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RECENT PROJECTS AT PWRI
FOR IMPROVEMENT OF SEISMIC PERFORMANCE OF CIVIL INFRASTRUCTURES

by

YASUDA Masahiko”

LINTRODUCTION

Since the Hyogo-ken Nanbu Earthquake four
years ago, seismic performance of civil infra-
structures has been improved through revising
the secismic codes for newly constructed
facilities and nationwide retrofit for existing
facilities. However, there still exist many
problems in order for farther improvement of
their seismic performance. This paper describes
the recent projects that are especially propelled
by Public Works Rescarch Institute (PWRI) to
cope with some of the problems. Those include,
(1) Rational Methodology to  Determine
Secismic Potential of Civil Infrastructures
Very Strong Design Ground Motions with
Direct Consideration for Source Faults
Development  of  Seismic Design
Methodology for Bridges

Earthquake Resistance Design for Soil
Structures

@)
©)
4)

2.RATIONAL  METHODOLOGY TO
DETERMINE SEISMIC POTENTIAL OF
CIVIL INFRASTRUCTURES

The question that has been posted since the
Hyogo-ken Nanbu carthquake is that if the
seismic performance between different types of
infrastructures or between different structures of
same types is consistent. Because each facility is
designed based on its own code and because the
performance is required respectively, the scismic
performance between different types of facilities
may have imbalance in their damages and their
societal effects. Also the seismic performance of

facilitics may deviate affecting the functions of
the system such as a highway network
composed of those facilities. In such cascs,
validity of carthquake resistant investment needs
to be examined carefully by taking the seismic
performance of the facilitics in the earthquake.
Therefore, the methodology to determine the
well-balanced scismic potential for the facilities
in an arca by counting their seismic performance
realized in the carthquakes (Fig. 2.1).

ﬁ%

Realization of
Seismic Performance

Senall Eq.

Options of
Scismic Potential

Fig. 2.1 Seismic Potential, Input Earthquake
Level and Seismic Performance

Many countries are trying to revise their design
codes to performance based expressions. An
example of such attempt is the performance
matrix proposed by the VISION 2000
committee of SEAOC, U.S.. It shows the lines
indicating  demanded  seismic  potentials
corresponding to the importance of facilities in
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the rectangle arca provided by the input
carthquake strong motion levels and the
performance levels. Here, the lines mean the
scismic potential that must be satisfied in the
design, and their importances are supposed to be
given by externally. In this sense this potential
matrix can be referred as the “demanded
performance matrix” (DPM), (Fig. 2.2).

Earthquake Performance Level

Fully Operational Operational Lo Safe Near Collagse
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o WIsysan o]
; N
Y
w Very Raro
(970 year}

Fig. 2.2 Performance Matrix

In contrast, when a structure is designed, a
seismic performance is determined from an
input strong motion level dependently. Thus, the
potential line that can be actually drawn
corresponding to the specific design does not

necessarily agree with that of conventional DPM.

The performance matrix shown by -this actual
potential line can be referred as the “realized
performance -matrix” (RPM). When one
consider the investment assigning plan for more
than one facilities in the area, it needs to
maximize the area’s satisfactory by taking RPM
of each structure into account.

In this research the idea of RPM is extended to
the “input-output-cost curve” (IOC curve), in
which the cost for structural earthquake resistant
measure is displayed in addition to the input
strong motion level and the seismic performance
level in three dimensional space (Fig. 2.3).
Given- this- IOC curve,- decision makers can
compare the earthquake resistant -investment
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plans.

Bz Reromence —
Large ————— o '
Performance Level (P) &
Fig. 2.3 10C curve

Besides proposing and showing the example of
the RPM and IOC curve, this research deals with
a methodology to select the seismic potentials of
more than one structure so that the combination
of their potentials maximizes the satisfactory of
the area. Assuming that there are two structures
in the area, let us set the objective to maximize
the quantitatively derived community’s
satisfactory under the several constraints such as
the limit of the budget.

Facility A

Facility B

A . N J
preferable combination of seismic potential for the facilities?

Fig. 2.4 Selecting Seismic Potentials

When the satisfactory is measured ' as the
expected utility (EU), the ‘problem is written as
equations below. '

“max plU(Rule)"'sz(Rz’Pzz)

BobBinbunPp

st C (B p) = Cl(Bai )
Cobp)=Collorp)
C}(Rl’Pl)+C2(P;w‘pl)%;cv L




where, p, : occurrence probability of level e
strong - motion (¢ = 1, 2), seismic
performance level of structure s (s = 1, 2)
revealed when it experiences the strong motion
of level e, C(P,, p.) : cost for such seismic
potential that performance P,, realizes at the
input level of e with the probability p,, ; i.c.,
IOC function, and c* : the limit of total cost.
The equations were solved analytically by
assuming. the unique function forms for U and
C,. In addition, an IOC function was tentatively
derived for various levels of seismic potentials
of the bridge under a given condition.

The concept in this paper is expected to be
utilized in the regional earthquake resistant
plans in the future, and is related to the seismic
codes of various facilities. To apply the
methodology to the practical planning and
design, several problems must be solved; i.c.,
expressing the facility’s seismic performance in
adequate manners and determining the objective
function forms of the net benefit or the
representative utility as the objective function.

3. VERY STRONG DESIGN GROUND
MOTIONS WITH DIRECT CONSIDE-
RA’I‘ION FOR SOURCE FAULTS

Numerou@'yaluablé strong motion records were
obtained by various organizations during the
1995 Hyogo-ken Nanbu earthquake and it has
been found that the earthquake generated
extremely strong ground motion that had rarely
been recorded  in Japan. Design ground
motions for public works, in general, had been
based on the ground motions in rather far field
due to large interplate earthquakes such as the
1923 Kanto earthquake, whereas those in near
field due to-earthquakes by inland active faults
such as the Hyogo-ken Nanbu earthquake had
not been taken into account. The Hyogo-ken
Nanbu earthquake triggered revision of various
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seismic design codes based on its strong motion
records and previous rescarches. However,
because of Jack of strong motion records
obtained in necar field, characteristics of near
ficld ground motion still leave much room for
discussion.

To study and grasp the characteristics of near
field ground motions, in addition to the
conventional techniques making use of strong
motion records and attenuation relations, ground
motion estimation techniques based on fault
models have been developed and investigated.
According to the techniques, the fault plane of a
target event is divided into subfaults and the
ground motion of the target event is synthesized
by superimposing ground motions generated by
cach subfault.

The techniques can be applied to estimation of
near field ground motion, which may be beyond
the .application of the conventional attenuation
relations, because the extent and rupture process
of the source fault are taken into account, On
the other hand, the techniques require various
source parameters, such as the localion, extent,
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Fig. 3.1 Acceleration Response Spectra for
the Estimated Ground Motions at
JMA Kobe



and rupture process, most of which are difficult
to be determined accurately. Moreover, those
parameters have noticeable effects on estimated
ground motions as shown in Fig. 3.1, Fig. 3.1
compares  acceleration  response  spectra
(damping ratio h=0.05) of estimated ground
motions at JMA Kobe during the Hyogo-ken
Nanbu carthquake with = various source
parameters.  We can see that the largest
acceleration response may be more than 5 times
as large as the smallest one at certain natural
periods.

Currently, the - ground motion estimation
techniques based on fault models have been
developed and expected to be practical for
seismic design along with surveys of inland
active faults, Researches on  attenuation
relations for near field ground motion using
strong motion records due to earthquakes by
inland active faults and seismic hazard analyses
considering active faults and regional
characteristics of seismicity have also beén
carried out.

For rational seismic design against very strong
ground motions, such as those generated by the
Hyogo-ken ~ Nanbu  earthquake, - energy
absorption . capacity should be improved by
ensuring alIoWablc ‘appropriate displacement
ductility. Because structiires cannot withstand
such ground motions only by strengthening
structural members.

In order to es‘iélilatg the differences in the
inelastic béehavior of structures due to ground
motion chdr:é‘cteristi(js,f strength reduction factor
Ru can be used. Ry indicates: the possible
reduction of the strength of a’ structure when a
certain displacément ductility is allowed. Ry can

Fig. 3.2 shows Ry spectra for Kaihoku Bridge
record and JMA Kobe record. Kaihoku Bridge
record is ground motion from the Miyagi-ken
Oki Earthquake, inter-plate earthquake, and
JMA Kobe record is ground motion from the
Hyogo-ken  Nanbu  eartquake, intra-plate

~ earthquake. Both records were obtained on the

be ‘calculated for. arbitrary - natural ‘period and

therefore it makes spectrum, namely strength
reduction factor spectrum (Ry spectruim).
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stiff ground. The Fig. 3.2 shows that non-linear
response of the structure varies depending on the
ground motion characteristics.
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The effects of ground motions on - inelastic
behavior of structures-are studied using-strength
reduction factor spectra-and the ground motion
characteristics. ~ The - ground motion
characteristics affecting the inelastic response of
structures should -be considered when  design
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forces and design ground motions are discussed,

4. DEVELOPMENT OF SEISMIC DESIGN
METHODOLOGY FOR BRIDGES

4.1 Future Scopes for Development of Seismic
Design Methodology

1) Performance-based Design

The use of the performance-based design has
been recently suggested in terms of the better-
cost performance of construction, the promotion
of new technology and the activation of
international trade. To clarify the seismic
performance demand and satisfy above demands,
it is needed to describe seismic performance
criteria and limit states of civil engincering
infrastructures and establish the performance-
based approach for the seismic design. The
analytical and experimental verification systems
would be " also required to evaluate the
performance capability of the structures and to
prove an applicability of new technology.
Moreover, development of social system to
accept -the performance-based engineering
would be also required

arget Performance

/ Performance Requircmcms\
/Vcrification Method | Solutions Deemed Mablc

Fig. 4.1 Framework of Performance-based
Design

2) Displacement-based Design

Current seismic design is one of the:force-based
approaches in nature. Although the current
force-based design approach involves allowance
for inelastic damage during major earthquakes,
it does not directly address the inelastic nature
of a system during the earthquakes: Furthermore

it requires the use of the controversial reduction
factors which are based on an cnergy
conservation  assumption or  displacement
conservation assumptions. Seismic damage can
be easily described by the deformation of the
structures so that the alternative design approach
using displacement as a reliable indicator of the
structural damage.

The displacement-based design is a response
spectra based methodology to design a structure
to achieve a specified level of displacement in
incorporated with the substitute structure
approach. The substitute structure approach is a
design approach whereby an inclastic system
can be modeled using equivalent elastic
properties such as the effective stiffness K, and
the effective damping & as shown in Fig. 4.2.

K 4
o [--eeeee ,

Design Force Reduction
Based on Ductility Factor

Actual Response

Force

bkt |-~

d d d,
Deformation

Y

(a) Force-Based Design

[ Substitute Structure Approach

Actual Response

Force

kods| -5

kg =eflective mj{necsi

o

, d, ' dy=displacement demand
- Deformation
'(b) Displacement-Based Design
Fig. 4.2 Design Concepts of Force-Based and
Displacement-Based Design
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3) Capacity Design and Reliability-based
Design

The capacity design is a design methodology
with the concept that the collapse mechanisms
arc clearly identified. In other words, an
appropriate strength difference should be made
between the plastic hinges and capacity-
protected members, The concept of capacity
design is illustrated in Fig. 4.3, where a ring 1 is
strong enough to protect its capacity, while a
ring 2 has a well-ductile property. In this system,
the ring 1 cannot be subjected to its yield force
or more and the ring 2 must exhibit an inclastic
response when a large force is applicd to the
system. In order to achicve the capacity design
process, the maximum feasible flexural strength
for the plastic hinge regions should be
adequately evaluated with considering over-
strength and variation of materials using
reliability based approach.

Ring1 Ring1 Ring2 Ring 1

%
/ Ring 2

Force

Force FF

Dcformation

Flg 4.3 Concept of Capacity Design

4) Strength and Ductility

It is one of options to increase a section or steel
percent so as to increase the flexural strength of
columns. On the other hand, the significant
increase in the flexural strength causes design of
a big column and thus results in high
construction cost. Therefore, it may be
unreasonable to design the column with high
flexural strength. However, the design of well-
ductile column can reduce a seismic force but
causes a large displacement response and then
significant residual displacement may be
developed after excitation. Furthermore, P-A

cffects are not ignored if the column exhibits
such large inclastic response during the
carthquake. Accordingly, an appropriate balance
between the flexural strength and ductility
should be given to the column to satisfy the
seismic performance demand,

Strength enhancement approach

Force

Ductility enhancement approach

>

Displacement

Fig. 4.3 Seismic Design Approach

5) Directional Uncertainty

Seismic forces have been applied to structures in
both longitudinal and transverse directions
independently, according to the current design
code of highway bridges in Japan, except
complicated structures such as the long-span
bridges. In the United States, on the other hand,
the directional uncertainty has been considered
in evaluation of the seismic design forces. An

Fig. 44 Schematic Image of ~Bi-axial
Bending o :
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additional lateral force corresponding to 30% of
the design force in the orthogonal dircction is
taken into account. Since the actual seismic
force acts to the structures in two- or three-
dimensional direction, the directional
uncertainty effect on the structural response
should be investigated.

4.2 Future Research Topics on Development
of Evaluation Methodology of Structure
Limit States

Studies on Failure Mechanisms
Inelastic Response Properties

Lack of the study on the failure mechanisms for
members subjected to high axial load, variable

1) and

Photo 4.1 Shaking Table Test using Large
Scale Unit

Photo 4.2 Cychc Loadmg Test using a Real
Scale Specimen
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axial load, bi-axial bending during an’
carthquake is a constraint against developing the
seismic design based on the structure limit states.
The failure mechanism of overall structure
systems and their structural members should be
studied through loading tests and shaking table
tests with use of large-scaled units.

2) Determination of Limit States

There are several useful limit states of structural
response in the seismic design process. In terms
of the reinforced concrete members, four limit
states may be determined, that is, cracking limit
state, yicld limit state, spalling limit state and
ultimate limit state. The overall structure limit
states can also be determined as serviccability
limit state, damage-control limit state and
survival limit state. These limit states may be
defined based on the strength and ductility of the
structures. Therefore, it is required to clarify the
relation between the strength/ductility response
and damage level at the plastic hinge.

Yield Crack propagation Spalling Buckling of rebars
HH [ S gty Bl gihad s
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urigseL R - : :
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16y 28y 38y 46y 58y G686y 176y Boy
Fig. 4.6 Common Damage Progress of

Reinforce Concrete Column

3) Modeling and Analysis

Nonlinear hysteresis models, in which the
fundamental dynamic properties such as the
stiffness and the damping of structures can be
incorporated adequately, are required in the limit
state design process with convenient analytical
tools applicable to the dynamic response
analysis,

4.3 Use of Advanced Technology



By using the intetlocking steel with spiral and
advanced materials such as the high strength
concrete and the high performance steel, the
columns would exhibit more ductile behavior
than the conventional reinforced concrete
structures. Development of new carthquake
protective systems such as scismic isolation
devices is also expected, to reduce the seismic
cffects.

Photo 43 Carbon Fiber Retrofit Technology
(Sakawa Bridge)

5.SEISMIC DESIGN FOR  SOIL
STRUCTURES

(1) Improvement of the Conventional
Pseudo-static Analysis Procedure

The conventional = pseudo-static analysis
procedure which is based on the combined use
of the limit equilibrium theory and the seismic
coefficient method is considered the: out-of-date
technique. However, there . do not = exist
alternative procedures - to be used in the field
practice with satisfactory reliability. Thus, the
conventional procedure should be used until
more rational -and . practical - alternatives~ are
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developed. The use of the pseudo-static analysis
procedure, which yields only a factor of safety,
is justified only if there exists any correlation
between the safety factor and the extent of
deformation. Fig. 5.1 shows the correlation
between the peak ground acceleration and the
seismic coefficient to be used in the circular
sliding method, which-was obtained by back-
analysis of damaged/non-damaged case records.
The dotted line in the figure well separates both
cases. This may indicate a potential of the
method to predict the extent of deformation,
although further study is needed to verify the
procedure.
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Fig.5.1 Correlation between the peak ground
acceleration and the seismic
coefficient to be used in the circular
sliding method

(2) Development of the Deformation Analysis

Prediction of earthquake-induced deformation
is usually needed when the very strong
carthquake is considered in the design, as in the
case of the other  structures. ‘Several methods
which can predict deformation ~have been
proposed so far, but none of the methods has
reached in the level of -widé practical - use.
Among these, the most rational and potential




method would be the elasto-plastic finite
clement analysis method. In order to introduce
the procedure into practice, more research work
should be done to verify the capability through a
number of case studies.

Fig.5.2 shows an example result of such case
study using the elasto-plastic finite clement
method for a river bank which was damaged by
the Hyogo-ken Nanbu carthquake. The predicted
crest settlement was 2.9 m, while the measured
one was 2.7 m. Although this example shows a
very good agreement, if this type of analyses is
cstablished in the level of practical usc,
introduction of performance-based design into
soil structures would be realized.

Fig.5.2 Result of the simulation, at Yodo
river left bank, Torishima

(3) Development of the Rational Counter-
measures Against Earthquakes

A wide variety of countermeasures such as
ground improvements and soil reinforcements
have been proposed to date. But the
effectiveness of these countermeasures under
very strong earthquake has not been evaluated
quantatively, and consequently the seismic
design procedures have not yet been éstablished.
Thus, further research is needed. In' particular,
prediction procedures of permanent deformation
of soil sttuctures with any countermeasure will
play a: very important role in elaborating the
design methods, : ‘

Another aspect is that the cost of seismic
countermeasures for the existing structures is

expensive as compared with the construction

cost of the soil structure itself. The cost may be
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sometimes as much as or more than that of the
soil  structure, unlike in the case of
reinforcement of reinforced concrete or steel
structures. Thercfore to make it economical, a
method or procedure which aims at making the
damage to be within the allowable limit rather
than preventing the damage has to be developed.

(4) Development of the Simple and Practical
Soil Surveying Methods

As was mentioned before, seismic
performance of soil structures is strongly
affected by the ground conditions. Therefore,
the ground surveying and evaluation of the data
play an important role in predicting seismic
stability of soil structures. On the other hand, the
soil structures are typical as embankments are
usually large in size and in length. To grasp the
soil profile along the soil structure, a number of
sounding must be executed, resulting in very
expensive cost. The standard penetration test has
been widely used to identify the soil profile and
to assess liquefaction potential of the soils.
However, this is not cost-effective. One of the
potential sounding techniques which can
substitute the SPT and are more economical
would be the piezometric cone penetration test.
The advantage of this test is listed below as
compared with the standard penetration test.

- cost for a unit length is about one third
- continuous data can be acquired along the
vertical direction

Defects are as follows:

- as the soil sample is not retrieved, the soil
type must be estimated from the measured
value o

- it cannot be penetrated into the gravelly soil,
etc. - ...

Fig.5.3(a) shows the relationship between the



cone tip resistance and the liquefaction
resistance that was obtained by the field tests.
Result of the standard penetration test is also
presented in Fig. 5.5(b) for comparison. Judging
from these two figures, the cone penetration test
has ‘almost the same accuracy as the standard
penetration test. Reliability of the testing method
would be enhanced by further accumulating the
field data.
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6. CONCLUSIONS

(1) As a rational methodology to determine the
seismic potential of civil infrastructure, the
new concepts of the realized performance
matrix (RPM) and the IOC curve was
proposed.  Also, the example of
optimization of the earthquake resistant
investment  was  introduced.  Such
approaches from the planning point of view
will become important to thrust the
earthquake disaster prevention measures
with the consensus in the near future.

(2) The rescarches regarding the rational
methods to determine the very strong design
ground motién were introduced. The
estimation of near field ground motions
makes it feasible to take region specific
active faults into account in the process to
determine the very strong design ground
motion. The strength reduction factor
spectrum can be used to evaluate inelastic
behavior of structures for rational seismic
design against- such very. strong -ground
motion.

(3)  Future scopes for development of seismic
- design methodology were presented and the
future research needs were also discussed.
Among all the research topics stated in this
paper, development: of the performance-
based design method is one of the needed
projects to be finished within a few years in
Japan, The five-year project was already
- launched in 1998 to establish the
performance-based seismic design method
and to improve the related pérformance:
evaluation methods.

(4) ‘For most of the.soil structures:typically. as
soil embankments, seismic design had not
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been mandatory until the Hyogo-ken Nanbu
carthquake took place. But now, very strong
carthquake should be considered in the
design of very important structures. Major
researches that need to be focused on would
be development of the new design
procedure based on the allowable
deformation,  improvement  of  the
conventional pseudo-static analysis
procedure and development of cost-
effective countermeasures.
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SEISMIC INFORMATION SYSTEM FOR NATIONAL LAND MANAGEMENT

by

SUGITA Hideki"”, NOZAKI Tomofumi?

ABSTRACT

This paper introduces the basic concept of
National Land Management that is advocated by
Ministry of Construction in Japan recently, By
especially concentrating on the relation bétween
the earthquake disaster prevention and the
National Land Management concept, the
function and the promising technologies of the
seismic information system is explained. The
technologies include the advanced ones such as
the high-resolution image from the artificial
satellites and GIS. Besides those hardware/
software. technologies, the importance of the
system architecture for data sharing is

considered. Those topics for SIS are being'

organized as a manual by PWRI, whose

structure is also explained.

KEY WORDS: Seismic Information System -
[Earthquake Disaster Prevention
Information Sharing

1.INTRODUCTION

To secure the energetic activities and to achieve
the safety of the country, construction of civil
infrastructures “has been enforced in Japan.
‘However, consideting the recent circumstances

such as change of natural environment and the ~ -

experiences of severe natural disasters, only
constructing facilities is not sufficient. To cope
with those wide area problems or emergency
situations, management for national land
including observation and planning as well as
construction is necessary. This concept is
proposed as “National Land Management”

(NLM) by Ministry of Construction (MOC).

As it concerns many advanced technologics,
MOC has launched the new four-year project:
“Development of Advanced Technologies for
National Land Management” since fiscal year of
1999 as one of the Comprehensive Research
Development Projects. One of its main sub
projects is the risk management information
system by utilizing the recent advanced
technologies including the remote sensing from
the artificial satellites and GIS.

However, there is not the completely united
view or concept for NLM yet. Thus, first this
paper shows one of the understandings of NLM
from the viewpoint of earthquake disaster
prevention. Second, it concentratés on the
seistiic information system (SIS) that realizes

 NLM-based earthquake disaster prevention, and

lastly, state-of-the-art of the technologies which

can be applied for SIS.

2.NATIONAL LAND MANAGEMENT AND
EARTHQUAKE ' DISASTER PREVEN.-
TION

In this paper, NLM is defined as the combined
tasks to cope with the missions to secure and

: imprdve"thé"effiCiency and ‘the safety of the

1) Head harthquake Dlsaster Preventlon
“Technology * Division, Earthquake Dlsaster
Prevention Research Center, Public Works
Research Institute, Ministry of Constructlon,
Tsukuba, Ibaraki 305-0804, Japan

) 2) Semox‘ Research Engmeer, d:tto
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people’s life, where the various measures are
utilized as well as the construction measures.
General understanding of NLM is shown on Fig.
2.1,

MISSION
Energetic Efficient
Aclivities Investment

Fig. 2.1 General understanding of NLM

To cope with the missions, usually the four tasks
arc executed. Those tasks, observation, analyze,
planning and operation arc common to the
activities of people and organization.

Disaster prevention is one of the important
missions 'of NLM. There are two distinct
management methods for the disaster prevention
as shown on Fig. 2.2.

OIt.her Natural
Disasters

Management

Management

_W'iiid ' Non-natura! °
Disasters Disasters
"~ MISSION’

MISSION
 Fig. 2.2 Disaster prevention for NLM

One -is the risk management where the risk
means . the. expected loss or damage with
uncertainty or chance of:occurrence. Therefore,
the risk management aims to minimize the
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expected risk based on the uncertain or
probabilistic information before the disaster, The
other is the crisis management where the crisis
means the emergency situation after the
occurrence of the disaster. Therefore the crisis
management aim to localize and minimize the
negative effects of the disaster once it occurs.

The earthquake disaster prevention is particular
because of several characteristics: e.g.,
extremcely small chance of occurrence and large
amount of damage once it occurs, and demand
for especially quick response immediately after
the earthquake. In other words, the earthquake
disaster prevention can be said that it deals with
the very much specific aspect of NLM.

To cope with the difficulties of the earthquake
disaster prevention, several methods are
required to accomplish the four tasks of NLM.

- wide-area monitoring to acquire the overall
information both before and after the

- earthquake

- data collection to acquire data at limited sites
for detailed information of phenomena and
state of facilities before/ after the earthquake

- analyze to aggregate, filter and overlay the
data to extract the useful information for the
planning and the response

- decision making support to provide
information for choosing alternatives of
planning and operation through more
complicated execution than analyze

In reality, the methods above are executed by the
personnel and the information system that
organize the earthquake response system to cope
with the earthquake disaster. The seismic
information system (SIS) is expected to improve
the speed/ efficiency of the earthquake resistant
actions"?(Fig. 2.3).



Earthquake

TASKS METHODS Response
System

r?t?"'{l"’;’ﬂ?\..j Wide Area Dala

Monitoring |1 Collection
Personnel

Analyze —
_ SIS
Decision Making |-

Fig. 2.3 Earthquake disaster prevention for
NLM

The examples of the technologics regarding SIS
arc, the high resolution image data from
artificial satellites, Global Positioning System
(GPS) and Geographical Information System
(GIS). Also, hi-performance personal computers
(PCs) and network technologies are the key
technologies. The state-of-the-art of those
technologies are introduced in the sections from
3 to 6. Besides those element technologies, the
system architecture especially concerning to
data sharing is important' to SIS, and is
explained in section 7. From the viewpoint of
the extensibility and efficient information
sharing, * Public Works Reésearch Institute
(PWRI]) is ‘preparing the draft construction
manual of SIS, which is briefly introduced in
section 8.

3.MONITORING TECHNOLOGY FOR
WIDE AREA

Monitoring the state and the phenomena of the
national land is the fundamental of NLM (Fig.
3.1), and it is also useful for SISi Objectives of
the wide area monitoring (WA\'I) are listed ‘as
follows.

- risk survey @ detecting ‘active fault, assessing
landslide ~ risks, © monitoring - - crustdl
deformation, investigating risk factors such as
accumulation of population and properties
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for wide ~ area

Fig. 3.1 Technologies
monitoring and data collection

- event detection : detection of earthquake
occurrence and direct/ indirect damage caused
by earthquake

- damage state survey : surveying distribution

“of fire, facilities’ damage and other dxsasters
caused by earthquake :

They are characterized by facts that the
information comes from wide spread area and
that it must be treated in extremely short time.
Several advanced technologles can be applled
to realize the objectlves above.

(1) Artificial Satellltes

As data  from artlflcml satellltcs prov1des
mformatmn of wide area from very hlgh altitude,
it fits to the wide area monitoring- objective.
Usually the data is provided as ihe images of
surface that represents the surfacé topography or
vegetation and the underground formation and
so on. The satellite ‘remote: sensing : is
characterized by the otbif of the - platform arid
the type of the sensor (Fig. 3.2),




of satellite orbits:
stationary orbit and sub-recurrent
orbit

Fig. 3.2 Types geo-

Because the height of the geostationary orbit is
approximately 36,000 km, the resolution of the
surface image cannot be much improved. For
the monitoring satellites the sub-recurrent orbit
with smaller height on which the satellite returns
to the same position at several days interval is
usually chosen.

The another characteristic is the types of the
sensor equipped on the platform. The high-
resolution images of the multi band sensors
provide various kinds of information such as
distribution of the temperature and the lincament
as a clue to the active fault. The Synthetic
Aperture Radar (SAR) can give the surface
topography including the detailed shape of
facilities.

The satellite data can be used following
objectives. '

risk survey

‘detecting active fault by

checking the lineament, surveying landslide -

risk based on the multi band images
the facilities’ damage, liquefaction and
landslides, fire and the -secoridary induced

state such as traffic congestion.

Fig. 3.3 indicates the images of the same site

damage §tate survey : to detect and to’survey -
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Z
Fig. 3.3 Images:

% NvAFS
resolution 10m/ 1m

with different resolutions. Even the shape of
large structurc such as a bridge is hardly
recognized for the resolution of 10m. On the
other hand, from the high resolution image one
can distinguish objects and phenomena as
follows.

structural damage in horizontal structural
damage

grand failure in horizontal direction such as
ground flow and land slide

signs of possible damages or failure in vertical
direction

As the satellites with sub-recurrent orbit have
their recurrent time, it may take several hours or
days for them to take the image of the desired
point. One must take the time for the image
transaction, database control and the file transfer
into account when he/she plans to use the
satellite images to the emergency response.

(2) Sensors for Crisis Management

The rapid damage/ disaster detection is
necessary for the efficient crisis management.
Although installing sensors may cost more than
WAM, it is still useful if one must detect the
damage of the important facilities.

(a) GPS ,

Positioning a fixed point by GPS relative
positioning is comparatively accurate (several
centimeters for some products) than the point
positioning, - so. _one can  monitor the
displacement of the ground surface to detect the



GRS device

TY Camers
fiber optio cable
wu'eo coapb‘h o
interns! scnso:s—_-'
(stress/strain gauge)
Fig. 3.4 Sensors for WAM

landslides and other earth disasters. Thus, GPS
can be applied both for accurate risk monitoring
before the earthquake and for the real-time
detection of large deformation for the crisis
management.

(b) Fiber optic cable

The fiber optic cable also can be used as the
sensor to detect the unusual displacement/
deformation of the facilities. While GPS can
monitor the positions of the dispersed points, the
cable sensor can provide the location along the
cable where the deformation exists.

(c) Accelerograph ‘

(a) and (b) are the sensors to monitor the time
dependent phenomena or to detect the unusual

Fig. 3.5 Wire sensors installed at Sabo dam
to detect debris flow (Erosion and
Sediment Control Division, PWRI)

events. However, installing sensors to all the
facilities will not be ecconomically efficient.
MOC has installed the accelerograph network
with about 700 accelerographs so that the
numerical data such as maximum accelerations
are aggregated immediately after the carthquake
and that they can help counter-earthquake
response activities. The data cannot only be used
for the reference, but also be used for other
calculations such as the real-time damage
estimation.

The image of the sensors installed at the bridge
site is shown on Fig. 3.4. Such sensors are

Table 3.1 WAM technologies

geostationary | sub-recurrent fiber optic |
satellite._ | satellito OPS cable | Accierograph
risk assessment - .
active fault - - X ) X X A
crustal movement X A 0 A - X
landslide risk X A X X X
social state 0 6} X X X
crisis management :
~carthquake ocurrance X X X X 0O
facility damage X A 0 0 A

"0 : level of practical use
D ! potentially practical with' R/D
Xt not level of practical use/ no relation
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'NaturaI/. Artificial Phenomena

Sensor Sensor | seeeeeese | Sensor

Database

Fig. 3.6 WAM subsystems

already utilized for the response to other
disasters including erosion and scdiment
control®?, Fig. 3.5 shows an example of the wire
sensor installation to detect the debris flow.

The input of WAM system is various
phenomena and they are transformed to the
clectromagnetic signals by the sensors, and
stored to the database with certain format. The
data are stored to the database system to be
shared by the subsystems of SIS (Fig. 3.6). Also,
efficiency of WAM technologies to the
earthquake  risk/crisis ~ management is
summarized on Table 3.1.

4.DATA COLLECTION TECHNOLOGY

While the data are required before or
immediately - after the earthquake with WAM,
more detailed information of the facilities’
damage is quite useful to managé the efficient
counter-earthquake  response.  Also  the
information about the state of response activities
is necessary once it starts.

The data sent from investigation teams may take
various forms: e.g., text, photograph, image and
numerical data. They are categorized to two
groups: that is, the investigation information and
the support information. Here, the system to
collect these kinds of data is called the data
-collection (DAC) system.
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The investigation information includes the
damage data of facilities, and is dircctly used for
the following carthquake response such as
immediate restoration and rehabilitation. On the
other hand, the supporting information is used to
know the state of response activities, which
includes the position of investigation tcams and
helicopters.

The technologies used for the data collection
include the mobile terminal to input the text and
numeric data, digital still camera, camcorder and
the GPS device. Recent progress of the market
of mobile gears may have installation of this
type equipment easier (Fig. 4.1). As for the GPS,
because the point positioning has more than
several tenth meters, the relative positioning
technologies that need the extra communication
system will be appropriate (Fig. 4.2).

Fig. 4.1 Mobile terminal for investigation
(Chubu Construction Bureau)

krown poinl E unknewn point

M e
baseline v!c(olﬂ

unkm;m point

Fig. 4.2 GPS positioning: point positioning/
relative positioning
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Fig. 4.3 DAN subsystems

The collected data are stored to the database just
as same manner as the wide area monitoring

(Fig. 4.3).
5. ANALYSING DISASTER CONDITION

As the data collected by DAC system are of the
objects that have their own positions, attributes
and the times of incidents, they are best to be
treated on GIS system. With its ready-to-use
functions such as route searching and buffefing
functions, GIS can be a good interface not only
for the display but also for the analyzing
equipment  for ‘investigation data and the
investigation supporting.

The data that ionitored, stored and collected are
not very miuch useful until they are processed
and combined ‘together. Followings are the
several examples of such data analyze.

- to analyze the image data: for example, survey
active faults by emphasizing lincament with
image filtering .

- to clarify the seismic risk by overlaying the
hazard data and the socioeconomic data to
clarify the risk ,

- to check the emergency investigation

- activities: by overlaying the damage map and
the investigation teams’ GPS data

- to search, sort and filter the facilities with
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specific keys such as types, routes and design
conditions

Those data processing with general algorithms
are defined as the data analyze (DAN) here,
which can be realized with the stored data
monitored or collected and with the general GIS
or similar interface system. Here, such function
that just displays the aggregated data on the
CRT or other devices is included in this data
analyze function. Fig. 5.1 shows the image of
the data analyze (and display). Based on the
databases of accelerograph observation, maps,
landslide risk and facility damage, each terminal
with filtering and displaying function can
aggregate, filter, compose and display that each
user wants to know.

6. DECISION MAKING SUPPORT

(1) Decision Making for  Risk/Crisis
Management . :

To support the decision making regarding the

earthquake risk/ crisis management, more

specific functions than simple data processing

techniques’ are required”. Examples of such

function, decision making support (DMS), are

- ‘earthquake disaster loss estimation-including

Fig. 6.1 Example of socioeconomic effect loss
' estimation system (PWRI)

T RS
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Fig. 6.2 Example of retrofit prioritizing

\\\\\\\\

Fig. 6.3 Example of real-time damage
estimation (PWRI) -

direct/ indirect economic losses and other
effects? (Fig. 6.1)

- prioritization for the earthquake resistant
measures such as retrofit especially regarding
the civil infrastructure as a total system such
as network (Fig. 6.2)

- real-time damage estimation for the rough
understanding of the severe damage
possibility®? (Fig. 6.3)

- route-searching for determining detours and
emergency transport routes

- optimization of dispatching  personnel,
distributing machines and materials for the
restoration and rehabilitation

The main bodies of those technologies are the
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execution modules with input data given by the
databases. The calculated results are stored to
the databases and referred and analyzed by cach
terminal. Each subsystem uses the input data,
and stores its results to the database to be
referred by DAN subsystems,

(2) Decision Making for Contingency
Planning

Besides the application of SIS to the risk/ crisis
management, examining if the SIS and the
counter-carthquake system including it work
correctly under contingent circumstances is
important for the efficiency of SIS. First, as SIS
in reality is operated by personnel, the counter-
carthquake activity training is useful to know
potential problems. In addition, examining the
performance of the responding action by
simulating various contingent state is important
to compensate the limited chance of real training.
Such simulation function is also included in
SI1S2.

7.DATA SHARING AND EXTENSIBILITY

Even though there are many useful elemental
technologies, the efficiency of the system varies
depending on how it is organized. Followings
are possible problems.

- if each subsystem is isolated, there are
duplication of the data (data duplication
problem) -

- if SIS is developed as the single and huge
system, maintenance of the data and the
subsystems is .complex  (maintenance
problem), and it is difficult to revise the
subsystems when new technologies are
_ obtained (extensibility problem).

One of the solutions to'avoid those problems is
to- clarify the structures and the formats of the
data dealt with in SIS so that each subsystem
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Fig. 7.1 Data sharing architecture

can understand how they are treated?. Once the
data are shared in SIS, the former problems are
solved and it-acquires the important advantages.

- the system can increase its functions
satisfying the new demand.

- the system can utilize the newest technologies
at each time.

To obtain these advantages, first one must
examine the activities and clarify the
information dealt with in the system. Next, the
structure of the information needs to be

organized so that each subsystem can share the:

data (Fig: 7.1). -

Recent movements in the information
technology area coincide the concept proposed
here. One is the ‘unified modeling language’
(UML) for the object oriented analyze and
design. As it is for the programmers’, the
personnel of ‘earthquake response system do not
necessarily use it. However, ‘it suggest that
analyzing and designing the complex system
needs to clarify the information structures and
share them. The other example is ‘extensible
markup language’ (XML) which is the unified
method to share the data on the network
regardless of the kind of hardware and software.
This technology will be a candidate to develop
an extensible, data-shared SIS. '

8. MANUAL

As a guideline for the construction of efficient
SISs, PWRI is developing the ‘Construction
Manual for Seismic Information System (draft)’.
Instcad that the conventional manuals of this
kind usually focus on the elemental technologics,
this manual also emphasizes the sysiem
architecture for extensible and data-shared
system. The contents are shown below.

1. General
1.1 Objective
1.2 Structure of this Manual
1.3 Terminology
2. Fundamental Philosophy of SIS Construction
3.Requirements of SIS in Terms of Counter-
earthquake Activities
3.1 Stages of Counter-earthquake Activities
3.2 Information and Technologies for
.Counter-earthquake Activities
3.3 Information and  Technologies to
Maintain Counter-earthquake System
4. Technologies of SIS
4.1 Common Base Technologies
4.2 Detection Technologies
4.3 Communication Technologies
4.4 Technologies for Display and Analysis
4.5 Decision Making Support Technologies
5. Safety of SIS
5.1 Reliability of SIS
5.2 Security of SIS
6. Preliminary Design Example of SIS
6.1 Target Determination
6.2 Framework Design -
6.3 Design of Common Parts
6.4 Design of Individual System
6.5 Schedule to'Improve SIS

9. CONCLUSIONS

(1) In this paper, first the concept of NLM is
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reviewed, and the NLM for disaster
prevention is carefully analyzed focusing on
the tasks: i.c., obsecrvation, analyze,
planning and operation. Then, focusing on
the carthquake disaster prevention the

methods to accomplish the tasks are
examined,
SIS is defined as the information/

communication systems that applies and
supports carthquake disaster prevention
related methods,

~ wide areca monitoring

- data collection

- analyze

- decision making
Also the state-of-the-art of its technological

developments and their trends are examined.

The points of technological developments
of SIS are summarized as follows.

- Utilization of the data from satellites and
GPS positioning for the wide area
monitoring (WAM)

- Installation of fiber optic cables and GPS
devices for the data collection (DAC)

- Application of GIS for the data analyze
(DAN)

- Subsystem technologies including loss
estimation, prioritization and optimization
for the decision making support (DMS)

- Securing the data  sharing and
extensibility

After the Hyogo-ken Nanbu earthquake,
many public bodies and private sectors have
developed the seismic information system.
However, many of them are isolated in
planning and development with each other.
The SISs do not fully operate and support
the earthquake response system until they
and their subsystems are connected
efficiently with each other. ‘Thus, SISs need
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to be developed with common concept to
share the information and to operate
cooperatively.
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DEVELOPMENT OF URGENT EARTHQUAKE DAMAGE ESTIMATION
SYSTEM FOR ROAD FACILITIES

Hideki SUGITA!, Masahiro KANEKO? and Tadashi HAMADA?

ABSTRACT

Earthquake damage of highway facilitics does not only reduce their functions but affects the socioeconomic
activities in and around the damaged arca. Therefor, besides improving the seismic performance of road facilitics,
post-carthquake emergency activitics to reduce the damage cffects must be jointly promoted. Many systems have
been implemented for the emergency response activitics while they give only the earthquake ground motion data.
Such infonﬁalion is uscful to grasp the facilitics’ damage, however still they are indireet information from the
viewpoint of facilitics’ damage and their estimates are dependent on individual’s intuition. Given their direct
information, the areas and facilitics to which investigation tcams should be concentrated and the responsc

activitics can be planned more cfficiently based on the objective data.

This paper presents a system to estimate the damage on highway facilities immediately after an carthquake
(SATURN: Seismic Assessment Tool for Urgent Response and Notification). The system receives the carthquake
ground motion data from the accelerographs, and calculates the estimations of ground motion distribution and the
facility damage. The plural methods are implemented intensively for the systematic exccution in a short time
immediatcly after an carthquake, and their logic are explained here. The characteristic of the system is that it does
not only give the ground motion information such as maximum acceleration Amax and the spectrum intensity SI
but also the estimated risk of facility damage: i.e., possibilitics of ground liquefaction and possibilitics of highway
bridge damage. Although the estimates are rough duc to the limit of execution time, such spontancous overall

information is quite uscful for the personnel in charge of emergency response.

The scismographs network for emergency response activity and the prototype SATURN have been implemented

in the area including Metropolitan Tokyo, whose example of past cxecution is also introduced in this paper.

Keywords; damage estimation, ground liquefaction, highway bridge, accelerographs network, emergency activity
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DEVELOPMENT OF URGENT EARTHQUAKE DAMAGE ESTIMATION
SYSTEM FOR ROAD FACILITIES

Hideki SUGITA!, Masahiro KANEKO? and Tadashi HAMADA®

SUMMARY

Earthquake damage of road facilitics does not only reduce their functions but affects the socio-
cconomic activities in and around the damaged area. Besides improving the seismic performance
of road facilitics, thercfore, post-earthquake emergency activities to reduce the damage effects
must be jointly promoted.

This paper presents an Urgent Earthquake Damage Estimation System for Road Facilities, which
is developed- at Public’ Works Research Institute, Ministry of Construction. By providing rough
estimation on damage states and damage distributions in a short time, the system will support
decision-makers to facilitate cmergency actions 1mmcdlatcly after carthquakes,

L INTR()DUCTION ‘

Emergcncy activitics at sections lhat are in charge of road faCIlmes can be c]assnfled into four stagcs [1]

assuming magmtude of the earthquake, grasping a damage outline 'in a whole affected area, conductmg
temporary repair works to secure transportatlon functions and conducting permanent restorations. To establish a
scope of works for a series of emergency activities, it is qulte important to conduct the second stage of graspmg a
damage outline as early as possible. ’

1995 Hyogo-ken Nanbu Earthquakc was a first destructive carthquake attacked a highly'intégrat'ed urban area in
Japan [2] .Basedon that experience; following difficulties were pointed out for graspmg a damage ouitline; -

1) Much time was required for setting-up damage inspection teams,

2) Much time was required for investigations of widely spread severe damages, and

3) Adcquate amount of damage information was not assembled at the headquarter due to disruptions/ congestion
of telecommunication lines.

" :'Table 1 Grasping Damage Outline at Headquarter

v Hyogo-ken Nanbu EQ (destiuctivé) | Sanfiku Haruk-oki EQ (moderate) - }
EQ Occurrence 05:46 1/ 17/ 1995 21:19 12/ 28 /1994 g
Damage Inspection 08:001/17 —~ 08:00 1/18 | 21:50 - 23:22 12/28
"Required Time | Approx. 24 hours | Approx. 30 minutés

Table 1 shows the required time for grasping damage outline at the headquarter. The table also describes the
time required in 1994 Sanriku Haruka-oki Earthquake, in which severe damage was not developed on road
facilities. For promoting a series of emergency activitics against a destructive event, quick decision-making is
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indispensable in spite of the difficulty of assembling damage information. Applications of information systems
to support the decision-making of sectors are therefore considered to be essential,

2. URGENT DAMAGE ESTIMATION SYSTEM (SATURN)

Based on the past disaster experiences, development of information systems to support emergency activitics has
been conducted in PWRI[3] [4). The Urgent Damage Estimation System (SATURN: Seismic Assessment Tool
for Urgent Response and Notification) is developed as an essential tool for grasping damage outline
automatically immediately after an carthquake by providing rough cstimations on damage states and damage
distributions of road facilitics.

Fundamental functions of SATURN are as follows;

1) The system estimates possibilities of ground liquefaction and highway bridge damage

2) Damage estimation is carried out using the pre-stored ground/ structural condition data and carthquake
ground motion data monitored by the accelerographs network

3) Damage cstimation is completed within 15 min., by that time emergency investigation team can be sct-up

4) Estimated information is visually displayed on the CRT using digital map

Implementation of SATURN is considered to be cffective in the following aspects;

1) Severely damaged arca can be assumed in a short time. Damage inspections can be cffectively engaged by a
restricted amount of inspectors,

2) Damage outline can be understood smoothly based on damage inspections, and

3) Decision-making on the buck-up organization and stuffs/ devices management can be initiated from the carly
period of emergency responses.
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Fig.l show a configuration of the accelerographs network operated by the Ministry of Construction,
Approximately 700 strong motion accelerographs are installed along highways and rivers with an interval of 20-
40 km. Ground motion data (maximum acceleration Amax and spectrum intensity SI) are transmitted real-timely
to the headquarter and scctors in charge of emergency activities.

Photo 1 shows a prototype system installed at the regional conslruction burcau of MOC. The prototype systc.m,
which ‘does not cover whole Japan but Kanto region (Tokyo and other 8 prefectures), has been under operation
since 1997.4.

Fig.2 Shows the cstimated mformatlon by the prototype system, Rough estimation of ground liquefaction states
(at 6,028 highway sites) and bridge damage states (368 highway bridges) is available at this time. Maximum
acceleration Amax and spectrum intensity SI (designated hercinafter as ground motion characteristic values)
monitored by 100 scismographs installed at ground surface in Kanto region is adopted for the calculation.

L.S‘Me Name, Time, Obscrvc(l Dala—l—j—'b 7

Inspection Sheet
(Bridge Name, Location, Darnage) |7

© Possibilit'y of Ground Liquefaction - ' d) Possibililtynbf Highway Bridge Damage

Fig.2 Estimated Damage by Prototype System '(1998;8.29, M5.4)

3. DAMAGE ESTIMATION METHODOLOGY

3.1 Three Steps of Esﬁmation , , '

SATURN performs damage estimation by three steps as shown in Fig.3

1) Estimation of Ground Motion: Characterlstxo Values
For the judgement of ground liquefaction and bndge damage, ground ofion charactenstlc values at the very
site where the judgement is'to be’ pérformed’ ‘(designated hereinafter as a judgement site) are needed. Because
the locations of observation sites are different from judgement siles, ground motion characteristic values have
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to be estimated analytically, -

2) Estimation of Ground Liquefaction Possibility along Highways ,
Possibility of ground liquefaction is judged for cach divided highway scction. Division of highway sections is
carried out so that the ground condition is assumed to be uniform in cach section. Ground liquefaction states
is judged based on a Py value cvaluated in cach highway section. The P, value is cvaluated by ¢q.(1), where a

liquefaction resistant ratio ¥ (5] is evaluated by a ground condition and an estimated maximum acceleration

in cach highway scction.

P, = Jf " (1= F, )10 - 0.5x)dxA A A (1)

FL=R/L

where,

: Depth from the surface (m)
: Liquefaction resistant ratio

: Dynamic shear strength ratio

x
£

P, : Potential of liguefaction
R

L

: Shear stress ratio during an carthquake

3) Estimation of Bridge Damage Possibility
Possibility of Lridge damage is judged indjvidually based on the structural database. As the structural
database, bridge maintenance data accumulated at sectors are adopted in this estimation. Damage states of
whole bridge is judged by comparing damage states of major bridge components. Damage states of major
bridge components is judged by the SI value estimated at the judgement site. By using a SI value, it is
possible to consider the ¢yclic effect of ground motion. The SI value is evaluated by eq.(2), where S,; means
the i (sec) component of velocity response spectrum.

1 & .
ST =—— zsw./\ AA(Q2)
2.5 4
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and bridge damage states  are displayéd in four catcgorics, i.c.
ne”. As shown in Table 2, categorics were defined as a combination of

an assumed loss of transportation functions and a necessity of emetgency repair works.

3.3 Estimation of ground motion Characteristic Values

Fig.4 shows the estimation steps of ground motion ¢haracteristic values at judg?@:,rjii{ii(sit'cs.'Following procedure

is adopted in this system for minimizing the estimation time with enough accuracy.

[ - ’

1) Evaluating ground motion characteristic values right under each observation site by assuming a ground

response amplification ratio.
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2) Evaluating a characteristic value right under a judgement site by an interpolation.
3) Evaluating a characteristic value at a judgement site by assuming a ground response amplification ratio,

‘Table 2 Categories of Damage States

- Classification Influence to Transporlauon Required Works
“Serious” Interruption for Weeks Demolition/ Reconstruction
“Moderate” Interruption/ Restriction for Days ) Tempora_ry Repair '
“Slight” Restriction for Hours Temporary Repair
“None” No Restriction None

'~ Ground Surface

Highway

Step 1: Estimation of Amax, SI
at Engineering Bedrock

Feedback

R Step 2: Interpolation
Enginecring Bedrock
Accelerograph @ - Judgement Site

Fig.4 Estimation Steps of Ground Motion Characteristic Values

A ground response amplification ratio varies accordmg to the cyc]rc characterrsncs of ground motions and non-

lincar property of ground soil deposit. For each observatlon/ Judgement srtc, the amplification ratio @ was
calculated by “SHAKE” using a standard time hrstory record The Kaihoku Bridge record detected in 1978
Mlyagrken -oki Earthquake was adopted as a' standard tirne lnstory because it provided the most average
amplification ratio in trial cal¢ulations using five’ othér typrcal tecords observed during past earthquakes. The

non-lincar property of ground can also be considered by eq. 3).

a=axb™AAA(3) : :
_:Ground response ampllﬁcatron ratlo for ¢ach observatlon/ judgenient site

where, a
X “:Maxinium acceleration’ (spectrum mtcnsrty) at engineering bedrock
a, b :Coefficients whrch represent the non -linear property of ground soil deposit

3.4 Estimation of Ground Liquefaction States along Highways ,

Table 3 shows a PLNGround quuefactron States Matrix." Giound llquefactron states is judged with the Matrix
by P, value that is estimated for éach’ hrghway ‘sections. The Matrix was developed based on a series of
experimental studies of past carthquake disasters at PWRI. By modifying the matrix in accordance with the
future research development, accuracy: of' ground liquefaction sfate$ ‘chn be ‘easily upgraded, Here, the PL value
for the damage state “Serious” was not defined in the matrix. This is because the ground ]rquefacuon is hardly
considered to induce senous damages to road facrlllres that would mlerrupt the transportatron f0r a long lrme

perrod } o 7
"~ Table3 P,,~Gr6iin&' ‘Liéja‘efaétioﬁ States Méi“rix‘* i

Classification of . N T T
nd Vgt s | S| Modorte | g | Nowe |

PLvalu'e o NI
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3.5 Estimation of Bridge Damage States

Table 4 shows the SI Value~ Bridge Component Damage Matrix. Damage states of the major bridge
components is judged with the matrix by the SI value that is estimated for each highway section including a
bridge site. As for the damage states of major bridge components, following five failure mechanisms were
considered due to their large effects on a whole bridge system, i.c. 1) bending failure of RC column, 2) shear
faiture of RC column, 3) buckling of ST column, 4) failure of bearing and 5) movement of foundation due to the
liquefaction-induced ground flow.

Table 4 SI Value~Bridge Component Damage States Matrix (Bending Failure of RC Column)

bcsig" Code Vield Seismic Dag:z:j!alc of Component * T

Cocfficient i ielding’ r
‘ , Ultimate Ultimate Yielding Yiclding
1979 | e SI>50 S1>30 SI>10 1025l
11990 [ e SI>50 S>30 SI>10 1081
_ 0.6> k), SI>S50 | e | e 5081

1995 - ’ :

K,,20.6 S1>100 SI>50 | e 50281

‘Table 5 Bridge Component Damage States Matrix~ Bridge Damage States Matrix

Déﬁﬁgc States Damage States of Brldgg ‘
f Brid it .
of Bridge Componen Scrious Moderate Slight None
Bending Failure , Before - Before
of RC Column Ultimate - Ultimate: Yiclding Yielding
Shear Failure " Failure . Before Shear Before
" ‘of RC Column Failure Crackmg Cracking
. Buckling Buckling Before: - Slight . Before .
of ST Column & Buckling’ ‘Deformation -Deformation -
" Failure ' Failure ‘ D"'dmgg“cv:‘a' ‘| Damage Slight
of Bearing ' (tall beating) " | “(short bearing) Damage
~ Movement _ , Largc Small Slight -~ |
© of Foundation . | ‘Deformation Deformation . |  Deformation :

@ Damage state of bridge is evaluated by comparing estimated component damage.
@ ltalic case: Bridge damage is judged as “Serious”.

The matrix was defined based on both a series of experimental studies and dynamic response analyses at PWRI,

Basic concepts for the judgement of damage states are as follows;

1) Bending failure of RC column: Relationships between SI values and damage states were studied for several
column types. Relationships were determined by the dynamic responsc analyses on approximately 400
columns, Column types were classified by structural specifications such as section size and weight. Damage
states for each column type were classificd by the SI value,

2) Shear failure of RC column: By a combination of h/D value and design year, a possibility of shear failure to
be developed prior to the bending failure is estimated. h/D value is a ratio of a column height against a section
size. Damage states were classified by the SI value based on a series of experimental studies of past
carthquake disasters.

3) Buckling of ST column: A possibility of buckling is estimated by design year. Damage states were classified
experimentally by the SI value.

~ 4) Failure of bearing: A possibility of failure was classified experimentally by the SI value. Because a failure of
bearing induces a gap of foad surface, the damage states are to be judged by the bearing height,

5) Movement of foundation due to' lateral ground spread: Verifying the distance between foundation sites and
water lines, a possibility of the liquefaction-induced ground flow is estimated. Damage states were classified
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by a conibination of a distance and a ground liquefaction state.

Table:5 shows a-Bridge Component Damagc Statcs~Bridgc Damage States Matrix. The damage state of a
whole bridge system is judged by comparing the damage slates of major bridge components, i.e. the maximum
damage state among those of major bridgctcomponcnts represents the damage state of a whole bridge system.

4. CONCLUSIONS

1. The Urgent Earthquake Damage Estimation System for Road Facilities (SATURN) was introduced, By
providing rough estimation on‘ the damage states and damage distributions of road facilities immediately
after an carthquake, the system will support decision-makers to facilitate emergency works; i.c.”damage
inspections with restricted amount of inspectors, management of buck-up organization, and management of
construction stuffs/ machinery. . —

2. SATURN estimates possibilitics of ground liquefaction and highway bridge damage within 15 minutes,
Damage cstimation is carried out using prc-g{orcd‘ ground/ structural condition data and carthquake ground
motion data monitored by the accelefogtaphs network. Evaluation of damage states is made by the
maximum acceleration Amax and spectrum intensity SI as judgement indexes. :

3. Prototype system that covers Tokyo area is under operation at the regional construction bureau of MOC. For
activating this system to the disaster prevention practice, further research will be fequired on the following
subjects; o ,

1)  Verification of damage cstimation methodologics with use of the prototype system.

2)  Developments of damage estimation ‘methodologics on- the other road facilitics, such.as the slope
failure, embankment sinking and damage of underground lifelines.

3)  Clarifying the seismic information systém architecture including SATURN and other advanced
information technologies, such as the wide area monitoring technology, data collecting technology,
data analyzing technology using GIS, and decision-making support tools. '
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A METHOD TO DETERMINE SEISMIC PERFORMANCE OF HIGHWAY NETWORK
SYSTEM

Tomofumi NOZAKI', Hideki SUGITA?

ABSTRACT

Highway networks play a very important roll immediately after an carthquake as a transportation backbone.
The cfforts to improve portions of the network systems have been <<made>> through the ascismic design for
facilitics such as bridges and carth structures. However, the functionality of a nctwork must be determined as a
system which is constructed from many facilitics having cffects to the overall performance.

This paper aims to propose a method and indexes to determine the scismic performance of a highway
network for emergency disaster prevention activities immediately after an carthquake. Two indexes are
introduced: i.c., SP, scismic performance of the network system and L/, link importance of individual link / on
which the damage is supposed by planners or decision makers. Those indexes are calculated based on each link’s
assumed damage, and by referring SP, they can quantitatively grasp the overall functionality of highway nctwork
for emergency activities such as rescue and fire fighting. In addition, LI gives quantitative importance level of
cach link that is designated to have a risk. It helps them to plan the priority of the retrofit program of each facility
to reduce the risk of the link. The method here is distinct taking the effect of background traffic to the disaster
prevention activities into account. Thus the indexes do not only represent the topological performance of the
highway network but also include the effect of the traffic congestion and the detour due to the damage on the
links.

To investigate the adequacy of the proposed indexes, they are calculated for three simple model networks by
using the test application program. The model networks are sct up to have the idealized topology: i.c., web shape,
ladder shape and grid shape. By assuming the damage of the links and the traffic control pattern, SP and LIs arc
calculated, and they are concluded that they do not have conflicts with the intuitive consequence. Thus, the

method proposed here is promising for more complicated actual highway networks.

Keywords; highway network, seismic performance, traffic analysis, emergency transportation, project assessment
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A METHOD TO DETERMINE SEISMIC PERFORMANCE OF
HIGHWAY NETWORK SYSTEM

Tomofumi NOZAKI', Hideki SUGITA?
SUMMARY

Highway networks play an important roll immediately after an carthquake as transportation
backbone. To secure the earthquake standing highways, it has been intended to improve individual
facilitics in the networks through ascismic design and retrofit. However, the functionality of the
highway must be improved as a network system which is constructed from many facilitics having
effects to the overall network performance [1].

This paper aims to propose a method and indexes to evaluate the seismic performance of the
highway network for emergency disaster prevention activitics immediately after an carthquake.
The index introduced here is SP, seismic performance of the network system, which is calculated
based on supposed damage patterns of the network. By referring SP, planners can quantitatively
understand the functionality of highway network for emergency activitics such as rescue and fire
fighting. In addition, importance lével of cach link and the efficiency of ecarthquake
countermeasures including the retrofit patterns and the traffic control patterns can be evaluated
quantitatively by using SP. The method here is distinct from preceding researches as it is taking
the effect of background traffic to the disaster prevention activities into account [2]. Thus the
index do not only represent the topological performance of the highway network but also include
the effect of the traftic congestion.

To investigate the adequacy of the proposed indexes, they are calculated for a simple model
nctwork. By assuming the damage of the links and the traffic control pattern, SPs are calculated.
T hrough the test, it was concluded that they do not have conflicts with the intuitive consequence,
and it can be applied to more complicated actual networks. Also, it was clarified that they are
useful to plan the structural/ nonstructural earthquake countermeasure for the highway networks.

- 1. INTRODUCTION
To secure the functionality of highway networks, two types of countermeasures are consndered that is, the pre-
earthquake structural measures such as retrofitting and the post-carthquaké nonstructural measures such as
traffic control. Usually, those earthquake countermeasures are performed individually: e.g., the improvement of
the facilities on the portions of the network. However, planners and decision makers are required to compare,
select and combine those programs efficiently so that the highway systems provide sufficient functionality
lmmedlately after the carthquake. To do so, they must cvaluate the performance and the risk of the highway

system against the carthquake quantitatively [4).

This paper introduces the method to calculate the seismic performance index of highway network: SP. 1t is
calculated based on the topological network data, supposed link damage patterns and other data regarding the
traffic source. By referring SP, the planners and the decision makers can evaluate the seismic risk and
performance of the highway network system and cxamine the alternative counter-earthquake programs

quantitatively.

! Earthquake Disaster Prevention Research Center, Public Works Research Institute, Tsukuba, Japan,

Email: nozaki@pwri.go.jp
2 ditto., Email: Lsugita@pwri.go,jp
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To be utilized at the actual highway administrative occasions, the method consists of general techniques
including traffic assignments. The models and the proccdurc are described in the section two. The simple case
study to check the validity of the method is shown in the section three. To illustrate the utility of the method to
actual planning, quantitative comparison of structural and non-structural aseismic countermeasure by using SP
is explained in the scction four.

2. SEISMIC PERFORMANCE INDEX OF HIGHWAY NETWORK

2.1 Fundamentals:

Instcad of several preceding rescarches in which the economic loss is calculated caused by the damage on
highway network [2](3], the effcct to the emergency activities such as rescue and fire fighting immediately after
the carthquake is considered in this rescarch. The scismic performance index, SP, is determined based on the
travel time of emergency traffic from origin zones to destination zones and on the ‘unit degree of efficiency’

defined for respective emergency activity.

spt = L gor LE (T ()t

1 k SO M
Ter 107 j; Te,, ()dt

Where, SP*: network SClSI‘I'llC performance in terms of emergency objective k, Epy.r0/: total efficiency of
emergency objective &, Tgy.707': total emergency traffic volume of objective &, T f(¢): emergency traffic volume
with the travel time ¢, E"(t) unit efficiency function in terms of travel time ¢, The image is shown on Figure 1.

'Qché EHD)
= 4
&€ 1.0
w5 =
Py
Qo
85
£ 5
t Ly Travel Timet
"1 'Emergency objective satisfied
s .
™ .
E ® / Emergency objective efficiency reduce
: s A
[y i No efficiency
g X
& 3
$,+85,48=T Travel Time ¢

El ] . Em - E . IC

Eq. (1) also can be expréssed as eq. (2) for the OD (origin-destination) matrix data,
‘Z Ek (t )TE.MUr

,2 [ EMqr

Where, i, j: indicators of origin zone ({) and destination zone (j), r: indicator of route from zone i 1o j, 4,: travel
time along route r, Ty, }: emergency traffic volume (objective ) along route » from zone i to j.

Sp* @)

:2 2 Procedure. .
The procedure to obtain .SP given a network damagc pattern is. shown on Figure 2. ’I‘opnc is that the travel time

(thus SP) is effected by the background traffic condition of each link, Therefore this method is capable of taking
the traffic congestion caused by such non-emergency activities such as returning to home and evacuation.
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Bergency Traffic ‘ ~ Background Traffic

( a.l _ ) (" b1 h
| Generation I Generation/Aitraction I
3.2 b.2 4
I Distribution I Distribution I
a.3 y [ b.3 y
I Network Assignment I*——I Link lmpcdanch*——-I Network Assignment ‘

\ , /
ad v
[ OD Travel Time Matrix ] d
a.5

Here, the emergency traffic is assigned to cach link in the network by referring the link impedance: i.c., travel
time for cach link (a.3, ¢). The link impedance is set by the background traffic assignment (b.1~b.3, c), however,
the impedance is not effected by the emergency traffic condition once it is set. Thus the emergency traffic is
assigned by simple all-or-nothing method scarching the shortest paths under given link inpedance. SP* is
determined by using the travel time OD matrix of the emergency traffic and the efficiency function (d).

Procedures of step a.1 and a.2 require the demand relation matrix exemplified in Table 1. In the table, disaster
prevention bases and damaged areas between which the transportation is required are marked as ‘X’. However,
its detail varies depending on the emergency activity objective k. For the procedures regarding background
traffic estimation (b.1~b.3), any traffic analysis methods ranging from general ones to much sophisticated oncs
can be utilized. Detailed procedures for the case studies are described in the sections three and four.

.(2‘2‘ 2] g ’ d o

- — . o
al2|o 8] ¢ g
I IR IE
..... - =, 3 » 17, 3 S g &
= o | = 9 L 1)
gl ¥le|e|E gl s

= >
HRRE @ f A
Regional Hospitals X X[ X X X T X
Large Hospitals X |1 X “X X1 X
Public Health Office | ... X1 .. X1 X
Police Office . X1 . X
Fire Station X X
Evacuation 'Arca .......... X | X
Damaged Arca X

3. SIMPLE CASE STUDY

3.1 Mode! Network Settmgs. : : .
To verify the validity of the method, a case sludy was performcd for a snmple modc] network of web shape

shown as Figure 3. All the zone have equal population as the centroids. Also, each zone has certain number 6f
disaster prevenllon basés regardmg the emergency activity. The total area is’ assumed as that of average regional
core cities. For simplicity, only orie kind ‘of émergency objective, the suffers-based type such as first-aid activity
is considered. Population is distributed equally for'cach node; thus thé population’is denser’in the central aréa
than the outer area. Disaster prevention bases are distributed in two patterns: namely, concentrated pattern and
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dispersed pattern (Figure 4). The population pattern is used both for the estimation of the background traffic and
the emergency traffic, and the disaster prevention pattern is used for the emergency traffic estimation,

central area

outskirls arca g

3 concentrated

suburban arca g /2* ....... )
et )
2 '
o 1 dispersed
2 gNB/:}‘ ------- ?- ------- ’I
§ o i 1
ok : :
QC_; 8 ' 3
s o : :
2 ! :
] _@ central outskirtls  suburban

Figure 3: Simple Model Network Figure 4: Disaster Prevention Base Distribution Pattern

3.2 Background Traffic Assignment
Background traffic assignment is necessary to determine (hc impedance of cach link. In the case study, the
control total of the background traffic is determined from the total traffic generation of the certain region. They
arc distributed in terms of the ratio based on the population in cach zone(eq. (3)).

ma/ f,‘m] =(N) (N )" (d,) 3)

BKIJ ’
Z TBKI]

Where, Ty background traffic volume between zone i and j, N,;: population of zone i, d;: distance along the
shortest route between zone i and j. The background traffic volumc is assigned on the network by the heuristic
method by assuming user equilibrium. After the background traffic is assigned, the travel time of each link is
determined to be used for the emergency traffic assignment.

33 Emergency Traffic Ass:gnment
The emergency traffic generation is calculated by the umt ratjo in terins of population of each zone as ¢q. (4).

Geri = 8 em N popi 4)

thrc, GEM,: emergency traffic‘;v generation from zone i, 8ea UNIL coefficient, Npopi: population of zone . 'gﬂ, is
assumed bascd on the casualties and the population of Hyogo-ken in the Hyogo-ken Nanbu Earthquake.

Thc generalcd traffic is distributed to the lnmltcd dcslmalnon zones. In this case sludy, the traffic starting from a
zone is assumed to choose the nearest and the second ncarest zones as the destinations (Fi igure 5). Here, the two
patterns for destination choice are assumed. One is fixed pattern in which the destination choice does not changc
from the usual network state instead of the link ‘damages. The other is altered: pattern in which the destination
zone can be changed given the damagcd network condition. Those patterns correspond to the situation whether
the emergency traffic drivers arc given the network state information or not. After the destination zone of cach
origin zone is determined, the emergency traffic generation is distributed based on the number of the disaster
prevention bases at the destination zones and the distance between origin/ destination zones (eq. (S), Figure 6).

A AL

TEMU, T =G,y Tl?"”h
s Apmy, =Cemi 3 A
TEMI}, +TEM:‘], (%)

fsm;, = (N DPBj,) (du.) » fsw, =(N DI’B}',)ﬂ (dfj,‘)‘y

Tl;Mij =Gz
TEM:] + TI;MU,

Where, Nppg;: number of dnsaster preventnon base in zone j, d: distance along the shortest route between zone i
and j.-In other words, an emetgency traffic is assumed to choose one from the nearest two zones (1» /2), and the
ratio betwech the zones are estimated based on the number of the disaster prevention.
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usual state

fixed pattern altered patiern

Once the emergency traffic is distributed for cach zone pair, it is assigned on the network by all-or-nothing
method in which all the emergericy traffic is assigned on the shortest path with the fixed link impedance. Here,
the emergency traffic is assumed not to affect the: link impeédance because ‘it is less in volume than- the
background traffic.

3.4 Seismic Performance and Link Importance
In this case study, SPs are calculated and compared for the cases with differént combinations of damaged links,

destination choice patterns and disaster prevention base distribution patterns. In addition, quantitative
importance degree of links arc evaluated for several cases. The link importance (L) is defined as the difference
of SPs, one for the network with damaged links and the other for the same pattern in which one of the damaged
link is reconnected supposing it is retrofitted before the carthquake.

LI, =SP-SB o o | ©

Wherc, LI link importance of link /, SP: seismic performance of network with jnitially supposed damage, SP;:
seismic performance of network in which the state of a damaged link / is changed fo not- damagcd Therefore Ll
represents the effect of the link 7 to SP; that is link importance.

3.5 Cases and Results
Vanatlons of the study cases are shown on Table 2 and 3. For the cases regarding SP, four links are cut to

fepresent the damage, ‘and damagc pattefn, dlsas*er prevertion 'distribution” “pattérn‘and destination choice are
altered. For the damage pattern; thice typés are’ "défincd,; namely, ‘Radial Only’, *Loop Only’:and “Radial &
Loop By considering the symmctry, there are fourteen patterns of damage for Radial Only case and Loop Only
casé, and 41- patterns for ‘Radial & Loop case. Variation“of dxsaster prevéntion base distribtition” pattern is
‘Concentratéd’ and ‘Dlspersed’ ‘and destination choicé palterns are “Fixed’ and ‘Altered” as desciibed in 3.1.
For the cases regardmg LI, typical six damage patterii ate cons1dcred and each link of damaged f0ur lmks are
reconnected to express the retrofit before the earthquakc

‘ - . .  : | v Tahl d“ﬂal -
: Conccntrated o bis'ﬁé'r’séd‘ T Tolal t | | "~ |Numbér of Damaged Links':- R §
Fixed | Altered | Fixed | Altered Outer Radial] Inner Radial| Outer Loop | Innes Loo,
Radial ' Outér Radial .
Only 14 14 14 M ’6 +inner Radial} - - 2 2
Loop Quter Lgop’ ] L
Only 14 14 14 14 56 Alafich Loop , . 2 2
Radial ; Oulcr Radial |- A
& Loop 41 4) 41 41 164 |- dulcrLoob o2 N R 2
Innet Radial 2 2
| tInnecloop .., .. DR . .
Outer Radnal L 2 3
altinet Loop | _ ‘ :
7| Inner Radial . A s - 2 '
+Outer Loop

— 148 —




3.6 Results , , _
The distribution of the emergency traffic volume by their travel time is shown on Figure 7 for three cases. It can
be noted that the fravel time is comparatively low for the altered destination case and the dispersed base case.
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Figure 7: Results of Shmple Case Study

SP for all the initial simple cases are shown on Figure 8. In contrast to Figure 7, the quantitative comparison
between the cases is possible. It is natural that the seismic performance is better for the altered destination than
fixed because the emergency traffic can change the destination depending on the damaged network situation.
Also, the SP is greater for the dispersed base cases than the concentrated cases, and the results do not have
conflict with inferred consequences. ‘

As for LI, onc can investigate the importance of cach link under the given damage patterns from the Table 4. For
example, LI of the outer radial road is 11.97 with the damage on outer loop while it reduces to 6.82 with the
damage on inner- Joop. Thus; the importance of the highway portion changes depending on the damage pattern.
Also, the table depicts overall tendency that radial roads are more important than loop roads.

Table 4: Results of LI
. - Fixed Altered
Fixed- - Damage Reteofitted | C fated | Dispersed ) G Disp

Concentrated Ovuler Radial + | Outer Radial | 1 9.79 12.01 18.95 4.64

Innee Radial Innér Radial 28.717 26.32 .78 4.05

Do Quter Loop + Outer loop | ©. .0.62 ° .62 .55 0.00

Fixed Inner Loop Tnnet Loop 0.00 .00 23 .00

Dispersed Outer Radial + | Outer Radial 11.97 13.53 11,89, 16.18
Quier Loop Quter Loop 28.42 3294 172.50 139 -

Altered-.. b In{\cl Radial + | Innet VRadiaI 13.33 9.67 20.00 4.44

Con‘cenlriléd T Inder Loop Inner Loop 22,14 19.24 19.57 - 4.44

hs OQuter Radial + | Quter Radial 6.82 12.55 18.17 1.05

B E Indict Loop Inner Loop 7.64 5.54 2.88 1.09

S Altered=" InnerRadiat + | Inner Radial . 1.40 0.3% 0.97 1.05

: Digpersed Outef Loop | Oviér Loop | 14.74 869 102 105

Y e noe - . . for Radial 1201 1241 12.29 5.4

o i o AN ' ‘Average for Loop 12,26 . 11.19 7.46 3.4

0.000. - 0,200  0.400 " 0.600  0.800  1.000 oy for Outer 1206 | 1339 11.85 514

(@ Usual mRadial Cut OLlosp Cut mllixed] Categories r‘r’;r":‘“‘f' :gf: :?g‘l) ;g; 3;;

4. CASE STUDY FOR STRUCTURAL/ NON-STRUCTURAL COUNTERMEASURES
4.1 Model Network and Traffic Control Pattern

The network seismic performance index SP does not only give the performance of a given network, but also
helps planners to determine the retrofit priority through the link importance LI. This idea can be extended to the
comparison of alternatives including structural/ non-structural countermeasures. This section describes “an
example of such application of this method. The model network for this case study is slightly more complex
than that of simple case study, and has external centroids to consider the background traffic as shown in Figure
9. Three traffic control methods considered in this research is shown in Figure 10. In the ‘uncontrolled’ pattern
both' the enicrgency’ traffic and the background traffic ide the satheé lanes:'In’the “directional control’ pattern, all
the 1anés'6t ‘a’$pécified direction are dpenohly to'the emergéitey traffic while thér lanies are used by both 'kinds

of traffic: ‘Exclusive lane’ is'limited for emergency traffic 4¥ is damed. Other ‘settings siich as cover ateaarc
siilar "to the"‘simple case study: ‘The’ pdpulationis ‘distributed Uniformly to cach zone, and the disaster
prevention bases distribution is dispersed pattern. ,
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4.2 Structural/ Non-structural Countermeasures Settings .

Figure 11 shows the cxamples of structural and non-structural countermeasures. Number of damaged links is
four, and cight patterns of countermeasures including structural retrofit arc sct up. Among them, ‘Inflow
Control’ pattern is to restrict the background traffic coming into the damaged arca while those going out are

fully permitted.

Relrofit 1 Inflow Conlrol Inflow Control Inflow Control
(Radial) (Loop)

Initial

Retrofit 2 Exclusive Control Exclusive Control Exclusive Controf
(All) (Radial)  (Loop)

43 Results . R o
SP for the patterns are displayed on Figure 11. The new index TTPV is shown additionally. TTPV means the
travel time per vehicle which is calculated by eq. (7). :

TfPV:TSTT:;-'-, - . o -

Where, TSTT: total system travel time, Ty: valid background traffic volume between zone i, and j, T,,: valid
background traffic volume on route 7 between. zone i and /. Here the valid traffic exclude the jsolated traffic
demand. By referting TPV, one can quantitatively know the effect of the countermeasure to the background
traffic as well as the effect to the emergency traffic. The results of SPs and TTPV for the cases above are shown
on Figure 12. , :
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Figure 12: Results of Case Study

First, it is clear that the structural retrofit countermeasures satisfy both conditions, the improvement of SP in
terms of the ecmergency traffic and the reduction TTPV regarding the background traffic. Second, the non-
structural traffic control countermeasures usually improve SP more than the retrofit countcrmeasures. However,
they may affect the background traffic seriously as scen in exclusive lane pattern. On the other hand, some non-
structural countermeasures improve both performances for the emergency traffic and the background traffic
(directional control for radial roads).

Thus, the structural and non-structural countermeasure for the carthquake standing highway network must be
compared taking their effects and costs into account by quantitative assessment method like as the method
introduced here.

5. CONCLUSIONS

1. A method to calculate the index to assess the quantitative seismic performance of a highway network
(SP) is introduced.

2. The indexes for a simple model network with several damage patierns do not have conflict with
inferred consequences. Thus, the method is thought to be able to be applied to more complex practical
cases.

3. Scveral structural/ non-structural earthquake countermeasures are compared by using the method. The

method is capable of showing the quantitative comparison between many types of countermeasures
such as retrofit and traffic control.

4. The traffic control countermeasures immediately after the earthquake show better result than the
structural retrofit, however, trade-off between the cfficiency for the emergency traffic and the effect to
the background traffic must be considered.
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