damping ratio decreases as the cable type
changes from the fan type (type 3A) to the harp type (type 3E) as shown
in Fig. 8. Damping ratio for the flexural oscillation in vertical direction is
generally smaller than that for the longitudinal oscillation, Such cable-type
dependence of the damping ratio is opposite in its order to that developed
in the longitudinal oscillation; but the reason for this reversal in trend is

not clear.

METHOD FOR EVALUATION OF DAMPING RATIO

There are various factors causing energy dissipation in cable-stayed bridges.
Energy dissipation is getierally ‘developed by material nonlinearity, $truc.
tural damping Such-as friction at movable bearings (Kawashiria and Unjoh
1989), radiation of energy from foundations to ground (Kawashima et al,
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1988), and friction with air. Predominant factors contributing to damping
ratio of cable- -stayed bridges varies with structural types, however an im-
portant point in estimating the damping ratio of cable- -stayed bridges is to
evaluate total energy dlSSlp'lthll Because the ener gy dissipation capability
may not be the same in all parts of the bridge, it is nccessary to cvaluate
the energy dissipation for each structural segment. Once the cnergy dissi-
pation in individual structural segments is determined, the total energy
dissipation in the whole structural system can be evaluated by summing up
the energy dissipation developed in each structural segment.

Based on such considerations, it is proposed to evaluate cnergy dissipation

of a cable-stayed bridge as follows:
1. Divide the cable-stayed bridge into several structural segments in which

energy dissipation capability can be considered practically the same. Such
a structural segment is referred hereinafter as a substructure. For instance,
a cable-stayed bridge may be divided into deck(s), tower(s), and cables.
Material nonlinearity is considered to be the prevailing mechanism for en-
ergy dissipation in such substructures. Bearing supports may also be con-
sidered as a substructure because energy dissipation due to frretlon occurs

at the bearings.
2. When the ith substructure is idealized by a nth degree of freedom

discrete system, the strain energy [} of the ith substructure for jth mode
may be represented as

in which u/ = amplitude vector of ith substructure for jth mode; and k/ =

stiffness matrix of the ith substructure.
Strain energy E; of the whole structural system for jth mode can then be

evaluated as

:EE; ...........-.‘..‘.......“ ............................ (3)

3. For the ith substructure where energy d1331pat10n due to material non-
lrnearrty is predominant, the energy dissipation associated with the jth mode

may be written as

SE! = fED) ......... IR S P 4)

in which 3£/ = energy dlsSIpatlon in ith substructure for jth mode; and f}

= function relatmg 3L} to Ej, referred to hereafter as energy dlssma‘uon
functlon In most cases it is qulte difficult to directly evaluate the energy
dissipation function fJ from analytical studies, and usually it has to be de-
termined based on appropriate experiments.

4, For the ith substructure where the energy dlssrp"mon function f, is
such:a form that it can be represented in terms of a displacement at a specific
point u/¥ within the ith substructure, the energy dissipation function may

be represented as

SEi = fiulk) | s e TR (5)

in which uif ~'drsplacement at point k in ith substructure for jth mode.

5. Energy dissipation 8E; in the whole structural system for the Jjth mode
can be obtained by summmg ‘up the energy dissipation developed in indi-
vidual substructures determined by (4) and/or (5) as -~
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SE; = ;SE;. bt e e e e e e (6)

6. The damping ratio of the whole structure for the jth mode may then
be obtained from (4) and (6) as (Clough and Penzien 1975)

hy = 2L ™)
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EVALUATION OF ENERGY DISSIPATION FUNCTIONS

To demonstrate the application of the proposcd method, the cable-stayed
brldge model was analyzed. This is because full-scale test data of damping
ratio for the substructures are not presently available, although damping
ratios of the complete bridge structures have been measured. Because the
model bridge was supported by only cables, friction between the deck and
the tower can be neglected. Effect of radiation of energy from the foundation
to subsoils can also be neglected, because the bottom of the tower was
rigidly fixed by a steel base plate. Therefore, it was assumed that the energy
dissipation of the model bridge occurs due to material nonlinearity of the
deck and the tower and friction at the anchoring portion of the cables to
the deck and the tower. Therefore, the tower, thé deck, and the cable-
anchoring portion are considered here as substructures.

Energy Dissipation Function of Tower

For estimating the energy dissipation function of the tower, a simple free-
oscillation test was made for the tower. Only the tower was taken out from
the whole model, and it was supported as a cantilevered beam with one of
the ends being flxed and the other being free. To avoid energy dissipation
from the bottom of the cantilevered tower, special attention was paid to fix
it rigidly to a rigid steel member. A welght was placed on the free end of
the tower to study the effect of axial force induced in the tower. The weight
placed on the free end of the tower was varied from 8.34 N (0.85 kgf) to
50.0 N (5.1 kgf). Because the axial force induced at the bottom of the tower
due to dead weight of the deck is 67.4 N (6.87 kgf) in the whole model, the
weight of the mass corresponds to 17% to 74% of the axial force of the
tower.
By smoothly releasing the tower top from a displaced position, a free
oscillation simulating the first mode was developed Amplitude of the tower
was measured at 33 cm from the bottom by means of a noncontact dis-
placement sensor. The damping ratio of the tower was estimated from decay
of the free oscillation. Fig. 9 shows-that the damping ratio of the tower
increases as both ‘the oscillation amplitude and the added mass increase.
The predicted damping ratlo Wthh will be described later, is also presented

for comparison. -
‘The total energy Ej; of the structural system osc1llatmg in ]th mode shape

comes from two contrxbutlons as -

E_E +E .............. o ‘.H‘,,”;.‘”(S:j

in which E,; = strain energy associated with the deformation of the structure;
and E,; = = strain energy associated with the geometrical stiffness due to.the
compression force induced in. the tower and the deck. Because the energy
dlssmatlon durmg oscillation is-developed only by the strain energy E,,, the
energy dissipating function f; may be represented as o
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in which 8E; = energy dissipation during the oscillation. Therefore, the
damping ratio of the tower may be obtained by substituting (8) and (9) into
(7) as :

W= O _
Because E,; is negative when the axial force of the tower is positive (com-
pressive), the damping ratio presented by (10) increases as the axial force
becomes larger. _

Because the damping ratio A, of the tower can be determined through
the decay of the free oscillation and the total energy E; can be computed
from (8), one can determine the energy dissipation 3E; by substituting 4,
and E; into (10). o

Fig. 10 shows the relation between 8F, and E;, for the first mode. The
relation seems almost independent of the weight of the mass placed on the
tower top. It is approximated by a least-square fit as

8E, = 0.016E; + 0.0021EX2 ... 00, (11)

Based on (11), the damping ratio versus the oscillation amplitude of the
tower is evaluated as shown in Fig. 9. It is seen that the predicted damping
ratio agrees reasonably well with the experimental result.

f}(ESi) v (10)

..................................

Energy Dissipation Function of Deck

A segment of the deck was taken out from the whole model and was
supported as a cantilever beam with a weight placed at the free end. The
length of the cantilevered deck was varied from 40 ¢cm to 60 cm so that the
effect of the deck length on the damping ratio could be studied.
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Damping Ratio versus Osclilatlon Amplitude for Deck




Fig. 11 shows how the damping ratio estimated from the decay of free
oscillations depends on the oscillation amplitude measured at 30 cm from
the bottom, Only the result for the deck length of 60 cm is presented because
the other case shows similar results. The predicted damping ratio, which
will be described later, is also presented for comparison.

~As is the case for the tower, the damping ratio of the cantilevered deck
increases as the oscillation amplitude and the weight of the mass increase,
It is interesting to note that the damping ratio of the deck is appreciably
larger than the damping ratio of the tower. The tower consists of only a
steel frame, while the deck is fabricated by assembling the main beam,
lateral beam, and-lead weight. The larger damping ratio of the deck may
be attributed to energy dissipation associated with the lateral beam and lead
weight attached to the main beam. Therefore the larger damping ratio of
the deck is only for the model.

. Fig. 12 shows the relation between 8E;; and E;, for the cantilevered deck.
Because the effect of the deck length on 8E;, versus E; relation is small,
its effect can be neglected, and the relation between 8E, and E;; may be

approximated as
SE;; = 0.016E,, + 0.083ELY ... (12)

The dainping ratio predicted by (12) agrees fairly well with the experi-
mental result as shown in Fig. 11.
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Energy Dissipation Function of Anchoring Portion of Cables -

To nieasure energy dissipation at the cable-anchoring portion, this ‘sub-
structure was isolated from the whole model and a free oscillation test of
this substructure was made as shown in Fig. 13. To isolate the energy
dissipation at the cable-anchoring portion, both ends of the tower were fixed
so that the energy dissipation associated with the tower deformation was as
small as possible. Furthermore; the deck was supported by two cables so
that flexural deformation of the deck in the veitical direction was small
during the free oscillation. To study the effect of the tension force developed
in the cables, two masses were placed on the deck. | )

Fig. 14 shows a relation between the damping ratio and the oscillation
amplitude of the'deck in the longitudinal direction. Being different from
the tower and deck,'the amplitude dependence of the damping ratio varies
in a complicated manner depending on the oscillation amplitude. This seems
to be developed probably because the friction between the cables and the
anchoring devices delicately changes depending on the oscillation amplitude.
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Fig. 15 sows a relation between the enérgy dissipation, angular frequency
of the free oscillation, and the oscillation amplitide at thé cable-anchoring
portion, in-which 6 and w represent an angle between the tower and the
cable (refer to Fig, 13) and angular frequency: of the free oscillation, re-
spectively. The effect of the teiision force induced in'the cables seems less
significant. .. -, . o

By approximating the relation, the energy dissipation at the cable an-
choring portion may be written as
8E = 0.018w21502 . ........... L e e SR (13)

EVALUATION OF DAMPING RATIO OF CABLE-STAYED BRIDGE MODEL

_ The darhping ratio predicted By (7) assuming the energy dissipation func-
tions of the substructures as given by (11), (12), and (13) is presented in
Figs. 16 and 17'in comparison with the expérimental results, ~
- The prédicted damping ratio of the ‘thodel in the longitudinal oscillation
increases, in the same manner as in the test, ds the cable type ¢h anges from
the fan type (type 3A) to the harp type (type 3E). The dependence 6f the
predicted damping ratio on the oscillation amplitude increases in the same
order with the experiments. Such general trends are the same as the ex-
periments, although the predicted damping ratios are underestimated as the

cable type approaches the harp type:
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The predicted damping ratio of the model for the vertical flexural oscil-
lation is almost independent of the cable type. Although the damping ratio
estimated from the experiments slightly decreases as the cable type changes
from the fan type to the harp type, the overall characteristics of the predicted
damping ratio seem reasonably close to the experimental results.

The damping ratio predicted is smaller than the experiméntal results
probably because other sourcés of energy dissipation that are not considered
in this analysis would contribute to the total energy dissipation. If the energy
dissipation at each portion is evaluated in more detail, ‘it is. éxpected that
the accuracy of the preceding estimation could be improved, "

-
o

CONCLUSIONS | o P
A method for evaluating the’zdamping“rati'o]of 'gable'-*s'tayé’ﬁd bridges by
determining energy dissipation functions for:individual substructures’ was
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proposed, and the method was demonstrated by application to free-oscil-
lation test results from a model of a cable-stayed bridge. .

Through the analysis presented herein, the following conclusions may be
deduced:

1. In the model free-oscillation test, the damping ratio depends on the
cable type. As the cable type changes from the fan type to the harp type,
the damping ratio for oscillation in the longitudinal dircction increases. The
damping ratio for the longitudinal oscillation is larger than that for the
vertical flexural oscillation. In both directions, the damping ratio increases
as the oscillation amplitude increases.

2. To clarify complicated damping characteristics of cable-stayed bridges,
it is important to accurately evaluate energy dissipation in individual sub-
structures. Special attention should be paid to the mechanism involved in
the energy-dissipation process.

3. Dependence of damping ratio on the cable shape and oscillation am-
plitude, which is observed in the model free oscillation test, can be realis-
tically predicted by evaluating the energy-dissipation functions in the pro-
posed method.

4. Once the energy-dissipating functions are determined based on full-
scale model tests for substructures, the proposed method is expected to be
widely used for evaluating the damping ratio of cable-stayed bridges with
arbitrary shape and proportion. Further effort for collecting full-scale test
data on the energy-dissipating functions would be valuable.
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