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ABSTRACT

This paper presents current technical
developments for seismic retrofit of existing
highway bridges in Japan. The histories of the
past seismic design codes and past seismic
retrofit practices are firstly described. The
damage caused by the 1995 Hyogo-ken nanbu
Earthquake and the lessons learned from the
earthquake are briefly described. The seismic
retrofit program after the Hyogo-ken nanbu
Earthquake is then described with emphasis on
the seismic retrofit of reinforced concrete piers
as well as research and development on the
seismic retrofit of existing highway bridges.
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1. INTRODUCTION

Japan is one of the most seismically disastrous
countries in the world and has often suffered
significant damage from large earthquakes.
More than 3,000 highway bridges suffered
damage in the past earthquakes since the 1923
Kanto Earthquake. The -earthquake disaster
prevention technology for highway bridges had
been developed based on the such bitter
damage experiences. Various provisions for
preventing damage due to ipstability of soils
such as soil liquefaction have been adopted.
Furthermore, design detailings including the
unseating prevention devices have been
implemented. With progress of the
improvement of the seismic design provisions,

the damage to highway bridges by the
earthquakes had been decreasing in recent
years.

However, the Hyogo-ken nanbu Earthquake of
January 17, 1995, caused destructive damage to
highway bridges. Coliapse and nearly collapse
of superstructures occurred at 9 sites, and other
destructive damage occurred at 16 sites (1).
The earthquake revealed that there are a
number of critical issues to be revised in the
seismic design and seismic retrofit of bridges.

After the earthquake the "Committee for
Investigation on the Damage of Highway
Bridges Caused by the Hyogo-ken mnanbu
Earthquake" (chairman : Toshio IWASAKI,
Executive Director, Civil Engineering Research
Laboratory) was formulated in the Ministry of
Construction to survey the damage and clarify
the factors which contributed to the damage.

On February 27, 1995, the Committee
approved the "Guide Specifications for
Reconstruction and Repair of Highway Bridges
which suffered Damage due to the Hyogo-ken
nanbu Earthquake (2)," and the Ministry of
Construction noticed on the same day that the
reconstruction and repair of the highway
bridges which suffered damage during the
Hyogo-ken nanbu Earthquake should be made
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according to the Guide Specifications. It was
decided by the Ministry of Construction on
May 25, 1995 that the Guide Specifications
should be tentatively used in all sections of
Japan as emergency measures for seismic
design of new highway bridges and seismic
retrofit of existing highway bridges untii the
Design Specifications of Highway Bridges was
revised. The Design Specifications has been
revised in November 1996 based on the Guide
Specifications and further research and
development which were made after the
Hyogo-ken nanbu Earthquike.

This paper summarizes the cument technical
developments for seismic retrofit of existing
highway bridges in Japan as well as the past
seismic retrofit practices.

2. HISTORIES OF PAST SEISMIC
DESIGN CODES AND SEISMIC
RETROFIT PRACTICES BEFORE
THE HYOGO-KEN NANBU
EARTHQUAKE

(1) History of Past Seismic Design Codes for
Highway Bridges

One year after the 1923 Kanto Earthquake, it
was initiated to consider the seismic effect in
the design of highway bridges. The Civil
Engineering Bureau of the Ministry of Interior
notified "the method of seismic design of
abutments and piers" In 1924. The seismic
design method has been developed and
improved through bitter experiences in a
number of past earthquakes and with progress
of technical developments in earthquake
engineering. Fable 1 summarizes the history
of provisions in seismic design for highway
bridges.

In particular, the seismic design method was
integrated and upgraded by compiling the
"Specifications for Seismic Design of Highway
Bridges" in 1971, which exclusively provided
issues related to seismic design. The design
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method for soil liquefaction and unseating
prevention devices were introduced in the
Specifications. It was revised in 1980 and
integrated as "Part V : Seismic Design" in
"Design Specifications of Highway Bridges."
The primitive check method for ductility of
reinforced concrete piers were included in the
reference of the Specifications. It was further
revised in 1990 and ductility check of
reinforced concrete piers, soil liquefaction,
dynamic response analysis, and design
detailings were prescribed. It should noted here
that the detailed ductility check method for
reinforced concrete piers was firstly introduced
in the 1990 Specifications.

(2) History of Seismic Evaluation and
Retrofit of Highway Bridges

The Ministry of Construction made seismic
evaluation of highway bridges 5 times
throughout the country since 1971 as a part of
the comprehensive earthquake disaster
prevention measures for highway facilities.
Seismic retrofit for vulnerable highway bridges
had been successively made based on the
seismic evaluations. Table 2 shows the history
of past seismic evaluations (4-11).

The first seismic evaluation was made m 1971
to promote earthquake disaster prevention
measures for highway facilities. The significant
damage of highway bridges. caused by the San
Fernando Earthquake, U.S.A. in February 1971
triggered the seismic evaluation. Highway
bridges with span length longer than or equal
to Sm on all sections of natiomal expressways
and national highways, and sections of the
others were evaluated. Attention was paid to
detect deterioration such as cracks of
reinforced concrete structures, tilting, sliding,
settlement and scouring of foundations.
Approximately 18,000 highway bridges in total
were evaluated and approximately 3,200
bridges were found to require retrofit.

Following the first seismic evaluation, it had
been subsequently made in 1976, 1979, 1986



and 1991 with gradually expanding highways
and evaluation items. The seismic evaluation in
1986 was made with the increase of social
needs to insure seismic safety of highway
traffic after the damage caused by the
Urakawa-oki Earthquake in 1982 and the
Nihon-kai-chubu FEarthquake in 1983. The
highway bridges with span length longer than
or equal to 15m om all sections of mational
expressways, national highways and principal
local highways, and sections of the others, and
overpasses were evaluated. The evaluation
items included deterioration, unseating
prevention devices, strength of substructures
and stability of foundations. Approximately
40,000 bridges in total were evaluated and
approximately 11,800 bridges were found to
require retrofit. Latest seismic evaluation was
made in 1991. The highways to be evaluated
was expanding from the evaluation in 1986.
Approximately 60,000 bridges in total were
evaluated ad approximately 18,000 bridges
were found to require retrofit. Through a series
of seismic retrofit works, approximately 32,000
bridges were retrofitted by the end of 1994.

In the seismic evaluation in 1986 and 1991, the
evaluation was made based on a statistical
analysis of bridges damaged and undamaged in
the past earthquakes (12). Factors which affect
seismic vulnerability were detected as shown in
Tabie 3. Table 4 shows the inspection sheet
proposed to evaluate the seismic vulnerability.
Because collapse of bridges tends to be
developed due to the excessive relative
movement between the superstructure and the
substructures, and failure of substructures
associated with inadequate strength, the
evaluation is made in Table 4 based on both
the relative movement and the strength of
substructure.

Emphasis had been placed to install the
unseating prevention devices in the past
seismic retrofit. Because the installation of the
unseating prevention devices was being
completed, it had become important to promote

the strengthening of substructures with
inadequate strength and lateral stiffness.

3. LESSONS LEARNED FROM THE
HYOGO-KEN NANBU EARTHQUAKE

Hyogo-ken Nanbu earthquake was the first
earthquake which hit an urban area in Japan
since the 1948 Fukui Farthquake. Although the
magnitude of the earthquake was moderate
(M7.2), the ground motien was much larger
than anticipated in the codes. It occurred very
close to the Kobe City with shallow focal
depth.

Damage was developed at highway bridges on
Routes 2, 43, 171 and 176 of the National
Highway, Route 3 (Kobe Line) and Route 5
(Bay Shore Line) of the Hanshin Expressway,
the Meishin and Chugoku Expressway.
Damage was surveyed by the "Committee for
Investigation on the Damage of Highway
Bridges caused by the Hyogo-ken nanbu
Earthquake" for all bridges on National
Highways, Hanshin Expressways and
Expressways in the area where destructive
damage occurred. Total number of piers
surveyed reached 3,396 (1).

The “Committee for Investigation on the
damage of Highway Bridges Caused by the
Hyogo-ken nanbu Earthquake” concluded the
followings based on the investigations of the
damage to highway bridges.

1) Based on the strong motion records and
earthquake response amalyses of the ground,
the effect of the horizontal ground motion by
the earthquake on the structures was the largest
after the Niigata Barthquake of 1964 when the
strong motion observation was initiated. The
Jevel of the ground motion was larger than that
considered in the practical design. The strong
motion was also observed in the vertical
direction.

2) There were reinforced concrete piers which
were heavily damaged from the bending to
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shear at mid-height where some of the
longitudinal re-bars were terminated without
enough anchorage length. The piers were
designed before 1980. These bridges were also
damaged to the bottom. Based on the analysis
of the relation between the design code and
damage piers, 14% in the fotal piers were
heavily damaged on Route 3 (Kobe Line) of
Hanshin Expressway which were designed
according to 1964 and 1971 Specifications.
Heavy damage was not found on Route 5 (Bay
Shore Line) of Hanshin Expressway which
were design according to 1980 and 1990
Specifications.

3) There were steel bridge piers at which local
buckling at the web and flange of rectangular
section steel piers was caused by the horizontal
earthquake force. Then the fracture at the
comer welding occurred and the deck was
subsided by the decrease of vertical strength of
piers.

4) Most of damage to superstructures were
caused by the damage to bearing supports. And
there were damage to fixing portion of the
restrainers.

5) Some devices to connect adjacent girders
were not effective to prevent unseating of
superstructures.

6) Many damages such as fracture of set bolts,
damage of bearing itself, dislodgement of roller
and fracture of anchor bolts, were found at the
steel bearings. Damage to rubber bearings were
much smaller than that to steel bearings.

7) Further study should be made on the effect
of ground flow on bridges. Ground with larger
particles, such as gravel sand which is not
required to check the liquefaction in the then
code, was liquefied. Liquefaction-induced
ground flow was also found and some bridge
foundations were affected by the ground flow.

4. SEISMIC RETROFIT PROGRAM
AFTER THE HYOGO-KEN NANBU
EARTHQUAKE

(1) Seismic Design for Reconstruction and
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Repair

For seismic design of recomstruction of
highway bridges that suffered damage due to
the Hyogo-ken nanbu Earthquake, the "Guide
Specifications for Reconstruction and Repair of
Highway Bridges Which Suffered Damage due
to the Hyogo-ken Nanbu Earthquake (2)"
was issued by the Ministry of Construction on
February 27, 1995 upon approval by the
"Committee for Investigation on the Damage of
Highway Bridges Caused by the Hyogo-ken
Nanbu Earthquake." The Guide Specifications
was applied only for reconstruction and repair
of the highway bridges that suffered damage
due to the Hyogo-ken nanbu Earthquake.

The bridges shall be designed so that they can
resist with enough structural safety against the
earthquake force developed during Hyogo-ken
nanbu Earthquake. To achieve this goal, the
following basic principles shall be considered.
1) To increase the ductility of whole bridge
systems, dynarmic strength and ductility shall
be assured for whole structural members in
which seismic effect is predominant. Although
the check of dynamic strength and ductility has
been adopted for reinforced concrete piers
since 1990, it has not been applied for other
structural members such as steel piers and
foundations.

2} Seismic safety against the Hyogo-ken nanbu
Earthquake = shall _be verified . by. dynamic
response analysis considering nonlinear
behavior of structural members.

3} In design of elevated continuous bridges, it
is appropriate to adopt the Menshin Design for
distributing lateral force of superstructure to
many substructures. The Menshin Design is
close to the seismic isolation, but the emphasis
is placed to increase energy dissipating
capability and to distribute lateral force of deck
to substructures,

4) Enough tie reinforcements to assure the
ductility shall be provided i reinforced
concrete piers, and the termination of main
reinforcements at mid-height shall not be made.
5} Concrete shall be filled in steel piers to



assure dynamic strength and ductility. Steel
piers designed by the current practice
developed local bucking at web and flange
plates although they were stiffened by
longitudinal stiffeners and diaphragms. This
tends to cause sudden decrease of bearing
capacity in lateral direction after the peak
strength and therefore less energy dissipation is
anticipated. This subsequently deteriorates the
bearing capacity of steel piers in vertical
direction. Because it is now at the stage that
techmical developments are being made to
avoid such behavior, It was decided to
tentatively use steel piers with infilled concrete
for reconstruction and repair.

6) Foundations shall be designed so that they
have enough dynamic strength and deformation
capability for lateral force. The dynamic
strength and deformation capability of
foundations shall be larger than the flexural
strength and ductility of piers to prevent
damage at foundations.

7) It is suggested to further use rubber bearings
because they absorb relative displacement
developed between a superstructure and
substructures. In design of bearings, correct
mechanism of force transfer from a
superstructure to substructures shall be
considered.

8) The devices to prevent falling-down of a
superstructure  from  substructures shall be
designed so that they can assure falling-down
of decks. Attention shall be paid so as to
dissipate energy and to increase stremgth and
deformation capability.

9) At those sites where potential to cause
lateral spreading associated with soil
liquefaction is high, its effect shall be
considered inm design. Because technical
information to evaluate earth pressure in
laterally spreading soils is limited, it is
important to recognize that such evidence
exists and that countermeasures shall be taken
in any possible ways.

(2) Reference for Applying Guide
Specifications to New Highway Bridges

and Seismic Retrofit of Existing Highway

Bridges
For increasing seismic safety of the highway
bridges which suffered damage by the
Hyogo-ken mnanbu Earthquake, various new
drastic changes were tentatively introduced in
the Guide Specifications for Reconstruction
and Repair of Highway Bridges Which
Suffered Damage due to the Hyogo-ken Nanbu
Earthquake. Although intensified review of
design could be made when it was applied to
the bridges only in the Hanshin area, it may
not be so easy for field design engineers to
following up the new Guide Specifications
when the Guide Specifications is used for
seismic design of all new highway bridges and
seismic strengthening of existing highway
bridges. Based on such demand, the Reference
for Applying the Guide Specifications to New
Bridges and Seismic Strengthening of Existing
Bridges was issued on June 30, 1995 by the
Sub-Committee for Seismic Countermeasures
for Highway Bridges, Japan Road Association.

The Reference classified the application of the
Guide Specifications as shown in Table 5
based on the importance of the roads. All items
of the Guide Specifications are applied for
bridges on extremely important roads, while
some items which prevent brittle failure of
structural components are applied for bridges
on important roads. For example, for bridges
on the important roads, the items for menshin
design, tie reinforcements, termination of
longitudinal reinforcements, type of bearings,
unseating prevention devices and
countermeasures for soil liquefaction are
applied, while the remaining items such as the
design force, concrete infilled steel bridges,
and ductility check for foundations are not
applied.

Because damage concentrated to single
reinforced concrete piers/columns with small
concrete section, the seismic retrofit program
has initiated for those columns, which were
designed by the pre-1980 Design
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Specifications, at extremely important bridges
such as bridges on expressways, urban
expressways, and designated highway bridges,
and also double-deckers and overcrossings, etc.
which significantly affect highway functions
once damaged. The program s 3 years
program and approximately 30,000 piers will
be evaluated and retrofitted. Unseating devices
also should be installed for these extremely
important bridges.

Main purpose of the seismic retrofit of
reinforced concrete columns is to increase their
shear strength, in particular in the piers with
termination of longitudinal reinforcements
without enough anchoring length. This
increases ductility of columns, because
premature shear failure could be avoided.

However if only ductility of piers is increased,
residual displacement developed at piers after
an earthquake may increase. Therefore the
flexural strength should also be increased.
However the increase of flexural strength of
plers tends to increase the seismic force
transferred from the piers to the foundations. It
was found from an amalysis to various types of
foundations that failure of the foundations by
increasing the seismic force may not be
significant if the increasing rate of the flexural
strength of piers is less than 2. It is therefore
suggested to increase the flexural strength of
piers within this limit so that it does not cause
serious damage to foundations.

For such requirements, seismic strengthening
by Steel Jackets with Controlled Increase of
Flexural Strength was suggested. This uses
steel jacket surrounding the existing columns
as shown in Fig.l. Epoxy resin or non
shrinkage concrete mortar are injected between
the concrete surface ands the steel jacket. A
small gap is provided at the bottom of piers
between the steel jacket and the top of footing.
This prevenis to excessively increase the
flexural strength.
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To increase the flexural strength of columms in
a controlled manner, anchor bolts are provided
at the bottom of the steel jacket. They are
drilled into the footing. By selecting
appropriate number and size of the anchor
bolts, the degree of increase of the flexural
strength of piers may be controlled. The gap is
required to trigger the flexural failure at the
bettom of columns. A series of loading tests
are being conducted at the Public Works
Research Institute to check the appropriate gap
and number of anchor bolts. Table é shows a
tentatively suggested thickness of steel jackets
and size and number of anchor bolts. They are
for reinforced concrete columns with a/b less
than 3, in which a and b represent the width of
column in transverse and longitudinal direction,
respectively, The size and number of anchor
bolts were evaluated so that the increasing rate
of flexural strength of columns is less than
about 7.

Conventional reinforced concrete jacketing
methods is also applied for the retrofit of
reinforced concrete piers, especially for the
piers which require the increase of strength. It
should be noted here that the increase of the
strength of the pier should carefully be
designed in consideration with the strength of
foundations and footings.

5. RESEARCH AND DEVELOPMENT ON
SEISMIC EVALUATION AND
RETROFIT OF HIGHWAY BRIDGES

(1) Prioritization Concept for Seismic
Evaluation
The 3 year retrofit program will be completed
in 1997 fiscal year. In the program, the single
reinforced concrete piers/columns with smail
concrete section which were designed by the
pre-1980 Design Specifications on important
highways have been evaluated and retrofitted
and the other bridges with wall-type piers, steel
piers, and frame piers and so on as well as the
bridges on the other highways should be



evaluated and retrofitted if required in the next
retrofit program. Since there are approximately
200,000 piers, it is required to develop the
prioritization methods and  the evaluation
methods of the vulnerability for the intentional
retrofit program.

Fig.2 shows the simple flow chart to give the
prioritization of the retrofit works to bridges.
The importance of highway, structural factor,
members vulnerability (reinforced concrete
piers, steel piers, unseating prevention devices,
foundations) are the factors to be considered
for the prioritization.

Priority R of each bridges may be evaluated by
Eq.(1).

R=1SVrowe
(f(Vam, Vi, Vm), Ve, Vs, Va) X 100

ey,
(Vse, Vaer, Vins)=Van® Ve ® Vars (2)

in which R = priority, I = importance factor, S
= earthquake force, Vr = structural factor, wv =
weighting factor on structural members, Vie: =
design specification, Vie = pier structural
factor, Vae: = aspect ratio, Ve = steel pier
factor, Ves = unseating device factor, and Vi =
foundation factor. The each item and category
with a weighting number is tentatively shown
in Table 7. If applied this prioritization method
to the bridges damaged during ‘the
Hyogo-ken-nanbu Earthquake, the
categorization number is given as shown in
Table 7.

(2) Seismic Retrofit of Wall-Type Piers

The steel jacketing method as described in the
above was applied for reinforced concrete with
circular section or rectangular section of a/b
<3. It is required to develop the seismic retrofit
method for a wall-type pier. The confinement
of concrete was provided by a confinement
beam such as H-shaped steel beam for
rectangular piers. However, since the size of
the confinement beam become very large, the

confinement may be provided by other
measures such as intermediate anchors for z
wall-type pier.

The seismic retrofit concept for a wall-type
pier is the same as that for rectangular piers. It
is important to increase the flexural strength
and ductility capacity with the appropriate
balance. Generally, the longitudinal
reinforcement ratio is smaller than that for the
rectangular piers, therefore the flexural strength
is smaller. Therefore, it is essential to increase
the flexural strength appropriately. Since of the
Jongitudinal reinforcement was generally
terminated at mid-height without appropriate
anchorage length, it is also important to
strengthen both of flexural and shear strength
mid-height section.

Fig.3 shows the possible seismic retrofit
method for a wall-type piers. To increase the
flexural strength, the additional reinforcement
by re-bars or anchor bars are fixed to the
footing. The number of reinforcement is
designed to give necessary flexural strength. It
should be noted here that anchoring of
additional longitudinal reinforcement Iis
controlled to develop plastic hinge to the
bottom of pier rather than the mid-height
section with termination of longitudinal
reinforcement. And the increase of strength
should be carefully designed considering the
effect on the foundations and footings. The
confinement in the plastic hinge zone Iis
provided by PC bars or re-bars which were
installed inside of the column section.

(3) Seismic Retrofit of Two-column Bents
During the Hyogo-ken nanbu Earthquake, some
two-column bents were damaged in the
longitudinal and transverse directions. The
strength and ductility characteristics of the
two-column bents have been studied and the
analysis and design method was introduced in
the 1996 Design Specifications.

The strength and ductility of existing
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two-column bents were studied both in the
longitudinal and transverse directions. In the
longitudinal direction, as the same as a single
column, it is required to increase the flexural
strength and ductility with appropriate balance.
In the transverse direction, the shear strength of
the columns or the cap beam is generally not
enough in comparison with the flexural
strength.

Figd shows the possible seismic retrofit
methods for two-column bents. The concept of
the retrofit is to increase flexural strength and
ductility as well as shear capacity for columns
and cap beams. Since axial force in the cap
beam is much smaller than that in the columns,
to increase the shear capacity is essential for
the retrofit of the cap beam. It should be noted
here that since the jacketing of cap beam is
difficult because of the existing bearing
supports and construction space, it is required
to develop much effective retrofit measures for
cap beam such as application of jacketing by
new materials with high elasticity and high
strength and out-cable prestressing, etc.

(4) Seismic Retrofit using New Materials

The retrofit work is often restricted because of
the limited construction space under the
condition to open the public traffic in particular
for the seismic retrofit of highway bridges in
urban area. Therefore, there are sites that the
conventional steel jacketing and reinforced
concrete jacketing methods is difficult to be
applicable. New materials such as carbon fiber
sheets and aramid fiber sheets are attractive to
be applied for the seismic retrofit of such
bridges with construction restriction as shown
in Fig.5. Since new materials such as fiber
sheets are very light so no needs machines and
easy to be comstruct using glue bond as epoxy
resin.

There are various studies on the seismic retrofit
methods using fiber sheets. Fig.6 shows the
cooperation effect between the fiber sheets and
reinforcement for shear strengthening of a
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single reinforced concrete column. When
carbon fiber sheets, which has the same
elasticity and 10 time failure strength as those
of reinforcing bar, is assumed to be applied, it
is important to design the effect of carbon fiber
sheets to achieve the required performance of
seismic retrofit. In particular, the strengthening
of flexural strength, shear strength and ductility
for reinforced concrete column should be
carefully evaluated. Based on the experimental
studies, it is essential to appropriately evaluate
the effect of materials on the strengthening
carefully considering the material properties
such as the elasticity and strength.

6. CONCLUSIONS

This paper presented seismic retrofit of existing
highway bridges with emphasis on the program
after the Hyogo-ken nanbu Earthquake.
Because most of the substructures designed and
constructed before 1971 do not meet with the
current seismic requirements, it is urgently
needed to study the level of seismic
vulnerability requiring the retrofit. Upgrading
of the reliability to predict the possible failure
modes in the future earthquakes is also very
important. Since the seismic retrofit of
substructures requires more cost, it is required
to develop and implement the effective and
inexpensive retrofit measures and the design
methods to provide for next event.
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Table 3 Factors which Affect Seismic Vulnerability of Highway Bridges

lems

Seismic Yulnerahility

(D Design Specifications

Thase designed in accordance with 1926 or 1939 Specifications have
higher vuinerability

@ Type of Superstructurs

& Gerber or simply supported girders with 2 or mare spans have
higher vulnerability

® Arch, Irame, continugus girders, cabie-stayed bridges or
suspension bridges have lower vuinerabifity

(O Shape of Supersiructurs

Skewed or curved bridges do not necessarily have higher
vulnerability than straight bridges

(O Materists of Superstructure

Reinforced concrete bridges or prestressed concrete bridges have
lower vuinerability than steel hridges aithough the difference is
smait

(D 3lope in Bridge Axis

Bridges with siope in bridge axis have higher vuinerability

® Deviee for Praventing Falling-off
of Supersiructure

Bridges with devices lor greveating [afting-oil of supersiruciurs have
lower vulnerability

@ Type of Substructure

8ridges supperted by singleline hent piles or by reinforced cencrele
irame placed on two separate caisson foundatiens have higher
vulnerzbilily

@ Height of Piers

Bridges supgorted by higher piers have higher vulnerahility

{9 Ground Condition

Bridges construcled an soft soil have higher vulnerabilily

Effect of Soil Liquelaction

Bridges constructed an sandy soil fayers susceptible lo liquefaction
have higher vulaerabilily

@ irregularity of Supporting Sail Candition

Bridyes constructed an sails with irregularity of supporting
conditions have higher vuinersbilily

@ EHect of Scouring

Bridges whare the surface soils are scoursd have higher
vulnerabiity

@ Materiats of Substructures

-Bridges supported by plane-concrele subslructures designed in-

accerdance with 1926 or 1939 specifications have higher
vuingrabilily

@ Type of Foundation

Bridges supported by timber, brick, masorry or other old unknewn
lyoe substruclures have higher vulnerahilily

@ Intensity of Ground Mation

Bridges subfected to higher intensity of ground acceleralion have
higher vulrerability. s particular, velnerahitily becomes quite high
when the bridges are subjected to peak ground acceieration farger
than 400 gai {0.44
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Table 4 Inspection Sheet to Evaluate Seismic Vulnerability of Highway Bridges

Poent of inspeciion Foctors of Inspecton Evaluation
. 4.0 1926 Specs. 2:0: 1956 Specs, 1.0: 1971 Specs,
p
© Cesign Speculicatans o 1939 Specs. or 1364 Specs. o 1930 Specs.
3.07 Gerber Girder or 1.5: Singly-supparted £.0: Argh, Flame, Con-
Simply-supported Girder or Conbinuous linyous Girder {One
Iaspection () Superstruciure Type Girders with Two Girders Consigting af Span), Cable-stayed
Formal (A} Spans or More Two Spans oF More Bridge, Suspension
Brigge
Inspection for 13 ] ¢ 1,2: Skewed of Curved Br 1:0: Straight and
Oeformatian of 3) Shape of Superstructure .21 Ske ot {urved Bridge :0: Sirdig 1dge
Sugersiruciure | (@) Matenais of Supersiruciure 1.2: Reor PC 1.0 Steel
Inspegtion lof {3 Gragrent 1.2 6% or Steeper 1.0 Less Than 6%
Vylneratddit N . . ;
10 Bevelep Y (8 Falling-ol! Preveatian Device 2.0: None +.0: One Device
g:::essive P DD DD D2 ® Pam
lormatiasn
' ) Type of Substruciure 2.0 Single-ime 8ent Plle Foundation 1.0: Others
Height af Fier H 2.0 Wz 10m 1.5 5gH<Om 1.0 H<5m
Ingpection . 5.0: Extremely Salt  2.5: Gioup 4 2.0: Group 3 $.2: Group 2
format (8) | (@ Graung Conduion in Groug 4 1.0: Grawp 1
Inspectian tof Eifects of Liguelactien 2.0: Liqueliatie 1.0 Non-fiqueliable
Detormat [ -
Suhstruc!:;ea @0 Supparting Ground Condiion 1.2: tregular +.0¢ Almest Unitorm
@ Scouring 1.5: Recognized 1,0: None
?a-@x@x@x'@x@x@ Py o
@D Shear Spar Ratio (n/0) 2.0 1<h/D<d 1.6 10/034 0.5:n/051
inspection @ ?ensiqn Cracks in Flexqre a 2.0: Cragks Wil Qoour 1,0: Cracks Will Passirly  0.3: Cracks will Not
P4 ¢ Terminated Pamnt of Man Deeur Qecar
ormat {C) feinlorcament
! i 1) Salety Fagtor lor . - : .
;}j::;:m:cr @ ‘;ielnYSugg&n o Q5D S | 3ESegld 2.001.1<5<tS 0.5 Smz 1.5
: 2f rnal eLien . 0 .
AC Pies at Eprmunated Secer 5D See | 300 Szt 20 t1<3mgt3 é.g:;.zfsm.:ns
Teemination of mert 33515
Reinlorcement | ey onear Siress o {U/m?) 100 oz 45 200305048 1.0 1550<30 G5 a<tS
Inspection lor P°-®x®'@“@x Pe=
Vuineratulity @ Failuse of Fixed Supperts and . . . i -
to Develap Frosimity 5.0: Extensive Failure 2.0: $mail Failure 1.0: Nore
Failure Oue - " g
10 Ilnadequalc @ Extraordinary Gamage of Pier 5.0 Extensive Damage  2.0: Smail Oamage 1.0: None
Sirengtn of p 2.0: Plane Concrate Qider Than 3928 Excludin 1.0: 0
. L) g .0: Others
Sybsiruciure specron Materials of Substructure Gravity-lype Abulment
.
Format {0} 2.00 Timer Pile, Masonry, 1.5 AC Piles, Pedestat 1.0: Foundalion Oesighed
) Canstruchian method af Brick. Other Ola Piles. Prer Suppaned by 1971 Specs. and
Ingpection lor Foundatian Construction Methods by Twa Independent Other Latet Specs.
Strength of Caiysons
Substructure
@ . 1.5: AC Flame Supportad by Two 1,0 Others
Foundalion Type indepengent Caisson Foundations
@ Exrraorginary Failure of . ) ]
£ qundation 2.0: Recogaized 1.0: None
Pom@ D DB D@ | o=
Evatyation of Oeformatian and Strength Ko Py x Py and ¥ mPoxPym
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Table 5 Application of the Guide Specifications

Type of Roads and Bridges

Double Deckers, Overcrossings
on Roads and Railways,
Extremely Important Bridges
from Disaster Prevention and
Road Network

Others

Expressways, Urban
Expressways, Designated
Urban Expressway,
Honshu-Shikoku Bridges,
Designated National Highways

Apply all items, in principle

Apply all items, in principle

Non-designated Natjonal
Highways, Prefectural Roads,
City, Town and Village Roads

Apply all items, in principle

Apply partially, in principle

Table 6 Tentative Retrofit Method by Steel Jacketing

of A Continuous Girder through
Fixed Bearing and with a/b £ 3

Columm/Piers Steel Jackets Anchor Bolts
ab = 2 SM400, t=9mm
2<ab = 3
SDZ95, D35 cte 250mm
Column supporting Lateral Force SM400, t=12mm
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Table 7 Example of Prioritization Factors for Seismic Retrofit of Highway Bridges

[tem Category Ewaluation Point
Importance of Highway (I) 1) Emergency Routes 1.0
2) Overcrossing with Emergency Routes 9
3) others 6
Earthquake Force (S) 1) Ground Condition Type 1 0
2) Ground Condition Type 1l 9
3) Ground Condition Type Iil 8
Structural Factor (Vr) 1) Viaducts ' 0
2) Supported by Abutments at Both End S
Weighting Factor on| 1) Reinforced Concrete Pier 0
Structural Members (Vr) 2) Steel Pier 95

3) Unseating Prevention Devices
4) Foundation

Reinforced Concrete Pier (1)
Design Specification (Vim)

1) Pre-1980 Design Specifications
7) Post-1980 Design Specifications

Reinforced Concrete Pier (2)
Pier Structure (Vin)

Wall-Type Column

1)} Single Column
2
3) Two-Column Bent

Reinforced Concrete Pier (3)
Aspect Ratio (Vres)

1D = 3

23 < h/D < 4 with cut-off Section

3) H/D = 4 with cut-off Section

4} 3 < h/D < 4 without cut-off Section
H/D = 4 without cut-off Section

Ln

Steel Pier (Vue)

1) Single Column
2) Frame Structure

om |cooor |oom |or |ooom o joor | 00

Unseating Prevention Devices
(Vas)

2} With One Device

1) Without Unseating Devices
3) With Two Devices

Foundations (Ve)

1) Vulnerable to Ground Flow
{without unseating devices)
2% Vulnerable to Ground Flow

e o oo ke | Wubon Nk | wD { ko

(e R o Som B o OO

3) Vulnerable to Liquefaction

without unseating devices)

4) Vulnerable to Liquefaction
Evaluation of the Priority R DR & 08 Priority Rank A
2307 = R<08 Priority Rank B
IR <07 Priority Rank C
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Rewrofit é:nj |
Cut-off Zone

Ernhancement

of Ductility H-beam Retrafit in

Plastic Hinge Zone

Enhancemnent of Flexural

Vertical Gap between
Strength by Anchor Bars

Jacket and Top of Footing

Fig.1 Seismic Retrofit of Reinforced Concrete Piers by Steel Jacket
with Controlled Increase of Flexural Strength

% Reinfarced Concrete Jacketing

Steel Plate
Cover Concrete

// -
Verticai Gap Ai/ / , \

Tie Re-bars

Longitedinal Re-bars

(a) Integrated Seismic Retrofit Method with Reinforced Concrete and Steel Jacketing

Steel Jackéting
Reinforced Concrete

Jacketing
PC Bars

-

1

=\

i1 Cross-section Re-b

i
] !
ST

Vertical Gap

l_._...___._.._.

‘j”’ Jiiii

7 T

L

Longitudinal Re-bars Anchor for Flexural Enhancement

(b) Reinforced Concrete Jacketing (c) Steel Jacketing
Fig.3 Seismic Retrofit of Wall-Type Piers
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Start

1995 Guide
pecifications or 1996
Pesign Specificath

# Seismic Performance Level :

Cumrent Design Level

1990
Design Specifications

Seismic Performance Level :
Require Evaluation and Retrofit
(Priority Rank D)

Py ] O
Evaluation of Importance
of Highway (I)

¥

Evaluation of Earthquake
Force Condition {S)

¥

Evaluation of Structural
Seismic Performance (V)

Evaluation of Structural Members

v ¥ &

¥

RC Pier (Vi)
1) Design Spec.

Steel Pier (Vur)

1DStructure Type Prevention

Unseating

Foundation (V)
1)Liquefaction
2)Ground Flow

Devices

2)Structure ype 78
3)Cut-off Section 1)Structure 3}Retrofit Level
4) Aspect Ratio 2)Existing Systems
| [ . |
&
Evaluation of Priority of Bridge
E

Study on Retrofit Measures and
the Priority of Retrofit Methods
for Total Bridge Structure

¥

Selection of Retrofit Methods
Design and Construction

1A
End

Fig.2 Prioritization Concept of Seismic Retrofit of Highway Bridges
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fewotit for the Cut-off
of Reinlorcement

Gop betweea the Steel IRRERDE " @/ N i i T N I
Plate and the Footing

Reinforced Concrete Jacketing

xural Enhancement '
Anchor for Fiexural En Anchor for Flexusal Enhancement

-

(a) Stee] Jacketing (b) Reinforced Concrete Jacketing
Figd4 Seismic Retrofit of Two-Column Bents

™

Enhancemnent of Shear

Enhancement of Ductility

Fig.5 Application to New Materials for Seismic Retrofit of Reinforced Column

Stress O Force F
A ‘ A Required Performance gevel
Carbon Fiber Caré)()n Fiber
T opjmmmmmmmme e m e m Ace® U gp |=mmmduemvmsspousmmnnn i

—~
g

LERT LT TR

A' [e) g™

PR T P NEE T T

Tie 'Re—Bars
Tie Re-Bars :
Oy jrmmmme > :
o 5 Ey) :
(0 ce = }.G a sy) E
Strain € Strain €
(a) Stress-Strain Relation {b} Force-Strain Relation

Fig.6 Cooperative Effect between Tie Reinforcement and Carbon Fiber Sheets
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