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Attempt for Longevity of Bridges by Osaka Municipal Office

-For Better Preservation of Osaka Eight Hundred and Eight Bridges-

E. Watanabel, T. Yokotaz, Y. Komatsu® and H. Furuta’
'Professor Emeritus, Kyoto University, Kyoto, Japan and Chairman of Board of Directors of Regional
Planning Institute, Osaka, Japan

*Osaka Municipal Office, Osaka, Japan
*Department of Informatics, Kansai University, Takatsuki, Japan
watanabe@zrpi,or.jp

1-1.  Present Status of Bridges

Dated on April 1, 2005, Osaka Municipal Government is taking care of totally 762 bridges with the total
bridge area of 72.2 ha. Since Osaka City has been developed near the estuary of rivers such as River Yodo
and River Yamato, the number of streams and moats is great and consequently citizens’ life and the
development of the city depend greatly on the bridges. From this reason, Osaka City has been called “City
of Eight Hundred and Eight Bridges”.

The City of Osaka is managing various bridges such as large-scaled, roadway, viaduct over railway, small
but important living bridges. These bridges are supporting the social activities of citizens and some of
them are landmark of the city.

1-2. Aging of Bridges

The majority of the Osaka City Bridges were built during the First City Planning Stage in the early Showa
era and during the World Exposition of Osaka, 70 and 35 years ago, respectively.

Particularly, in the coming 30 years about 100 bridges will be over the age of 100 years and the demand
for the replacement of these bridges becomes stronger and thus the soaring cost for the maintenance or the
replacement is concerned about.

On the other hand, the budget for such cost is approximately decreasing to 40% of the maximum in the
past. Thus, it is ever becoming difficult to maintain bridges in the traditional method of replacing old
bridges with new ones.

1-3.  Longevity by Preventive Bridge Maintenance

With these as the background, care should be taken in such a way that the maintenance of bridges and the management of
road network should be carried out without concentration of renewal of bridges within a short period of time. For this
purpose, the preventive maintenance is much desirable than the essential maintenance which corresponds to the
maintenance at the time when the damage becomes severe and costly.

1-4. Attempt of Implementation of Planned Preventive Maintenance

Thus preventive maintenance is necessary for the longevity of bridges. For this purpose, the deterioration process, the
future condition state of bridges must be precisely predicted. Nowadays, such prediction is considered to be possible
thanks to the development of computer technology and accumulation of database of bridge damages. Osaka Municipal
Office has started to operate the Bridge Maintenance System (OBMS) since 2005. OBMS executes the inspection
periodically and based on the result, the optimum planning for the bridge maintenance is supported.

Osaka Municipal Office is planning to establish the system for inspection data acquisition for accurate operation of
OBMS and establish the Maintenance Principle for Longevity of Bridges.
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According to a trial calculation, the total budget in coming 30 years can be reduced from JY 210 billion to JY 110 billion
(average anmual budget from JY 7 billion to 3.7 billion) if the preventive maintenance is executed on 100 bridges built
before Second World War with limited only 15 bridges renewal as compared with every 100 bridge renewal.

Table 1. Example of Calculation for Maintenance and Renewal of Bridges

Case No. of Renewal Bridges | Average Repair Cost | Average Renewal Average Total Cost
among 100 Old Bridges in JY Billion/Year CostinJY CostinJY
in coming 30 years Billion/Year Billion/Year
Case 1 100/100 2 5 7
Case 2 15/100 2.2 1.5 3.7
(+0.2) (-3.5) (-3.3)
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’Hanshin Expressway Management Technology Center, Osaka, J apan
3Chuo Fukken Consultants Limited, Osaka, Japan
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A0 : 5 1 O RIfE DLt - [FHEEMEICEE T S ERAE (ICCOSSAR)

1 0EBEMOR2N - FEEICETERSE

wH ¥ 81 0EEENOLLYE - GEMICET 2EREE O%E
Chair of 10th International Conference on Structural Safety and Reliability
WiEY 0L - FEECET EBESS

President of International Association for Structural Safety and Reliability

Welcome Message

In recent years, safety, reliability and risk analysis and management have become
emergent and key issues due to the frequent occurrence of natural and man—-made
disasters such as strong earthquakes, huge hurricanes, tsunamis, terrorist attacks,
airplane and nuclear power plant accidents, etc. In the past three decades, ICOSSAR
(International Conference on Structural Safety and Reliability) has provided a valuable
opportunity to share the knowledge, experience and information on structural safety
and reliability among scientists and engineers. Following the past two ICOSSARs in
Japan, Kobe in 1985 and Kyoto in 1997, the ICOSSAR2009 will be held in Osaka. As |
mentioned in Rome, there are three big cities in Kansai area, namely, Kobe, Kyoto and
Osaka. Osaka is the second biggest city in Japan and the center of commerce and
industry. All people who are interested in the safety and reliability issues are cordially
invited to ICOSSAR2009, which will be held in the main campus (Senriyama Campus)
of Kansai University, September 13 =17, 2009. The Japanese group will warmly
welcome all of you and wish you a pleasant stay and enjoy the special culture and

atmosphere in Osaka. May, 2007

Hitoshi Furuta (ConferenceAChairman)
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International Scientific Committee
E. Watanabe, Kyoto University, Kyoto, Japan

H. Furuta, Kansai University, Osaka, Japan (Ex-Officio)
M. Kawatani, Kobe University, Kobe, Japan

Local Organizing Committee
M. Sakano (Kansai University) Vice-Chair
T. Yamaguchi (Osaka City University)
K. Sugiura (Kyoto University)
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& 7ER 8HEFEE
FEAE

http://www.sc.kute.kansai-u.ac.jp/icossar2009/program/ICOSSAR20Program090910.pdf
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Attempt for Expansion of Bridge Lives by Osaka Municipal Government

E. Watanabe
Chairperson of the Board of Directors of Regional Planning Institute in Japan, Osaka and
Professor Emeritus, Kyoto University, Kyoto, Japan

T. Yokota & Y.Komatsu
Public Works Bureau, Osaka Municipal Government, Osaka, Japan

H. Furuta
Department of Informatics, Kansai University, Takatsuki, Japan

ABSTRACT: The Osaka Municipal Office has started to operate the Bridge Management System (OBMS)
since 2005. OBMS executes the optimum planning for the preventive bridge maintenance through the peri-
odical inspection, efficient data acquisition and the priority rule taking into the historic and civic importance.
According to a trial calculation, the total budget in coming 30 years can be reduced from JY 210 billion to JY
110 billion (average annual budget from JY 7 billion to 3.7 billion) if the preventive maintenance is executed
on the aforementioned 100 old bridges but with the renewal of only 15 bridges as compared with the renewal

of every one of 100 old bridges.

1 PRESENT STATUS OF BRIDGES IN OSAKA
CITY

Dated on April 1, 2005, Osaka Municipal Govern-
ment is taking care of totally 763 bridges with the
total bridge area of 72.2 ha (Yokota et al. 2008).
Since Osaka City has been developed near the estu-
ary of rivers such as River Yodo and River Yamato,
the number of streams and moats is great and conse-
quently citizens’ life and the development of the city
depend greatly on the bridges. From this reason,
Osaka City has been called “Capital of Eight Hun-
dred and Eight Bridges”. Photo 1 shows a picture of
Nakanoshima Sector of Osaka City with its City
Hall at the center.

Photo 1. Osaka City. Nakanoshima Sector with
Osaka City Hall at the center (Courtesy of Osaka Mu-
nicipal Government)
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The City of Osaka is managing various bridges
such as large-scaled, roadway, viaduct over railway,
small but important living bridges. These bridges are
supporting the social activities of citizens and some
of them are landmark of the city. Figures 1 and 2
show drawings of old wooden bridges at Dohton-
bori and Ohkawa River, respectively. Furthermore,
Figure 3 shows a map of Osaka in the Yedo Era.

Figure 1. Dohtonbori Bridges of Osaka
(Courtesy of Osaka Municipal Government)

(Courtesy of dsaka City Museum) '
Figure 2. Perspective of Ohkawa in the Yedo Era



Furthermore, Photos 2 and 3 show some of the
existing historical Bridges: Naniwa-Bridge and
Hommachi Bridge, respectively.

Figure 3. A map of Osaka in the Yedo Era. (1863)
( http://www.osakaudce.or.jp/bridge/chap1/index1.htm)

With the advent of the introduction of western
civilization, bridges started to take the form of per-
manent bridges rather than traditional wooden
bridges. Figure 4 and Photo 2 show a colored wood-
cut drawing of the Shinsaibashi Bridge and a photo-
graph of the Korai Bridge, respectively. The former
bridge was imported from Germany and built over
the Nagahori River. It is of the bow-string type and
has been preserved in Tsurumi Ryokuchi Park,
Osaka for commemoration. The latter was imported
from England. The iron railings, girders and piers,
lantern with stained glasses, ladies with western
style clothes looked fashionable to Osaka people.

Photo 3. Hommachi Bridge (oldest in Osaka)

It is quite interesting to know that even more than
130 years ago, bridge engineers were so aggressive
as to introduce movable bridges. Figures 5 and 6
show Chiyozaki Bridge and Ajikawa Bridge, respec-
tively. Moreover, this fact shows a fact that the City
of Osaka has developed together with the waterway.

Figure 4. Shinsaibashi Bridge at its opening in 1873
( http://www.osakaudce.or.jp/bridge/chap1/index1.htm)

Photo 2. Korai Bridge 1870 Figure 5. Chiyozaki Bridge of “bascule” type (1872)

( http://www.osakaudce.or.jp/bridge/chap1/index1.htm) (Courtesy of Kobe City Museum & Osaka Municipal Govern-
ment)
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Figure 6. Ajikawa Bridge of “swing” type (1873)
(Courtesy of Kobe City Museum & Osaka Munici-
pal Government)

: Chiyozaki Bridge was built over the Kizu River.
The central span, total of 7 spans, has a wooden bas-
cule (opening up) with the movable length of 2 m;
while Ajikawa Bridge is of the swing type. Both the
girder and railings were made of iron and imported
from Europe. The swinging part is 16 m long. Un-
fortunately, both the Chiyozaki Bridge and the Aji-
gawa Bridge were swept away during the big flood
of 1885. The outflow of floating bodies was trapped
by the bridge girder of Ajigawa Bridge resulting in
the overflow of water to the urban districts nearby.
Finally, the Corps of Engineers had to demolish this
bridge with explosives. This terminated the short life
of the movable bridge (JASBC 2004).

2 AGING OF BRIDGES

The majority of the Osaka City Bridges were built
during the First City Planning Stage in the early
Showa Era and during the World Exposition of
Osaka, 70 and 35 years ago, respectively. Particu-
larly, in the coming 30 years about 100 bridges will
be over the age of 100 years and the demand for the
replacement of these bridges becomes stronger and
thus the soaring cost for the maintenance or the re-
placement is concerned about. Figure 7 shows the
ratio of bridges over the age of 50 at the present time
and in 20 years from now.

Figures 8 and 9 show the distribution of the
bridge age in terms of the number and the bridge
surface area, respectively. Thus, it is ever becoming
difficult to maintain bridges in the traditional
method of replacing old bridges with new ones.

On the other hand, the budget for such cost is ap-
proximately decreasing to 40% of the maximum in
the past as shown in Figure 10. Thus, it is ever be-
coming difficult to maintain bridges in the tradi-
tional method of replacing old bridges with new
ones.

90%

80%

70%

60%

50%

40%
30%
20%
10%

0%

Year
2027

Year
2007

Figure 7. Ratio of bridges in
over 50 years.
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Unit: JY billion |

of Osaka City Bridges

O Total in JY Billion

B Maintenance

- S CRR U N - R )

;ﬁf

©
@
@

9 6

Figure 10. Change of Budget for Bridges of Osaka

City.
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3 LONGEVITY BY PREVENTIVE BRIDGE
MAINTENANCE

With these as the background, care should be
taken in such a way that the maintenance of bridges
and the management of road network should be car-
ried out without concentration of renewal of bridges
within a short period of time. For this purpose, the
preventive maintenance is much desirable than the
essential maintenance which corresponds to the
maintenance at a concentrated time period when the
damage becomes severe and costly. The City of
Osaka started to develop a bridge management sys-
tem and the system started to be used from 2007
based on the preventive management concept. The
system developed here is referred to as OBMS.

4 ATTEMPT FOR IMPLEMENTATION OF
SCHEDULED PREVENTIVE MAINTENANCE

Thus preventive maintenance is necessary for the
longevity of bridges. For this purpose, the deteriora-
tion process, the future condition state of bridges
must be precisely predicted. Nowadays, such predic-
tion is considered to be possible thanks to the devel-
opment of computer technology and accumulation of
database of bridge damages. Osaka Municipal Office
has started to operate the Bridge Maintenance Sys-
tem (OBMS) since 2005. OBMS executes the in-
spection periodically and based on the result, the op-
timum planning for the bridge maintenance is
supported.

The management cycle for the bridge stock can be
summarized by Figure 11.

INSPECTION
*DETAILED
DATA UPDATE INSPECTION DATA UPDATE
*ANNUAL
“REPAIR DATA INSPECTION * INSPCT DATA
“INSPCT DATA “DIAGNOSTS
ﬁ DATA
x BRIDGE /
DATABASE
/ MANAGEMEN
TLEVEL
CONSTRUCTI \
ONWORK \ *DEGREE
OFPREVENTI
*REPAIR & BM SUPPORT ON
RENEWAL . *DEGREE OF
SYSTEM
*SMALL STRUCTIURA
REPAIR
MANAGEMENT *égg‘g;’ﬁo}‘
PLAN
INDEX
*MAINTENANCE &
RENEWAL
*LONGEVITY
PLAN
MANAGEMENT CYCLE

T———> FLOW OF DATA & DOCUMENT

Figure 11. PDCA Flowchart of OBMS
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This PDCA flowchart clarifies various bridge
management tasks such as the inspection, diagnosis,
updating of input data, assessment of the manage-
ment level, execution of management plan and exe-
cution of construction work. This helps the Osaka
Municipal Government in the clarification of the
administrative organization, getting used to the pro-
cedure, particularly, understanding the inspection
data and promoting the consciousness of the admin-
istrators on the importance of updating the database.

Moreover, Osaka Municipal Office is planning to
establish the system for inspection data acquisition
for accurate operation of OBMS and establish the
Maintenance Principle for Longevity of Bridges.

According to a trial calculation, as shown by Fig-
ure 12 and Table 1, the total expenditure to bridges
in coming 30 years can be reduced from JY 210 bil-
lion to JY 110 billion (average annual budget from
JY 7 billion to 3.7 billion) if the preventive mainte-
nance is executed on 100 old bridges built before
Second World War with limited only 15 old bridges
renewal as compared with every 100 old bridge re-
newal.

Table 1. Example of calculation for maintenance
and renewal of bridges
No.of  Average Average Average
Renewal  Annual Annual Annual
Case Bridges/ Repair Renewal Total
100o0ld Cost in Cost in Cost in
Bridges JY Bil- JY Bil- JY Bil-
lion lion lion
1 100/100 2 5 7
2 15/100 22 1.5 3.7
(+0.2) (-3.5) (-3.3)

Unit: JY billion
7

OREFORMATION
B MAINTENANCE
BTOTAL

L e L

I PRESENT CONDITION (2005)
il ESSENTIAL MAINTENANCE OR REPLACEMENT
lll. PREVENTIVE MAINTENANCE

Figure 12. Expected annual reduction of bridge
expenditure by introducing the preventive mainte-
nance in JY billion.



5 REPLACEMENT OF OLD BRIDGES
5.1 Evaluation method

It is a general practice to decide the maintenance
plan based on the field inspection data and the health
assessment of bridge taking into account the deterio-
ration rate of the bridges.

However, in view of the fact that the old bridges
built before the Second World War were designed
using different codes from now with respect to
loads, earthquake-resistant design and river condi-
tions and do not correspond to the present design
codes. Thus, the judgment on the bridge replacement
only on the basis of the bridge health assessment
may lead to wrong decisions.

From this standpoint, the final decision was pro-
posed by adding the functionality in addition to the
health assessment as explained in the following.

5.2 Health assessment (by bridge inspections)

Figure 13 shows the assessment of bridge health. It
is based on the detailed inspection by the naked eyes
and the non-destructive test and the future deteriora-
tion prediction. The detailed inspection is to check
the damage of structural members and to evaluate
the structural health of each bridge.

The non-destructive check will be carried out si-
multaneously with the detailed inspection. This aims
at increasing the accuracy the inspection and sup-
plement with quantitative checks which can not be
observed only by the naked eyes such as the check
of the depth of carbonation, the content of salinity
and the strength of concrete.

For the health assessment, the conditional indices
proposed by the National Institute for Land and In-
frastructure Management, NILIM are introduced as
a pilot test.

DETAILED IN- BRA;]S)ZEF? fﬁgﬁﬁm
SPECTION 2RDGE oIR8

I....NODAMAGES
I1...SLIGHT DAMAGE

NON-DESTRUCTIVE [l DAMAGE IS NOT
CHECK SMALL
IV...DAMAGE IS SIG-
NIFICANT (*)

© Note: This is the case when any problem is
found to exist such as in the strength of concrete and
carbonation in the slabs, bridge piers and abutments.

Figure 13. Assessment of bridge health

5.3 Functionality (by structural proof)

The functionality assessment is to assess if the load-
carrying capacity, earthquake-resistance and the
river condition properly match the present required

_9 3_

standards as shown in Figure 14. Photo 4 shows an
example of “significant deficiency”. .

ASSESSMENT ON_
CAPACITY
EARTHQUAKE- .| I...NO DEFICIENCY
RESISTANCE | I...PARTIAL DEFI-
CIENCY
COMPATIBILITY IIL. DEFICIENCY IS NOT
WITH RIVER CON- — SMALL
DITIONS IV...DEFICIENCY IS SIG-
NIFICANT (*)
(*) Raise (in case of steel pile-support); Masonry
Abutment; Liquefaction; Extremely small clearance;
Bad Road Alignment

Figure 14. Assessment of Functionality

5.4 Replacement judgment matrix

Since the health assessment by bridge inspection and
structural proof by functionality are quite difficult to
be carried out independently, both are combined into
classification of (i) longevity bridges by means of
preventive bridge maintenance and (ii) bridges to be
replaced. Figure 15 shows the replacement judgment
matrix where the replacement of bridges is not rec-
ommended at the bottom and left parts but recom-
mended at the upper and right parts.

Photo 4. Raising bridge floor bottom by a steel
beam. The bridge has been subjected to gradual
settlement and vulnerable to raising sea surface.

5.5 Extracts of bridges for replacement

From the judgment through the matrix shown above,
it became apparent that there exist such bridges
which do not satisfy the present codes even though
the health looks satisfactorily good. For example,
there exist masonry abutments which rest on the lig-



uefying foundation and hence earthquake-resistance
is questionable. Also there exist bridges where
bridge floors had to be raised since the girders are
frequently submerged at the time of flooding.

BRIDGE REPLACEMENT JUDGMENT MATRIX

>
-
5 -
S —— BRIDGES FOR
Q PREVENTIVE
é MAINTENANCE
2 ——BRIDGES TO |
w BE REPLACED |
[&] i
2 |
[r
o I o o v

BRIDGE HEALTH

ASSESSMENT

Figure 15. Judgment matrix for bridge replace-
ment.

These bridges are thought to be subject to further
considerations for replacement.

On the other hand, even old bridges may be
thought to be sufficiently in good health if they were
reliably well constructed. These facts show that only
the naked eye inspections are not enough but should
be assessed individually in good detail.

5.6 Future tasks to be recommended

It was made clear that bridges that can be well main-
tained by the repair and retrofitting should be man-
aged for longer life and the number of those bridges
that are judged to be renewed should be minimized.
Thus, further discussions should be made for the fi-
nal selection of bridges that are to be replaced. After
the selection of these bridges to be replaced, their
priority will be determined in the master replace-
ment plan depending on their social effect and the
cost performance.

6 REFLECTING CITIZEN’S VOICE IN BRIDGE
ADMINISTRATION

There are so many bridges loved by the citizens of
Osaka: those sharing the history together with the
City, parts of the urban landscape, valuable in the
history of technology.

The Municipal Office is going to extract the can-
didates for the highly valuable bridges. These
bridges will be discussed in view of the following
stand points:

a. Historically renowned

b. Contributed to the formation of urban landscape

c. Valuable as the cultural asset

d. Loved by Osaka citizens

For this purpose, the Osaka Municipal Govern-
ment has asked the citizens by means of sending
them the following questionnaire to identify:

(1) their favorite bridges and such reasoning
(2) the media to get access to the publicity for
bridges: what kind of information they want and
the degree of their satisfaction
(3) the opinions on the role of bridges, the degree
of their familiarity of the bridge administrations,
degree of satisfaction and the expectations for
bridge projects, evaluations of project priorities
and opinions about the renewal.

These opinions have been analyzed and are go-
ing to be reflected in the administration of bridge
projects.

7 CONCLUSIONS

This paper explains the basic concepts regarding the
project on the replacement of old and historic
bridge. Thanks to the well-preserved drawings,
documents of summary of works and records of
works on the bridges built before the Second World
War, the project has been promoted quite smoothly.
Thus, the effort and tradition of the bridge engineers
of the Osaka Municipal Office must be highly re-
spected. The importance of the succession of the im-
portant documents and information to the next gen-
erations is becoming more and more important.
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ABSTRACT

The specifications for Japanese highway bridges are currently under revision in the format of performance-based design.
This paper tries to elucidate the underlying reliability indices and safety of the bridges designed according to the specifications
with the special attention to the factor of safety and the probability of failure assuming the Normal distributions both for the
resistance and for the load effect. Then the reliability indices and the probability of failure are numerically evaluated based on
the Advanced First-order Second-Moment Method, AFOSM of Level I1. A further special reference is made regarding tsunami
breakwaters in view of the catastrophic collapses at the Great Eastern Japan Earthquake of March 11, 2011. It was found from
the comparison that great discrepancy of the factor of safety exists between the designs of bridges and breakwaters.

INTRODUCTION

The Great Eastem Japan Earthquake (Tohoku - Pacific Ocean Earthquake) occurred on 11 March, 2011 resulting in victims
over 20 thousand dead and missing inclusive. The people realized the terror of the natural disasters afresh. At the same time, we
structural engineers strongly felt the need for making clear or disclosing the reliability of infrastructures such as bridges,
buildings, dikes and tsunami breakwaters. It is also a pity to know that almost few engineers like bridge engineers know how
safe these infiastructures such as bridges, dikes and breakwaters that they have designed in the past and what they are presently
designing would be. This may be partly because of so many unknown factors and the fact that the Japanese Specifications for
Highway Bridges are still in the process toward the complete revision in the format of performance-based design (JRA 2002).

At the present time, bridges are designed to satisfy the performance requirement or the specifications. The performance
requirement is to satisfy the target performance; whereas the specification requirement is to classify the types and kinds of the
structural components so as to satisfy each of the specifications accordingly. However, in the case of the specification
requirement, the target performance is not clearly described. Not only the structural performance but also the safety of the
bridges against the external loads is not clear either. From this reason, a subcommittee on common design code on steel and
concrete structures was organized by JSCE to make clear the concept for the limit state design of steel and concrete structures
(Subcommittee 1992). The present paper is based on the Level I load-factored design method, Level 1I reliability design
method (Thoft-Christensen, P & Murotsu 1986, Stahlbau Handbuch 1982) and the report by this subcommittee in an attempt to
find out how safe the designed bridges could be when designed accordingly.

The required performance of designed bridges can be summarized in the following:

(1) Reasonable safety in the ultimate limit state

(2) Reasonable serviceability and functionality in the serviceability limit state

(3) Reasonable fatigue strength

(4) Easy inspection and monitoring/Reasonable maintenance, management and repair
(5) Environmentally friendly and aesthetically good

RELIABILITY INDEX AND PROBABILITY OF FAILURE OF BRIDGES AND BREAKWATERS

Fig. 1 shows phenomena resulting in the failure of bridges (Tanaka et al. 2010). As for the effect of large external forces, big
earthquakes and tsunami are examples. As for the examples for the causes of structural defects, corrosion, fatigue, buckling,
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plastic deformation, creep, relaxation and erosion of bridge piers are typical. The reliability design methods of structures may be
classified into 3 groups of Level I, Level IT and Level I1I (Thoft-Christensen, P & Murotsu 1986, Stahlbau Handbuch 1982).
The Level I method as shown in Fig. 2 is determined through the calibrations by Level II or Level III design methods and is
characterized by securing the safety using the safety coefficients such as the load factor, resistance factors: material resistance
factor and structure factor.

The most important concepts are two independent concepts of the load effect /" and the resistance /. Apparently, for the
safety of structures, load effect / should not be greater than the resistance f. Both the load effect /" and resistance f have
stochastic variations. The stochastic value of load effect /" can be confirmed only by observations whereas those of /'can be
confirmed only by experiments. Furthermore, £, and f, refer to the expected value of load F and resistance f, respectively. The
characteristic value for the load effect /' can be usually chosen to be F,,,. For the characteristic value of resistance f'can be often
expressed by f,=f,(1— k V;) where k = 1.64 in a case the distribution of the resistance ffollows the normal distribution with
the probability of non-exceedance of 5% as shown in this figure where g;  refers to the standard deviation of resistance fand V;
(=0y/f) refers to its coefficient of variation. The design load effect /;and the design material resistance f; can be determined
respectively by Fy=x, 7 and f;= fi /% where y-and j, are referred to as the load effect factor and the resistance factor,
respectively. The load effect factor and the resistance factor are specified in Table 1 and Table 2, respectively (Subcommittee
1992).

. Earthquake Excitation, Fluid Forces(Flood, Tsunami etc), Wind
Accidents due to Large natural forces Forces(Typhoons, Tomadosetc), Traffic Vehicles, Footway Track Loads,
and collisions Ships, DriftIce, Collision with Drifting Bodies, Explosions due to War and

Terrorisms

—» [ Deterioration dueto Comosion___~_|

—» | Fatigue Cracks

—>| Cracks due to Low Temperature |

Accidents due to Structural Defects

= » | Instabilities such as Buckling |

— | Plastic Deformation |

—— [ Creep and Relaxation |

—
Fig. 1 Phenomena resulting in the failure of bridges.
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Fig. 2 Reliability Design Method Level I.  Load factor ¥, and material resistance factor 7, .

According to Level II reliability design scheme, assuming the Normal distributions for both load effect and the resistance,
the reliability index and the probability of failure can be expressed by Eq. (1) according to the Advanced First-order
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Second-Moment Method, AFOSM where v= f,, /F;,, and ®(/) is referred to as the central factor of safety and the normalized
Normal Distribution finction of /4 respectively where £ is referred to as the reliability index defined by:

Zy __Ju—Fs v, ~1

= = = ; P, =d(-p)=1-® 1
P o, JJF‘ +o’f2 JVF‘ +vV} s =®Ch) ) w
Table 1 Load Effect Factor, yr
Limit State Kinds of Load Effect Load Effect Factor, -
Permanent Load 1.0~12 or 1.0~0.8 (when smaller
value becomes more unfavorable)
Ultimate Limit Principal Variable Load 1.1~12
Secondary Variable Load 1.0
Accidental Load 1.0
Serviceability Limit All Loads 1.0
Fatigue Limit All Loads 1.0
Table 2 Resistance Factor y,
Kind of Material Limit State Resistance Factor,y,,
Ultimate Limit 1.0~1.05
Steel(m =) Serviceability Limit ¥s 1.0
Fatipue Limit T.0~105
Ultimate Limit 1.3
Concrete Serviceability Limit Ye 1.0
(m=c) Fatigue Limit 13

The probability of failure and the reliability index are shown in Fig. 3 and Fig. 4, respectively for different values of the
central factor of safety, v.= f,, /F, in two cases of V= 0.1/V;=0.05 and V= 0.2/V/=0.1, respectively.

Factor of Safety v Factor of Safety v
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Reliability (when ym*y f = 1 ) Reliability (when ym*y f = 1)
Fig. 3 Probability of failure for different values of Fig. 4 Reliability Index for different values of
central factor of safety, v.= 1, /F, central factorof safety, v=f, F,

On 11 March 2011, a great tragedy assaulted the North Eastern Japan. The disaster is now officially named the Great
Eastemn Japan Earthquake. According to the official announcement, the magnitude of the earthquake was Mw 9.0, which is an
unprecedented magnitude in Japan. Particularly the fact that most of the tsunami breakwaters were severely destroyed by the
unprecedented tsunami is amazing. The investigation party dispatched by JSCE and headed by the leader, Prof. H. Maruyama
reported that the main initial cause of the failure of such breakwaters could have been the overflow of tsunami wave over the
top of breakwaters. The overflowed tsunami was the main cause of the scouring of the breakwaters and their turning over.

After literature survey, the factor of safety of the breakwater in Japan was found to be only 1.0 and that of the walls against
the sliding is only 1.1. These low factors of safety are very much surprising to us, structural engineers who are accustomed to
the factor of safety of the value close to 1.7. It has been found that one of the largest tsunami in Japan in the past having the
resemblance to the 11 March 2011 would be the one which occurred at Johgan Earthquake of 869 A.D. Thus, the return period
of this size of tsunami may be considered to be once in every 1000 years. Keeping this in mind the probability of failure,
namely, the probability tsunami exceeding the height of breakwater is evaluated for different values of the factor of safety. The
relationship between the expected tsunami height, A and the returmn period of tsunami, 7 may be expressed by Eq. (2) following
equation following the paper by Yoshida etc. (Yoshida 2007).

H _logT log(l/T)

H, logT, 1log(l/T,)

(2)
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where T, corresponds to the return period of the maximum tsunami height A, . The curve represented by Eq. (2) is referred to as
atsunami hazard curve. Let d represent the height of a breakwater, then the safety margin Z may be expressed by Eq. (3):

Z=d-H>0 G)
Again by applying the AFOSM, the reliability index Bcan be expressed by Eq. (4):
e (v, -1) @
Wi vi+V; \/V"z_%( v ]
log7,

where v; = y;/ 14y representing the factor of safety of breakwater in which z4; and £4; represents the expected value of d and
H, respectively; V; and V7 designates the coeflicient of variation of & and 7, respectively. Then the reliability index Sand the
probability, P¢of tsunami height exceeding the height of breakwater is shown by Fig. 5 and Fig. 6, respectively.
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Fig.5 Reliability Index of Breakwater Fig.6 Probability of Tsunami exceeding Height of Breakwater

It is surprising to know that according to the current design method of breakwater against tsunami, since the factor of safety
is one, the probability of failure, namely tsunami exceeding the height of breakwater is 50%. Even if the factor of safety is
improved to be 1.2, the probability of failure may be something like 10%.

CONCLUSION

The current Japanese Specifications for highway bridges are under revision in the format of performance-based design in
the genuine sense. Attempts are made in this paper to evaluate the reliability with special emphasis on the reliability index and
probability of failure of the bridge structural design. Further attempts are made to evaluate the reliability of tsunami breakwaters.
It is found that the current practice of the design of breakwater is such that the factor of safety of tsunami height exceeding the
height of breakwater is just one. In view of the fact that the overflow of tsunami over the top of breakwater eventually results in
the fatal catastrophe of the scouring, sliding or turning over of breakwaters, the review or reexamination of the factor of safety
of breakwater may become worth while in recognition of the larger factors of safety of bridge design employed at present.
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SHORT SUMMARY

Although the specifications for Japanese highway bridges are currently under revision in the format of
performance-based design, the degree of safety of the designed bridges is not easy to understand. Thus, this paper
attempts to disclose the safety and the underlying reliability indices of roadway bridges designed in accordance
with the Japanese Specifications for Highway Bridges in the light of a proposal of general principles for the limit
state design. Special attention is focused on the relationship between the probability of failure and the factor of
safety assuming the Normal distributions both for the resistance and for the load effect. The reliability indices and
the probability of failure are numerically evaluated based on the Advanced First-order Second-Moment Method,
AFOSM of Level I1. Further special reference is made regarding tsunami breakwaters in view of low frequency
but high consequence damages by the Great Eastern Japan Earthquake of March 11, 2011. It was found from the
comparison that great discrepancy of the factor of safety exists between the designs of bridges and breakwaters.

Keywords: Factor of Safety, Probability of Failure, Reliability Index

INTRODUCTION

The Great Eastern Japan Earthquake (Tohoku - Pacific Ocean Earthquake) occurred on 11 March, 2011
inflicting victims over 20 thousand dead and missing inclusive. The people realized the terror of a low frequency
but high consequence disaster and the induced melt-down of nuclear reactors in Fukushima Prefecture afresh. At
the same time, most of the Japanese structural engineers must have strongly felt the need for public disclosure of
the safety of infrastructures such as bridges, buildings, dikes and tsunami breakwaters that they have built so far. It
is really a pity to know that few Japanese engineers understand in reality to what degree bridges, dikes and
breakwaters that they have designed and built are safe although they tend to take for granted that most of these
infrastructures have been performing quite properly. This anxiety of engineers may be due to so many unknown
factors in the design and construction in view of the fact that the Japanese Specifications for Highway Bridges are
still in the process toward the complete revision in the format of performance-based design (JRA 2002).

At the present time, bridges are designed to satisfy either the performance requirement or the specifications.
The performance requirement is to satisfy the target performance; whereas the specification requirement is to
classify the types and kinds of the structural components so as fo satisfy each of the specifications accordingly.
However, in the case of the specification requirement, it is unfortunate to say that the target performance is not
clearly described. Not only the structural performance but also the safety of the bridges against the external loads is
not perfectly clear either. From this reason, a subcommittee on common design code on steel and concrete
structures was organized by JSCE to make clear the concept for the limit state design of steel and concrete
structures (Subcommittee 1992). The present paper is based on the Level I load-factored design method, Level IT
reliability design method (Thoft-Christensen, P & Murotsu 1986, Stahlbau Handbuch 1982, Melchers, R. E. 1987)
and the report by this JSCE subcommittee in an attempt to find out in general how quantitatively safe the designed
bridges could be when designed accordingly.
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The required performance of designed bridges can be summarized in the following:
(1) Reasonable safety in the ultimate limit state
(2) Reasonable serviceability and functionality in the serviceability limit state
(3) Reasonable fatigue strength
(4) Easy inspection and monitoring/Reasonable maintenance, management and repair
(5) Environmentally friendly and aesthetically good

RELIABILITY INDEX AND PROBABILITY OF FAILURE OF BRIDGES AND BREAKWATERS

What is the safety? One example of the answers to this question may be the “relative freedom from danger, risk,
or threat of harm, injury, or loss to personnel and/or property, whether caused deliberately or by accident”
(www.businessdictionary.com/definition/safety.html) . Then what would be the appropriate index to measure the
safety? It may depend on (1) To what degree the safety should be raised? And (2) How to improve it? To the first
question, although it may at first look desirable to eliminate every possibility of dangerous states and raise the
safety to the highest degree, the cost may become astronomically high. Furthermore, people may feel being
somehow deprived of their freedom to accomplish the perfect safety. Thus, how to get rid of danger while
enjoying social human life seems to be the problem. Thus, in the human history, people have taken long time to
acquire experience to make sure of the safety each time newly developed technology is born.

There may be wide variety of dangers or failures in bridges. Figs. 1(a) and 1(b) show symbolically an example
of fail-safe parallel bridge system and an example of weakest-link series bridge system (Thoft-Christensen 1986) .
People feel at ease with the fail-safe system rather than with the weakest-link system because of the inherent
redundancy of the former. Tt must be added, however, that even the fail-safe system may fail just like weakest-link
system due to the aging and deteriorations caused by corrosion, fatigue, excessive natural or artificial forces or by
accidents. Once in a while it may fail progressively in a domino fashion due to accelerated deterioration of
performance. Furthermore, there are also great varieties of basic material properties at ultimate state. Fig. 2(a)
shows the ductile fracture model demonstrating plastic flow and Fig, 2(b) brittle fracture model for example, such
as of cable fracture (Thoft-Christensen 1986). Naturally, the degree of failure may differ considerably depending
on whether the material is ductile or brittle. In many cases, the brittle fracture may result in unfavorable results.
Once in a while local fracture of structures or structural elements may develop into more serious global fracture.

/1

Bridgel

Restoring Force

Bridge2
Deformation

oo — 17
NI N
(a)Ductile Fracture Model

(a) Fail-safe Bridge System g —[D_
F;
oo /DDA,
Brdigel Bridge2 Bridge3 = Deformation
(b) Weakest-link Bridge System (b)Briftle Fracture Model
Fig.1 Fail-safe Bridge System and Weakest-link Fig. 2. Ductile Fracture and Brittle Fracture Models
Bridge System

Fig. 3 shows a list of phenomena resulting in the failure of bridges (Tanaka et al. 2010). Large natural forces
include such as typhoons, tormnados, earthquakes and tsunamis. The causes of structural defects include such as
corrosion, fatigue, buckling, plastic deformation, creep, relaxation and erosion or scouring of bridge piers.

The reliability design methods of structures may be basically classified into 3 groups of Level L, Level 1 and
Level Il ( Thoft-Christensen, P & Murotsu 1986, Stahlbau Handbuch 1982, Melchers, R. E. 1987). Figs. 4 (a) and
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(b) summarize a simple comparison of the Level Il and Level 11l reliability design methods, respectively. It is
intended in this paper that the reliability indices and the corresponding probabilities are evaluated by Level II
reliability design method. Then the results are going to be reflected in more realistic and practical method of Level
I: Load factored design with the main interest being the values of the reliability indices and the corresponding
probabilities of failure by changing the values of the factor of safety, load factor and the resistant factor.

Accidenrs due to Large Natural Earthquake Excitadon, Fluid Forces (Flood, Tsunami eic.),

Forces and Collisions Wind Forces (Iyphoons, Tornados etc), Traffic Vehicles,
Foorway Track Loads, Ships, Drift Ire, Collision with Drifring

Bodie losions due to War and Terrorisms

——— [ Deterioration due te Corrosion |
— | Fadgue Cracks

— L Cracks due to Low Temperature |

Accidents due rto Sfrurlmll

Defects t———> | Instabilities such as Buckling |

——| Plastic Deformation
| Creep and Relaxarion
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Fig. 3 Phenomena resulting in the failure of bridges.
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The Level I method as shown in Fig. 5 is determined basically through the calibrations by either Level I or
Level III design methods and is characterized by the concept of securing the safety using the factor of safety and
the safety coefficients such as the load effect factor, j and resistance factors, %, namely, material resistance factor
and structure factor. In this paper only Level II design method is used to evaluate the probability of failure.
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E

Q

Y Load
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Fun Fy fafc fa Resistancef,
Load Effect F

Fig. 5 Reliability Design Method Level I.  Load factor y,. and material resistance factor y,, .

Naturally, for the safety of structures, load effect F should not be greater than the resistance /. In reality both the
load effect F" and resistance fhave stochastic variations. The stochastic value of load effect /' can be confirmed
only by observations whereas that of / can be confirmed only by experiments. Furthermore, these stochastic values
of Fand fare in general described in terms of the expected values, £, and f,, respectively. The central factor of
safety, v. is then defined by v.= £, /Fi,. The characteristic value for the load effect 7 can be usually chosen to be F,..
Whereas for the characteristic value of resistance £, some kind of guaranteed lower limit is naturally expected to be
specified to reduce the danger of deficient performance and consequently can be often expressed in a case where

the distribution of the resistance f follows the Normal distribution by f=fn(1- k V) where k& = 1.64 with the

probability of non-exceedance of 5% as shown in this figure where o refers to the standard deviation of
resistance fand Vy (=0 ¢/f) refers to its coefficient of variation. The design load effect F; and the design material
resistance f; can be determined respectively by Fy=F, % and ;= £/, where % and y, are referred to as the load
effect factor and the resistance factor, respectively. Then the factor of safety, v is defined by v = £;/F,. Consequently,
the relationship between the factor of safety, v and the central factor of safety, v can be shown by v=f/F.= (fi/y,,)
KFy y7) = ve(1-kV}) Kpmyr). The load effect factor and the resistance factor are specified in Table 1 and Table 2,
respectively (Subcommittee 1992).

Table 1 Load Effect Factor, y¢
Limit State Kinds of Load Effect Load Effect Factor, =
Permanent Load 1.0~12 or1.0~08 (when smaller value
becomes more unfavorable)
Ultimate Limit Principal Variable Load 1.1~12
Secondary Variable Load 1.0
Accidental Load 1.0
Serviceability Limit All Loads 1.0
Fatigue Limit All Loads 1.0
Table 2 Resistance Factor y,,
Kind of Material Limit State Resistance Factor;y,,
Ultimate Limit 1.0~1.05
Steel(m=s) Serviceability Limit Vs 1.0
Fatigue Limit 10~1.05
Ultimate Limit 13
Concrete Serviceability Limit %o 10
(m=c) Fatigue Limit 13
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According to Level 11 reliability design scheme, assuming the Normal distributions for both load effect and the
resistance, the reliability index and the probability of failure can be generally expressed by Eq. (1) according to the
Advanced First-order Second-Moment Method, AFOSM where 3, ®(f), orand Vr (=c: /F,,) are referred to as
the reliability index, the normalized Normal Distribution function of SBand the standard deviation and the
coefficient of variation of the load effect ¥, respectively in general or in case of low frequency but high
consequence load effect (V- = 0 and the histogram of the load effect of F in Fig. 5 may be replaced by several
pulses of narrow banded step fimctions), respectively by:

ﬂ:é— f.—F, v, -1

] - ;
O \/cr,,l +o,’ JV,? +viV}

Py =0(=p)=1-®(p) (0

B=(v.—(v. ;) (Vr=0in case of low frequency but high consequence load effect)
The probability of failure and the reliability index are shown in Fig. 6 and Fig, 7, respectively for different

values of the factor of safety, v in two cases of V= 0.1;};= 0.05 and V- = 0.2;V;= 0.1, respectively. For
distributions other than the Normal, references are recommended to be quoted (Thoft-Christensen 1982 &1986).
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Fig. 6 Probability of failure for different values of factor of safety, v
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DETERIORATION OF STRUCTURAL PERFORMANCE

D. Frangopol and P. Thoft-Christensen showed that the performance of bridges may be reduced by aging on
the basis of their research works on concrete bridges in UK studies (Frangopol 1999, Thofi-Christensen, 1999).
Fig, 8 and Fig. 9 show the decrement of the value of reliability indices or the performance due to the deteriorations
of concrete bridge performances. Particularly, the aging shown in Fig. 9 is really surprisingly large.

FERFORMANCE LEVEL

A tn BRIDGEAGE fy o ty BRIDGEAGE

(a) simplified figure (Frangopol 1999) (b) essential and preventive maintenance
(Thoft-Christensen, 1999)

Fig. 8 Deterioration of performance of a concrete bridge
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Fig. 9 Time-dependent deterioration process of the reliability index. Note the expected value and

Stochastic variations — concrete bridge under shear (Frangopol 1999)

They concluded in the following manner:

(1) Reliability index £ ranges from 5 to 12 at the initial stage when bridges are newly built (In case of Normal
Distribution, P;=3.0<107at =5 and P;=0.0 at 8= 12)

(2) Deterioration process starts at a time point, f,after the service of bridges started [Figs. 8(a) & 9].

(3) Essential maintenance must be carried out if /3 decreases below the target value of 4.6 (In case of Normal
Distribution, Pr=2.2 X 10°) at a certain time point of #;.

(4) Preventive maintenance is recommended to be carried out economically well in advance at time point such as
at iy or fiy (Fig. 8(b)) so that the essential maintenance may not have to be carried out at the time point, 4.

SOME CONSIDERATIONS ON THE SAFETY OF TSUNAMI BREAKWATERS

On 11 March 2011, a great tragedy assaulted the North Eastern Japan. The disaster is now officially named the
Great Eastern Japan Earthquake, According to the official announcement, the magnitude of the earthquake was
Mw 9.0, which is an unprecedented magnitude in Japan. Particularly the fact that most of the tsunami breakwaters
were severely destroyed by the unprecedented tsunami is amazing, The investigation party dispatched by JSCE
and headed by the leader, Prof. H. Maruyama reported that the main initial cause of the failure of such breakwaters
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might be the overflow of tsunami over the top of breakwaters. Thus, the overflowed stream could be the main
cause (http://mainichi.jp/select/weathernews/20110311/archive/news/2011/05/14/20110514k0000e040058000¢.html) of
the scouring of the breakwaters and their turnover. Furthermore, Prof. T. Hara of Kohchi University explained the
scouring in such a way that the overflowed stream turns around just behind the breakwater and washes out the
ground. The breakwater becomes unstable due to this scouring, with the buoyancy force acting on the breakwater
and the risen water level pushed it from the ocean side to inside resulting in the easier tumover of breakwater.

Fig. 10 shows estimated tsunami travel time forecast map for the 2011 Great Eastern Japan (hereafter referred
to as GEJ for convenience) Earthquake from the U.S. NOAA. Moreover, Photos 1 to 3 show some pictures of a
piled-up ship over a breakwater and turnover of breakwaters by the courtesy of Mr. 1. Teranishi who surveyed
several places badly damaged during this earthquake as a member of Japan Bridge Association.
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Fig.10 Estimated tsunami travel time forecast map for the 2011 GEJ Earthquake from the U.S. NOAA
http://weatwe.arh.noaa.gov/2011/03/11/1hvpd9/06/messagelhvpd9-06.htm weatwe.arh.noaa.gov)

Photo 1 Piled-up ship on bank Photo 2 Breakwaters turned over ~ Photo 3 Breakwaters turned over
at Kamaishi Harbor counter-clockwise at Yamada-Cho  showing bottoms at Yamada-Cho
(Courtesy of Mr. 1. Teranishi) (Courtesy of Mr. I. Teranishi) (Courtesy of Mr. 1. Teranishi)

Fig. 11 shows the classification of the failures of breakwaters by the Asia-Pacific Center for Coastal Disaster
Research of the Port and Airport Research Institute (www.bousai.go.jp/jishin/chubowhigashinihon/4/2-2.pdf).

As already mentioned, JSCE has reported that the main initial cause of the failure of such breakwaters might be
the overflow of tsunami over the top of breakwaters as shown in Fig. 11(d): overflowed stream resulting in the
scouring of the ground just behind and inside the breakwater and the subsequent turnover. After literature survey,
the factor of safety of the breakwater in Japan was found to be only 1.0 and that of the walls against the sliding is
only 1.1. These low factors of safety are very much surprising to us, structural engineers who are accustomed to
the factor of safety as high as about 1.7. It has been found that one of the largest tsunamis in Japan in the past with
the resemblance to the 11 March 2011 tsunami would be the one which occurred at Johgan Earthquake of 869
A.D. Thus, the return period of this size of tsunami may be considered to be once in every 1000 years. Keeping
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this in mind the probability of overflow, namely, the probability tsunami exceeding the height of breakwater is
evaluated for different values of the factor of safety.

Hydraulic Force dueto | ['pmrvdranlic Foree due to Swift Water
Difference of Water | | pion- (Scattering of Rubbles &

Levels: (Sliding & Scowing of Ground)
# Failure of Breakwater)

Hydraulic Stream
Hydraulic Tmpact Force: (Scolwing
| Force of Ground)

=

o s , o

Fig. 11 Classification of the failures of tsunami breakwaters (Courtesy of Mr. Takahashi, S. of the Port and
Airport Research Institute)

Tsunami hazard curves are often used to designate the relationship between the probability of exceedance of
occurrence and the height of tsunami. Needless to say, these curves generally depend on many factors such as the
topography of the surrounding sea, locations of active faults, epicenter and magnitude of earthquake, starting point
of asperity and non-uniformity of the faults. For example, Annaka, T. et al. developed the logic-tree models for local
tsunami sources around Japan and for distant tsunami sources along the South American subduction zones.
Logic-trees were made for tsunami source zones, size and frequency of tsunamigenic earthquakes, fault models,
and standard error of estimated tsunami heights (Annaka 2007). In this paper, however, since the author is not an
expert in this area, the discussions are made presumptuously in a very simple manner on the assumption that
tsunami can occur anywhere near the sea zones potentially susceptible to tsunami. A simplified relationship
between the expected tsunami height, A and the return period of tsunami, 7 may be expressed quite well by Eq.
(2) as an approximation following the paper by Yoshida etc. (Yoshida 2007).

H logT log(l/T)

H, logT, logl/T,)

2

where T, corresponds to the return period of the maximum tsunami height /. Eq. (2) is used herein as a tsunami
hazard curve as shown in Fig. 12(b). From evidences from investigations such as geological excavations, the
Johgan Earthquake is thought to be very close to 11 March 2011 GEJ Earthquake. The Johgan tsunami occurred in
AD 869 with the earthquake of M8.3. Thus, it may be conveniently assumed that 7;, =800 Years and /, =30m
(max tsunami height recorded on 11 March 2011) as shown in Table 3.

Table 3  Prediction of Tsunami Height in reference to 11 March 2011 Earthquake and Johgan Earthquake.

T (Year) | 800 100 50 30 10
H (m) 30 | 2066 | 176 | 153 | 103

154



_..
<

1

g i 108(7)
3 1572
é N H=-——""o (L)
200 log7, 5P
:'9_':
£ 10
&

10°% . T=1, i H

0 10 20 H=0 H=H,
Tsunami Height (m) Tsunami Height
(a) Hazard curve by Yoshida (b) Hazard curve, Eq. (2)

(Yoshida 2007)

Fig. 12 showing the relationship between log (1/7) and tsunami height /7

Since T, refers to the return period, the probability of tsunami occurrence at least once in consecutive Q years,
P, may be expressed by Eq. (3):

1 Q

Thus, the probability, P, of tsunami occurrence can be given as in Fig. 13 and in Table 4. It may be observed that
naturally, the longer the value of O, the larger the probability Pr becomes. It would be very important to know from
Table 4 and Fig. 13 that when the period, O, is close to the target return period 7, the probability of occurrence of
the tsunami is something like 63% while it is about 10% when the period, 0, is 1/10 of the return period, 7.

—t— Q=10Yr
= Q =30 yr
S Q=100Yr ||
~— Q =500 Yr
—em Q =1Yr
-@-Q=2Yr
- =Q=3Yr

at least once in Q consecutive Years

Probability of Tsunami Occurrence

Return Period (Year), 7,

Fig. 13 Probability, Pr, of tsunami occurrence such as 11 March 2011 at least once in consecutive Q years.
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Table4. Probability, Pr, of tsunami occurrence such as 11 March 2011 at least once in consecutive 0 years.

O (Year) 10 30 100 500 800
P, 0.012 0.037 0.118 0.465 0.632

So far, the discussion was made on the probability of occurrence of tsunami and this has only a little bearing on
the safety of tsunami breakwater. Now, let us next consider the reliability and safety of the tsunami breakwaters.
Let d represent the height of a breakwater, then the safety margin Z may be expressed by Eq. (4):

Z=d-H=0 ©)
Again by applying the AFOSM, the reliability index /can be expressed by Eq. (5):

p=te Ha=Hy M=l Mgl pg =1
o, 0, Jol+ol Nolluh+olluh (ol pgWollch +1
®)
(v,—1 _ (v, -1

VaJoliok+1 VZv2+v}
where v = g4/ 14, vepresents the factor of safety of breakwater; 4, u4,, 4, and o,, 0,;, o, represent

the expected values and the standard deviations of Z, o, H, respectively. Furthermore, V3 and V}; designate the
coefficients of variation of & and /7, respectively. Now, upon differentiation of Eq. (2), Eq. (6) can be obtained.

dH 1 dr
@l £ ()
H, logI, T
From Eq. (6), the relationship between o, and o, of Hand T, respectiverly can be found as in Eq. (7):
H 2
2 _ 0 2
Oy _[—Iogiﬁ,-TJ Oy . Y
Thus, the reliability index can be found to be expressed by Eq. (8) as:
- (v, —1) _ (Vd - 1)
B= = ®)
Vivi+v; Y
Viewi+| —1—
logT,

where Fr represents the coefficient of variation of 7. Then the reliability index Fand the probability, Py of tsunami
height exceeding the height of breakwater is shown by Fig.14 and Fig. 15, respectively. Furthermore, under
condition of ¥1=0.2 and ¥;3=0.1, the probability of failure (overflow), Pis obtained as shown in Fig. 16 when the
return period of tsunami, T, and the predicted maximum tsunami height, H, are varied. Just as for the structural
reliability problems, in the case of a low frequency but high consequence occurrence of a huge tsunami, the
reliability index becomes by neglecting the coefficients of variation, Vy and Vi:

B=(va=1)(va Va) ©)

It is surprising to know that according to the current design method of breakwater against tsunami, since the
factor of safety is very close to one, the probability of failure, namely tsunami exceeding the height of breakwater
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is 50%. Even if the factor of safety is improved to be 1.2, the probability of failure may be something like 10%.
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Fig. 14 Reliability Index of Breakwater
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Fig. 15 Probability of Tsunami exceeding Height of Breakwater
CONCLUSION

The current Japanese Specifications for highway bridges are under revision in the format of performance-based
design in the genuine sense although there may be more detailed laborious efforts yet to be made by the writers of
the Specifications such as time-taking detailed calibrations for practical purposes. Thus, attempts are made in this
paper to roughly evaluate the general reliability with special emphasis on the reliability index and probability of
failure of the bridge design. Special attempts are made also to evaluate the reliability of tsunami breakwaters. It is
found that the current practice of the design of breakwater is such that the factor of safety of tsunami height
exceeding the height of breakwater is just one. In view of the fact that the overflow of tsunami over the top of
breakwater eventually results in the fatal catastrophe of the scouring, sliding or tuming over of breakwaters, the
review or reexamination of the factor of safety of breakwater may become worthwhile in recognition of the larger
factors of safety of bridge design employed at present in preparation of the future low frequency but high
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consequence tsunami in the near future. As a matter of fact, Japan is threatened with a linked series of huge
earthquakes of Tokai (East Sea), Tonankai (South-East Sea) and Nankai (South Sea). These linked earthquakes in
a domino reaction are predicted to occur at any moment immediately near future in the similar scale of the Great
Eastern Japan Earthquake. Finally how to be prepared for the natural disasters of low frequency but high
consequences is a great challenge for the mankind and for this purpose people of the world should work together
to find the best solution.
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Fig. 16 Change of Probability of Failure Pswhen return period 75, is varied (V7=0.2 and V3=0.1)
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