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PREFACE

I am very delighted to host the 5th International Conference on Urban Earthquake
Engineering, inviting many distinguished guests and experts from around the world.
Every year since our Center of Excellence (COE) Program titled “Evolution of Urban
Earthquake Engineering” was adopted in 2003 by the Ministry of Education, Culture,
Sport, Science, and Technology (MEXT), Japan, we have held this conference which has
been the biggest annual event for the program. Thanks to not only wonderful
presentations and fruitful discussions but also heartwarming support and
encouragement from every participant, the conference has grown year on year; even
exceeding the limit of the current conference proceeding. To accommodate the
conference papers in one volume, we have newly introduced a condensed format of
papers for this conference.

Despite the happy growth of the conference, we have experienced unhappy
earthquake disasters even in the last 5 years during the course of this program. There
is always something new to learn from every earthquake disaster. For example, oil
tanker fires triggered by the long period ground motions during the 2003 Tokachi-oki
earthquake, the pressing need for the earthquake education and real time information
systems during the 2004 Sumatra earthquake which triggered the Indian Ocean
tsunami, and long aftermath of damage to a nuclear power plant caused by the 2007
Niigata-chuetsu-oki earthquake. Moreover, in and around Japan, big earthquakes
such as Nankai, To-nankai and Tokai earthquakes are supposedly imminent to occur. I
wonder by what means these future earthquakes can be managed.

As a matter of fact, just like the Tokyo metropolitan area, almost every Asian
metropolis displays concentration of population as well as information and facilities on
a large scale. From earthquake engineering point of view, seismic risk of the
metropolis is undeniably growing up to be a mega-risk. In my belief, we have to
expand our research to find solutions to mitigate such mega-risk as soon as possible.
In this context, although this conference is the last one to be held under the COE

Program, it should be the first step to consolidated global research.

Tatsuo Ohmachi
Leader of the COE Program, and
Director of CUEE, Tokyo Tech
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1. INTRODUCTION
This paper has three purposes:

1. To increase awareness of the existing earthquake
risk to business and industry in urban areas
exposed to strong earthquakes.

2. Toprovide guidance to corporate managements
(and to their consulting earthquake engineers) on
how to analyze and manage the risk.

3. To encourage the inclusion of business and risk
management studies in the education of all
earthquake engineering professionals.

Many of the world’s largest urban areas and their
extensive industry are located in areas of high earthquake
risk. These include San Francisco and its Silicon Valley,
Tokyo and Japan’s highly urbanized and industrialized other
cities, Jakarta, Manila, Taipei and Beijing, Teheran and
Istanbul, Athens and Naples, Mexico City, Caracas, Santiago
de Chile, Los Angeles and Seattle-Vancouver. The risk
includes direct damage to structures and plants and their
equipment systems and infrastructure, business interruption
and related financial losses — including loss of market share
and decreased capitalization. The existing vulnerabilities,
unless quantified and lowered, will lead to very large
corporate losses in future earthquakes. The combined costs
of such losses will be an order of magnitude, or more, higher
than the cost of damage to buildings and their contents.

Very few companies and other organization around the
world have analyzed adequately their earthquake risk. Even
fewer have taken steps to manage that risk. Further, with the
exception of several forward looking companies, almost all the
effort spent to date has been targeted to prevent building damage
and/or to purchase insurance. That is a thoroughly insufficient
strategy for managing the earthquake risk of business and
industry. A broader approach must be taken.

Such an approach would be structured to include:

e  Deterministic and probabilistic assessment of
existing and future risks

¢  Financial loss analyses and cost-benefit
analyses to manage the risk

e  Communicating the risk to corporate
management at the Board and the
CEO/COO/CFO levels

¢  Engineering loss control for existing and new
facilities and their related infrastructure,

¢  Risk transfer through insurance and
reinsurance, catastrophe bonds and other
financial instruments.

Engineers, worldwide, should be driving the process
of earthquake risk management — much like they drive the
process of engineering education. Instead, they have abridged
their responsibility to other professions that are not equipped
technically to handle it. That includes corporate risk managers,
who are found only in a few advanced countries, and who
typically rely on their insurance brokers. The latter almost
universally have no engineering knowledge or any interest in the
subject, aside from the commissions generated. Further,
earthquake risk management during the last decade has veered
towards reliance on catastrophe (cat) software, most often run by
insurance brokers. The software, with all of its sophistication, is
not a substitute for engineering and produces unreliable results.
Engineers must take control of the process of earthquake risk
management if any further progress in risk control is to be made.

2. LESSONS FROM THE 2007 NIIGATA
EARTHQUAKE IN RISK MANAGEMENT

The July 16, 2007 Niigata (Chuetsu Oki), Japan earthquake had
a moderate magnitude of 6.8 and caused limited but
concentrated damage in the vicinity of Kashiwazaki, just south
of the City of Niigata. A few large industrial and commercial
facilities were affected (References 1 and 2). They present ideal
case studies for earthquake risk management. The names of the
two companies that are discussed below, although well known,
are not important for the purposes of this paper. Most large



companies and organizations around the world would have done
no better.

2.1 Automotive Industry Parts Manufacturer:

Kashiwazaki houses Japan’s largest manufacturer of piston
rings and other parts used in cars, trucks, etc. The very large
facility is shown in Figure 1. The business media reported that
the plant manufactures about 40% of all piston rings for the
Japanese automobile industry. The plant is a sprawling, mostly
older manufacturing facility, with dozens of buildings and
mostly relatively low-tech manufacturing operations. For the
most part, the structures performed adequately (Figure 2) and did
not contribute significantly to the roughly 10 days of loss of
operations. That business interruption was caused almost

entirely by damage to equipment. The primary cause of damage
was the inadequate anchorage of equipment. 1,240 out of 1,840

(70%) of heavy machinery slid or toppled during the earthquake.
All of this damage could have been prevented with simple
equipment anchorages and braces through an engineering loss
control program.

The company’s management described the earthquake
motion as a series of strong lateral shocks, three or four which
knocked down or pushed sideways the equipment. As the
equipment fell, various components broke. As the equipment
slide or fell over it also damaged attached piping, ducting,
electrical conduits, etc. Equipment that was bolted down to its
foundations, such as heavy rotating machinery that must be
anchored in order to operate properly, was not damaged.

The biggest effect of the shutdown of production was that it
affected most of Japan’s auto industry. Most of Japan’s major
auto manufacturers, a;; of whom use just-in-time supply, could
not manufacture cars without parts from their main supplier.
That affected Toyota, Honda and most others. The auto
manufactures, who are not located in Kashiwazaki and were not
affected directly by the earthquake, sent quickly after the
earthquake large teams of their own engineers and machinist to
assist their supplier in Kashiwazaki with engineering and repair
and helped it restart much quicker than it would have been able
to do on its own. Nevertheless, all that resulted in the loss of
production of a reported 120, 000 vehicles. That loss, in itself, is
much greater that the direct damage to the plant.

Figure 1 View of the large auto industry parts plant (Google
Maps)

Figure 2 Some of the structures that were undamaged or
lightly damaged at the prison ring manufacturing plant in
Kashiwazaki City.

All of this happened in a moderate earthquake in one of
the world’s most sophisticated economies. What if the
earthquake, for example, had a much larger magnitude, of 7.
instead of 6.8? Building damage would have been extensive
and equipment would have been much, much worse. The
business interruption would have been several months



instead of several days. Because of the just-in-time supply
system, because of the lack of redundant suppliers, and
because of inadequate earthquake risk management at just
one company, Japan’s automobile industry would have
experienced a huge financial loss.

The same lesson applies to all industries, worldwide,
that rely on just-in-time delivery and on sole-source or
nearly sole-source suppliers located in earthquake areas. The
potential loss of unprotected equipment and the resulting
business interruption and financial losses lessons also apply
to all industries and commercial operations in earthquake
areas worldwide.

What is required for this particular case is (1) to protect
the equipment and (2) to build redundancies in the system.
It was recently announced by the company that because of
the effects of this earthquake the company has decided to
build at least two new additional plants for the production of
piston rings elsewhere in Japan and abroad.

2.2 Power Generating Plant

The Kashiwazaki-Kariwa Nuclear Power Plant is one
of the world’s largest nuclear power generation facilities. It
is located just a few miles from the earthquake’s epicenter.
It is owned and operated by the world’s third largest electric
utility company. As shown in Figure 3, the plant consists of
seven reactors lined along the coastline. The electric output
of the plant is over 8.200 MW. This amount is sufficient for
approximately 16 million households or approximately 30%
of Japanese households.

Figure 3 View of the nuclear power plant shortly after the
earthquake.

All nuclear plants in Japan are required to have
earthquake motion recording instrumentation, placed at
different locations throughout the plant. As nuclear reactors
in Japan are required to be built on rock, the instruments on
the foundation slabs of the reactors recorded ground
accelerations exceeding 0.50 g. That is the strongest ground
motion ever affecting a nuclear reactor. The accelerations
exceeded one of the design criteria for the plant by a factor
of more than two. That was also a new experience for the
nuclear power industry.

Three reactors were shut down at the time of the
earthquake for maintenance. Three other units were
operating at the time of the earthquake and were
automatically and successfully shut down once the ground
motion was detected. One unit was just starting up, after a
maintenance shutdown, and was also successfully shutdown
during the earthquake.

The plant experienced no significant damage to any
structures or equipment related to nuclear safety. Nuclear
safety-related structures and equipment are designed to very
high earthquake criteria. Other portions of the plant, which
are not important from a nuclear safety perspective, such as
suspended ceilings in a cafeteria or an electrical transformer
in the station outside on open ground, suffered moderate
damage. These were designed to normal earthquake criteria
like those for typical commercial buildings and systems.
Ground settlement outside the nuclear safety-related parts of
the plant caused damage to outside non-critical equipment,
piping, etc. All of that was relatively minor. One such
example of damage was a fire in a high-voltage transformer,
shown in Figure 4. The fire was extinguished in two hours,
but that image played on the international media for several
days, and the implication was that a nuclear power plant was
on fire (which it was not). The media had a field day with
similar photographs, without ever explaining how
unimportant for safety that fire was.

Figure 4 Transformer fire in the yard of one of the nuclear
units. The non-safety related fire was extinguished in two
hours but the image played on the international media for
several days (Yahoo News)

It appears that the power company was simply
unprepared to handle bad news regarding its major facilities.
For about three days, the company did not release reports to
the public while the international media, in particular,
sensationalized the apparent minor damage. Then it released
a flurry of reports, some of which turned out to be
conflicting.

In effect, the inadequate communication and public
relations response to the earthquake turned what was an
engineering success into a major business failure — the
largest single industrial financial loss from an earthquake
ever. After a few days of conflicting reports and bad



publicity, the government stepped in and shut down the plant,
initially for the rest of 2007, possibly for much longer. The
business interruption to the plant and the cost of the
replacement generating capacity would now amount to
several billion dollars. That number alone is much greater
than the total damage caused by the earthquake in the
stricken region of Japan. Further, the company expects a
drop in profits for this year of over 70%. Next year’s profit
and revenue are also up in the air. The stock market reacted
swiftly, compounding the already staggering loss. All this
happened in a moderate Magnitude 6.8 earthquake. What if
the earthquake had been bigger? What risk management
program should have been in place?

4. ENGINEERING EDUCATION

Earthquake engineers (and scientists) are not generally
trained to answer the last question. Those few that can address
the question have arrived on the answer through experience and
through working with corporate managements.

I believe that, in order for professional engineers to provide
the correct answer, we need first to expand engineering
education. Earthquake risk management requires technical
solutions based on effective business practices and knowledge of
financial management. It does not matter how good or cost
effective an engineering solution is if the engineer cannot
communicate both the technical results and the business solution
to corporate management in the financial terms to which they are
accustomed.

To be effective mn today’s world of earthquake risk
management engineers must be educated in the rudimentary
techniques of management and finance. The logic and the
mathematics required to do that are much simpler than those
required for a graduate course in structural dynamics or
probabilistic risk analysis. Two well thought out and organized
courses on business for practicing engineers, at the upper
undergraduate or graduate levels, should provide the needed
education. Only then should we expect engineers to drive the
solutions for earthquake risk management worldwide.

An engineering business course could include, as a case
study, one of several phased earthquake risk management
programs. A typical Three Phase Corporate Earthquake Risk
Management Program for business and industry is outlined
below.

5. THE THREE PHASE CORPORATE
EARTHQUAKE RISK MANAGEMENT
PROGRAM

The initial phase is the Risk Audit of the corporate
facilities. The risks are identified using state-of-the-art screening
methods, walk-downs, risk assessment and analysis technology,
and engineering experience. The screening and analyses are also
based on Earthquake Experience Data collected from several
hundred destructive earthquakes throughout the world.

In the second phase, the Cost-Benefit Analysis,
recommendations for strengthening important buildings and key
equipment (that controls business interruption) are developed.
Engineering and business analyses are performed to evaluate the
costs and economic benefits associated with such upgrades and
the resulting decrease in Business Interruption, Loss of Market
Share, etc.

The final phase of the Earthquake Risk Management
Program is its Implementation. That includes, but is not limited
to:

e Developing corporate standards of performance for
earthquakes. These typically should exceed the
requirements of the local building codes and should
meet the specific needs of the company.

e Designing and constructing the recommended
structural and equipment upgrades to existing facilities
to achieve the desired levels of performance.

¢  Transferring earthquake risk through various financial
vehicles such as property and casualty insurance,
reinsurance, cat bonds, etc.

e  Developing a business recovery program that includes
planning scenarios, post-event operations, business
and financial planning, public relations, etc.

6. HISTORY OF CORPORATE EARTHQUAKE
RISK MANAGEMENT

Earthquake risk management for corporations started in
earnest in the early 1980s in California with the introduction
of probable maximum loss (PML) analyses coupled with
overall corporate earthquake risk reduction programs, such
as the one discussed above.

Since that time, thousands of companies, first in the
United States (with facilities in earthquake regions such as
California) and then throughout the world, have
implemented some of the aspects of classical earthquake risk
reduction programs. Few, however, have maintained these
programs adequately over the years since their introductions.
The first programs started in Silicon Valley in the San
Francisco Area in 1981 because of the realization that
business interruption, not just damage from shaking, would
cause extended outages and loss of production. Such losses
would dwarf the losses from building damage alone.

A few European companies, particularly the larger
multinational companies, with properties in earthquake areas
in and outside of Europe also became active after the 1989
San Francisco and the 1994 Los Angeles earthquakes.
Following the early 1980’s prediction of a major earthquake
in the Shizuoka area south of Tokyo and especially after the
1995 Kobe earthquake, some Japanese companies also
started to take earthquake risk seriously. However, most
companies worldwide have done little to analyze or protect
their facilities beyond the rudimentary requirements of the
local building codes.



The analyses are conducted by earthquake and
structural engineering companies with extensive experience
with the effects of earthquakes, collected from damage
observations and coupled with engineering analyses.
Typically, corporate Risk Management, which is usually
embedded in the CFO or Treasury offices, takes the lead in
hiring the engineering companies. Sometimes the individual
plants or facilities take the initiative and hire their own
consultants. The analyses should address all possible losses
from earthquakes, including building damage, equipment
damage, inventory losses, interruptions due to damage to the
facilities of suppliers, damage from fires following the
earthquake, business interruption losses, and loss of
market-share. Business interruptions due to general
infrastructure damage, such as loss of electric power, water
and gas are also analyzed in order to determine their impact
on business interruption.

The nature of the analyses took a turn for the worse
around 2000 with the widespread introduction of cat analysis
software. The software was initially developed for the use of
insurance and reinsurance companies who needed a tool for
their own risk assessment. Their risk typically consists of
hundreds or thousands of large individual risks with a wide
geographic distribution; not just a typical single industrial
portfolio of a few important facilities. The software and their
analysis engines use very sophisticated probabilistic
analyses based on the law of large numbers and generalized
property damage data from catastrophes in the form of
“damage or fragility” functions. The insurance industry, led
by the larger broking companies, began to use the software
to analyze individual risks; the work is now usually done by
staff who are not earthquake engineers and have no
significant field engineering experience. The software is
not at all adequate for the analyses of individual facilities
without detailed input from the field, even when used by
engineers. Using engineers is a common practice in Japan,
for example, but that too is not enough without field
inspections. The software can and should only be used for
probabilistic analyses to determine annualized loss costs, for
example, for individual facilities such as a car manufacturing
plant after detailed PML numbers are generated through
field inspections. I have reviewed many computer based
analyses and their reports for individual facilities or
buildings over the last several years. Some were written by
engineers; most were not worth the paper they were written
upon. My conclusion is simple — if an engineer uses
software, he or she should only use it in conjunction with
detailed field inspections by competent and experienced
earthquake engineers.

7. A CASE STUDY OF INDUSTRY EARTHQUAKE
PREPAREDNESS IN A LARGE URBAN AREA:
ISTANBUL, TURKEY

Istanbul has an enormous variety of commercial
buildings and industrial facilities with different sizes, shapes,
and structural systems built with highly variable construction
practices over varied terrain. As of today, Istanbul houses
almost one sixth of the total population and more than half
of the industrial capacity of Turkey. The metropolitan area
presents a typical example from around the world of
earthquake risk to industry outside a few more advanced
areas like California, Japan, New Zealand and Chile.

My first opportunity to view directly the effects of an
earthquake in Turkey dates back to the 1975 Lice earthquake
near Diarbakir in Eastern Turkey, which destroyed Lice and
several nearby villages, with a heavy loss of life. I have led
the investigations of several earthquakes in Turkey since
1975 and also had the opportunity to visit many industrial
facilities in the strongly affected area of the 1999
earthquakes near Istanbul as part of the Earthquake
Engineering Research Institute’s investigating team.
Following the earthquake, we worked on several of the
damaged industrial facilities in the Izmit area. In 2002 the
World Bank asked me to conduct an earthquake assessment
of the Istanbul Metropolitan Region in preparation for the
Bank’s Istanbul Seismic Mitigation and Preparedness
(ISMEP) Project (Reference 4). I have worked with the
World Bank and others in Turkey since then, and continue to
work there and in several neighboring countries that have
high earthquake risks (References 5 and 6).

Since the 1999 earthquake, we visited, conducted risk
reviews and assessments, and completed earthquake retrofit
designs for over 60 companies and organizations and their
facilities in the Istanbul region (Reference 3). That includes
the following types of facilities and their associated
structures, equipment, and infrastructure:

Pharmaceutical Plants

Automobile Manufacturing and Assembly Plants

Steel Plants

Beverage, Food, and Food Processing Plants

Chain Stores and Hypermarkets

Chemical Plants

Paint Manufacturing Plants

Oil and Gas Facilities, including Storage and

Distribution

9.  Ceramics Manufacturing Plants

10. Warehouses and other Storage Facilities

11. Residential Developments

12. Other Heavy and Light Industry Facilities and
Plants

13. Commercial and Government Buildings (Industrial
to High-rise)

14. Power Plants, Substations, etc.

15. Telecommunications Facilities

16. Large Bridges, Viaducts, Freeway Overpasses

17. Airports and Associated Structures
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18. Ports

19. Fire Stations

20. Police Stations

21. Emergency Centers

22. Schools and Universities

23. Hospitals

24. Historical Buildings and Museums

For the above facilities we typically considered some or all
of the following earthquake effects:

Building Damage

Equipment Damage

Inventory Damage

Fire Following the Earthquake
Business Interruption

Loss of Market Share
Infrastructure Damage

Damage to Clients and Suppliers

P NNk W

In almost all of these facilities we observed obvious
structural vulnerabilities that could lead to partial or total
collapses of buildings. In most cases facility management
was unaware of the risks; actually management typically
believes that the buildings were highly earthquake resistant
(often because they were not damaged by the distant 1999
earthquake, as discussed further below).

In all facilities we also observed inadequately braced or
totally unprotected (for earthquake) equipment, architectural
features, and other components that will be damaged during
a major earthquake and will cause prolonged business
interruptions.

Since building codes contain few explicit provisions for
the protection of equipment, proper earthquake resistant
anchorages are usually ignored in Turkey during design and
installation. Without proper anchorage and/or bracing,
equipment can easily be damaged in even a moderate
earthquake. However, if properly secured to prevent sliding
and overturning, most equipment can withstand very strong
ground shaking without any damage. In addition, damage to
equipment during an earthquake often occurs due to the
interaction of various nonstructural items within a facility.
For example, a relatively unimportant storage rack that is not
anchored could fall and damage an adjacent vital piece of
manufacturing/process equipment. Most of this risk and the
resultant damage can be easily mitigated if only
management and their engineers will recognize the problem

Losses from fire following earthquake can equal or
exceed those resulting from shaking at many of the reviewed
facilities. For certain industrial facilities, this was observed
to be a very serious problem. Sprinklers or piping is easily
damaged if improperly braced, and most of it is not, even in
new installations. Sprinkler leakage has also caused
extensive damage to contents in buildings that had no
structural damage in past earthquakes. Most of the risk and
the resultant damage can be mitigated easily.

One of the problems that we encountered frequently
was the interpretation of the lack of damage from the 1999
earthquakes in Istanbul. That lack of damage misled industry
into thinking that the risk is not high. Following the 1999
earthquakes, many companies hired consulting engineers
and university staff to survey their facilities. Most of the
facilities that were evaluated were outside of the strongly
shaken area and suffered minor or no damage. Management
personnel that we met with often do not understand that the
1999 quake was almost 100 km. away from Central Istanbul;
it was not in Istanbul. The damage reports usually stated that
the facilities were not damaged significantly and could
continue to operate without any immediate danger. Facility
management typically interpreted and continues to interpret
these post-earthquake assessment reports to be saying that
the future earthquake risk to their facilities is low. In effect,
the damage (or lack of damage) reports were misinterpreted
to be risk analyses, which they were not. They also typically
attributed the lack of damage in 1999 to adequate
construction and earthquake preparedness, which usually
was not the case. Further, most believe that their facilities
will survive a future and even larger earthquake with little or
no damage.

Another frequently observed problem was the poor
quality of typical repairs and retrofits following the 1999
earthquakes. Numerous industrial and commercial buildings
that were damaged in the 1999 earthquakes were repaired
shortly after the earthquakes. Most of the observed repairs
and “strengthening” features are simply repairs to bring
buildings and systems to pre-earthquake conditions. We
observed very few genuine strengthening features that
actually reduced the risk.

Over the last seven years we have met with many
dozens of senior executives of Turkish and multi-national
companies in the Istanbul area. To date, we have found
only two Risk Managers of Turkish companies, including
the Turkish subsidiaries of multi-national companies and
their joint-venture companies. Turkish companies and
organizations have no in-house risk management
organizations. Typically, the risk management function is
handled by default by a financial officer of the company
who has no risk management experience (other than,
perhaps, buying insurance). Typically, we found that the
companies do not even understand their earthquake
insurance coverage.

Our overall observations of the risk to industrial
facilities and many commercial buildings in Istanbul can be
summarized rather simply:

¢  Typically, plants and facilities have high existing
risks. This is the case with both older and
newer plants and facilities.

e Most companies and organizations, including
some of the largest multinational companies
operating in Turkey, have done nothing to
understand and to manage the risk from



earthquakes
insurance).

(other than some

buying

A small number of companies in Istanbul have now
completed some rudimentary equipment bracing programs;
fewer have addressed their building problems. Several
multinational companies, with operations in Turkey, lead
that effort. On the public side, the Municipality of Istanbul,
through the ISMEP Project with funding from the World
Bank is currently strengthening over 400 school and hospital
buildings and assessing many of the cultural heritage
buildings in the city.

8. MULTINATIONAL COMPANIES AND DESIGN
AND CONSTRUCTION STANDARDS

Much of the industry in earthquake areas around the
world is owned and operated by multinational companies.
These organizations face unique problems in managing their
risk. Some are the only organizations in many countries
that have addressed their earthquake risk. Japanese auto
manufacturers in Turkey, for example, had the best
performance, generally, during the 1999 Izmit earthquake.

Multinationals  typically employ one of two
management systems for their facilities around the world.
Some have a concentrated risk management system, where
the risk management group is responsible for addressing and
managing risk at all facilities around the world. Under this
system, the risk manager often is capable of initiating risk
studies anywhere with a budget directly from headquarters.
This is the system found most often in U.S. based
multinationals. Other multinationals have decentralized risk
management operations; the risk management office is
located at their headquarters and is responsible for
purchasing insurance worldwide, but any risk studies must
be paid for and initiated by the local profit centers or plants.
This is the system often used by multinationals based in
Europe. Many multinationals operate throughout the world
through jomt ventures with local companies — that is most
often the case in Turkey, for example. In those cases it is
often very difficult to find out who is in charge of risk
management.

Multinationals with concentrated risk management
seem to have the most success so far in accomplishing some
earthquake risk control at their facilities outside the home
country. The least effective multinationals, as regards loss
control, are those that typically operate joint ventures with
local companies.

Even some of the world’s best know companies have
often done little to moderate or even study their risks in
earthquake prone countries around the world. For example,
that is the case with many of California’s Silicon Valley
companies that have facilities in Japan. Typically, the newer
buildings meet the requirements of the strict building codes

while the vital production equipment remains virtually
unprotected because there are no code requirements for
earthquakes. That has, and will continue to lead to costly
business interruptions, as happened during the 2007 Niigata
earthquake. I reviewed recently a multi-billion dollar new
high-tech manufacturing facility outside Tokyo, owned by a
California based company. The buildings had very low
PMLs but the critical production equipment was mostly
unanchored. The expected business interruption was more
than 6 months — with effectively no expected building
damage. A loss control program can reduce that interruption
to a few days.

One of the major problems that multinationals (and the
local companies) have to overcome is over-reliance on local
codes and construction practices. Most code requirements
around the world are based on the requirements of Japanese
and Californian codes, particularly for buildings. Typically,
they lag the newer Californian and Japanese requirements by
several years; they usually tend to get updated only after
major earthquakes point out local weaknesses. Thus, the
codes are generally out of date. Further, they are typically
much weaker in their requirements for the protection of
architectural items and equipment. Typically they have no
requirements for production equipment.

Design and construction practices and standards around
the world’s earthquake prone areas also vary widely. New
Zealand and Chile, for example, have very high standards
when compared to most other countries. Surprisingly,
countries like Greece, Italy and Israel have far weaker
standards. Asia’s fast growing economies, including China,
India, Taiwan, and Indonesia are rapidly building plants,
structures and infrastructure in their far-flung earthquake
regions that will require massive strengthening programs in
the future. It is much more cost effective to provide the
necessary earthquake resistance up-front and before the next
earthquake.

9. RECOMMENDED RISK MANAGEMENT
PROGRAM FOR INDUSTRY - BASED ON
CALIFORNIA’S EXPERIENCE AND A SIMPLE
BUSINESS APPROACH

Managing earthquake risk is an essential part of any
business process in California and in several other
earthquake prone regions. Earthquake risk management is a
major concern for businesses operating in earthquake areas
throughout the world; many have taken the typical business
approach summarized below.

Californian  companies started managing their
earthquake risks in the 1980s. The work accelerated
following the 1989 San Francisco and 1994 Los Angeles
earthquakes, when it became obvious that businesses that
had initiated programs to manage their earthquake risk
suffered much less damage and business interruption than
businesses that had done nothing more than buy earthquake



insurance.

For an industrial facility there are several options for
managing earthquake risk. These include:

1. Do nothing and accept the risk. This is usually
the current situation in most countries.

2. Manage some of the risk exclusively through
earthquake insurance coverage for potential
damage and business interruption. Many
companies have taken this route. This was also the
situation in California before 1980 and Japan
before 1995.

3. Assess the risk and reduce it to an acceptable
level.  This includes engineering analyses of the
assets of the company and the strengthening of
selected structures and equipment within its
facilities to reduce the risk to an acceptable and
predetermined level. Depending on the level of
strengthening implemented, it is also appropriate to
carry adequate earthquake insurance. This is the
business approach now favored by industry in
California and elsewhere and recommended for
companies worldwide.

Finally, any company that operates manufacturing
facilities and/or owns or leases commercial buildings should
develop its own earthquake risk management standards that
meet its specific needs and apply them rigorously around the
world.
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Abstract: A wireless sensor network was designed, developed, and deployed for structural health monitoring with the
goal of providing scalability of the network in terms of the number of sensor nodes. A standard microprocessor and
operating system is extended for high-frequency sampling, reliable command dissemination, and data pipelining over a
large number of hops (more than 40). The pipelining provided a communication bandwidth of 550 bytes/sec
independent of the number of nodes and hops. Utilizing the ambient vibration data collected in the network, the
vibration modes of the main span of the Golden Gate Bridge were identified with a high degree of confidence, including
higher vibration modes. To achieve high spatial density, necessary for local damage detection over the life of a structure,
the sensor networks need to be highly scalable to hundreds or even thousands of sensors. This will require an integrated
approach to hardware for heterogeneous sensor networks, system software architecture based on a parallel computing

abstraction or distributed database abstraction, and scalable structural health monitoring algorithms.

1. INTRODUCTION

Sensor networks have tremendous promise for
monitoring the performance of structural systems and other
critical components of the infrastructure. The information
from a structural monitoring system can improve safety,
reliability, and decrease long-term maintenance costs.
Monitoring systems allow “virtual inspection” of a structure
after an earthquake or other extreme event, which can bring
the structure back into service sooner than traditional
inspection and tagging procedures. Considering an entire
urban region, there are many advantages of major structures
providing diagnostic and prognostic information for
prioritizing emergency response and resource allocation.
Recovery will be more rapid with improved information
about actual condition.

The advances in sensor networks for structural health
monitoring and assessment have been driven by the rapid
improvements in  sensor  technology, such as
micro-electro-mechanical-system sensors (MEMS), fiber
optic sensors, piezoelectric materials and other smart
materials, and even video and laser imaging (Spencer, et al.
2004; Glaser et al., 2007). The most active area of research
and development for structural health monitoring has been in
the use of wireless communication with MEMS sensors, and
recent developments and testbeds have provided valuable
information (Mastroleon et al. 2004; Chung et al. 2005;
Lynch and Loh, 2006; Ou et al. 2005).

The potential of wireless sensor networks is that they
can provide fine-grained sensing with high spatial density in

a structure. This is essential for identifying local processes
of damage at any point in the structure, over its entire
lifecycle. The use of high production volume, low cost
sensors with minimal installation and maintenance can
eventually allow hundreds to thousands of sensors to be
deployed in a major structure. This is important for
structural health monitoring applications because damage is
a local phenomenon and in most structures it is not possible
to a priori locate sensors in areas that may experience
damage over the service life. To address the question of
high spatial sampling density, the objective of this paper is to
describe a scalable sensor network for structural monitoring,
discuss development of scalable hardware, communication,
operating system software, and applications, and outline
future research to improve scalability for structural health
monitoring sensor networks.

Scalability is a concept in communications and
computation that means a measure of cost, complexity, and
network performance of a system does not increase more
than linearly as a function of the number of nodes or
processors.  For example, in the case of a cellular telephone
network, the addition of one cell phone in the network
generally has zero or little cost beyond the handset.
Traditionally, wired sensors for structural systems are not
considered scalable since the transducers are not only
expensive, but also the wiring and recording (logging) costs
generally increase substantially as more cables need to be
installed, connected, and tested.

Scalability has another meaning in terms of parallel
computing, which considers computational performance as a



function  of
communication.

processor speed and inter-process

A broad view of scalability for structural
health monitoring is based not only on network
communication but also parallel computation. A unified
view of a sensor network in terms of parallel processing of
algorithms and as a distributed database of information
related to structural health points towards future directions in
research and development of wireless scalable networks.

2. EXAMPLE OF HIGH-SPATIAL SAMPLING
DENSITY FOR STRUCTURAL MONITORING

2.1 Overview

To demonstrate the utility of high-spatial sampling
density, recent results from measuring ambient vibration of
the Golden Gate Bridge in San Francisco, California, U.S.A.,
are presented. The current seismic monitoring system for
the bridge has more than 70 accelerometers (Stahl et al.
2007), but the 1280 m main span only has instruments at the
mid-span and one quarter-span location. More than twenty
years ago, Abdel-Ghaffar and Scanlan (1985) measured
ambient vibrations using portable accelerometers and
seismometers and identified vibration modes of the main
span and other portions of the bridge.

Recently, a research team from the University of
California, Berkeley, conducted a three-month deployment
of an innovative sensor network using wireless
communication. The sensor nodes and network were
developed for measuring ambient accelerations in the main
span and the south tower (Pakzad et al. 2008). Before
discussing the hardware, software, and communication, and
how they were designed for scalability, it is worthwhile to
examine the vibration data for the main span and the
importance of high-density spatial sampling. Fifty-three
(53) sensor nodes were installed along the entire length of
west side of the main span, and three (3) additional ones
were on the east side. Each sensor node had two
accelerometers in each transverse and vertical direction.
The west-side nodes were mostly spaced at 30.5 m,
depending on reception and interference of the low-power
radios on the nodes. The east-side sensor nodes were
placed at mid-span and the two quarter-span locations.

2.2 Ambient Vibration Data

Figure 1 shows typical ambient acceleration data in the
vertical direction from the sensor node at mid-span. The
sampling rate was 50 Hz and the run (172 in this case)
collected data for 1600 sec. The amplitude of ambient
acceleration is typically the order of 10 milli-g, but spikes of
up to 20 milli-g are observed, presumably because of vehicle
passage.

Figure 1 also shows the power spectral density (PSD)
of the signal for this one run. The plot clearly has peaks
that indicate amplification at the vibration frequencies for
the vertical and torsional modes of the main-span.
Examination of the entire data set shows consistent results in
terms of peaks in the PSD for individual runs and among the

runs. The PSD of the ambient acceleration signals also
confirm that the low-frequency noise level is small
compared with the peaks, which was one of the design goals
for the low-cost sensor node hardware.

2.3 Vibration Mode Identification

Using the acceleration data from a single run, a
multi-variate ARMA method. is used to identify the vibration
frequencies, damping ratios, and mode shapes (Pakzad et al.
2008). The ambient vibration data is low-passed filtered
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Figure 1 Time History and Power Spectrum Density for

Vertical Accelerometer at West-Side Midspan (Run 172)

because the important vibration modes of the main-span
have frequencies less than 5 Hz, far below the Nyquist
frequency of 25 Hz. Modal phase collinearity (Pappa et al.
1993) was used to verify the spatial coherency of the
identified vibration modes; most modes have a MPC value
of at least 0.95.

An example of the results of the identification process
using the ambient acceleration data from 49 sensors for one
run is illustrated in Figure 2.  Vertical vibration modes up
to mode 23 were identified from the data, and the figure
plots the main span mode shapes for mode 1 (£=0.11 Hz,
E=14%), mode 11 (f=0.89 Hz, £=0.6%), and mode 23
(f=2.72 Hz, &=0.6%). It is important to note that even with
relatively low-cost sensors, the high-density of spatial
sampling allows identification of the higher vibration modes.

Further analysis shows that the data give the same
identified vibration modes when different sets among the 56
sensors are used, thus demonstrating that the identification
results are repeatable (Pakzad et al. 2008). Furthermore,
the large number of samples provides statistical measures of
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the confidence of identified modes (Pakzad and Fenves,
2008). High-density spatial sampling is necessary for
detecting changes in a structure caused by localized damage,
and large number of samples improves the confidence in
estimates of structural performance and ability to detect
changes.

Vertical Mode 1

South Tower  1/4 Span 1/2 Span 3/4 Span  North Tower

Vertical Mode 11
T=1128ec f=0.89Hz ¢=06%

Span 1/2 Span 3/4 Span  North Tower

South Tower 174

Vertical Mode 23 ' 3
T=037Sec =272 ‘Hz £=0.6%

South Tower  1/4 Span 1/2 Span 3/4 Span

North Tower

Figure 2 Identified Vibration Mode Shapes for Three
Vertical Modes: 1, 11, and 23 (Run 172)

3. SYSTEM DESIGN FOR SCALABLE WIRELESS
SENSOR NETWORK

3.1 System Requirements

A basic requirement for a scalable sensor network is
that the nodes be fairly low cost using commercial
off-the-shelf components and wireless communication.

High data quality could have been provided with relatively

expensive sensors and high-performance microprocessors.

For scalability, low-cost components were selected, but they

need to be significantly adapted through hardware and

software to provide the data quality for modal identification

(as illustrated in section 2). The nodes needed a battery

power source since on-site power was not available at the

bridge. Similarly, wireless communication was necessary
because it would not have been possible to wire sensors
along the length of the Golden Gate Bridge.

The following requirements were established for the
wireless sensor network:

* Measure acceleration in the ambient range (order of 100
micro-g to 100 milli-g) and in the event of a strong
earthquake (order of 1 g).

* High sampling rate (up to 200 Hz)

* Lossless communication of data in a large multi-hop

wireless network.

These requirements imposed substantial challenges but
were necessary for scalability and the structural health
monitoring applications. The following subsections
summarize how the design requirements were met using
creative hardware, software, and communications solutions.

3.2 Sensor Node Hardware

The hardware design is shown schematically in Figure
3. The broad range of acceleration was not possible with a
single MEMS accelerometer of reasonable cost, so two sets
of accelerometers were selected for each direction. The
high-level motion sensor is Analog Device’s ADXL202
with a sensitivity of 1 milli-g at 25 Hz. For low-level
motion Silicon Design’s 1221L has high sensitivity with a
hardware noise ceiling of 10 micro-g. Each MEMS sensor
channel provides analog output, which is fed to a single-pole
low-pass filter for anti-aliasing with a cutoff frequency of 25
Hz, and a 16-bit analog-to-digital converter (ADC). The
analog output is sampled at 1 kHz and downsampled by
averaging to reduce the noise even further.

The MicaZ mote from Crossbow is used as the
microprocssor for controlling the MEMS sensors, local
processing, data storage, and radio communication. Each
mote has 512 kB flash memory, which can store up to
250,000 samples. The MicaZ radio uses the 2.4 GHz band
with a bi-directional antenna. Power for the node is from
four 6 V lantern batteries wired for 12 V and 15 A-h. The
sensor node hardware is shown in Figure 4.

Sensor Board

Blisas Mote

Figure 4 Sensor Node Hardware. Enclosure box and

batteries not shown.
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3.3 System Software

The system software is based on the TinyOS operating
system (Hill et al. 2000), but with major extensions to
address the requirements for a scalable network for structural
health monitoring. Extensions of the system software were
required for high-frequency sampling, multi-hop
communication, reliable data  transmission, and
communication pipelining.

High-frequency sampling, up to 1 kHz for reducing
noise and identifying dynamic response is necessary for
structural health monitoring.  Most wireless sensor

applications, however, have used much lower sampling rates.

High-frequency sampling introduces significant problems in
timing of each node and synchronizing a large number of
nodes in the network. A TinyOS component, Flooding
Time-Synchronization Protocol (FTSP) provides time
synchronization over the network (Maroti et al. 2004).
Testing and analysis show that FTSP with the TinyOS timer
gives a synchronization error of 10 micro-sec for a sampling
rate of up to 6.67 kHz (Kim et al. 2007). Assuming an
acceleration signal at 25 Hz with amplitude of 10 milli-g, the
noise from timing error is 16 micro-g, which is less than the
sensitivity of the MEMS accelerometers. This is excellent
timing performance using the single clock on the MicaZ
mote for all functions, including sampling the analog-digital
converters, writing and erasing memory, and communication
via the radio.

Multi-hop communication is essential since the
physical size of structures is much larger than the radio
range of motes. TinyOS provides the routing services
necessary for multi-hop communication of data packets
(Woo and Culler, 2003). To meet the system requirements,
two significant extensions of the communication system
were necessary for scalability. The standard TinyOS
protocol does not guarantee delivery of a data packet, which
could be lost because of radio interference or packet
collision. The challenge is to provide reliable data transfer
with minimal computation, memory, and power. A new
protocol named Straw (Scalable Thin and Rapid Amassment
Without loss) has been developed, tested, and deployed for
multi-hop networks to provide this service (Kim et al. 2007).
It is a selective-NACK (Negative ACKnowledgement)
collection protocol, where the data transfer is initiated by the
receiving node. The sender node transmits data packets
upon request, then the receiver identifies and returns a list of
missing packets back to the sender. The lost packets are
resent until all packets are acknowledged.

Finally, once the routing of data packets in the network
is established through routing tables, it is essential to
maximize the bandwidth of the network. This is done by
data pipelining in which a packet of data is sent by one node;
after the packet has been transferred through at least five
other nodes, a request initiates send of another packet.
Testing has shown that a delay of five nodes provides a good
balance between maximizing the capacity of the pipeline
and minimizing the effects of radio interferences.

3.4 Network Performance

The routing and pipelining significantly increase the
effective bandwidth of a large network regardless of the
number of hops. On the Golden Gate Bridge deployment,
the empirical data shows that the one-hop bandwidth is 1200
bytes/sec. Each additional hop reduces the bandwidth
because a node has to receive the data, buffer it, and
retransmit it (in addition to sending its own data). With the
data pipelining the average bandwidth for the entire network
is 550 bytes/sec and it remains nearly independent of the
number of nodes. This is important because it indicates
that the network would have reliable communication for
even hundreds of nodes. The packet loss rate is 2.5%,
which is acceptable for the low-power radios and noisy
electromagnetic environment of the steel bridge.

4. EVALUATION AND FUTURE NEEDS FOR
WIRELESS SENSOR NETWORKS

The wireless sensor network designed, deployed, and tested
on the Golden Gate Bridge addressed several of the key
issues in scalability of wireless networks for large number of
sensors. The major contribution of the work is to develop
high-frequency sampling, reliable command dissemination
and data collection, and scalable communication bandwidth
all within a multi-hop wireless network. The bandwidth
achieved over more than forty hops on the linear network
topology exceeds those of recent testbeds and
demonstrations of wireless sensor technology for structural
health monitoring. Ambient vibration data were
transmitted from all sensor nodes to the base station and
standard system identification methods used to identify
vibration modes. The high spatial density of the nodes
allowed the identification of higher vibration modes with
statistical confidence, demonstrating the important role of
spatial sampling.

The findings help identify several major issues for
improving scalability of sensor networks. = Wireless
communication is necessary for scalability because of the
difficulty and expense of cabling hundreds to thousands of
sensor nodes. Additionally, a wireless infrastructure for a
structure (or collection of structures) would leverage several
applications in addition to structural monitoring, such as
energy demand management, security, and occupant support
(for buildings), or traffic management (for bridges).

Increasing the scalability of wireless sensor networks
has to be addressed in terms of hardware, system software,
and structural health monitoring applications.

4.1 Sensor Node Hardware

Sensor transducer research and development has made
rapid progress in recent years, producing a wide range of
low-power devices for measuring physical quantities, such
as acceleration and strain, physio-chemical quantities, such
as corrosion, or changes in condition such as cracking
through MEMS devices, fiber optics, and smart materials.
In the long run, structural health monitoring will employ
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heterogeneous sensor nodes to detect a wide range of
operational or exceptional conditions. Communication and
system software, and applications need to operate in such a
heterogeneous environment, and have the ability to adapt to
technology and applications over the lifecycle of a structure.

Power management is a key factor in highly scalable
sensor networks since it would be an unrealistic expense and
operational burden to provide power or to change batteries in
sensor nodes, many of which may not be easily accessible
after installation. Power harvesting from ambient
environment, through photovoltaic, wind, thermal gradients,
or other approaches require research and development.

Linking the issue of power with sensor network system
design is the processing power, memory, and other
computing resources of the microprocessor. In the Golden
Gate Bridge sensor network, a standard microprocessor
(Crossbow MicaZ) was used to simplify the node and limit
power requirements. Much more capable processors are
available (e.g. linux-on-a-chip, such as Intel Stargate) at the
expense of larger power requirements. It is an open
question about what is the optimal allocation of processing
power to the network compared with a base station server
for each structural health monitoring application.

4.2 System Software Architecture

Most structural health monitoring applications using
wireless sensor networks are based on a server architecture
in which all nodes transmit signals to the base station server,
in a manner similar to traditional wired networks using data
loggers. This was done for the application described in
section 2 and 3, although advances were made in terms of
reliable communication and re-use of bandwidth.
Ultimately, the server model of a sensor network is not
expandable because of the data volumes increase beyond
what can be communicated wirelessly with limited power.
It is noted that many of the issues related to system software
for structural monitoring are similar to those for embedded
computing in general.

Moving from the server model for sensor networks,
there are two possible abstractions. The first is viewing the
network as a parallel computer in which processing is highly
distributed and inter-processor communication has limited
bandwidth and high power requirements relative to local
processor computation.  Applications such as modal
identification or damage detection would be distributed over
the network and computed in parallel. This approach,
however, combines well-known difficulties in developing
parallel algorithms with the difficulty of programming
sensor node microprocessors.

An alternative abstraction for a wireless sensor network
is as a distributed and hierarchical database (Franklin et al.
2007). Data, either directly sensed, or locally processed, is
distributed throughout the network. Operations on the data
may be expressed in the form of a query, and the query is
sent through the network, processed locally, and results
returned. There are many advantages to this abstraction,
including the ability to define aggregation of data
hierarchically (including the important aggregation operation

of correlation, such as for system identification), the ability
to express queries as a declaration (as opposed to a
procedural function), which simplifies programming, and
the ability to isolate the particular characteristics of sensor
nodes as virtual devices.

4.3 Structural Health Monitoring Applications

There is a rich literature and many examples of
structural health monitoring applications. However, most
work has been based on limited sensors and a server
abstraction for the data collection and processing. There is
an urgent need to reformulate existing algorithms, and
develop completely new algorithms that are scalable to
thousands of sensors. The role of the system software
architecture, either the parallel computing abstraction or the
distributed database abstraction, will be crucial in the
computational performance of distributed structural health
monitoring applications. This is an important area for
further research.

5. CONCLUSIONS

An innovative wireless sensor network for structural
monitoring was designed and developed to achieve
scalability in terms of the number of sensor nodes.
High-resolution ~ accelerations were obtained using
commercial MEMS accelerometers. The major
conclusions are that standard microprocessors and operating
system can be extended for high-frequency sampling,
reliable data collection and command dissemination, and
data pipelining over a large number of hops (more than 40).
The pipelining provided a communication bandwidth of 550
bytes/sec independent of the number of nodes and hops.

Utilizing the ambient vibration data collected in the
network, the vibration modes of the main span of the Golden
Gate Bridge could be identified with a high degree of
confidence even for the higher modes. The results
demonstrate the ability of high spatial density in the
sampling to identify local features of structural response.

The research points to new directions for the structural
engineering research community with regards to structural
health monitoring using sensor networks. To achieve high
spatial density, necessary for local damage detection over
the life of a structure, sensor networks need to be highly
scalable to hundreds or even thousands of sensors. This
will require an integrated approach to hardware for
heterogeneous ~ sensor  networks, system  software
architecture based on a parallel computing abstraction or
distributed and hierarchical database abstraction, and highly
parallel structural health monitoring algorithms.
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Abstract:

Strong motion prediction has been progressed for promoting earthquake countermeasures learning from

severe disasters of the 1995 Kobe earthquake. “National Seismic Hazard Map” has been made as one of national projects
integrating all fields of earthquake researches such as active fault, earthquake forecast and strong motion prediction
studies after the Kobe earthquake. Ground motions from earthquakes caused to specified source faults are evaluated based
on “recipe”. Verification and applicability have been examined by comparing observed ground motions with synthesized
ones estimated using the “recipe”. The 2007 Chuetsu-oki earthquake happened very close to the Kasiwazaki-Kariwa
Nuclear Power Plant. The active faults caused to the earthquake have not been specified for the aseismic design of the
plant. Ground motions from the earthquake are found to be predictable as long as the source fault is specified through
investigation of active folds and faults. Further improvements of the fault modeling are required to make more reliable

evaluation of ground motions for earthquake safety designs.

1. INTRODUCTION

Importance of strong motion prediction has been
widely recognized for promoting earthquake-counter
measures as one of the lessons of the 1995 Kobe earthquake.
The Headquarter of Earthquake Research Promotion
established just after the earthquake have developed
“National Seismic Hazard Maps” (Earthquake Research
Committee 2005). It should be more precisely called to be
“Maps of Strong Motion Prediction in Japan”. The maps
show results of prediction of strong ground motions from
two different approaches, probabilistic and deterministic,
integrating survey of active faults, long-term evaluation for
earthquake activities, and evaluation of strong ground
motion. The probabilistic hazard maps show the probability
of ground motion larger than seismic intensity 6-lower,
occurring within 30 years from the present. On the other
hand, the deterministic hazard maps show the levels of
ground motions from earthquakes caused to specific active
faults, based on fault models obtained from the active fault
information.

The procedures of fault modeling for the prediction of
strong ground motion are proposed as a recipe combining
the active fault information with scaling relations of fault
parameters from the waveform inversion of source processes
using strong ground motions. This technique is introduced to
the “Regulatory Guide for Aseismic Design of Nuclear
Power Reactor Facilities” revised in 2006 by the Nuclear
Safety Commission of Japan.

The 2007 Niigata-ken Chuetsu-oki happened very close
to the Kasiwazaki-Kariwa Nuclear Power Plant that has the

largest electric output in the world. It triggered a fire at an
electrical transformer and other problems in the Plant.
However, no problems have been confirmed with regard to
the safety of the nuclear reactors as four of the plant’s seven
reactors running at the time of the earthquake were all shut
down automatically by a safety mechanism according to the
reports by the International Atomic Energy Agency (IAEA
2007) as well as the Nuclear and Industrial Safety Agency in
Japan (NISA 2007).

There was recorded ground acceleration of 680 gals on
the base mat of Unit No.1 reactor, 2.5 times more than the
ground motion levels for aseismic design of facilities. The
active faults caused to the earthquake have not been
specified in evaluating input ground motions for the
aseismic design. We need to make careful examinations why
the active faults have been missed and how the ground
motions have been underestimated.

In this report, we outline strong motion prediction for
active faults, venfication of recipe for strong motion
prediction for recent disastrous earthquakes, e.g. simulations
of the 2007 Chuetsu-oki earthquake and some other
earthquakes, and prospect of strong motion prediction for
promoting earthquake-counter measures, and overviews of
strong motion predictions.

2. OUTLINE OF STRONG MOTION PREDICTION

We have understood that strong ground motions are
related to slip heterogeneity inside the source rather than
average slip in the entire rupture area from recent studies of
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rupture process using strong motion data during large
earthquakes. Asperities are characterized as regions that have
a large slip relative to the average slip in the rupture area,
based on heterogeneous slip distributions that are estimated
from the waveform inversion (Somerville et al. 1999). We
also found that strong motion generation areas coincide
approximately with asperity areas, where a lot of stress is
released (Miyake et al. 2001, Miyake et al. 2003). The
asperity areas as well as the entire rupture areas scale with
total seismic moments.

2.1 Scaling Relationships of Fault Parameters

One of the most important ideas for strong motion
prediction is the scaling relationships of fault parameters.
The conventional scaling relations of fault parameters such
as rupture area and average ship on fault with seismic
moment are mostly determined geologically from surface
offsets and geophysically from forward source modeling
using teleseismic data and geodetic data (e.g. Kanamori and
Anderson 1975). Those fault parameters are only available
for simulating very long period motions, but are not
sufficiently available for near-source strong motions
dominating short period motions of less than 1 sec of
engineering interest.

We found new scaling relations of the asperity areas, as
well as entire rupture areas, with respect to total seismic
moment from the results of the waveform inversion
mentioned above. Therefore, there are two kinds of the
scaling relationships. One is the conventional scaling
relations such as rupture area versus seismic moment and
fault slip versus seismic moment. The other is the new ones
such as asperity area versus seismic moment and asperity
slip versus seismic moment. Based on the two kinds of
scaling relationships for the entire rupture area and the
asperity areas with respect to the total seismic moment, the
source model for predicting strong ground motions is
characterized by three parameters: outer, inner, and extra
fault parameters.

The scaling for the outer fault parameters, ie.
relationship between seismic moment and rupture area, for
inland crustal earthquakes are summarized as shown in Fig,
1 (Inkura 2004). For earthquakes with relatively small
seismic moment less than 10 Nm, the total fault area S
seems to follow the self-similar scaling relation with
constant static stress drop in proportion to the two-thirds
power of seismic moment MO. For large earthquakes more
than 10" Nim, the scaling tends to depart from self-similar
mode] (Irikura and Miyake 2001) corresponding to the
saturation of fault width due to the seismogenic zone size.
Further, one more stage should be added for extra large
earthquakes more than 10*' Nm from the idea of Scholtz
(2002) as changing from L-model into W-model. The
scaling relationships in this study as shown by broken lines
in Fig. 1 are drawn assuming the fault width saturates with
20 km long.

The inner fault parameters are introduced in this study
as the combined area of asperities and stress drop of each
asperity that define slip heterogeneity inside the source fault

and that have much more influence on strong ground
motions than the outer fault parameters. The relationships
between rupture area S as the outer fault parameter and
combined area of asperities S, as the inner fault parameter
are shown in Fig. 2 (Irikura 2004). The ratio S, / S seems to
be almost constant regardless of the rupture area, about 0.22
for the inland earthquake.

Then, stress drop on the asperities Aqg, is derived as a
product of the average stress drop over the fault Ao, and
the ratio of asperity area S, to total rupture area S (e.g,
Madariaga 1979).

Ao, =AG,-S/S, )

Another  empirical-relationship  between  seismic
moment Mo and flat level of acceleration source spectrum
A, related to the inner source parameters is shown in Fig. 3,
mitially found by Dan et al. (2001) and confirmed by other
authors (Morikawa and Fujiwara 2003, Satoh 2004).

Ay =2.46-107 (M, -10")"3 )

where the unit of Myis N -m.

The acceleration level A; generated from the
asperities is theoretically proportional to the square root of
the combined areas of asperities .S, and the stress drop in
the asperities Ao, by Madanaga (1977). A, is replaced
by acceleration level from theoretical level A, from the
total criteria because short-period motions mostly are mostly
generated from the asperities.

A5 =4z pv,Ac, S, 3)

where fand v, are S wave velocity of the media and rupture
velocity.
Then, S, isestimated as follows.

2
s |77 5 | 00 0
a 4 S-(A0)2

In this case the stress drop of the asperities Ao, is
also given as a product of A&, and S/S, using (1).
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Figure 1 Empirical relationships between seismic
moment and rupture area for inland crustal earthquakes
(Inkura and Miyake, 2002).
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2.2 Recipe for Source Modeling
Strong motions for large earthquakes are simulated,

based

on characterized source models defined by three kinds

of parameters, outer, inner, and extra fault parameters. We
developed a “recipe” for predicting strong ground motions
(Irikura and Miyake 2001, Irikura 2004) to characterize

those

fault parameters of source modeling for future large

earthquakes.

The source model is constructed by the following
procedure. First, the outer fault parameters are given as
follows. Step 1: Total Rupture Area (S = LW) is given from
investigations of active faults. Step 2: Total Seismic Moment
(M) 1s given from the empirical scaling relation, M, versus
S. Step 3: Average Stress Drop (AG, ) on the source fault is

estimated from the theoretical equation for circular crack
model by Eshelby (1957) at the first stage of Fig. 1 Mo <
10" Nm) and another equation by Fujii and Matsu’ura
(2000) at the second and third stages of Fig. 1.

Second, the inner fault parameters are given to
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characterize stress heterogeneity inside the fault area. Step 4
Combined Area of Asperities (S,) is estimated from the
acceleration source spectral level based on the empirical
relation such as (2) or observed records. Step 5: Stress Drop
on Asperities (Ao, ) is derived as a product of A&, as the
outer fault parameter and S, /S from Step 4. Step 6: Number
of Asperities (V) is related to the segmentation of the active
faults, e.g. two per a segment. Step 7: Average Slip on
Asperities (D,) given as 2.0-D based on the empirical
relationship by Somerville et al. (1999). Step 8: Effective
Stress on Asperity (o,) and Background Slip Areas (o) is
considered to be identical to stress drop on asperity Ao,
Step 9: Parameterization of Slip-Velocity Time Functions is
given to be the Kostrov-like slip-velocity time functions as a
function of peak slip-velocity and rise time based on the
results of dynamic simulation by Day (1982). The peak
ship-velocity is given as a function of effective stress, rupture
velocity and f,,,.

The extra fault parameters are the rupture starting point
and rupture velocity to characterize the rupture propagating
pattern in the fault plane. For inland crustal earthquakes,
rupture nucleation and termination are related to
geomorphology of active faults (e.g., Nakata et al. 1998,
Kame and Yamashita 2003).

3. APPLICABILITY OF STRONG MOTION
PREDICTION RECIPE

Strong motions for large earthquakes are simulated,
based on characterized source models defined by three kinds
of parameters, outer, inner, and extra fault parameters. Those
fault parameters are defined by the “recipe” of strong motion
prediction. This “recipe” has been applying to deterministic
seismic-hazard maps for specified seismic source faults with
high probability of occurrence potential in the National
Seismic Hazard Maps for Japan (2005). The availability of
the “recipe” has been tested in each application by the
comparison between PGV’s of the synthesized motions and
those derived from empirical attenuation relationship by Si
and Midorikawa (1999). More detailed examination for
strong motion prediction should be made, comparing
simulated ground motions with observed ones for recent
disastrous earthquakes.

3.1 Simulation of Ground Motions for the 2007
Niigata-ken Chuetsu-oki Earthquake (Mw=6.6)

This earthquake occurred on July 16, 2007, northwest
off Kashiwazaki in Niigata Prefecture, Japan, causing severe
damage such as ten people dead, about 1300 injured, about
1000 collapsed houses and major lifelines suspended to
near-source region. In particular, strong ground motions
from the earthquake struck the Kashiwazaki-Kariwa nuclear
power plant (hereafter KKNPP), triggering a fire at an
electric transformer and other problems such as leakage of
water containing radioactive materials into air and the sea,
although the radioactivity levels of the releases are as low as
those of the radiation of the natural environment in a year.



We attempt to simulate strong ground motions during
the 2007 Chuetsu-oki earthquake based on the characterized
source model. It is to examine the predictability of the
ground motions with specified source model given by the
“recipe”.

The source mechanism of this earthquake is supposed
to be a reverse fault with the SW-NE strike and SE dip from
the aftershock distribution re-determined using the OBS

seismometers (ERI, Univ. of Tokyo 2008) as shown in Fig. 4.

Results of the rupture processes inverted by using strong
motion data show the source fault with the SW-NE strike
and SE dip gives slip distribution to match well observed
data (Hikima and Koketsu 2007).

The PGA attenuation-distance relationships in Fig. 5
generally follow the empirical relations in Japan obtained by
Si and Midorikawa (1999) except the KKNPP. The strong
ground motions in the site of the KKNPP had markedly
large accelerations more than those expected from the
empirical relations. The surface motions there had the PGA
of more than 1200 gals and even underground motions on
one of the base-mats of the reactors locating five stories
below the ground had the PGS of 680 gals. The PGA’s
recorded at underground rock sites of the KKNPP are
significantly larger than those expected from the empirical
relationship by Fukushima and Tanaka (1990).

The observed records close to the mainshock had two
or three distinctive pulses, in particular, three significant
pulses at stations on the base-mats of the Nuclear Reactors
of the KKNPP site. We estimated the locations of asperities
using time differences between those pulses. We found that
three asperities are located south-west and south of the
hypocenter in Fig. 6. In this study, we called those asperities
to be ASP1, ASP2 and ASP3. We chose appropriate records
of aftershocks as the empirical Green’s function, taking into
account locations and fault mechanisms of the aftershocks.
As a result, we adopted the record of Aftershock 1 on July
16 at 21:08 for ASP 1 and ASP2, and Aftershock 2 on
August 4 at 0:16 for ASP3. Table 1 shows the source
information about the mainshock and aftershocks and Table
2 shows the parameters of the fault plane used in this study.

We obtained the best-fit model by forward modeling to
minimize the residuals between the observed and
synthesized. The areas of three asperities were about 30 km®
and stress drop were 20 — 24 MPa that are summarized in
Table 3. The synthesized motions at KKZ1R2, KKZ5R2,
NIGO005 and NIG018 are compared with the observed ones
mn Fig. 7. The synthesized waveforms agree with the
observed ones fairly well In particular, three pulses
appearing in the observed records at KKZ1R2 and KKZ5R2
located at BSF in underground of Unit 1 and Unit 5,
respectively, are well reproduced in the synthesized velocity
and displacement.
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Table 1 The information of the mainshock and
aftershocks used as the empirical Green’s function.

Mainshock Aftershock(AFT1) | Aftershock(AFT2)
Origin time | 07/07/16 10:13 | 07/07/16 21:08 07/08/04 00:16
Hypocenter | 37.557, 138.609 | 37.509, 138.630 | 37.420, 138.537
Depth 12km 15.6km 13.1km
Mw 6.6 44 -
Mo 8.37E+16Nm 5.21E+16Nm 1.56E+14Nm

Table 2 The fault plane of the mainshock. The strike and
dip were used from aftershock distributions by ERI, Univ.

of Tokyo.
strike dip rake Latitude | Longitude | depth
30 40 90 37.343 | 138.392 | 6.2km

Table 3 Source parameters for each asperity.

Rupture start point Depth (km) Mo (Nm)
ASP1 (4,3) 12.3 1.69x 1078
ASP2 (5,5) 11.0 1.69x 1018
ASP3 (4,7) 12.0 1.02x 1078
L (km)x W (km) Ao (MPa) | Risetime (second)
ASP1 | 55x55 (N:5x5) 237 0.5
ASP2 | 55x55 (N:5x5) 23.7 0.5
ASP3 | 5.04x5.04 (N:9x9) 19.8 0.45

NW SE  NW SE
0% % T
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::% " ’\i *
s
%‘g}. .
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8% 20 10 0 3 20 10 0
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Figure 4 Aftershock distributions in the horizontal
plane (upper) and cross section perpendicular to the
strike (lower) using the OBS seismometers (ERI,
Univ. of Tokyo,2008).
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Figure 7 Comparison between the observed records

(black) and synthesized motions (red). Acceleration
(top), velocity (middle) and displacement (bottom) are
shown at KKZ1R2, KKZ5R2, NIG005 and NIG018.

3.2 Verification of the “Recipe” for Recent Disastrous
Earthquakes

We introduce two more examples, one is the 2007 Noto
Hanto earthquake and the 2005 Fukuoka-ken Seiho-oki
earthquake.

The 2007 Noto-Hanto earthquake (Mw=6.7) on March
25, 2007 occurred west off the Noto peninsula, Japan in Fig.
8. Strong ground motions with the JMA seismic intensity of
6-upper struck Wajima, Anamizu, and Nanao in the northern
part of the Noto peninsula. The PGA’s of this earthquake
with shortest fault distance seem to be a little larger than the
empirical attenuation-distance relationships by Si and
Midorikawa (1999) as shown in Fig, 9.

The source slip model of the 2005 Noto Hanto



earthquake was determined from the inversion of strong
ground motion records by Horikawa (2007). His result is not
always available for strong motion simulation because the
mversion 1s done using only long-period motions more than
1 sec. The characterized source model with asperities inside
the rupture area is needed to simulate broadband motions
including short-period motions less than 1 sec. for accurate
estimation of seismic intensity interest. The asperities are
defined as rectangular regions where the slip exceeds in the
same specified manner as Somerville et al. (1999). Resultant
source model is shown 1n the left of Fig. 10. For comparison,
we made a source model following the “recipe” as shown in
the middle of Fig. 10, where the asperity area and stress
parameters are estimated from the acceleration source
spectral-level of observed data.

Further, we made a source model by forward modeling,
comparing between the observed records and synthesized
motions based on the characterized source model using the
empirical Green’s function method. The best-fit source
model consists of two asperities with different size shown in
Fig. 10. A large one is located just above the hypocenter with
an area of 6.3 x 6.3 km® and stress drop of about 26 MPa. A
smaller one is located north-east of the large one with an
area of 3.6 x 3.6 km” and stress drop of about 10 MPa. The
stress drops of the asperities are about two times higher than
average values of inland crustal earthquakes so far
estimated.

The outer and inner fault parameters of those three
source models (waveform inversion, recipe and forward
modeling) are summarized in Table 4 and 5, respectively.
The stress drop of the asperity estimated from the waveform
mversion 1s almost the same as those from the recipe.
However, the asperities by the forward modeling have a little
larger stress drop (ASP1:26MPa) than the empirical ones.
This result is consistent with lager acceleration than the
empirical attenuation distance relation in Fig. 9.

Observed motions at ISK001 and ISK003 are compared
with synthesized motions for those three source models in
Fig. 11. The synthesized waveforms for any models almost
agree with the observed ones. Of course, the forward
modeling gave the synthesized motions best-fit to the
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Figure 9 Upper: Map showing source fault by Horikawa
(2007). Lower: Relationship of observed peak horizontal
ground accelerations versus shortest distances to the source
fault. Red solid and dotted curves show the empirical PGA
attenuation distance relationship for surface data by Si and
Midorikawa (1999) and its standard deviation (lower).

Table 4 Source parameters for slip model of the Noto-hanto
earthquake estimated with the wave inversion using strong
ground motions by Horikawa (2007).

Strike | Dip | Length | Width | Area

58 60 | 22km | 20km | 440km?
observed. — -
Seismic Moment | Static Stress Drop
1.08E+19 Nm 2.84 MPa
B T ey,
& . : W Table 5 Source parameters for the characterized source
i A - ANKpeR
g . o . g model by three models.
e spirstonk 3, BRKPUS P )
o & s ! @6
ol &” @j Waveform Recipe Forward
L ‘ 4 Inversion Modeling
L W - Total AreaS (km?) 90 90.6 52.65
. Sa/s 20.45 20.59 11.97
RN £37 4 W
. . Source Radius (km 5.35 5.37 4.09
Figure 8 Map showing source fault of 2007 Noto Hanto p— t((N)) aaier1s | 2ases1e | 2908078
. . mi men m . 8 .
earthquake (rectangular), the locations of stations used for oS ome
analysis (circle), the other stations (square) and epicenter of Stress Drop (MPa) 13.9 13.8 ASP1:26
the mainshock (star). ASP2: 10
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waveform inversion, recipe, and forward modeling at
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The 2005 Fukuoka-ken Seiho-oki earthquake
Mw=6.6) on March 20, 2005 occurred west off the
Fukuoka peninsula, Japan. The fault plane projected to
surface and observation sites are shown in Fig. 12. The
source slip model of this earthquake was determined from
the inversion of strong ground motion records by several
authors (e.g. Kobayashi et al. 2006, Sekiguchi et al. 2006,
Asano et al. 2006, and so on). The slip distribution on the
fault plane is roughly similar each other, although there are
some differences depending on frequency ranges of the data,
smoothing techniques used there and etc. Even if the
mnverted source model is almost uniquely determined, it is
not always available for strong motion simulation. Those
mversions were done using only long-period motions more
than 1 sec.

Verification of estimating strong ground motions for
this earthquake based on “recipe” was made by Earthquake
Research Committee (2007). We describe the outline of
the venfication mentioned above.

The characterized source model with asperities inside
the rupture area is needed to simulate broadband motions
including short-period motions less than 1 sec. for accurate
estimation of seismic intensity interest. The asperities are
defined as rectangular regions where the slip exceeds in the
same specified manner as Somerville et al. (1999).

Three source models, Case 1, 2, and 3 are made for slip
models inverted from strong motion data by Kobayashi et al.
(2006), Sekiguchi et al. (2006), Asano et al. (2006) as shown
m Fig. 13 (Strong Motion Evaluation Committee 2007).
Another source model Case 4 is added following the
“recipe”. The locations of those three aspenties are set
referring the results from the other inverted models. The
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combined areas of asperities and the stress parameters for
the inverted source models are 48 ~ 64 km? and 20 ~26 MPa, Case? Asano etal 1290 —126° E
while those of the recipe model are 80 km” and 16 MPa,
respectively. That is, in the recipe model the asperity is a
little wider and the stress parameter is somewhat small.

The synthesized motions are calculated using a hybrid
method (Irikura and Kamae 1999) with the crossover period
of 1 sec, summing up longer period motions with a
theoretical procedure and shorter period motions with the
stochastic Green’s function method. Synthesized velocity
waveforms at engineering bed rock are compared with the : =
observed ones at 10 sites in Fig. 14. We found that the ——
synthesized motions agree well with the observe records, M €3 e
although the synthesized ones at some sites are a little
smaller because the effects of surface geology are not
considered.

We compiled the relationship between the combined
areas of the asperities and total seismic moments for
earthquakes so far analyzed in Fig. 15. The recent disastrous
earthquakes introduced here almost follow the empirical

relationship so far reported. Speaking more detailed, the Cased Recipe Ni2E8 E
asperity areas of the 2007 Noto Hanto earthquakes have a T

little smaller than those of the 2007 Chuetsu-oki earthquake, 1t -
resultantly related to higher stress parameters on asperities 14k ]

and larger accelerations.
e

T
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4. OVERVIEWS OF STRONG MOTION
PREDICTIONS

One of the problems with strong motion maps is that
recent disastrous earthquakes have occurred in regions
where probability of ground motions is relatively small, for
example, 2000 Tottori-ken Seibu earthquake, 2004 Chuetsu
earthquake, 2005 Fukuoka-ken Seiho-oki earthquake, 2007
Noto-hanto earthquake, 2007 Chuetsu-oki earthquake.
Therefore, the maps by themselves are not always
responsible for people who expect seismologists and
earthquake engineers to reduce earthquake damage for
future large earthquakes.

These earthquakes are caused to inland and offshore
active folds and faults. A reason is that high shaking areas in
probabilistic sense are related to mainly subduction
earthquakes, because probability of earthquake occurrence
on inland active folds and faults are one order smaller than
inland crustal earthquakes. It comes from lack of data for so
far for active fault information on offshore. The Headquater
of Earthquake Research Promotion has made evaluation of
long-term earthquake predictions only for active faults and
fault systems on land, but not on offshore. They have not
systematically surveyed active tectonics on offshore. We
need to promote such seismo-tectonics studies in offshore
regions, source modeling for active folds as well as active
fault systems, and strong motion predictions for potential

earthquakes.
Another problem is associated with earthquake safety

of important structure, in particular nuclear power plants.

The two earthquakes, 2007 Noto-hanto and 2007
Chuetsu-oki earthquakes happened very close to the Nuclear
Power Plants and stroke extremely strong ground motions
more than the levels accounted for in the aseismic design of
the plants. In particular, ground motions from the Chetsu-oki
earthquake exceeded 2.5 times of the design level. Although
the level of the seismic input in the design of the plant was
exceeded during the earthquake, "there is no visible
significant damage because of the conservatisms introduced
at different stages of the design process” as the IAEE report
says. They also indicated that “a re-evaluation of the seismic
safety for Kashiwazaki-Kariwa plant needs to be done with
account taken of the lessons leamed from the Chuetsu-oki
earthquake and using updated criteria and methods.” The
re-evaluation of the seismic safety should also be done for
all of other nuclear power plant in Japan. Detailed
geo-morphological, geological, and  geophysical
investigations have to be made both on land and offshore for
defining seismic input motions following revised regulatory
guide fro aseismic design of nuclear power plants issued in
September 2006. We have not to miss any earthquakes that
jeopardize the safety of plants, investigating the potential
existence of active faults near plants. To do that, it is
necessary to establish methodology of reliable prediction of
strong ground motions for earthquakes occurring underneath
sites where active faults have not been specified.
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Abstract:  Tall building construction in urban centers along the US west coast has recently surged. A significant number
of the proposed buildings are being designed using alternative structural systems citing UBC 1997. These designs
typically involve nonlinear dynamic analyses of 3D finite element models, some including gravity systems, and require
peer-review. This process has led to debate within the profession over appropriate ground motion selection, as well as
modeling and acceptance criteria. Instrumented structures help address these fundamental questions as well as other
related issues. Reinforced concrete walls are commonly used as the primary lateral-force-resisting- system for tall
buildings. As the tools for conducting nonlinear response history analysis have improved and with the advent of
performance-based seismic design, reinforced concrete walls and core walls are often employed as the only
lateral-force-resisting-system. Proper modeling of the load versus deformation behavior of reinforced concrete walls and
link beams is essential to accurately predict important response quantities. Given this critical need, an overview of
modeling approaches appropriate to capture the lateral load responses of both slender and stout reinforced concrete walls,
as well as link beams, is presented. Modeling of both flexural and shear responses is addressed, as well as the potential
impact of coupled flexure-shear behavior. Model results are compared with experimental results to assess the ability of
common modeling approaches to accurately predict both global and local experimental responses. Based on the findings,
specific recommendations are made for general modeling issues, limiting material strains for combined bending and axial
load, and shear backbone relations.

1. INTRODUCTION

Tall building construction in urban centers along the US
west coast has recently surged. For example, within the City
of Los Angeles, 61 buildings over 20 stories, and 23 over 40,
are under development — note, currently there are only 20
buildings over 40 stories in downtown Los Angeles (Figure s
1 & 2). A significant number of the proposed buildings are
being designed using alternative structural systems citing
UBC 1997. These designs typically involve nonlinear
dynamic analyses of 3D finite element models, some
including gravity systems, and require peer-review. This
process has led to debate within the profession over
appropriate ground motion selection, as well as modeling
and acceptance criteria. This debate has led to several
important projects, one to develop modeling and acceptance

Figure 1

Existing and planned tall west coast buildings

2. MONITORING OF TALL BUILDINGS

criteria for tall buildings and another focused on updating
instrumentation requirements. The first project is part of the
Pacific Earthquake Engineering Research (PEER) Center
Tall Buildings Initiative (TBI), whereas the second project
involves collaboration between the NEES@UCLA
Laboratory, the UCLA Center for Embedded Networked
Sensing, the California Geological Survey, and the City of
Los Angeles. An overview of each of these projects is
discussed in the following sections.

The City of LA, quite fortuitously, requires
instrumentation (e.g., accelerometers installed at the base,
mid-level, and roof) to obtain building permits for all
structures over ten stories (LA Building Code 2002).
Instrumented structures help address fundamental questions
related to modeling and response as well as other related
issues such as podium effects. Monitoring a variety of
response quantities, such as displacements and strains, offer
further insight into the behavior of important structural

-925.



elements, viz. RC core walls, coupling beams, and
outriggers. Realizing this, we are working with the LA-DBS
to update the instrumentation requirements.

The building surge as well as an updated
instrumentation program provides a rich opportunity to
collect unique data in both wind and earthquake events to
address critical analysis and design issues. In the

medium-term, the aim is to develop and implement a
network for structural monitoring and performance-based
assessment using LA tall buildings as a test-bed.

2.1 Monitoring Strategy

The boom in tall building construction provides a
unique opportunity to employ monitoring equipment to
measure structural responses for a variety of conditions
(ambient, high-level wind, and earthquake). Ideally, a broad
spectrum of sensor types capable of measuring floor
accelerations, wind pressures, average concrete strains, rebar
strains, and rotations should be employed. In addition to a
broad spectrum of sensors, key attributes of a robust
monitoring system include: rapid deployment, energy
efficiency, event detection, robust analog-to-digital
conversion, local storage, redundant time synchronization,
mulit-hop wireless data transport, and remote sensor and
network health monitoring. Recent developments in all of
these areas reveal that robust structural health monitoring is
likely to emerge over the next decade. Therefore, careful
consideration should be given to increased use of sensors in
existing and planned buildings. In general, more sensors are
needed than are often employed in buildings, that is, only
one triaxial accelerometer at the base, a mid-level, and the
roof.

Given the complexity and geometry of tall buildings,
laboratory studies, which are hindered by scale, materials,
and appropriate boundary conditions, are unlikely to provide
definitive results for a variety of these issues. For a given
instrumented building, the details of the embedded sensor
network design should be model-driven, i.e., sensor types
and locations determined based on response quantities
obtained from 3D dynamic finite element models (FEM)
subjected to a suite of site-specific ground motions (Figure
3). For example, in moment frames, response quantities of
interest might be interstory displacements at several floors

(where maximum values are expected) along with base and
roof accelerations. In cases where novel systems or materials
are employed (e.g., high-performance concrete, headed
reinforcement, unbonded braces), additional instrumentation
could be used to measure very specific response quantities
(e.g., headed bar strain, axial deformations, etc). In a
concrete core wall system, response quantities of interest
might be average core wall concrete strains within the plastic
hinge (yielding) region and rotations imposed on coupling
beams (or slab-wall connections). Other modeling and
design issues could also be targeted, such as so-called
podium effects and appropriate ground motion building
inputs at subterranean levels (Stewart, 2007). Given the
uncertainty associated with the response of structural
systems to earthquake ground motions, a probabilistic
distribution of response quantities of interest (e.g., interstory
displacements, coupling beam deformations) should be
determined for the structural model subjected to the suite of
ground motions and the sensor layout should target specific
regions versus a single response quantity.

@
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Figure 3 Model-driven SHM deployment and toolbox

2.3 Sensors and Data Acquisition

One particularly useful response quantity within the
PBEE framework is interstory drift. However, current
methods for measuring interstory displacements (e.g.,
double integration of acceleration) are problematic. Hence a
new laser/photodiode-based prototype sensor is under
development. Shortcomings in current data acquisition and
wireless communications have lead to substantial research in
developing new technologies. A toolbox is under
development, based on a low-power LEAP2 platform
(McIntire, 2006) with integrated 24bit ADC (Reftek, Inc.),
field-tested software/hardware for robust wireless network
access, and reliable RBS time synchronization (typically
GPS is unavailable inside buildings). Results from bench top
and shake-table testing, with a modest scale structure, for
both sensor and toolbox prototypes are underway (Figure 4).
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Figure 4 Scale structure on nees@UCLA linear
shaker (a), close-up of traditional instrumentation for
measuring interstory drift (b), preliminary prototype
for laser/photodiode sensor (c).

As noted earlier, the city of Los Angeles requires
instrumentation for many tall building construction permits.
Presently, we are working with the LADBS and the
California Strong Motion Instrumentation Program (CSMIP)
on additional requirements for the ‘special’ projects
involving peer review. These new buildings designed using
nonlinear response histories (via “Seismic Response History
Procedures” of Chapter 16 of ASCE 7) will be subject to a
pending information bulletin tentatively titled; Special
Requirements and Specifications for Installation and
Servicing of Structural Monitoring Instrumentation. The
goal is to increase the number and type of sensors installed
in each structure. For example, general tall buildings are
required to install three 3-channel instruments, typically at
the base, mid-level, and roof. Special tall buildings will have
requirements based on number of stories, vertically
distributed in a meaningful fashion, e.g., to capture higher
mode responses (Table 1).

3.2 Future Studies
Over the next six months prototype toolboxes and the

capabilities will be assess via side-by-side comparisons with
existing NEES@UCLA equipment.

Table 1 Periods, Participation Factors, and Damping Ratios
of Space Frame with Dampers

Number of stories Minimum Number of
above ground channels
(6 -10)" 12
10 -20 15
20 - 30 21
30 - 50 24
> 50 30

* Instrumentation for buildings less than 10 stories is required only
if the total aggregate floor area exceeds 60,000 square feet (5574
m2)

3. MODELING AND ACCEPTANCE CRITERIA

Reinforced concrete (RC) structural walls are effective
for resisting lateral loads imposed by wind or earthquakes.
They provide substantial strength and stiffness as well as the
deformation capacity needed to meet the demands of strong
earthquake ground motions. As the tools for conducting
nonlinear response history analysis has improved and the
application of performance-based seismic design approaches
have become common, use of reinforced concrete walls and
core walls for lateral-force resistance along with a
slab-column gravity frame have emerged as one of the
preferred systems for tall buildings.

Core wall
above
hinge zone

Transfer
slabs
Hinge zone

Basement
walls

Figure 5 Representative tall core wall building

The lateral building strength is sometimes
concentrated in relatively few walls distributed around the
floor plate or within a central core wall to provide the lateral
stiffness needed to limit the lateral deformations to
acceptable levels. Although extensive research has been
carried out to study the behavior of reinforced concrete walls
and frame-wall systems, including development of very
refined modeling approaches, use of relatively simple or
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course models is required for very tall buildings to reduce
computer run times for the nonlinear response history
analyses. Therefore, it is important to balance model
simplicity with the ability to reliably predict the inelastic
response both at the global and local levels under seismic
loads to ensure that the analytical model captures the
hysteretic wall behavior and the interaction between the wall
and other structural members and the foundation reasonably
well.

The most common modeling approach used for RC
walls involves using a fiber beam-column element (e.g,
PERFORM 3D, 2006) or the
Multiple-Vertical-Line-Element Model, which is similar to a
fiber model (Orakcal and Wallace, 2006). Use of either of
these models allows for a fairly detailed description wall
geometry, reinforcement, and materials, and accounts for
important response features such as migration of the neutral
axis along the wall cross-section during loading and
unloading, interaction with the connecting components such
as slabs and girders, both in the plane of the wall and
perpendicular to the wall, as well as the influence of
variation of axial load on wall flexural stiffness and strength.
Important modeling parameters include the definition of the
material properties for the longitudinal reinforcement, the
core concrete enclosed by transverse reinforcement (i.e.,
confined concrete), and cover and web concrete (ie.,
unconfined concrete). More complex model and material
behavior also can be described that incorporates observed
interaction between flexural/axial behavior and shear
behavior (Massone et al, 2006, Orakcal et al, 2006);
however, an uncoupled model, where flexure/axial behavior
is independent of shear behavior, is commonly used for
design.

0.6 ] ] T T T
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Figure 6 Link beam effective stiffness

Coupling or link beams exist due to the core wall
configuration or they are needed to enhance the lateral

stiffness of the building, and proper modeling of the load
versus deformation behavior of reinforced concrete and
coupling beams is essential to accurately predict important
response quantities. Selection of appropriate flexural
stiffness values for the coupling beams is particularly
important, as use of one-half of the gross concrete inertia
value generally produces higher shear stresses than are
acceptable for design. Given this problem, it is common
practice to reduce coupling beam stiffness to significantly
lower values, on the order of 0.2Ig to 0.1Ig, or less, to
achieve an acceptable level of shear stress for design actions.
At issue is whether a reduction of this magnitude is
appropriate at service or design loads, since relatively large
cracks may form, or at DBE or MCE, where a significant
stiffness reduction would appear appropriate, and spalling of
relatively large chunks of concrete could potentially pose a
hazard.

It is common for the footprint of the building at lower
levels to be larger than the tower footprint to accommodate
parking needs. This abrupt change in geometry can have a
significant impact on the distribution of lateral forces at the
discontinuity, where loads are shared between the core wall
and the parking level walls. Parking level walls are typically
stout, i.e., the wall height-to-length or aspect ratio is low;
therefore, selection of the stiffness values for flexure and
shear are important and can substantially impact the
distribution of lateral forces between the core wall and
perimeter basement level walls. Since the floor slabs in the
region of the discontinuity are required to transfer forces
from the core wall to the perimeter walls, selection of
appropriate slab stiffness values and design of slab
reinforcement are important issues. Variation of slab and
wall stiffness values is typically required to determine the
potential range of design values to ensure proper design. For
embedded basement levels, response history analysis is
further complicated by the need to define the level at which
the ground acceleration records are applied (Stewart., 2007).

Slab-column framing provides an efficient system to
resist gravity loads, with limited forming and relatively low
story heights, as well as providing an open, flexible floor
plan. Since the slab-column frame resists only gravity loads,
it is not included in the lateral load analysis. However, the
ability of the slab-column gravity frame to maintain support
for gravity loads for the lateral deformations imposed on the
gravity system by the lateral-force resisting system must be
checked. The primary objectives of this “deformation
compatibility” check are to verify that slab-column punching
failures will not occur for service-level and design-level
earthquakes, as well as to assess the need to place slab shear
reinforcement adjacent to the column to enhance slab shear
strength. Design requirements for these checks are included
in ACI 318-05 §21.11.5 (Building, 2005). Detailing of the
slab-wall ~connection also is an important design
consideration, as the rotation of the core wall can impose
relatively large rotation demands on the slab at the slab-wall
interface (Klemencic et al, 2006). During construction,
construction and concrete placement of the core wall
typically precedes the slab, requiring special attention to slab
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shear and moment transfer at the slab-wall interface.

As noted in the preceding paragraphs, design of tall
buildings utilizing reinforced concrete walls is complicated
by the uncertainty associated with a variety of issues.
Although analytical modeling studies and experimental
studies are appropriate for improving our understanding of
some issues (e.g., coupling beams), it is clear that other
issues can only be answered by installation of sensors in
actual buildings. Ideally, the sensors could be installed both
during and after building construction to enable the broadest
spectrum of data collection and follow-up analytical studies.
Sensors to measure a wide variety of response quantities
(acceleration, force/pressure, velocity, displacement, rotation,
and strain) could be installed to collect critical data to
improve our ability to model the dynamic responses of tall
buildings. Data collection in for ambient, wind, low-level
earthquakes, as well as the significant earthquakes would
help improve our computer modeling capabilities, and
ultimately the economy and safety of tall buildings.

The preceding paragraphs provide an overview of some
of the important issues associated with analysis and design
of tall reinforced concrete buildings. Each of these issues is
being addressed in the PEER Center Tall Buildings Initiative
as Applied Technology Council Project 72 (ATC-72). The
90% draft of the ATC-72 report is currently under review
and should be published late in 2008.

4. SUMMARY

The boom in tall building design and construction
along the west coast of the United States has generated
significant interest in the use of alternative analysis and
design approaches, including Performance-Based Seismic
Design. Use of nonlinear response history analysis and
three-dimensional computer models is becoming common.
The PEER Center Tall Buildings Initiative was undertaken
to summarize key issues and to develop consensus views for
modeling and acceptance criteria. Work to improve
equipment and interfaces for monitoring are being
developed jointly by NEES@UCLA, the CENS at UCLA
and industry partners, including the California Geological
Survey and the City of Los Angeles.
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Abstract:

Japan Meteorological Agency started Earthquake Early Warning provision to the general public in October

2007. In this article, outline of EEW, preparatory process for the provision, and future prospects are introduced

1. Introduction

Earthquake early warning of JMA is to enable
advance countermeasures to the strong motion disaster by
providing expected seismic intensity and arrival time of the
strong motion before the S wave arrival. However, due to its
very short available time, it is essential to well publicize the
principle and technical limit of EEW, and proper actions to
be taken when it is seen or heard, to utilize EEW effectively
without causing unnecessary confusion. In this article,
outline of EEW, necessary preparatory process to start EEW
provision to the general public, and future prospects are
briefly introduced.

2. Outline of EEW

The essential contents of EEW are, estimated origin
time, hypocenter location, magnitude of the earthquake, and
expected maximum seismic intensity (JMA scale) and
earliest arrival time (second) of the strong motion for each
sub-prefectural area. Considering the trade-off between the
promptness and accuracy, EEWs are issued basically several
times for one earthquake improving the accuracy as
available data increases as time passes, securing the
promptness of the first issuance at the same time. To realize
it, JMA developed the method to estimate epicentral distance
and azimuth by using first 2 seconds of waveform data in
corporation with the Railway Technical Research Institute
(Tsukada et al(2004)) to enable quick epicenter
determination even for events occurring outside of the
seismic network, as well as for those inside
(Kamigaichi(2004)). ~To improve the accuracy,
Not-yet-arrived method (Horiuchi et al(2005)) developed by
the National Research Institute for Earth Science and
Disaster Prevention is also incorporated. In total, about
1,000 seismic stations are used(JMA:200, NIED:800) for
EEW.

On line connected computer can utilize such multiply
issued information for automatic control. But, when they are
transmitted to the public, it is impossible to respond properly,
and moreover, it is impossible to transmit all by characters
and voice. So, the content and issuance criterion of EEW
had to be carefully designed when it is provided to the
general public.
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Figure 1 Leaflet(English version) to show proper response
to EEW in various situations
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3. Preparatory Process to Start EEW Provision to the
General Public

1) Two Step Provision

JMA started to provide EEW to a limited number of
users who understand the technical limit of EEW and can
utilize it effectively, such as for automatic control on the 1%
of August 2006. At that moment, EEW was not well known
to the general public, so JMA decided to start provision to
the general public after well publicizing the EEW principle
and proper actions to be taken. For this purpose, JMA made
leaflets to show a guideline for proper response to EEW in
various situations (Figure 1: English version). JMA also
distributed video material to explain technical principle and
proper response, made posters, held seminars, and posted
relevant information on EEW on the JMA’s web page
(http:/wwwima.gop/ime/index.html).  After confirming
that the ratio of the people who understand EEW increased
significantly by these public relations activities, IMA started
to provide EEW to the general public on the 1% of October
2007.

2) Content and issuance criterion of EEW for general public

JMA considered the issuance criterion and contents
of EEW when it is issued to the general public to meet the
following conditions.

a) It should be issued on the best timing, avoiding the
false alarm, securing the promptness as much as possible,
and making the revised issuance as few as possible.

b) It should be issued when really a strong motion is
expected, and the area where the safety actions must be
taken should be made clear.

As aresult,

- Issuance criterion : when the maximum seismic intensity
5 lower(JMA scale) or over is expected by using seismic
records from more than one station.

- EEW contents : Origin time, epicentral region name, and
names of areas(unit area is about 1/3 to 1/4 of one
prefecture) where seismic intensity 4 or over is expected.
Expected arrival time is not included because it differs
substantially even in one unit area.

Figure 2 shows an example EEW for the general public
when its issuance criterion is applied to the Niigata-ken
Chuetsu-oki earthquake (M6.8) on the 16" of July,
2007(before the start of EEW provision to the general
public). Left figure shows observed maximum seismic
intensities in each sub-prefectural area, and right figure
shows a spatial extent of wamed area where seismic
intensity 4 or over is expected, and contour circles denoting
available time for taking action in seconds. As for the areas
with expected and observed seismic intensity 4 or over, they
show a good agreement. As for the time for taking action,
although EEW was not in time for the S wave arrival for the
area close to the epicenter due to the technical limit, 16
seconds were available at ITzuna-town in Nagano prefecture
where seismic intensity 6 upper was observed. EEW is
considered to work effectively for trench-type large
earthquakes, but even for a shallow inland event, the area

where EEW is valid can exist if the event is large.

Warned Area and

Obserded Seismic intensity
- taking actio

Figure 2 Example of EEW for the general public when its
issuance criterion and content are applied to the Niigata-ken
Chuetsu-oki Earthquake on the 16™ of July, 2007.

4. Meteorological Service Law Amendment

Along with above mentioned public relations activities,

JMA amended the Meteorological Service Law to

a) clearly define the issuance and transmission
responsibilities of JMA and relevant organizations to
secure prompt transmission of EEW to the people, and
to

b) establish technical standard that the providers must
satisfy when they issue expected seismic intensity and
arrival time of strong motion at individual house and
building, which is beyond the national agency’s service,
to secure their quality.

The technical standard is as below.

i) Hypocenter parameters(origin time, hypocenter location
and magnitude) contained in the EEW issued from JMA
must be used,

ii) Seismic intensity and arrival time estimation method
must give values within certain deviations from those
given by JMA’s method. When different amplification
coefficients of the surface layer are used from JMA’s, its
technical adequacy must be shown. A method that gives a
smaller estimation residual than JMA’s is also permitted.

The essence of setting the technical standard is not to
prohibit superior method, but to avoid a low-quality service
to be provided to the people.

On Site Wamning based on P-wave sensor at the site is
not an object of this technical standard.

The amended Law came into force on the 1% of

December, 2007.

5. Future Prospects
1) Establishment of various transmission routes

To make EEW efficient for the disaster mitigation, it is
very important to establish various transmission routes that
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can reach to the individual person promptly and surely. For
the time being, TV and radio will be the main routes.
Besides them, portable terminals like cellular phone that can
receive EEW, EEW receivers through internet or dedicated
line, combined system of J-Alert(Fire and Disaster
Management Agency) and loud speaker(Municipality),
announcement system in public places are being developed
or introduced. For the promotion of these, JMA will keep
close cooperation with relevant organizations.

2) Promotion of utilization

It is up to the manager’s judgement to utilize EEW in
the public facility. To help their consideration, JMA has been
attending their meetings, and has made a guideline to
introduce and utilize EEW in the public places, in which
example of operation manual, way to conduct exercise are
introduced, and posted on the JMA’s web-page.

3) Improvement of the method
3-1) Reduction of false warning

Out of 1,713 EEWs issued in about three years before
the start of provision to the general public, JMA issued 30
false warnings. Many of these were due to human error or
initial defect of instruments, and they have been fixed. Still,
there exists a possibility of false warning due to a lighting
strike near a station, and JMA is considering the
countermeasure. As for the EEW for the general public, by
setting the issuance criterion so that signals must be detected
at more than one station, no false warning will be issued.

3-2) Improvement of seismic intensity estimation

JMA has been making effort to improve the seismic
intensity estimation accuracy. When the up-to-date(as of
Oct.,2007) method is applied to the past events to meet the
issuance criterion for general public, out of 322
sub-prefectural area for which seismic intensity 4 or over is
expected, 37% gives identical maximum seismic intensity
scale with the observation, and 83% falls within +1.

The main future subjects will be as follows.
- Rapid estimation of spatial extent of rupture area
As of now, regression formula for the estimation of

maximum velocity amplitude to use distance from the fault
surface as an input parameter is used. But a distance from
hypothetical sphere centered at the hypocenter is used
instead of that from the fault surface, because it is difficult to
estimate in a prompt manner. By this improvement, seismic
intensity estimation accuracy at near distance can be
improved.

- Development of technique that can incorporate different
stress drop for each event, and different seismic wave
attenuation characteristic for each region.
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Abstract: To reduce casualties due to earthquakes, Japan Meteorological Agency (JMA) has introduced earthquake early
wamning (EEW) to general public on October 1, 2007. However, the possibility that EEW causes traffic accidents exists
because EEW through car radio may not be transmitted to all the expressway drivers. Hence, the effects of early
earthquake waming were investigated using plural driving simulators, connected together by a server. In the virtual
experiments, three driving simulators were used, simulating three cars running together on an expressway. When EEW
was transmitted to all the cars, the drivers reduced speed slowly and no trouble occurred. On the contrary, when EEW was
transmitted to only one car, some drivers reduced speed suddenly, and accidents occurred in 2 cases out of 14 tests. These
experiments show the necessity of public education how to react EEW on expressways. Tuming on the hazard lights after
receiving an EEW and then reduce speed gradually is suggested to avoid accidents.

1. INTRODUCTION

The Japan Meteorological Agency (JMA) started to
provide the earthquake early waming (EEW), which
contains the arrival time of S-wave and the intensity of
seismic motion estimated by the P-wave detection near the
hypocenter (Doi, 2001). It is expected that the preparations
for strong shaking and tsunami can start based on an EEW
and thus, emergency responses can be performed rapidly
and efficiently.

The EEW has been under operation on a trial basis
since August 2006. The EEW is transmitted to construction
sites, railway companies and so on, where the EEW is
expected to be utilized properly without confusions. Based
on the results of trial operations, the JMA started to issue the
EEW to general public through radio and TV on October 1,
2007 (JMA, 2007). On the other hand, it is pointed out that
some troubles may be caused when the EEW is issued to the
general public. For example, it is anticipated that many
evacuees may go down like ninepins at the exits of theaters
and department stores.

The JMA compiled dos and don’ts after receiving the
EEW (JMA, 2007). The proper behaviors during automobile
driving are mentioned in the dos and don’ts. The possibility
that EEW causes traffic accidents exists because the EEW
through car radio may not be transmitted to all the
expressway drivers. Maruyama and Yamazaki (2004)
showed the effects of EEW to drivers on an expressway
using a driving simulator. In the study, no other vehicles
were considered except for examinee’s. It is important to
consider the interaction among vehicles on an expressway

when the EEW is issued. In this study, the effects of EEW
are investigated using three driving simulators, connected
together by a server. The reactions of drivers are observed
under various receiving conditions of EEW.

2. OUTLINE OF THE DRIVING SIMULATOR
EXPERIMENTS

Figure 1 shows the driving simulators used in this study
(Honda Motor Co., Ltd., 2001). Two regular driving
simulators and one simple driving simulator that consists of
only a steering wheel, brake and accelerator pedals were
employed in the virtual tests. Figure 2 shows the scenario
course in the experiment and the front view from the rear
vehicle. The examinees were instructed to drive at the speed
of 80 km/h in the left lane. In the right lane, the simple
driving simulator, driven by a trained person, was assigned
as a pace maker during the experiment.

Figure 1. Synchronized driving simulators used in this study.
Two regular simulators (left) and simple simulator (right).
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The condition of an EEW was determined using the
locations of the hypocenter and seismometers in the 26
September 2003 Tokachi-oki earthquake. According to the
results of numerical simulation by JMA, the time between
receiving the EEW and the arrival of S-wave is about 10
seconds in Taiki Town, which is located about 100 km away
from the epicenter. Hence, the three-component acceleration
record in K-NET Taiki Town with PGA=366.1cm/s* and
JMA Instrumental Intensity=5.95 was used as an input
seismic motion in the experiment.

The seismic response acceleration of a moving vehicle
was calculated based on a vehicle response model
(Maruyama and Yamazaki, 2002), and then the obtained
response acceleration was applied to the driving simulators.

Three types of experiments were conducted in this
study. The EEW was given neither the front vehicle nor the
rear vehicle in Experiment 1 (14 pairs of drivers). The EEW
was transmitted to the both vehicles in Experiment 2 (13

pairs). In Experiment 3, the EEW was given only to the front
vehicle, and it was not given to the rear vehicle (14 pairs).
The EEW was assumed to be transmitted by car radio, and it
announced to the drivers that an earthquake has just occurred
and strong motion will arrive soon.

3. RESULTS OF QUESTIONNAIRE SURVEY AFTER
THE EXPERIMENTS

After the experiment, questionnaire survey was
conducted to each examinee. Figure 4 shows the degree of
recognition of the earthquake motion during the experiments.
When the EEW was not transmitted to the drivers, about
40 % of examinees in Experiment 1 and about 70 % of
examinees in Experiment 3 (rear vehicle) could not
recognize the earthquake occurrence. Similar tendency was
also pointed out under the actual earthquake environment
(Maruyama and Yamazaki, 2006).

On the other hand, the examinees recognized the
earthquake motion when the EEW was provided. If failures
of road embankment or cracks of road surface are generated
due to an earthquake, drivers that are unaware of the
earthquake may run into the failures. The drivers that know
the earthquake occurrence in advance by EEW can avoid
such kind of traffic accidents. The EEW seems to be very
effective in this regard.

In Experiment 3, the examinees of the front vehicle
Experiment 3

Experiment 1 Experiment 2

14

13 OUnrecognized
@ 12
2 :é B Recognized
‘E 9 later
u% 8 B Recongnized
« 1 immediately
© 6
E 5

4
E s
< 2

1

0

Figure 4. Degree of recognition of earthquake occurrence
during the experiment
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§ " @ Reduced the
£ 10 speed but not
£ 9 stop -
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- 7
5 5
S
25
E 4
2 3 [ : With EEW
2
1
0
Front Rear Rear

Figure 5. Reactions of the examinees during strong shaking

-36-



can recognize the earthquake occurrence owing to EEW. But
the examinees of the rear vehicle may be unaware of the
earthquake. The difference of earthquake recognition
between the two drivers will affect drivers’ behaviors during
an earthquake.

Figure 5 shows the reactions of the examinees during
strong seismic motion. In Experiment 1, more than half of
the examinees kept on driving as usual even under strong
shaking. On the contrary, many of the examinees in
Experiment 2 reduced speed or stopped the car during strong
shaking. Because of the EEW, the examinees in Experiment
2 recognized the earthquake. Hence, they reduced speed or
stopped their vehicles to make ready for strong shaking. The
results of Experiment 1 indicate that the drivers that are
unaware of an earthquake may drive as usual. As for the rear
vehicle in Experiment 3, less than half of the examinees kept
on driving as usual though they did not recognize the
earthquake. Because the examinee on the rear vehicle tried
to keep the distance from the front vehicle, he reduced speed
or stopped the vehicle without recognizing the earthquake.

4. RESULTS OF THE EXPERIMENTS

In the experiments, the moving speed of vehicle, the
positions of brake and accelerator pedals, the angle of
steering wheel and so forth were recorded to evaluate
drivers’ reactions during an earthquake.

Figure 6 shows the moving speeds of front vehicles in
Experiments 1 and 2. The examinees in Experiment 1 drove
at the speed of 80 km/h (22.2 m/s) as instructed even after
main shaking because many of them did not recognize the
earthquake occurrence. On the other hand, the examinees in
Experiment 2 reduced the moving speed gradually after
receiving the EEW. If the disorders on the road surface are
generated because of strong ground shaking, the drivers with
lower moving speed may avoid traffic accidents easily.
According to these results, the EEW is effective for driving
safety in this regard.

So far, the result of Experiment 1 when the EEW was
given to neither the front vehicle nor the rear vehicle and that
of Experiment 2 when the EEW was given to the both
drivers were compared and discussed. If the EEW is
broadcasted by TV and radio, some drivers on the
expressway will receive the EEW and the others will not be
formed.

Figure 7 shows the distance between the two vehicles
in Experiment 3. The EEW was given only to the front
vehicle in Experiment 3. The distance between the two
vehicles become shorter during the EEW announcement (t =
0-5 s) in some cases. The driver on the front vehicle reduces
the moving speed due to the EEW, however, the driver on
the rear vehicle keeps on driving without reducing the
moving speed. Two pairs of examinees out of 14 (dashed
lines in Fig. 7) eventually crashed because of the information
gap. In addition that, there are some cases that the distance
between the two cars became too short and thought to be
dangerous.
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Figure 6. Comparison of moving speed in Experiments 1
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Figure 7. Distance between the two vehicles in Experiment 3

Figures 8 and 9 show examples of moving speeds of
vehicles and positions of brake pedals observed in
Experiments 2 and 3. When the EEW was given to the both
examinees in Experiment 2 (Fig. 8), the front vehicle
reduced speed gradually and the rear vehicle put on the
brake in phase to keep the distance from the front vehicle.

When the EEW was given only to the front vehicle in
Experiment 3 (Fig. 9), the examinee on the front vehicle put
on the brake before the S-wave arrival (t = 10 s). Although
the examinee on the rear vehicle tried to stop immediately,
he eventually crashed to the front vehicle.

Four examinees on the front vehicle turned on hazard
light before reducing the moving speeds in Experiment 3. In
these cases, the rear vehicles could respond properly even
though they did not receive an EEW. The intention to reduce
speed of the front vehicle was conveyed to the rear vehicle
by turning on hazard light. When the EEW is transmitted to
general public through radio and TV, some drivers may
receive the EEW and the others may not receive it at the
present stage. Tuming on the hazard lights by EEW
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Figure 9. Examples of moving speeds and positions of
brake pedals in Experiment 3

receivers is considered to be the most effective way to make
the other drivers ready for an unknown hazard (a coming
earthquake) on an expressway.

5. CONCLUSIONS

In this study, a series of virtual driving tests were
conducted to realize the reactions of drivers under the
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earthquake early wamning. When an EEW is given only to a
part of vehicles running in close distances, the disagreement
among drivers’ reactions during an earthquake may cause
traffic accidents. Such kind of expected events were actually
occurred in the experiments using three driving simulators
connected together by a server. Turning on the hazard lights
by drivers that received the EEW is considered to be the
effective way to make the drivers without receiving the
EEW ready for unexpected hazards. To avoid accidents due
to EEW from mass media, it is important to instruct drivers
to turn on the hazard lights before reducing speed when
receiving the EEW on an expressway.
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Abstract: We apply Earthquake Early Warning System (EEWS) and Real-time Strong-motion Monitoring System
(RSMS) to reduce earthquake-related damage of the 29-story building of Kogakuin University in the downtown Tokyo,
Shinjuku, Japan. EEWS, which is operated by NIED (National Research Institute for Earth Science and Disaster
Prevention), is the system to provide earthquake information, such as the location and magnitude of an earthquake, the
arrival time of the S-wave, and the estimated seismic intensities, before the actual arrivals of S-waves. For the case of
subduction earthquakes (i.e., the Tokai and Tonankai earthquakes), we can expect a couple of minutes before the
building's largest response, because it is shaken by the surface waves with a slow speed less than 1 km/s, which are exited
in the Kanto sedimentary basin. Therefore, we apply EEWS to the emergency operation control system of elevators
during earthquakes to stop them automatically at the nearest floors, and to the announcement system to secure safeties of
students and staffs in the building. On the other hand, RSMS of Kogakuin University, which consists of 40 channels of
accelerometers and data servers, is the system to monitor the building response and to estimate the building damage in
real-time (i.e., the seismic intensities and the drift angles of the building floors). We apply the P-wave data of a borehole
of RSMS to the emergency operation control system of elevators.

1. INTRODUCTION

The Shinjuku campus of Kogakuin University is
located in the downtown Tokyo, and is a high-rise building
of the 29-stories with 149m of height and about 3 s of the 1st
natural period (see Picture 1 and Figure 1). The building
needs to prepare for the two types of large earthquakes (The
Headquarters for Earthquake Research Promotion, 2007):
one is M7 earthquakes under the Tokyo area, and the other is
M8 earthquakes from a rather far subduction zone. The
Headquarters estimated about 70% of the occurrence
probability of an M7 class earthquake in the southern Kanto
area for the next 30 years. When this type of earthquake
occurs, it is estimated disastrous damage in the Tokyo
metropolitan area (The Central Disaster Prevention Council
of Cabinet Office, 2004). On the other hand, the occurrence
probability of the Tokai earthquake (M8.0) for the next 30
years is estimated at 86% (The Headquarters for Earthquake
Research Promotion, 2007). When the earthquake occurs,
the long-period strong ground motions, which are the
surface waves excited in the Kanto sedimentary basin, will
vigorously shake long-period structures in Tokyo, such as
high-rise buildings and oil storage tanks.

In order to reduce earthquake related damage from
those earthquakes, we apply EEWS (Early Earthquake
Warning System) and RSMS (Real-time Strong-motion
Monitoring System) to the elevator control system of the
high rise building of Kogakuin University. The Japan

Meteorological Agency (JMA) distributes the EEWS
information to public users staring on lst October 2007,
which are the estimated seismic intensities and the expected
arrival time. On the other hand, the National Research
Institute for Earth Science and Disaster Prevention (NIED)
also provide the EEWS information for academic users with
more detail information than those of JMA, such as the
magnitude, depth, location of an earthquake (Yamamoto et
al,, 2005), which we use for estimating the arrival time and
amplitudes of the surface waves. On the other hand, the
building has RSMS for monitoring its response during
earthquakes, which is also used to estimate the building
damage by computing the story drift angles and the seismic
intensities on each floor in real-time.

2. Emergency Operation Control Systems of Elevators
and RSMS
21 Emergency Operation Control Systems of
Elevators of Kogakuin University

The campus building of Kogakuin University has 3
types of the elevators with different emergency operation
control systems. Figure 1 shows the elevation plans of the
building and the 1st floor plan together with the locations of
the elevators. Table 1 shows the locations of the P- and
S-wave sensors and their trigger levels for the emergency
control during an earthquake. When the P-wave sensors are
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triggered, the elevators stop by the nearest floors for about
60 s to 90 s, and automatically restart their service, if nothing
happens afterward. On the other hand, when the S-wave
sensors are triggered at the lower levels, the elevators also
stop by the nearest floors, but do not restart without
confirming the safety by the maintenance company staffs.
When the S-wave sensors are triggered at the highest level,
the elevators stop immediately, and thus, the people in the
elevators are probably trapped. Therefore, we apply EEWS
and RSMS to prevent those worst situations.

2.2 RSMS of Kogakuin University and Observation
Records

Figure 1 also shows the location floors of
accelerometers of RSMS with the red boxes. We will apply
them to estimate the building damage by computing seismic
intensities and the drift angles of the floors. The elevators for
higher and middle floors do not have P wave sensors (see
Table 1). Thus, we use the P wave sensor of B6F for the
emergency control systems of the elevators.

Figure 2 shows the locations of the Kogakuin building,
the K-Net Shinjuku station (TK'Y007), and the epicenter of
the 2004 Chuetsu Earthquake. Figure 3 shows the observed
records of RSMS and the K-Net for the earthquake. The P-
and the S-waves arrived at Shinjuku at about 37 s and 59 s,
respectively, after the occurrence of the earthquake. On the
other hand, the surface waves arrived at about 93 s, and
shaken the building with the maximum response around at
125 s. Therefore, we will have enough time for controlling
the elevators before their arrival.

Picture 1 The Shinjuku campus building of Kogakuin
University (Right) and the STEC office building
(Left)
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Table 1 The P and S sensors, their locations and trigger levels for the emergency operation control systems of
elevators of the Kogakuin University

EVs for the higher and Seismic Wave
middle floors No 80gal on penthouse | 120gal on penthouse Energy sensor
EV for the lower floors Sgal on pit 150gal on 8th floor No
EV for Emergency 5gal on pit 40gal on penthouse | 80gal on penthouse

4 Kogakuin

Figure 2 The location of Kogakuin Building, K-net and the seismic source in 2004 Chuetsu EQ

3. Quick Estimation of Strong Ground Motions using
EEWS and Its Application to Emergency Operation
Control System of Elevators

We roughly estimate the strong ground motions
including the surface waves at the building site, and apply
them to the emergency control systems of elevators. First we
construct the librations of Green's functions for various
seismic regions and the corresponding maximum response
values of the building. Once an earthquake occurs, the
maximum building response can be quickly computed using
the source data of EEWS and the Green’s function library. If
the response is estimated over a certain threshold value, the
EEWS server sends a signal to the emergency control
systems of elevators as the lowest trigger level for stopping
them at the nearest floors.

Figure 4 shows estimated strong motions for the 2004
Chuetsu Earthquake using the wavenumber integration
method (Hisada, 1995) assuming the flat-layered ground
structure model shown in Table 2; the model consists of the
sedimentary layers of the Kanto basin (Yamada and
Yamanaka, 2003) and the crustal layers of the traveltime
database of NIED. Table 3 shows the source parameters
from EEWS, in which the JMA magnitude is estimated
using Takemura (1990) and the stress drop is the average
value. Figure 4(a) shows the comparisons between the
observed records by RSMS and the estimated waves, which
are band pass filtered from 0.2 Hz to 1 Hz Figure 4(b)
shows the observed building response at the top floor and
the simulated results using a 1-mass model, which is
equivalent to 1st mode of the building (3 s of period and 2%
of damping). Even though the methodology is very simple,
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the estimations show in good approximation in the first half
of the observations (from 30s to 70s), not only in the arrival
time, but also in the amplitudes. However, they do not agree
well with the observed ones after 70s, probably because of

the 3D basin effects. Since our purpose is to estimate the
maximum building response quickly and roughly, the
methodology is applicable to the emergency control systems
of elevators.
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20 P wave (37 s) S}lrface wave (93 s) — K-net |
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Figure 3 The observed ground accelerations (Top), and the building displacement at 29F (bottom) for the 2004

Chuetsu earthquake

Table 2 The layered structure model at the Shinjuku site

Sedimental layers at

1900 100 750

100 800 Shinjuku-ward.

1.85

1.9
2 2200 200 1350 200 650 Yamada and Yamanaka
2 3863 200 2287 200 650 (2003)

2.3 5527 300 3224 300 2500

2.3 5816 400 3392 400 3000

2.3 6035 500 3521 500 4000

2.3 6206 600 3620 600 3000 Crustal Layers

2.3 6381 600 3722 600 3000

2.3

NIED traveltime database

. 6684 600 3899 600 5000
23 7201 600 4200 600 8000
23 7775 600 4364 600 9000
2.3 7804 600 4380 600 10000
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3. CONCLUSIONS

We applied EEWS and RSMS to the emergency
operation control systems of the elevators of the high-rise
campus building in downtown Tokyo by considering not
only the P- and S-waves, but also the surface wave (see
Figure 5). First, we used the P-wave sensor of RSMS as the
lowest trigger level of the emergency control system for
stopping the elevators at the nearest floors. Second, we
confirmed that EEWS is especially useful for estimating the
long-period strong ground motions from large earthquakes,
because they are the surface waves with slow propagating
speed, and thus we will have an enough time before the
arrivals of the main motions. Secondly, we developed the
methodology for estimating quickly the maximum building
response using the source data of EEWS, a library of Green's
functions, and the corresponding building response. Finally,
we applied the methodology to the emergency operation
control systems of the elevators. That is, once an earthquake
occurs, the maximum building response can be quickly
computed using the library data and the source data of
EEWS. If the response is estimated over a certain threshold
value, the EEWS server sends a signal to the emergency
control systems of elevators as the lowest trigger level for
stopping them at the nearest floors. In addition, we are
planning to apply EEWS and RSMS to the announcement
system to prevent a panic by providing the accurate
information about the building's safety; this is important
because the high-rise building will continue to shake
vigorously for several minutes by the surface waves,
especially for M8-class earthquakes.
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Abstract: The most important countermeasure against earthquake risk is to have all structures strong enough for the
possible earthquake load. In this regard, an early warning system should be installed to reduce the possibility of
carthquake disaster. An early warning system is required mainly to issue an alarm to have a time margin for evacuating
or shutting down key facilities, and not to determine exact earthquake parameters. Thus the early warning system must
be realized independently with On-Site alarm and the government and other public authorities must release accurate

earthquake information immediately after the earthquake.

1. INTRODUCTION

There are two kinds of the earthquake alarm as in Fig, 1.
One is “On-Site Alarm™ which is the alarm based on the
observation at the side of the objects to be wamed. The
other is “Front Alarm” which is the alarm based on the
observation near the epicentral area for the waming to
possible damaged area. “Front Alarm” is transmitted by
using communication networks, so the alarm is also called as
“Network Alarm”.

For each, there are two more kinds of alarm. One is
the alarm exceeding the preset level, so-called “S-wave
Alarm” or “Triggered Alarm”. And the other one is the
alarm during the preliminary motion, so-called “P-wave

As the first stage of the earthquake alarm, the simple
triggered alarm had been realized. This is the alarm
seismometer observing the strong motion just near the
objective for the alarm, and when the earthquake motion
exceeds the preset level, the alarm seismometer issues the
alarm. Although because of the anxiety of false alarm, it is

On-Site
Detection/Alarm

Front
Detection/Alarm

Sowave Ao |

Fault Rupture §

not able to set the alarm level low and the alarm is issued
almost same time to the severe strong motion, it is useful to
stop the gas supply or other systems automatically.

Next, to extend the margin time before the strong
motion arrival, it was considered the way to observe the
earthquake near the focal area, so-called “Front Alarm”.
This idea originally had been offered in 1868 by Dr. Cooper.
He proposed to utilize the propagation time of the
earthquake motion from the epicenter to alarmed area and
support the activities for escape. More than 100 years after
this original idea, the first system realizing the “Front
Alarm” was developed as the coast line detection system for
Tohoku Shinkansen line in 1982. After this, SAS, Sistema
de Alerta Sismica, for Mexico City started operation in 1991.

Then the next system was considered to detect the
initial part of the earthquake motion and issue the alarm
based on the risk of the earthquake. The first P wave
detection system for practical use, UrEDAS, Urgent
Earthquake Detection and Alarm System, was realized as the
front alarm system for Tokaido Shinkansen line in 1992, and
then almost same system was installed for Sanyo
Shinkansen line in 1996.

The 1995 Great Hanshin Disaster triggered to develop
earlier P wave alarm system because of the impression of
necessity to make on-site P wave alarm. This is Compact
UrEDAS and it was installed for Tohoku, Joetsu and Nagano
Shinkansen lines and Tokyo metro subway network.

And then Wakayama prefecture decided to install
UrEDAS for their own tsunami disaster prevention system
and started test operation in 2000.

As the new generation of UrEDAS and Compact
UrEDAS, the new small-sized instrument FREQL, Fast
Response Equipment against Quake Load, is developed to
shorten the processing time for alarm and to combine the
functions of UrEDAS and Compact UrEDAS. After P
wave detection, FREQL can issue the alarm within one
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second (minimum in 0.2 seconds) and estimate the
earthquake parameters at one second.  Since 2005, FREQL
has been adopted for the hyper rescue team of Tokyo fire
department to save the staffs from the large after shocks
during their activity. The hyper rescue teams are famous of
the salvage of the child from the land slide after the 2004
Niigataken Chuetsu Earthquake, and they were afraid of the
hazard caused by the aftershocks at that time.

On the other hand, it is necessary for local facilities to
grasp immediately their “own” strong motion index for the
quick response. For this purpose, a simple seismometer
“AcCo”, Acceleration Collector, was developed. This
unique palmtop seismometer has a bright indicator, memory
and alarm buzzer and relay connecter.

On-Site alarm is more important than network alarm,
because network alarm is sometime missed during data
communication. From the view of this, it is not enough to
receive the Earthquake Early Information from JMA, Japan
Meteorological Agency, EEI.  Contrary with this, FREQL
has both functions of UrEDAS and Compact UrEDAS for
On-Site Alarm and Network Alarm. And also AcCo has
simple alarm functions for On-Site Alarm.

Fig.2 shows systems of EEW: UrEDAS, Compact
UrEDAS, FREQL and AcCo. .

2. Principal EEW: UrEDAS, Compact UrEDAS and
FREQL

2.1 UrEDAS

Main UrEDAS functions are estimation of magnitude
and location, vulnerability assessment and warning within a
few seconds of initial P wave motion at a single station.
Unlike the existing automatic seismic observation systems,
UrEDAS does not have to transmit the observed waveform
in real time to a remote processing or centralized system and
thus the system can be considerably simplified.

(1) UrEDAS

;

(4) FREQL

(5) FREQL of Portable Type
Fig.2 UrEDAS, Compact UrEDAS, FREQL and AcCo

UrEDAS calculates parameters such as back azimuth,
predominant frequency for magnitude evaluation and
vertical to horizontal ratio for discrimination between P and
S waves, using amplitude level for each sampling in real
time. These calculations are basically processed in real
time without storing waveform data. UrEDAS processes
these calculation continuously regardless of whether or not
an earthquake occurs, and calculates just like filtering, so the
number of procedures is not increased in the event of an
earthquake. UrEDAS can detect earthquakes in P-wave
triggering with the amplitude level, and then estimates
earthquake parameters such as magnitude, epicentral and
hypocentral distance, depth and back azimuth from the result
of real-time calculation in a fixed period. UrEDAS can
issue an alarm based on the M-A diagram as in Fig3
immediately after earthquake detection. This new way of
alarm is referred to as the M-A Alarm.  Moreover UrEDAS
can support restarting operation based on the detailed
earthquake parameters.

10

Epicentral Distance in km

3 4 05 6 71 8
Magnitude M
Fig.3 M-A Diagram

Fig.4 Video Photos examples at focal region

The 1995 Hyogoken-Nanbu Earthquake also provided
the motivation for Compact-UrEDAS development. Fig.4
shows several pictures from the VIR shoot in the focal
region, initial P-wave motion was detected as something
happening, and then severe motion started. In an interview
with victims, although there were only a few seconds
between detection of something happening to earthquake
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recognition, there was anxiety and fear because they could
not understand what was happening during this period and
felt relieved after recognition of earthquake occurrence. To
counter this kind of feeling, earlier earthquake alarm was
required: Compact UrEDAS was developed to issue the
alarm within one second of P-wave arrival.

2.2 Compact UrEDAS

Compact UrEDAS  estimates the  expected
destructiveness of the earthquake immediately from the
earthquake motion directly, not from the earthquake
parameters as UTEDAS, and then issues the alarm if needed.
To estimate earthquake dangerousness, the power of the
earthquake motion is calculated from the inner product of
acceleration vector and velocity vector, but this value will be
large. Hence Destructive Intensity (DI) is defined as the
logarithm of absolute value of this inner product as in Fig, 5.

ismic Motion Energy E = mv¥/2, ‘v’ is seismic veloc

estructive Intensity DI,

DI = loglaw], DI-value = max

F PW = mav

Fig.5 Definition of DI
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Fig. 6 shows the change of DI as a function of time.
When the P wave arrives, DI increases drastically. PI value
is defined as maximum DI within t seconds after P-wave
detection. This value is suggested to be used for P-wave
alarm. Subsequently, DI continues to increase slowly until
the S-wave arrival, after which it reaches its maximum value
which is called the DI value. This value relates to
earthquake damage and is similar to the Instrumental
Intensity scale of JIMA or MM, Modified Mercalli Intensity.
Instrumental JMA seismic intensity can be determined only
after the earthquake has terminated. On the other hand, DI
has a very important practical advantage, because it can be
calculated in real time soon after the P-wave arrival with
physical meaning. In other words, with the continuous
observations of DI, an earthquake alarm can be issued

efficiently and damage can be estimated precisely.

2.3 FREQL

FREQL is integrated the functions of UrEDAS,
Compact UrEDAS and AcCo. Which is to say that
FREQL can estimate the earthquake parameters one second
after the P wave detection faster than UrEDAS, can judge
the dangerousness of the earthquake motion within one
second, minimum in 0.2 seconds, after P wave detection
faster than Compact UrEDAS, and can output the
information and alarm based on both acceleration and RI,
Realtime Intensity, in real time same as AcCo.

And the all components of seismometer, sensors, A/D
converter, amplifier, CPU and so on, are put together in
small aluminum die-cast vessel of almost 5 inches cube, and
the system is electrical isolated. So the FREQL is easy to
install and the structure of FREQL is noise proof.

FREQL also has functions to omit the influence of
electrical thunder noise and to detect the P wave after rather
small pre-shock. Thus it is able to say that FREQL solved
the known problems of the ordinary earthquake early
warning systems. It is known that there was a pre-shock at
the time of the 1994 Northridge earthquake attacked Los
Angels and the 1995 Hyogoken-Nanbu Earthquake attacked
great Hanshin area. It seems to be failing for the early
warning system except FREQL that it is not possible to issue
the alarm for large earthquake motion if the pre-shock exists
just before the destructive earthquake because the pre-shock
is recognized as small event. And also it seems to be
difficult for the huge system to keep running perfectly under
the destructive earthquake motion. It is uncertain only with
such remote systems because of information lack. It must

be considered on installing the onsite warning system for the
important facility.

FREQL is toward to the new field for the early wamning
system, as for the hyper rescue teams of Tokyo fire
department under the severe situation with the risk of
aftershocks (see Fig. 7).

cue Te

Fig.7 New Field for EEW

Hyper rescue teams made a miraculous activity but the
activity was always in a risk of large after shocks.  After the
activity at the damaged area of the 2004 Niigataken-Chuetsu
Earthquake, the Tokyo fire department approached us to
adopt FREQL as a support system for the rescue activity,
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taking notice of the portability, rapidness and accuracy of the
wamning. FREQL for Tokyo fire department was consists
of FREQL main body, power unit with backup battery for
three hours, central monitoring system and the portable
alarm instrument with more than 105dB loud alarm and
rotary light.

Tokyo fire department has equipped the FREQL unit
form spring of 2005, and since 2007, three hyper rescue
teams is operating. At the time of their rescue activity after
the 2005 Pakistan earthquake, they reported that FREQL
works in right manner. Now, there are many FREQL of
portable type equipped at local fire stations in Japan.

And the FREQL of permanent type are used in many
field such as subway, nuclear power plant, high-rise building,
semiconductor facilities, and etc., in Japan.

Now, in Berkeley and in Pasadena, FREQL has started
test observation. These projects are doing under the
support by UC Berkeley and Caltech. I hope this FREQL
network growth to Pan-Pacific Tsunami Warning System.

2.4 AcCo

Because usual seismometers were expensive and
required an expert of installation and maintenance, so they
were installed for limited facilities. After the Kobe
earthquake, the number of seismometer was increased but at
most thousands sets for whole Japan. It is not so much
because it means one set per several tens km” or per several
ten thousands person.  Even so there are many
seismometers in Japan, but many hazardous countries have
only a few seismometers. So it is difficult to take exact
countermeasure against earthquake disasters because it is
impossible to grasp and analysis the damage based on the
strong motion records and to draw a plan of the city with
certain strategy.

AcCo was developed to realize a simple seismometer to
issue alarm and record the strong motion in low cost. ~ Since
AcCo is just a palmtop size instrument, it can indicate not
only acceleration but also the world's first real time intensity.
So AcCo can issue alarm with the trigger of both
acceleration and intensity.

AcCo indicates acceleration and intensity if the
5HzPGA (5 Hz low passed peak ground acceleration)
exceeds 5 Gals as in Fig.2(3). Intensity can be chose from
RI, MMI or PEIS, Philippine Earthquake Intensity Scale.
AcCo can output the digitized waveform via serial port and
also record the waveform for the two largest events with
delay memory. AcCo can work with AC power supply and
backup battery for seven hours.

Because AcCo indicates acceleration as ertial force
and RI as the power of the earthquake motion, it is useful to
learn the sense for the meaning of acceleration and intensity
from the experience. This sense is required for the exact
image against the earthquake motion.

AcCo is applied for many fields as warning system,
education, kindergarden, factory, train operation and so on.
And also AcCo is used not only in Japan but also in out side
of Japan for a instance, Taiwan, Philippine and etc..

2.5. Alarm timing and margin time gained by EEW

In case of the system requiring the earlier warning with
no error or accidental warning, it is necessary to install a
system with high reliability and sophisticated as FREQL.
But in general, it seems to be useful even the simple warning
system in general. This kind of system seems to be useful
enough in many cases under the situation of several alarms
per year even in higher seismic activity area of Japan.
AcCo 10 Gals alarm or RI 2.0 alarm can play the role of this
simple early warning. Fig.8 shows the relationship
example between the alarm timings. Since the AcCo 10
Gals alarm or RI 2.0 alarm is a little later than the P wave
alarm of FREQL, it is enough earlier than the ordinary
triggered S wave alarm.
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Fig.8 An example of alarm timings by simple triggers
in case of the 2000 Tottoriken-Seibu Earthquake

25
X
(\
20 'c/“'?/
15
10 Focal Depth 15km,
vp = Bkmis vs = 3.5km/s
5 Front Detection at 10K
30km, 50km from Epicenter

f—0n-Site Alarm by FREQL: Delay =1 +0 s

e Front Alarm by FREQL - Delay = 1+2 5

= Eront Alarm by JMA: Delay = 5+2 5
Delay = Processing Time + Transmiting Time

acl | l‘*‘*‘"""ﬁ Max. Damri_g?{\rea 1M

5175
5

0 50 100 150 200
km

Margin Time between Alarm and S-wave Arrivals

Epicentral Distance

Fig.9 Margin time by EEW
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Fig.9 shows gained margin time by EEW. Basic
condition for calculating margin time is assumed as follows:
focal depth 1s15km, velocity of P-wave and S-wave are vp =
6 km/s and vs = 3.5 km/s, respectively, front detection site at
10 km, 30 km and 50 km from the epicenter.

Based on the calculation for 10km, EEI of JMA comes
after S wave arrival within a 30 km radius as confession by
JMA. On-Site alarm by FREQL can keep at least more
than one second even just above the epicenter; and more
margin time than front alarm by JMA within about 55 km
radius from the epicenter. This distance corresponds for
out line of the damage area for over M7. It means that the
EEI of IMA is not available the estimated damaged area up
to M7, so it seems that it is not useful for the recent Japanese
earthquake in this 20 years. Contrary to this, the on-site
FREQL alarm is available even around the focal area; of
course the margin time is just a few seconds.  So we should
take a hard look at the on-site alarm and put it into practical
use. It is also useful for popularization of earthquake
disaster mitigation. It seems that there are many fields not
so effected by false alarm if reset easily.  Official
information as correct location and magnitude must be
informed within few minutes for the exact clear of the alarm.
And this kind of information must keep suitable redundancy
so there must be informed from several organizations.
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Fig.10 Change of processing time for EEW

3. Practical Operation Example of Compact UrEDAS

At the time of the 2004 Niigataken Chuetsu Earthquake,
Mjma 6.8, there were four trains running in the focal area.
There are four observatories called Oshikiri SP, Nagaoka
SSP, Kawaguchi SS and Muikamachi SP, from north to
south. Of these stations, Kawaguchi and Nagaoka issued
both the P-wave and the S-wave alarms, and the others
issued only the S-wave alarm. Every station issued the
alarm for the section to the next station (see Fig.11). At
first Kawaguchi and then Nagaoka issued the P-wave alarm.
Subsequently, Oshikiri and Muikamachi issued the 40 Gals
alarm. As the result, trains Toki #325 and #332 received
the alarm 3.6 seconds after the earthquake occurred, Toki
#406 4.5 seconds after and Toki #361 11.2 seconds. The

Shinkarsen Train and its Sirection
Sation  H S Compact EDAS

Fig.11 Overview of the 2004 Niigataken-Chuetsu Earthquake

section damaged was between Muikamachi and Nagaoka.
Trains traveling on this section received the alarm
immediately, proving that the alarm system settings were
appropriate.

The UD component of earthquake motion predominate
the high frequency more than 10 Hz. The Shinkansen line
runs from north to south and the EW component seems to
effect derailment. In the case of the EW component, there
is a peak at 1.5 Hz and the range of 1 to 2.5 Hz predominates.
The natural frequency of the Shinkansen vehicle is included
this frequency range.

The Kawaguchi observatory detected the P wave 2.6
seconds after the earthquake occurred, and one second after
that, or 3.6 seconds after the event, issued a P-wave alarm.
When the derailed train, Toki #325, encountered the
earthquake motion when traveling at 75 m from the Takiya
tunnel exit of 206km000m, it was three seconds after
earthquake occurrence. 3.6 seconds after the earthquake, the
train received the alarm from the Compact UrEDAS and the
power supply was interrupted. The Shinkansen train
situated automatically to apply the break immediately at the
mnterruption of power supply. The driver put on the
emergency brake after recognizing the Compact UrEDAS
alarm. The S-wave hit the train 2.5 seconds after the alarm,
and more one second later, a strong motion with five
seconds duration hit the train.  Fig.12 shows the schematic

EEW by Shin-Nagaoka EEW by Compact UrEDAS at Shir-Kawaguchi S8

Shin-Nagaoka SSP  1yysya Tumne

Uonuma Tunnel : ; '
434Gal [ Shin-Kawaguchi SS

%, Myouken Tunn

Toki#406

Fig.12 Schematic diagram for this earthquake
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diagram for this earthquake.

As the result of simulation using the strong-motion
records at Kawaguchi and Nagaoka, real-time intensity (RI)
rose sharply with the earthquake motion arrival and
immediately reached the P-wave alarm level. This Rl is a
real-time value and the maximum value fits the instrumental
intensity of JMA. Because FREQL, the new generation of
Compact UrEDAS, improves the reliability of P-wave
distinction, FREQL can issue the alarm immediately after
the P-wave alarm threshold is exceeded. If FREQL had
been installed instead of Compact UrEDAS, both
Kawaguchi and Nagaoka observatory would issued the
P-wave alarm 0.2 and 0.6 seconds after P-wave detection,
respectively. Table 1 summarizes the simulation results. In
this case, the P-wave alarm reached the derailed section
before P-wave amival. Accordingly, FREQL minimizes

Table 1 Summanze the simulation results

orded Detecﬁn y Ti

Time of RI> m_—
Time of Max. Acc >10Gall 3.4 |

the process time for alarm.

Fig.13 shows the details of the derailment. The
derailed train, Toki #325, consisted of 10 cars, from car #10
to car #1 along the traveling direction. The number of
derailed axles is 22 out of a total of 40 axles. The last car,
#1, fell down the drain besides the track and tilted by about
30 degrees. The open circle indicates the location of
broken window glass. The quantity of broken grass
appears greater on the left due to the something bounce from
the sound barrier, and tends to break one or two cars after the
derailed car. The amount of broken glass from car #1 is
exceeded by that of car #2.

If it is assumed that the glass broken of car #2 was
caused by the derailment of cars #4 and #3, the paucity of
broken glasses from car #1 suggests that car #2 did not derail
during the earthquake motion. It is estimated that the
frictional heat between the vehicle and the rails caused
elongation and slightly rift up at the joints of 206km700m,
and car #1 derailed, making car #2 derail.

Deformation performance of viaducts is specified
within one cm under the loading of the seismic design force.
Although the designed natural frequency corresponding to
the deformation performance is 2.5 Hz, in practice it is 3.5
Hz. The viaduct may thus be considered to behave
statically against the earthquake motion less than around 1.5
Hz. Fig 14 shows the relative deformation derived from
the dimension of the viaduct columns. The meshed line
shows the averaged deformation for each viaduct block, and
it 1s estimated that the relative large occurred at the area
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Fig.13 Detail of the derailment

farther from the tunnel exit. Taking into account the timing
of earthquake occurrence, this is the point of derailment.
Fig.15 outlines the circumstances of the derailment. It
seems that the derailed cars were on the large displacement
section accidentally. The later the alarm reached, the more
the number of derailed car, because of the risk of running the
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Fig.14 Performance of the deformation

large displacement section. As a result, if the friction heat
release value were higher, the derailment situations were
more severe. On the other hand, the early wamning slows
the train down, which means that the main shock hits the
train before the large displacement section and decreases
while the train travels the section. The number of the
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derailed cars is thus expected to decrease and the derailment
damage must be minor. In this regard, the P-wave alarm of
the Compact UrEDAS demonstrates its effectiveness at
making the derailment non-catastrophic.

4. An Example of Integrated Systems for EEW and
Quick Response against Strong Motion
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Fig.16 Subway network of Tokyo Metro Company
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Fig.17 The 2005 Chiba North-West Earthquake

Tokyo Metro, Subway Company, built the new
earthquake early warning/quick response system based on
the experience of the 2005 Chiba north-west earthquake,
Mjma 6.0. Tokyo Metro network is the core of the railway
transportation system for the entire Tokyo metropolitan area
as in Fig 16.

In July 2005, the earthquake attacked the Tokyo
metropolitan area as in Fig.17.  This earthquake occurred at
35.5N and 1402E with about 73km in depth, and the
maximum JMA intensity was 5+ corresponding to MMI
VIII  approximately. This earthquake occurred at
north-west of Chiba prefecture and caused a traffic
disturbance widely in Tokyo metropolitan area. All the
train operation had been stopped for a long time after the
earthquake, although a severe damage was not caused even
in the area of high intensity. The longest down time for the
train operation was more than seven hours. That of Tokyo
Metro was four hours.

Tokyo Metro had to check all track on foot, because
the control reference value for train operation exceeded.
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The value of Tokyo Metro is 100Gal of SHzZPGA. This
value varies by Train Company. To check the track on foot
is the reason why had all train operation been stopped for a
long time.

After the earthquake, we proposed a new system for
early warning and quick response with basic idea as follows.
It is necessary for the control against the earthquake to equip
the system not only to issue the early waming but also to
support the quick and rational recovery work after the
earthquake. Tokyo Metro Company accepted our proposal,
and replaced and built the new early warning/quick response

"o FREQL network
: 6 sites

~l@ AcCo network
T : 33 sites

(1) Networks of FREQL and AcCo

“<FREQL System>
6 seismome

Communication un

poETETy
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| ERCTE v;m { TR R e
(3) Monitoring System for AcCo

Fig. 18 New Earthquake Early Warning System

system as followed.

The system consists of two seismometer networks as
shown in Fig.18.  One is the early warning system network
consisting six sets of FREQL to control or stop the train
operation immediately after the earthquake occurrence.
And the other is the network of the portable digital
seismometer consisting of 33 sets of AcCo in every about
three kilometers mesh to grasp more detailed seismic motion
on their service area.

The information from both FREQL network and
AcCo network are gathered to the operation center and
displayed on the individual monitoring system. The
monitoring system for AcCo can indicate the integrated
information from AcCo and FREQL on the subway network
image. The AcCo monitoring system is also installed on
the control table for each subway line.

At the time of the earthquake, the early waming
system detects at first the earthquake immediately and then
the 33 local seismometers inform the actual earthquake
motion of each site independently and rapidly as in Fig.19.
This system realized quick response and restart of the train
operation because the early warning became faster and
checking zone after earthquake was optimized.  This
updated system is expected to realize quicker response
during and after.

Monitoring system
for AcCo

5 R SR

Display the collected seismic motion.

Fig.19 Display example when earthquake occurred

For the large system as the train operation, it is
necessary for the control against the earthquake to equip the
system not only to issue the early warning but also to
support the quick and rational recovery work after the
earthquake.

5. Discussion

It seems that the difference between real time
seismology (RTS) and real time earthquake engineering
(RTEE) is the way of contribution indirectly or directly for
practical use, as same as the difference between science and
engneering. RTS makes the countermeasure soon after the
earthquake rational and prompt by sending information
universally to be useful for public. And RTEE sends the
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information for certain customers as a trigger of the
countermeasures against the earthquake disaster. From the
view of time domain, RTS is required by the rational action
after the earthquake terminated and RTEE is necessary for
the immediate response just after the earthquake occurrence
or earthquake motion arrival.

RTS needs high accuracy on the information but not
immediate, so it is possible to utilize effectively the
knowledge and experience on seismology and
infrastructures as observation networks. The task are to be
more accurate the information on the earthquake observation
and to deliver rapidly to all people.

On the other hand, the most important aim of RTEE is
to decrease the degree of the disaster or the possibility of the
disaster occurrence so it is necessary to issue alarm rapidly
and certainly. For this purpose, at first it must be concerned
to nstall own observation system for the alarm, without
relying the information from the other authorities. And
then, it 1s possible to use the other information if it can be
received. It is necessary to customize the way of issuing
and utilizing the alarm depends on the situation for each
customer and fields. Again, it is risky to rely to the
information only from the other authorities using the data
transmission network under the situation of earthquake.

In Japan, JMA has started delivering the EEL
Earthquake Early Information, on 1st October 2007. It is
clear that EEI is belonging to RTS.  So it is only a result of
earthquake observation and must be delivered widely for
public with no restriction for receiving. Since for some
case, it may be possible to use it as alarm, but generally to
say, EEI is mainly for the rational countermeasures after
earthquake termination. It must be used for release of the

EEW by the people quickly if the alarm is not needed.
From the view of this, the most important is accuracy and
the delay of few seconds is not a problem, because the error
of this kind of information may cause a serious confusion.
It is enough that the accurate information is delivered within
one or two minutes after the event.  Alarm must be released
rationally and EEI may play an important role as one of the
useful tools for this.

It is necessary to grasp the distribution of earthquake
motion at the early stage. It is recommended to progress
the earthquake disaster prevention with the combination of
the public information such as EEI by JMA rather late and
local dense and quick information by the people.
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Abstract:  Singapore is located in a low-seismicity region. However, tremors caused by distant Sumatran earthquakes
have reportedly been felt in Singapore for many years. This paper reports one the ground motions recorded in Singapore
due to the recent Southemn Sumatra earthquake (M, = 8.4) of 12 September 2007. Based on previous studies for
Singapore, the maximum credible earthquakes (MCEs) from Sumatra have been hypothesized to be a subduction
earthquake (M,, = 9.0) and a strike-slip earthquake (M, = 7.5). Response at a soft soil site in Singapore to the synthetic
bedrock motions corresponding to these maximum credible earthquakes are simulated using a one-dimensional wave
propagation method based on the equivalent-linear technique. A typical high-rise residential building in Singapore is
analyzed to study its responses subjected to the MCE ground motions at both the rock site and the soft soil site. At the
rock site, the earthquake ground motions are hardly a problem to the building. However, at a soft soil site, the MCEs may
cause some columns being overstressed and cracking on the infill walls. Even though the base shear forces caused by the
earthquake ground motions would exceed the notional horizontal load requirement in BS 8110 code, the capacity of

column members designed under the gravity loads are sufficient to resist the lateral load.

1. INTRODUCTION

The 1985 Michoacan earthquake, in which a large
earthquake (M, = 8.1) along the coast of Mexico, caused
destructions and loss of lives in Mexico City, 350 km away
from the epicenter. Learming from the Michoacan earthquake,
it has been recognized that urban areas located rather
distantly from earthquake sources may not be completely
safe from the far-field effects of earth tremors. Singapore is
located in a low-seismicity region, where the closest active
seismic sources are located more than 400 km away, along
and off the western coast of Sumatra. Earthquakes in
Sumatra, some of which had magnitudes as low as 6.0, have
frequently shaken high-rise buildings in Singapore,
especially those founded on Quaternary marine clay deposits
and reclaimed lands. No structural damage, however, has
been reported (Pan 1995, Pan et al. 2001). Although seismic
hazard from such distant earthquakes in terms of ground
shaking 1s considerably low, seismic risk in terms of damage
potential to structures, loss of lives and assets cannot be
ignored because of the high concentration of population and
commercial activities taking place in structures that have not
been designed specifically for seismic loads. Currently,
building design code for structures in Singapore has been
developed largely based on the BS8110 Code (BSI 1987),
which does not provide seismic loadings.

A recent study by Megawati and Pan (2002) has
identified the maximum credible earthquakes in Sumatra to

-55-

be a subduction earthquake (M,, = 9.0) off the west coast of
Sumatra and a strike-slip earthquake (M, = 7.5) on the
Sumatran fault. Synthetic bedrock motions corresponding to
the maximum credible Sumatran subduction earthquake and
the strike-slip earthquake have been simulated (Megawati
and Pan 2002, Megawati et al. 2003, Pan and Megawati
2002). In addition, the study by Pan and Lee (2002) has
considered site response at a soft soil site for a recorded
Sumatra subduction earthquake (M, = 7.0, epicentral
distance = 540 km). The present study considers soil
response at the same site to the synthetically generated
maximum credible earthquake ground motions using the
one-dimensional wave propagation method based on the
equivalent-linear technique.

This paper starts with a brief description of the
seismotectonics of Sumatra and the geological formation of
Singapore. The geotechnical properties of the soft soil site
are then described, which 1s followed by the procedure of the
soil site response analysis. Finally, response spectrum
analyses are carried out to study the seismic response of a
typical high-rise residential building subjected to the
maximum credible earthquakes.

2. GROUND MOTIONS RECORDED IN
SINGAPORE

Sumatra is located adjacent to the Sunda trench (Figure
1), where the Indian-Australian plate subducts beneath the



Eurasian plate at a rate of 67 £ 7 mm per year towards
N11°E =+ 4° (Tregoning et al. 1994). The islands of Sumatra
and Java lie on the overriding plate, a few hundred
kilometers from the trench. Convergence is nearly
orthogonal to the trench axis near Java, but it is highly
oblique near Sumatra, where the strain is strongly partitioned
between dip slip on the subduction zone interface and
right-lateral slip on the Sumatran fault along the westem
coast of the island. The earthquake focal mechanisms and
the hypocentral distributions indicate that the subducting
plate dips less than 15° beneath the outer arc ridge, and the
dip angle becomes steeper to about 50° below the volcanic
arc. The relatively shallow dip angle gives strong coupling
between the over-nding and the subducting plates. As such,
six giant earthquakes (M, > 8.0) have occurred along the
Sumatran megathrust during the last 210 years, to release the
strain accumulated in the convergence between the two
tectonic plates: 1797 (M,, = 8.7), 1833 (M,, = 9.0), 1861 (M,,
=8.5), 2004 (M,, = 9.2), 2005 (M,, = 8.7), and 2007 (M,, =
8.4). The rupture zone of the 1833 event, named as the
Mentawai segment, is the closest segment to Singapore. It
was estimated to have caused a long rupture which
measured more than 400 km between Enggano and Batu
islands  (Figure 1). Singapore is located almost
perpendicularly at about 720 km to the centre of the rupture
zone (Figure 1). The earthquake, with an average M,, of 9.0,
is selected to be the maximum credible earthquake that the
Sumatra subduction zone is capable of generating
(Megawati and Pan 2002).
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Figure 1 The Sumatran Fault and the Sunda Trench with
epicenters of the maximum credible earthquakes

The Sumatran fault lies roughly 250 km northeast of
the trench. The 1650 km long fault runs along the western
side of the Sumatra Island, coinciding with the Bukit Barisan
mountain chain. The Sumatran fault is highly segmented,
composing of 19 major segments with cross-strike width of
step-overs between adjacent segments of about 5 km to 12

km. The lengths of the segments range from 30 km to 220
km. Due to the fact that the fault is highly segmented, it has
a limited capacity to generate very large earthquakes.
However, the fault is located relatively close to Singapore
than the subduction zone. Historical records show that the
segments of the Sumatran fault have caused numerous major
earthquakes but their magnitudes are limited to about 7.5 —
7.7 with rupture lengths not greater than 100 km (Sieh and
Natawidjaja, 2000). Of the 19 segments of which the
Sumatran fault 1s composed, the Suliti segment (1.75° —
1.0°S, length =~ 95 km), the Sumani segment (1.0° — 0.5°S,
length ~ 60 km) and the Sianok segment (0.7°S — 0.1°N,
length = 90 km) are the closest segments to Singapore
(Figure 1). Two major earthquakes have occurred in these
segments. The first one was on 4 Aug 1926 (M, =~ 7.0) and
the second one was on 9 June 1943 (M, = 7.4-7.6). Judging
from the historical earthquake records and the geometrical
segmentation of the Sumatran fault, the maximum credible
earthquake that can be generated by the fault is a right-lateral
event with a magnitude of M,, = 7.5 in the Sumani segment
(Megawati et al. 2003).

2.1 Seismic Stations in Singapore

The location of seismic stations in Singapore is shown
in Figure 2. The nine seismic stations include those at Beatty
Secondary School (BES, 1.34°N, 103.85°E), Pulau Tekong
(PTK, 1.40°N, 104.05°E), and Katong Park (KAP, 1.17° N,
103.53° E). The surface geological map of Singapore
(Figure 3) shows that BES is located on soft quatemary
deposit, while PTK is situated on weathered sedimentary
rock. KAP i1s located on Kallang Formation, consisting
predominantly of marine clay, which is soft, silty, and
kaolinite-rich.

BES Station:

+0m A

A MSD stations
@ NTU stations

-17m |A| soft soil

fremniny

-50m LA

Figure 2 Seismic stations in Singapore

Figure 3 Surfacial geology map of Singapore
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2.2 Southern Sumatra Earthquake (M,, = 8.4)

This section describes the ground motions recorded in
Singpaore due to the recent Southemn Sumatra earthquake
(M,, = 8.4) of 12 September 2007. Between the hours of 12
September 11:10 UTC and 13 September 03:35 UTC, three
large earthquakes struck off the western coast of Sumatra,
between the cities of Bengkulu and Padang. The events, of
magnitude M,, 8.4, 7.8 and 7.1, occurred approximately 530
km to 700 km from Singapore. The three earthquakes
occurred along southern Sumatran megathrust, between the
islands of Sipora and Enggano (Figure 1). According to the
Earthquake Center of the United States Geological Survey,
the first event (M,, = 8.4) occurred on the 12th, at 11:10:26
UTC, followed by the second (M,, = 7.8) at 23:49:01 UTC
and the third (M,, = 7.1) on the following day, at 03:35:26
UTC. The respective epicentral distances to Singapore are
702 km, 532 km and 614 km.

The seismic stations located at BES and PTK recorded
the ground motions from the three Sumatran events (Figure
2). Figure 2 shows the downhole array at BES, where three
triaxial seismometers were installed at three different levels
(at the surface and at depths of 17 m and 50 m). The purpose
of imstalling the downhole array is to investigate
amplification of seismic shear wave as it travels vertically
through the soft-soil profile at the site. PTK station has only
one triaxial seismometer on the ground surface.

Figure 4 shows ground accelerations from the M,, = 8 4
event of 12 September 2007, recorded at PTK and BES. The
horizontal peak ground accelerations (PGAs) at PTK is 1.2
cr/s”, while the value at the ground surface of BES is 2.9
cn/s”, implying an amplification factor of about 2.2. The
respective pseudo-velocity response spectra, with 5%
damping ratio, are shown in Figure 5, where the spectra of
the mean as well as the mean plus and minus one standard
deviation, estimated using the attenuation relationship
developed at NTU, are plotted for comparison. Figure 5
shows that the recorded spectra at PTK (rock), NTU (rock)
and BES (at surface and -50 m level) largely fall within the
band of the plus and minus one standard deviation,
indicating that the attenuation relationship could reasonably
estimate the actual response spectra. Figure 5 also shows that
the surface spectrum at BES demonstrates a significant site
effect within the natural period range of 0.5 — 2.0 sec.

News hotlines were barraged by alarmed callers who
described swinging ceiling lamps, vibrating glasses, water
oscillating in home aquariums (Ang Mo Kio and various
locations, Xinming Ribao, 13 September 2007), while pieces
of concrete were dislodged from the floor of an apartment in
the East Coast (The Straits Times, 14 September 2007).
Reports of dizziness and nausea during the tremors were
widespread, but the extent of discomfort experienced in
adjacent buildings, and even among individuals in the same
building, varied greatly. Spontaneous mass evacuations from
the NTUC buildng in Raffles Quay were mirrored
1slandwide — along the East Coast, Eunos and Bedok.
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Figure 5 Pseudo-velocity response spectra based on the
ground motions at BES, NTU and PTK, with 5 % damping
ratio for the M,, = 8.4 event of 12 September 2007

Following the M,, = 8.4 event on 12 September 2007
there were 246 buildings inspected by engineers, and were
found to be structurally sound. General advice was
disseminated to the public by the Singapore Civil Defence
Force through the mass media, suggesting that people take
shelter under tables and away from windows or unstable
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objects (if indoors) and away from buildings and electrical
cables (if outdoors). Members of the public were also
discouraged from using elevators to escape buildings, to be
wary of triggering explosions in the event of gas leaks, and
were encouraged above all to remain calm during tremors.

3. MAXIMUM CREDIBLE GROUND MOTIONS

Megawati and Pan (2002), and Megawati et al. (2003)
identified that the maximum credible ground motions in
Singapore are likely to be caused by the two large
earthquakes of different source mechanisms. One is a
strike-slip earthquake (Sumani segment) with an epicentral
distance of around 425 km and a moment magnitude of 7.5.
The other is a Sumatra subduction earthquake with an
epicentral distance of 723 km and a moment magnitude of
9.0 (Figure 1). The bedrock motions in Singapore due to
these two earthquakes have been simulated using the
extended reflectivity method (Kohketsu 1985), taking into
account uncertainties in the source rupture process. Detailed
descriptions of the MCEs and the simulation process can be
found in separate publications (Megawati and Pan 2002,
Megawati et al. 2003). One set of the simulated motions is
used 1n this study. The three components of the strike-slip
earthquake and the subduction earthquake are shown in
Figures 6 and 7, respectively. The beginning of the signals
corresponds approximately to the arrival in Singapore of the
first P wave from the sources.

Response spectra of 5% damping ratio are shown in
Figures 8 and 9, respectively, for the maximum credible
earthquakes. The larger of the two horizontal components of
the synthetic MCE ground motions are thus used in the
convolution process to obtain the surface accelerations at the
soft soil site. They are the tangential acceleration component
of the Sumatra strike-slip earthquake and the perpendicular
acceleration component of the Sumatra subduction
earthquake.
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4. RESPONSE OF A HIGH-RISE RESIDENTIAL
BUILDING

In this section, the responses of a typical high-rise
residential building under the scenario earthquakes are
studied. Both the rock and the soft soil site ground motions
from the subduction and the strike-slip earthquakes
described are used as the inputs. The responses to the
different ground excitations are compared. Because of the
unusual shape of the typical building, the effects of flexible
diaphragms are significant and thus, included in the finite
element (FE) modeling.

4.1 Building Descriptions

The structure under study is a typical 15-storey,
reinforced concrete (RC) residential building. The overall
height of the building 1s 42.8 m. Figure 10 shows a typical
floor plan of the building. The dimensions of the floor plan
are 94.5 m in the longitudinal direction and 11 m in the
transverse direction. The RC building has a frame-shear wall
dual structural system. No clear symmetry can be observed
from the building drawings. The frame system consists of a

series of two-bay frames spanning in the transverse direction.

The frames are spaced at about 3 m along the longitudinal
direction. The typical column sections are 0.3 m by 1.2 m
for the first three stories, and 0.3 m by 0.9 m for the upper
stories with the larger dimension along the transverse
direction. Such wall-like columns are prohibited from the
modemn seismic design codes. The design provision for
seismic loadings i ACI-318 (ACI 2002) requires a
minimum width to length ratio of 0.4. The typical beam size
1s 0.3 m by 0.5 m. The walls are also aligned mainly along
the transverse direction. Therefore, the longitudinal direction
appears to be the weaker direction. The partition walls inside
the frames are made of bricks. The floors are RC with 0.125
m thickness. Because of the large aspect ratio of the floor
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dimensions, the effects of flexible diaphragm may be
significant on the building’s seismic response.
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Figure 10  The floor plan of typical building

4.2 Finite Element Model

A three-dimensional (3D) FE model was constructed to
study the dynamic characteristics of the building. The
perspective view of the model is shown in Figure 12. In the
model, the flexible floors were modeled using shell elements,
and the brick partition walls were included via plane stress
elements. The fundamental frequency is 1.27 Hz in the
transverse direction, which is contrast to the original
expectation. This may be due to the brick infill walls which
increase the stiffness in the longitudinal direction greatly.
The first 3 modes of the model are primarily the global
longitudinal or rotational modes, while mode 4 is clearly a
diaphragm deformation mode in the transverse direction
where the floors are bent as a flexible deep beam.

Figure 11 The perspective view of the FE model

4.3 Structural Response

Two specific response spectra of the rock ground motions
mentioned in the previous sections, one from the subduction
perpendicular component and the other from the strike-slip
tangential component, and their corresponding ground
motions at a soft soil site are used as the inputs to the FE
model. The ground motions are applied separately in the
longitudinal and the transverse directions. The responses are
summarized as follows.

The total base shear forces of the FE model subjected to
the MCE:s are shown in Table 1 for both the longitudinal and
the transverse directions. The maximum base shear force is
14,056 kN and 1s about 9.2 % of the total building dead
weight. Even though the total base shear forces of the model
are greater than 1.5% of the total building weight, which is
the notional horizontal load required by BS 8110 (BSI 1987),
they are all well below the base shear capacity of the
building. The base shear capacities of the building are 22.4%
and 35.3% of the building weight for the longitudinal and
the transverse directions, respectively.



The individual column shear capability of the building
structure 1s studied via the ratios of the base shear forces of
individual frames over their corresponding shear capacities.
The ratios were calculated for the strike-slip earthquake case
using its soft soil ground motions, because it can be seen
from Table 1 that this ground motion generates the
maximum total base shear forces. For both directions, all the
ratios are below 70%. Therefore, the shear forces should not
be a problem for individual frames during the MCE events.

The moment responses of the vertical members were
checked. It was found that when the building was loaded in
the longitudinal direction, the moments in all the columns
were below their capacities. However, when the building
was loaded in the transverse direction, some columns were
overstressed by the biaxial bending moments. The forces
applied in the transverse direction may generate a relatively
more significant response in the longitudinal direction.

Table 1 shows that, when the ground motions change
from the bedrock motions to the soft soil motions, the base
shear forces are amplified by two to four times. For example,
when the building is subjected to the bedrock motion of the
strike-slip earthquake, the total base shear force is only 6,014
kN, compared to 13,544 kN when subjected to the soft soil
motion of the same earthquake. Therefore, the typical
building would function very well during the MCE events
when it is located at the rock sites. However, the MCE
events might cause some damages to the building located at
soft soil site, such as overstressing on members.

Table 1 Base shear forces of the building subjected to MCEs

Longitudinal Transverse
Earthquake Soil Type Shear Force Force/W eight Shear Force Force/W eight
(kN) (%) (kN) (%)
o 9
Strike-Slip Rock 6015 3.9% 5524 3.6%
Soil 13544 8.9% 14056 9.2%

Rock 3772 2.5% 4021 2.6%
Soil 9873 6.5% 11020 7.2%

Subduction

It is believed that the building was designed under
the assumption of rigid diaphragms in spite of the large
aspect ratio of the floors, 1e. the lateral forces were
distributed according to the stiffness of the vertical members.
However, the building under study does experience the
diaphragm deformation. Therefore, it is worthy to
nvestigate how much the structural responses are different
from the original design values. A sub-model was
constructed by rigidly constraining all the floors of the
existing FE model. The percentage changes of the base shear
forces of the individual frames from the rigid model to the
flexible model are then calculated. It can be found that the
maximum change in percentage is about 45% increase. The
design force at this location calculated under the rigid
diaphragm assumption would thus be underestimated.
However, because the shear capacities of the columns
designed under the gravity load are much larger than the
shear force demands caused by the MCEs, the structure
would still be safe in terms of the shear forces. A more
detailed study on the effects of flexible diaphragms can be
found in a separate publicaiton (Pan et al., 2006).

5. CONCLUSIONS

This paper reports one set of the ground motions
recorded in Singapore due to the recent Southern Sumatra
earthquake (M, = 8.4) of 12 September 2007. Ground
motions at a soft soil site in Singapore due to the MCE from
Sumatra have been computed using a one-dimensional
equivalent-linear ground response analysis technique. It has
been shown that such maximum credible earthquakes are
able to induce, at the soft soil site, spectral accelerations
greater than 20 gals for a wide frequency range. The
responses of a typical high-rise residential building subjected
to the ground motions of MCEs were investigated. Even
though the base shear forces caused by the earthquake
ground motions would exceed the notional horizontal load
requirement in BS 8110 code, the capacity of column
members designed under the gravity loads are sufficient to
resist them.
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Abstract: National seismic hazard maps for Japan were published by the Earthquake Research Committee
of Japan in March 2005, and have been updated every year since then. As the first step to verifying the
validity of the probabilistic seismic hazard maps, we compared the intensity records obtained through
observations of strong motions over the past 10 years with the values shown in the probabilistic hazard maps,
so as to analyze the frequency of strong motions that have occurred in Japan

1. INTRODUCTION

National seismic hazard maps for Japan were published
by the Earthquake Research Committee of Japan in March
2003, and have been updated every year since then. Because
the probabilistic seismic hazard maps focuses on estimates
of such long-term periods as 30 years and even 50 years,
data that cover a very long term are required to evaluate the
validity of estimate results using strict probabilistic and
statistical approaches.

In this research, as the first step to verifying the validity
of the probabilistic seismic hazard maps, we compared the
intensity records obtained through observations of strong
motions over the past 10 years with the values shown in the
probabilistic hazard maps, so as to analyze the frequency of
strong motions that have occurred in Japan.

2. K-NET STATISTICS ON SEISMIC INTENSITY

We used all the records of strong motions recorded at
K-NET observation sites for the 10 years from January 1,
1997, to December 31, 2006, for verification. K-NET is an
observation network that covers the entire area of Japan
uniformly, using a grid with meshes of about 25 kilometers.
The network had 1,000 observation sites when it was first
established, and new observation sites—many of which are
in the Kanto area—have been added since then. The number

of observation sites peaked at 1,035, a figure that included
six sites for ocean-bottom seismographs, but as of the end of
2006, the number of observation sites stood at 1,028.

The operation rate was about 95% in the initial stage,
rising to about 97% after the third year, and has remained at
around 99% for the past five years. All of the K-NET
stations are sited on the ground, and it was possible for us to
calculate the JMA seismic intensity using the acceleration
records obtained by K-NET.

Figure 1 shows the distribution of observation sites that
have recorded events with a seismic intensity higher than a
given value over the past 10 years. Figure 2 indicates the
total number of records of seismic intensity at all
observations sites during the 10-year period. Table 1 shows
the cumulative times of values above each intensity level,
and the number of observations.

3. CHARACTERISTICS OF K-NET OBSERVATION
SITES

Morikawa et al. (2007) evaluated site-specific
amplification characteristics of observation sites of the
networks for strong motion and seismic intensity in Japan.

In Figure 3, we plotted seismic intensity amplification
characteristics obtained by Morikawa et al. in ascending
order for each observation site that recorded an event above
a given degree of intensity. As we can see in Figure 3(a), the
observation sites that recorded events of above intensity 3
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Figure 1. K-NET observations points and observation
frequencies of (a) above intensity 3, (b) above intensity 4, (c)
above mntensity 5 lower, and (e) above intensity 6 lower
observed in the 10 years from January 1997 to December
2006.

include most K-NET observation sites, and they are
distributed evenly from those with large amplification to
those with small amplification.

Observation sites with large amplification tend to
record a higher value than a large intensity selectively. As
shown in Figure 3(d), most intensity values higher than
intensity 6 lower were recorded at observation sites with
amplification larger than average amplification.
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Figure 2. Number of records at all K-NET observation sites
for the 10 years from January 1997 to December 2006.

Table 1. Cumulative number of records and number of
sites observed JMA seismic intensity larger than a certain
level for the 10-year period

I IMA Number of records | Number of sites
=2 42,995 1,029
=3 12,141 992
=4 2,519 714

= SLower 412 232
= 5Upper 145 99
=6Lower 36 29
= 6Upper 8 6

(Note) Records obtained from K-NET observation points
exclude those obtained from the six ocean-bottom

seismographs located in Sagami Bay.
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Figure 3. Intensity amplification characteristics estimated by
K-NET records.
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On the other hand, the probabilistic seismic hazard
maps for Japan uses amplification characteristics based on
geomorphologic classification. In Figure 4, we show a
comparison between intensity amplification characteristics
of meshes” that include K-NET observations points and
those of K-NET, as obtained by Morikawa et al. Although
we found some positive correlation, the degree of
correspondence varies greatly. It is important to estimate the
site amplification characteristics to obtain a higher precision
for the probabilistic seismic hazard maps.

With the above discussions, we consider geographic
distribution by intensity. Most observation sites across the
country recorded intensity 3. In particular, those on the
Pacific Coast from Hokkaido to the Tohoku area, as well as
those in the Kanto area recorded intensity 3 a large number
of times. Intensity 4 was observed all across the country,
with the exception of the northern part of Hokkaido and part
of the coast along the Japan Sea. Additionally, intensity 4
was not observed characteristically in some parts of the
Chubu area, where active faults are densely distributed.
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Figure 4. Comparison between amplification characteristics
of intensity calculated from geomorphologic classification
(horizontal axis) and those calculated from the observation
records of K-NET (vertical axis). The size of the symbol
corresponds to the number of observation records.

Contrary to the above, the influence of specific
damaging earthquakes grows apparent in the map of above
intensity 5 lower. It mainly comes from damaging
earthquakes whose magnitude are around 7, including those
in northwestem Kagoshima Prefecture (1997), westemn
Tottor1 Prefecture (2000), the Geiyo earthquake (2001), the
earthquakes off the coast of Miyagi Prefecture (2003 and
2005), the Tokachi Oki Earthquake (2003), the
Niigata-Chuetsu Earthquake (2004), and one west off the
coast of Fukuoka Prefecture (2005). In addition to these
earthquakes, intensity 5 lower observed in the Kanto and
Chubu areas was caused by steady earthquakes a little
smaller in scale. Intensity 6 lower was mostly caused by the
damaging earthquakes mentioned above, and selectively
observed at the observation sites with large amplification as
shown 1n Figure 3(d).

Currently, a map that covers all earthquakes is usually
used as the probabilistic seismic hazard map of Japan. If we
limit intensity 5 upper strong motions that cause damage, we
need other maps that cover earthquakes by restricted
evaluation criterion, or by susceptibility to ground motion.

4. CHARACTERISTICS OF SEISMIC HAZARD AT
K-NET OBSERVATION SITES

First, we consider the probabilistic seismic hazard at
K-NET observations sites. Figure 5(a) shows the distribution
of cumulative relative frequency of 30-year exceedance
probability (starting in 2007) of intensity 6 lower for the
meshes of 1,028 that include all K-NET observation sites.
For comparison, we attached an exceedance probability (for
30 years starting in 2005) to all meshes based on an analysis
conducted by the Ishikawa et al. (2006) as well as meshes
with a population of more than 1,000.

From this figure, we found that the characteristics of
probabilistic seismic hazard at K-NET observations sites is
more like the distribution for meshes with a population of
more than 1,000 than the distribution for all meshes. This is
because the majonty of K-NET observations points are set
up around inhabitable land, whereas N-NET covers the
entire country.

In Figure 5(b), we show the cumulative relative
frequency of 30-year exceedance probability of intensity 6
lower at 29 points that observed events above intensity 6
lower 1n the 10 years since 1997 with the distribution of all
of K-NET's observations sites. We can see that intensity 6
lower was frequently observed during this 10-year period as
a relative ratio at the observation sites that have a low hazard,
and whose 30-year exceedance probability was lower than
3%.

The same trend was observed in the case of intensity 5
lower, although we did not attach a figure. This is partly
because there were no large earthquakes in the Nankai
Trough that have strongly affected areas with a high
probabilistic earthquake hazard in the specified 10-year
period.
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Figure 5. Seismic hazard at K-NET observation sites.
(Cumulative relative frequencies of 30-year exceedance
probability of mtensity 6 lower)

S. PROBABILISTIC SEISMIC HAZARD MAPS FOR
THE 10 YEARS SINCE 1997

In order to compare the frequency of strong motion
between the K-NET observation data and the expected value
based on the probabilistic seismic hazard map, we calculated
the probabilistic seismic hazard maps for 10 years since
1997.

Table 2. Probability of occurrence of major subduction zone
earthquakes

Nankai | To-Nankai | Tokai Myaog]:;kc’"
10 years o 0,
since 1997 2.3% 5.2% 44% 8.2%
30 years 53% 64% 87% | Nearl00%
since 2007
Near Ocean
trench of Northem Tokachi- Nemuro-
part off : :
Southem Sanriku oki oki
Sanriku
10 years o
since 1997 32% Near 0% 15% 0.34%
30 years o o 0,
since 2007 80% 3.2% 0.32% 37%

5.1 Evaluation criteria

While the analytical method is corresponding to the
national probabilistic seismic hazard maps from 2007, we
modified the probabilities of earthquakes with
non-stationary occurrence model beginning from 1997. The
origin time of the Tokachi-oki earthquake was March 1952,
because it has been occurred during the target period. Table
2 shows the probabilities of earthquakes occurring in the
major subduction zone for 10 years since 1997. We also
attached probabilities of occurrence for 30 years after 2007.

5.2 Evaluation results

Figure 6 shows the probabilistic seismic hazard maps
for 10 years since 1997. Figure 6(a) shows the distribution of
10-years probability of exceedance of intensity 5 lower, and
Figure 6(b) is that for intensity 6 lower. For comparison, we
attached the probabilistic seismic hazard maps for 30 years
after 2007 in Figure 7. The color-coded threshold of
probabilities for 10-years maps was equivalent to that for
30-years maps.

The probabilistic seismic hazard maps after 2007
(Figure 7) are strongly affected by ocean-trench earthquakes
shown in Table 2, but those from 1997 (Figure 6) show
relatively low seismic hazard on the westem Japan faced the
Pacific coast. On the contrary, the seismic hazard in the
southeast Hokkaido is relatively high for 1997 maps because
the probability of the Tokachi-oki Earthquake has been
relatively high.

6. COMPARISON BETWEEN K-NET DATA AND
PROBABILISTIC SEISMIC HAZARD MAPS

We compared Figures 1(c) and (d) with Figure 2, and
found that observation points on the Pacific Coast from
Hokkaido to the Kanto area through the Tohoku area, those
from the Chubu area to the Kinki area, and those in the
western part of Shikoku, originally had a high probability of
seismic hazard in 1997. However, intensity 5 lower was
observed in areas with a relatively low seismic hazard in
Niigata Prefecture, Tottori Prefecture, the Western part of the
Chugoku area, and the northem part and southwestern part
of Kyushu.

We found that of the observation points that observed
intensity 6 lower, the probabilistic seismic hazard was
relatively high in Hokkaido and Miyagi Prefecture in 1997,
but that the seismic hazard was not so high at other
observation points, supporting the results shown in Figure
5(b).

Next, we consider the ratio of land that experienced
intensity 5 lower, intensity 5 upper, intensity 6 lower, and
intensity 6 upper more than once in the 10 years.

Table 3 shows the ratio of land (the number of
observation sites that experienced certain seismic intensity
divided by the number of all observation sites) where
K-NET observed the four intensity classes more than once in
the 10 years since 1997. What corresponds to these values in
the probabilistic seismic hazard maps is the average of the
exceedance probability of each mesh. Therefore, we have
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Figure 6. Probabilistic seismic hazard maps of Japan for 10 Figure 7. Probabilistic seismic hazard maps of Japan for 30
years since 1997. Figure (a) shows the distnbution of years after 2007. Figure (a) shows the distribution of
exceedance probability of intensity 5 lower, and Figure (b) is exceedance probability of intensity 5 lower, and Figure (b) is
that for intensity 6 lower. that for intensity 6 lower.
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Table 3. Total areas of Japan that experienced intensity 5
lower, intensity 5 upper, intensity 6 lower, and intensity 6
upper more than once in 10 years

. . Probabilistic map

Ratio of area Probabilistic map .
from K-NET (All meshes) (Popularity of

more than 1000)
= 5Lower 0.232 0.21 0.39
= 5Upper 0.099 0.077 0.17
= 6Lower 0.029 0.021 0.051
=6Upper 0.006 0.0028 0.010

(Note) Taking the operation rate into consideration, we
used an approximation number of 1,000 for the total number
of K-NET observation sites.

attached Table 3 that shows the national average of the
10-year exceedance probability of each intensity class.
Based on an analysis of Figure 5(a), in addition to a case that
covers all meshes, we have attached a case that covers
meshes with a population of more than 1,000.

The ratio from K-NET observation data is somewhat
smaller than the national average of exceedance probability
of the probabilistic seismic maps for meshes with population
of more than 1,000. However, in view of the fact that the
Tokai earthquake that strongly affects the area with a high
probabilistic seismic hazard in Figure 6 did not occur in the
10 years, it maintains some degree of compatibility as the
national average.

7. CONCLUSIONS

To develop the probabilistic seismic hazard maps of
Japan, it is of great significance to verify it regularly by
means of observation information. We hope that this type of
analysis will be conducted regularly in the future.
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Abstract: Two large consecutive earthquakes eight minutes apart occurred in the offshore areas of Hengchun, Pingtung
County at night on December 26, 2006. The seismic intensity in the Kaohsiung and Pingtung areas reached 5 according to
the Central Weather Bureau’s intensity scale making them the strongest earthquakes in the Hengchun area in a century.
These earthquakes were felt throughout Taiwan. Because the earthquakes were located offshore, but not far from the coast,
seismic instruments at laipower’s Nuclear Power Plant No.3 (NPP3) recorded their largest motions since recording
commenced at the site. As a result, Unit 2 of NPP3 was shut down while Unit 1 remained operating at full capacity. Other
damage that occurred during this earthquake sequence included building collapse, rock falls, structure and non-structural
damage to buildings, fire, and damage to utilities such as gas, electricity, and telephone lines; liquefaction was also noted.
In this paper, we also predict the shakemap based on the source parameters and real-time observations, and compare this
with the recorded shakemap. This analysis shows our shakemap prediction model to be extremely useful in predicting
what emergency response units can expect after a large damaging earthquake. Strong motion data near a collapsed
building was used to calculate the response spectrum and compared with the building code to check the reason why the
building collapsed. This study presents the damage that occurred during this event and the results of the seismic
assessment to discuss the reasons why so much damage occurred in the southern Taiwan area.

1. INTRODUCTION

A M.7.0 earthquake took place at 20:26:21.0
(Taiwan local time, referred to as the 2026 Earthquake) on

occur in this area. Many aftershocks took place following
the main shock. Up to 13:00 of December 27, 132
aftershocks has been recorded, among them nine were in
the range M;4.7 to 6.4. Most had focal depths less than 30
km. Figure 2 shows the epicenters of the main shock and

December 26, 2006 at about 38.4 km southwest of Kenting.

The epicenter was located in the offshore area (Figure 1a). larger aftershocks.
About eight minutes later at 20:34:15.1 (referred to as the o 0

2034 Earthquake) another strong M;7.0 shock occurred
(Figure 1b). The epicenter of the first shock was located at
21.69°N and 120.56°E. Its focal depth was 44.1 km. The wmlb 3
2034 Earthquake, at a depth of 50.2 km, was also a deep o
earthquake located at 21.97°N and 120.42°E. It was felt
over a wide area. The Seismology Center of the Central
Weather Bureau (CWB) stated that according to its records
there has never been such a large earthquake within 50 km
of the epicenter. These earthquakes took place in an area m
where the Eurasian and Philippine Sea plates interact. The
Philippine Sea plate subducts northward under the Eurasian
plate after their collision along the eastern offshore areas of ety ol
Taiwan. Meanwhile, in the southwestern offshore areas, the
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Figure 1. Rapid report of the (a) 20:26 an%m(g) 20:34
Eurasian plate begins to subduct eastward under the

Philippine Sea plate. The latest earthquakes happened to

December 26, 2006 earthquake by the Central Weather
Bureau.
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20061226 HengChun Earthquake
The distribution of Mainshake and aftershakes
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Figure 2. Epicenters of the mainshock of December 26,
2006 and its aftershocks.

We arranged a field survey after the earthquakes and
in this paper report the damage and collected ground
motion recordings of the Taiwan Strong Motion
Instrumentation Program (TSMIP network: Kuo et al,
1995; Liu et al., 1999) operated by the Central Weather
Bureau. We use this data to compare peak ground
accelerations (PGAs) and the response spectra with the
building code to better understand the reasons why such
extensive damage occurred.

2. REGIONAL GEOLOGY AND BACKGROUND
SEISMICITY

2.1 Regional Geology

The hills on the east side of Hengchun Peninsula are
the southern extension of the Central Mountains. Their
strikes are mostly in a north-south or northeast direction.
Major rivers on the slopes facing east include Kangkou and
Chioupeng creeks, both of which flow into the Pacific
Ocean. Those on the slopes facing west include the
Suchung, Baoli, and Wangsha creeks; all of these flow into
the South China Sea. Several well-developed terraces are
cut by these creeks. The coast of the Hengchun Peninsula
is surrounded by coral reefs. Sand dunes and beaches are
common. A narrow, low-lying valley running from north to
south from Haikou to Nanwan is the most exceptional
topographic feature. Along the valley’s eastern flank are
hills and highlands of varying elevations. Along its western
flank are undulating plains with elevations between 5 and
100 meters.
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Ho (1986) considered the Hengchun Peninsula as a
very narrow section of the southernmost Central Mountain
Range, forming the southernmost tip of Taiwan Island. The
region is mainly composed of unmetamorphosed Miocene
formations. On top of these Miocene formations are
partially covered Pliocene-Pleistocene and more recent
sediments. In terms of stratigraphy, the northern part of
Hengchun  Peninsula is composed of slightly
metamorphosed argillites and slates, interspersed with
small amounts of sandstones. These rocks are considered
part of the Lushan Formation. The southern part of the
Hengchun  Peninsula is mainly composed of
unmetamorphosed  Tertiary formations, transitioning
northward into the Lushan Formation. Tsan (1974a and
1974b) in his geological surveys of this area named the
lower part of the Miocene formation as Changlo Formation,
mostly consisting of dark gray shale. He named the upper
layer as Loshui Formation, consisting of sandstone and
shale, with some conglomerates. Pelletier et al. (1986)
lumped together all Miocene rocks as the Suchunghsi
Formation, including the Kenting melanges.

The Maanshan Formation is a west dipping
monocline. Its dip angle averages about 45°, although it
varies locally. These Pliocene-Pleistocene sediments are in
unconformity with the Miocene formations on the east side
of the NPP3 plant site. Many researchers inferred this
boundary as a major fault structure (i.e. the so called
Hengchun Fault). Regarding tectonic activities, it is
generally agreed that available evidence for fault
movements is confined to the Miocene formation. The fault
movements are considered to be related to a regional stress
field at the time. Available evidence suggests that the
Hengchun Peninsula has not been subjected to major fault
movements since the late Pliocene to early Pleistocene.
Early researchers on the geology of the Hengchun
Peninsula proposed the Hengchun Fault to be a major NS
striking fault on the west side of the Peninsula. It is located
along the contact zone between the Pliocene-Pleistocene
sedimentary rocks on the west and the Miocene rocks on
the east. It is generally considered now to be a fault which
lacks of evidggrce of any recent ggsivity.
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Figure 3. Bathometric map of the offshore area in southern
Taiwan.



Although the Hengchun Fault in southernmost
Taiwan is marked by an apparent topographical lineament
on land, its offshore extension is not obvious (Figure 3).
This is probably because the area is in an ongoing
sedimentation environment. Regardless, the sea floor
topography still shows a linear depression down to about
21°50°, where it is cut by an EW submarine channel.
Whatever the case, it is still hard to trace the offshore
extension of Hengchun Fault with currently available data.

2.2 Background Seismicity

Monitoring of regional seismicity in Taiwan has been
significantly improved since 1990 after the CWB installed
dense networks of strong motion accelerographs and real-
time velocity seismic stations. Figure 4 shows a map of
earthquake epicenters in Taiwan area from 1973 to 2003.
In the figure the size of dots represents magnitude, whereas
the color represents focal depth (h): light black for h < 20
km, gray for 50>h>20 km, and dark black for h>50 km.
We can see clearly from the figure most earthquakes
occurred along the east coast and its offshore areas. They
are apparently related to subduction of the Philippine Sea
plate under Eurasian plate in northeastern Taiwan. There
are significant earthquake activities under Taiwan Island
due to collision of the two plates. It is evident from the
figure that Hengchun area has relatively low seismicity as
compared to other areas in Taiwan.

b 2%
GRS NS REE IBLE IS WY W2 5

Figure 4. Seismicity map of Taiwan (1973 — 2003).

3. DAMAGE CAUSED BY THE PINGTUNG
EARTHQUAKES

According to the field survey after the event occurred,
three residential houses collapsed, and numerous others
suffered cracks in their walls in the Hengchun area. Some
fence walls collapsed. Ceilings in many old houses as well
as in the Pingtung County Government Office fell leaving
a mess on floor. A road next to the Shanhai Elementary

School failed, resulting in piles of debris in the playground.
Some classrooms suffered severe cracking and peeling on
the walls. Some cracks extended for as long as 10 m.
Figure 5 shows a photo of building damage. Rock falls in
the Shanhai Elementary School are shown in Figure 6. In
the Nanwan area two areas exhibited liquefaction, though
this was due to back-fill soil not the original soil layer

(Figure 7).

Figure 5. Building collapsed Figure 6. Rock fall in an
in the Hengchun area. elementary school.

. Liquefaction in
the Nanwan elementary the Nanwan area.
school.

Fires broke out at two stores in a shopping mall on
Chungcheng Road in the old district of Hengchun. Figure 8
shows an example of how the fire occurred and the extent
of fire. Two feeder lines between Pingtung and Chehcheng
were broken, resulting in power outages for about 3,000
customers. Gas leaked in a cooking classroom of the
Hengchun Vocational School. Unit 2 of Taipower’s NPP3
was manually shut down and safety valves were tripped at
the Taling Oil Refinery in Kaohsiung. In addition, fires
broke out at two houses in Nantzu District of Kaohsiung.
Twelve cases of people being trapped in elevators and one
case of a gas leak were reported. The earthquakes also
caused major submarine fiber-optic cable failures in the
offshore areas of Hengchun, disrupting international
telephone and Internet connections (Figure 9, Hsu, 2007).

.

the Figure 9. Submarine cable
faults due to the Pingtung
Earthquake (Hsu, 2007).

Figure 8. Fire in
Hengchun area.
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4. STRONG MOTION ANALYSIS

4.1 Analysis of Peak Acceleration Values

When an earthquake takes place seismic energy
propagates by waves from the source rupture zone to the
site. Depending on rock properties and geometric spreading
of propagation paths the shaking intensity (in terms of
PGA for example) will unavoidably attenuate. In
engineering applications the attenuation of seismic
intensity can be expressed as:

Y=f(MR) M
where M and R represent earthquake magnitude and source
distance, respectively. In practice, several functional forms
are often used to represent attenuation. In this study, we
adopt Campbell’s form (Campbell, 1981) for regression.
The result is as follow:

Y=0. 00369461,75377M(R+0.12219660.78315M)—2.056445 (2)

The results for Equation 2 are based on observed
ground motion data (including the Chi-Chi earthquake and
its aftershocks) from 1993 to 2000. The ground motion
parameters are represented as the geometric mean of two
orthogonal horizontal components. In regression for the
attenuation coefficients we included all hard site stations
except those in the Taipei Basin and Ilan Plain. Following
typical seismic hazards analysis, the definition of closest
distance to the fault is used for R. Thus, Equation 2 can be
used to assess seismic hazards in the Taiwan area.
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Figure 10. PGA recorded at CWB real time stations and
expected curve for the (a) 2026 earthquake and (b)
2034 earthquake.

By substitution in Equation 2 with the magnitude and
focal depth of the two earthquakes we can calculate the
expected PGA values. The results are shown in Figure 10:
the solid black curve is for the mean values and the dotted
curves for the plus- and minus-one-standard-deviation
values. The dot in each figure shows the geometric mean of
horizontal PGA value recorded at the free-field station at
NPP3. Also shown in red dots in the figures are the PGA
values recorded at the CWB real-time strong motion
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stations. From the figures we can see that most of the
observed PGA values are within one standard deviation,
but some exceed the expected range due to site
amplification at the alluvium plane in the southern Taiwan.

The predictive model for potential ground motions
(Jean et al., 2003, 2006; Wen et al., 2006) is based on the
attenuation relation for hard sites and takes into account the
site conditions of individual strong motion stations. It can
be used to calculate the expected PGA values with given
magnitude and location of an earthquake. We first use
Equation 2 to calculate the expected ground motion values.
Next we incorporate the site amplification coefficients C,
and C; in Equation 3 to obtain the corrected ground motion
values at individual stations:

In(Y)=Cy+Cxin(y) 3
in which y is calculated from Equation 2, C, and C, are site
amplification coefficients for each individual station, and
Y, is the expected ground motion value after correction for
local site effects. But the uniqueness was different for each
earthquake, so the limited observations of the Real-Time
Digital (RTD) stream output system can help to correct the
source effect. The RTD system is capable of calculating the
earthquake location and its magnitude about one minute
after an earthquake occurs. The ground shaking
information of the RTD site can also be automatically
distributed at the same time (Jean et al., 2006). Using the
expected ground motion values obtained by Equation 3 and
observations of the RTD system, we can make shakemaps

for potential earthquakes.
) (b)
2006/12/26 Earthquake 2006/12/26 Earthquake

Local Tim Local Time=20:34:15
Position=1; 121.69N Position=120.42E/21.97N
ML=7.0 Depth=44.1km ML=7.0 Depth=50.2km

Predicted Predicted

Latitude,(N)
Latitude,(N)

10 s 8 s 120 o 5 o s 120
Longitude,(E) Longitude, (E)

Figure 11. Shakemap of expected PGA values for the (a)
2026 earthquake and (b) 2034 earthquake.

Taking the epicenter location, a focal depth of 44.1
km and magnitude M; 7.0 for the 2026 Earthquake, we use
Equations 2 and 3 and observations of the RTD system to
assess the probable ground motion distribution, as shown
in Figure 11a. It shows that the Hengchun area experienced
CWB intensity 4. The results for the M; 7.0 2034
earthquake are shown in Figure 11b. A relatively large area
in Pingtung suffered CWB intensity 5. These two expected



ground motion maps show more large areas are greater
than intensity 4 than those actually observed intensity
values from the CWB real-time strong motion network
shown in Figure 1 for the two earthquakes. After waiting
several months to retrieve TSMIP records, the observation
shakemaps of these two events were plotted in Figure 12.
The maximum PGA occurred at the Station KAU046
reaching about 0.26 g (Figure 13). The two expected
ground motion maps are quite consistent with what were
actually observed intensity values from the TSMIP strong
motion network shown in Figure 12. This shows that this
predictive model for potential ground motions, which
accounts for local site conditions, can reflect clearly the
amplification effects of shaking intensity at soft soil sites in
the Chianan area. And this predictive model can be used
immediately after we receive the earthquake source
parameters, meaning this shakemap can be used as a

reference for loss estimation and emergency response.
(a) (b)
2006/12/26 Earthquake 2006/12/26 Earthquake
Local Time=20:26:21 Local Time=20:34:15
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ML=7.0 Depth=44.1km ML=7.0 Depth=50.2km

Observed Qbserved
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250
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Figure 12. Shakemap of observed PGA values for the (a)
2026 earthquake and (b) 2034 earthquake.

NECHNDE
Figure 13. Acceleration waveform recorded at Station
KAU046.

4.2 Analysis of Response Spectra

During this earthquake, most of the buildings, which
collapsed or were damaged, were in the Hengchun area. On
the basis of the building code, the design spectra
parameters in the Hengchun, Pingtung area for class 2 sites
are listed in Table 1 (The Committee for Architecture
Technique, 2005). For the many buildings that are not
newly constructed, so most structures need to consider the
zoning parameter of 028 g (The Committee for
Architecture Technique, 1995) in their design. The design
code of code’1995 and code’2005 in 2500 years return
period are similar design PGA value. It means the design
code in 1995 year was considering high safety factor. The
maximum PGA value recorded in the Hengchun area is
about 0.26 g (254 gal) at KAUO046 station for the 2034
Earthquake. Although it is not greater than the 0.28 g of the
code’1995. Station KAUO046 is the nearest strong motion
station to the collapsed structure. We calculated a 5%
damping response spectra from the acceleration time
histories recorded at KAU046. The results are plotted in
Figure 14 together with the corresponding design spectra in
the same figure for comparison. From the observed spectral
accelerations of 2026 earthquakes (Figure 14a), the
observed response spectra fall below the corresponding
design spectra of the code’1995 and code’2005 in 2500
years return period, except for the EW component at the
period around 1~2 seconds, which has a larger response.
Considering that it is typical for periods of 1~2 seconds to
correspond to high rise buildings greater than 10 storeys,
then the low-rise building collapses in the Hengchun area
may not be directly due to the strong shaking of the 2026
Earthquake. For the 2034 Earthquake, except for the NS
component having a larger response at around 1~2 seconds,
the observed spectral accelerations at both components are
already greater than the design spectrum at less than 1
second. The damage survey also shows that the building in
Figure 5 collapsed during the second earthquake.

Table 1. Design spectra in the Hengchun, Pingtung area for
class 2 sites (The Committee for Architecture
Technique, 2005)

Year EPA Sas Sa
475 022 g 0.55 2 0.45 g
2500 0.28 ¢ 0.7 g 052 g

= -+ - RP. 2500yr(Code2008)_S2
Code1985

Spectrat Acceleration,Saig]

Structu
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Figure 14 Observed 5% damping spectral acceleration at
KAU046 station, (a) 2026 earthquake and (b) 2034
earthquake. Dashed lines show the design spectra of
the building code in the Hengchun, Pingtung area.




5. RESULTS AND DISCUSSIONS

Two large M; 7.0 earthquakes occurred on December
26, 2006 in the offshore areas of Hengchun in Pingtung
County. According to the CWB records, there has never
been such a large earthquake in that area. In summary,
these earthquakes caused 2 deaths, 42 injuries (2 deaths
and 38 injuries in Pingtung County, 3 injuries in Kaohsiung
County and 1 injury in Kaohsiung City), 3 houses to
collapse, and 12 fires (10 in Kaohsiung City and 2 in
Pingtung County). Liquefaction occurred in the Nanwan
area due to local back-fill soil. The earthquakes also caused
massive failures of major submarine fiber-optic cables in
the offshore areas of Hengchun, resulting in severe
disruption of international telephone and Internet
connections. It is still hard to assess the economic losses
caused by these earthquakes.

As for response spectra, we calculated a 5% damping
response spectra from the records obtained near where the
buildings collapsed. We further compared the observed
response spectra with corresponding design spectra at the
Hengchun, Pingtung area. With the exception that the NS
component exceeded the design spectra at periods around
1~2 seconds, all other observed response spectra were
below the design spectra for other periods of the 2026
Earthquake. The spectra of 1~2 seconds only correspond to
high-rise building response. This shows that the low-rise
building collapse in the Hengchun area was due to the
strong shaking of the 2034 Earthquake at periods less than
1 second.

A total of 467 and 508 accelerographs were triggered
by the 2026 and 2034 Earthquakes. The recorded PGA
values generally agree with the expected values calculated
from the attenuation relations for Taiwan area. Moreover,
the distribution patterns of observed PGA values are also
consistent with those of expected PGA values calculated
based on existing ground motion prediction models. Due to
the predictive models usefulness at estimating a potential
shakemap for peak ground acceleration, we can use it as an
early-stage reference for loss estimation and emergency
response immediately after receiving the earthquake source
parameters from the CWB. This will help with seismic
hazard mitigation work.
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Abstract:  This paper examines the behavior of office furniture in a high-rise building due to long-period ground motion.
In order to grasp fundamental characteristics of behavior of furniture, shaking table tests are conducted. The behavior of
the furniture in the shaking table tests is simulated by a rigid body simulation program. Finally, we simulate the
behavior of a number of office furniture in a super-high-rise building at Tokyo during the Tokai earthquake.

1. INTRODUCTION

The metropolitan areas in Japan are located on large
basins where long-period ground motion is easily excited by
a large shallow earthquake. In the metropolitan areas,
many high-rise buildings have been built up and may vibrate
largely by the long-period motion. For example, in Tokyo,
more than 200 buildings higher than 100 m have been
constructed as shown in Fig. 1. The vibration periods of
the buildings range 2 to 6 second (see Fig. 2).

Some of the high-rise office buildings in Tokyo have
about 10,000 occupants and high potential for seismic
indoor risk. Therefore, seismic behavior of furiture in the
buildings needs to be studied in order to evaluate risk of
injuries and confusions by overturning or displacement of
fumniture.

The overturning of furniture during earthquakes has
been examined (e.g. Ishiyama, 1982). The behavior due to
long-period motion, however, has not been well discussed.
In this paper, in order to evaluate seismic risk in office space,
the behavior of office furniture is examined in an upper floor
of a high-rise building due to the long-period motion by
means of the shaking table test and simulation.

2. SHAKING TABLE TESTS

In order to study fundamental characteristics of
behavior of furniture, shaking table tests are conducted using
a large-stroke shaking table with maximum displacement of
Im. The maximum acceleration and velocity are 1000
cm/s” and 150 cmy/s, respectively. The shaking direction is
two horizontal. The size of the table is 3.2 m by 2.5 m.
The payload is one ton. The appearance of the table is
shown in Photo 1.
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Figure 1 Number of High-rise Buildings in Tokyo
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Figure 2 Vibration Periods of High-rise Buildings in Tokyo

Photo 1 Appearance of Shaking Table
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Table 1  Specifications of Models The floor materials used in the tests are plywood and
tile carpet. The test models are a simple wood box, a
Model Size (cm) Weight (kg) cabinet, a desk, a caster chair, a box on casters, and a desk
. ith a chair. The box on 4 casters is assumed as a co
Simple box 120%60x60 30 WIE 2 , . Py
P : machine. The desk with a chair is assumed as a man in a
Cabinet 45x90x110 130 sitting position who clings to desk during shaking. The
Desk 120x70x70 67 specifications of the models are shown in Table 1.
- The shaking is given to one horizontal direction with
Caster Chf_‘“r 60x60x70 12 sinusoidal waves. The tests are conducted for twelve cases
with no weight of shaking with acceleration of 90 to 460 cm/s” and period of
Caster chair 2 to 5 second, as shown in Table 2. The acceleration and
. . 60x60x70 60 lative displ £ th del db
with weight (50kg) relative displacement of the models are measured by sensors
- as shown in Fig. 3.
Box with caster 60x60x120 110 The results of the tests are summarized in Table 3.
Desk with chair 120x100x70 127 The results indicate that the caster chair and the box on
casters move in the low acceleration level case of about 150
cm/s’, and that the desk do not move in the highest
4 acceleration level case of about 460 cm/s?, but the desk with
Table2 Shaking Cases chair moves in the lower case of about 250 cm/s”.
Without caster
Case | Period (s) | Acc.(cm/s/s)| Vel.(cmy/s) | Dis.(cm)
Al 5 157.9 125.7 100
A2 2 197.4 62.8 20 Displacement
sensor
A3 3 219.3 104.7 50
A4 2.5 252.7 100.5 40
A5 3 3114 148.7 71 Diplacement
A6 2.5 372.7 125.7 59
A7 394.8 125.7 40
A8 463.8 147.7 47
With caster
Case | Period (s) | Acc.(c/s/s)| Vel.(cm/s) | Dis.(cm) Driving Direction
B1 2.5 126.3 50.3 20
Video Camera
B2 3 87.7 41.9 20 57
B3 3 131.6 62.9 30 -
B4 5 142.1 113.0 90 Figure 3 Locations of Sensors
Table 3 Results of Shaking Table Tests
C: Floor material is tile carpet. W: Floor material is plywood. O: Moved, X: Not moved, /A: Overturned, —: Not tested
Cabinet Desk Caster chair | Caster chair| Box with Desk with chair
Simple box |Longitudinal| Transverse | Longitudinal| Transverse | . . . . Longitudinal | Transverse
Case . . o L with no weight | with weight caster e L
direction direction direction direction direction direction
C W C W C \\% C \\4 C \Y C \% C W C W C W C \\
Al X X X X — — X X X X [@) - [@) — [@) [@) X X X X
A2 X X X X — — X X X X - — - — O O X O X O
A3 X X X X X — X X X X — — - — O (@] X O X O
A4 X X % X A — X x x X - - —_ - (@) (@) (@] (@) X O
AslOlJlOfJO | x| a] x| x x | x| O| - = - |l-loJOoO|J]O]J]O]J]O]O
AlOlOfJO|x]|—-]la]lx]olx]oOo]| = — - |l -[-]1-10]0]0]O
AMlOoOlOoO]lojlol-]1aAa]lx]O]lx|O] - = - |l-[-1-10]O0]J]O]O
A]O]O|]O[O]l—-|-]lx]O|x]O]| — - — 1 —-[—-1-10]101]10]|O |
Bl | -1 —-1-[{-1-1-1-1-1-1-1O oOojlolo|l - x[-=-T1T-1-1-
BRl|l-]1l-1-1-l-|l-]l-|—-]l-1l-]1O0O]l]lO|JO]lO]|—=-{xx]=1-=-1=-=1=
BBl -l -1-{-1-1-1-/-1]1-1-=-10o OlolJ]Oo]|l—-|x]|=1—-—|-1-
B4l -]l -]l=-]=-f=-]l=-]=-]|=-]l=-]=-]lO]JOfOJO]-JO|-=-1-1-1-
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3. SIMULATION METHOD AND RESULTS

The behavior of the furniture in the shaking table tests

is simulated by a rigid body simulation program
Springhead (Hasegawa and Sato, 2004).

called

In Springhead, a

contact area is divided into several triangle elements.

Then the behavior of a number of furniture in an upper
floor of a high-rise building is simulated at Tokyo due to the
anticipated Tokai earthquake (See Fig. 6). The simulated
ground motion by Hijikata et al.(2006) is used to calculate
the floor response of the 30-story building as shown in Fig. 7.
In this case, the maximum velocity and displacement of the
floor response are 260 cm/s and 130 cm, respectively.

Springs and dampers are set at the triangle element (See Fig.
4), and the reaction force for each element is computed and
used in the simulation. Therefore, Springhead is able to
calculate fast and accurately contact forces such as dynamic
and static friction force. In the simulation, rolling
mechanism such as a caster is also considered.

Dynamic parameters of the fumiture used in the
simulation such as friction, spring and damper coefficients
are determined from the comparison of the computed
behavior with the behavior in the shaking table tests. As
the result of the parameter study, the behavior in the shaking
table tests is well reproduced by the simulation as shown in

Fig. 5.

Figure 4 Scematic Figure of Springhead
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Figure 5 Comparison of Shaking Table Test and Simulation
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(c) 30 sec

Figure 8 shows the result of the simulation, indicating
that the furniture continues to move around and collide
against each other during about 80 seconds. Desks with a
chair and a box with casters are displaced about 1 m. The
behavior of the furniture can cause fear and injury to people
in the floor, and make the evacuation action difficult.

4. CONCLUSIONS

The behavior of office furniture in a high-rise building
due to long-period ground motion is examined in order to
evaluate risk of injuries and confusions by overturning or
displacement of fumniture. The shaking table tests are
conducted. to grasp fundamental characteristics of behavior
of fumiture. The behavior of the furniture in the shaking
table tests is well simulated by a rigid body simulation
program, indicating validity of the simulation method used.
Then the behavior of a number of furniture is simulated in an
upper floor of a 30-story high-rise building at Tokyo due to
the anticipated Tokai earthquake. The furniture continues

(d) 90 sec

Figure 8 Behavior of Office Furniture on Upper Floor of High-rise Building

to move around and collide against each other during about
80 seconds. Desks with a chair and a box with casters are
displaced about 1 m. The behavior of the fumniture can
cause fear and injury to people in the floor, and make the
evacuation action difficult.
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Abstract:

This paper present modified semi empirical method for simulation of strong ground motion. In this paper

simulation of strong ground motion due to a rupture buried in a earth medium consisting of several layers of different
velocities and thicknesses is made by considering (1) transmission of energy at each layer; (2) frequency filtering
properties of earth medium and earthquake source; (3) correction factor for slip of large and small magnitude
earthquakes and (4) site amplification effects at various stations. To test the efficacy of the developed technique, strong
motion records were simulated at different stations that have recorded the 2004 Niigata-ken Chuetsu, Japan earthquake
(M; 7.0). Comparison is made between the simulated and observed velocity and acceleration records and their response
spectra. Efficacy of this technique has been established by comparison of synthetic with the observed records over wide
range of frequencies. The simulation technique is further applied to predict the strong motion records due to M 8.0
earthquake at various sites in the central seismic gap region Kumaon Himalaya, India.

1. INTRODUCTION

The technique of semi empirical modeling of
strong ground motion was initially started by Midorikawa
(1993). The technique was based on the Empirical Greens
Function (EGF) technique of Irikura (1983). Although the
EGF technique predicts strong motion data in most
reliable manner, it requires the records of small events at
those stations at which simulation is desired. The records
of small events are not easily available at all sites of
interest. Therefore the estimation of the strong motion
parameters using EGF techniques is a difficult task,
especially in those regions where we have limited seismic
information in hand. The semi empirical technique of
Midorikawa (1993) uses the envelope of acceleration
records in place of small events used in the EGF
technique. Joshi et al. (2001) has incorporated the
stochastic nature of the strong ground motion and use of
envelope function based on kinematic model of rupture
plane as shaping time window to simulate high frequency
strong ground motion. Further modification in this
technique has been made by Joshi and Midorikawa (2004)
by placing the rupture in a layered earth model and
considering the correction for slip duration of small and
large earthquakes. This modified technique is tested with
the strong motion data of Himalayan and Japanese
earthquakes (Joshi, 2004, Joshi and Midorikawa, 2004,
2005). Although these refinements give reliable
simulations in a wide frequency range, the component
wise simulation of strong motion records is needed for
reliable assessment of engineering parameters. The work

presented in this paper is the modification of above
technique to simulate the component of the strong motion
records by using the site effects at various stations.

2. METHODOLOGY

The technique presented in this paper is based
on semi empirical method proposed by Midorikawa
(1993) and later modified by Joshi (1997); Joshi et al.
(2001) and Joshi and Midorikawa (2005). In this method,
the entire rupture plane is divided into several small
rupture planes which are termed as elements or subfaults.
The basis of the division is self-similarity laws given by
Kanamori and Anderson (1975) that are discussed in
detail by Joshi (2004). In this semi empirical method, we
use the envelope function generated by subfault in a
layered earth model which is mathematically given by
Joshi et al. (2001). The formula for envelope function
requires parameters like peak ground acceleration value,
duration parameter and transmission factor. The detail of
these parameters are given by Joshi et al. (2001) and Joshi
and Midorikawa (2004). Detail discussion of this method
is given by Joshi and Midorikawa (2004).

For simulation of time series having basic
spectral properties of acceleration record we have used the
modified form of stochastic simulation technique given by
Boore (1983). In this modified form the envelope of
accelerogram released by subfaults has been used as the
shaping window. The record having basic spectral shape
of accelerogram is obtained after the white gaussian noise
is passed through number of filters representing the source
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property, near site attenuation of high frequencies and
anealstic attenuation. Using the semi empirical approach
the envelope of vertical peak ground acceleration is
simulated. Hence, after windowing the filtered record
obtained from stochastic simulation technique the vertical
component of accelerogram is obtained. Site amplification
curve plays important role in resolving the generated
vertical component into horizontal component. In the
present work we have used the NS and EW component of
observed records of small events at each station to obtain
H/V ratio. The H/V ratio is computed from the portion of
record, which contain S-wave phase. At each station two
H/V ratio curves are obtained i.e. one for NS and other for
EW component. The simulated NS and EW component of
strong motion records are obtained after multiplying the
spectrum of simulated vertical component with these two
H/V ratio curves. In order to compensate the appropriate
difference in the slip of large and small earthquake, the
simulated record is further convolved with the correction
function °F (t)’given by Irikura et al. (1997). The method
of simulation used in this paper is shown in Fig 1.
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Figure 1 Complete method of simulation of strong ground
motion showing (a) model of rupture plane in a layered
earth medium. Radial rupture geometry is assumed. Star
and triangle denotes nucleation point and the observation
point, respectively, (b) white Gaussian noise, (c)
spectrum of white Gaussian noise, (d) plot of the
theoretical acceleration spectrum, (e) spectrum obtained
after multiplying theoretical acceleration spectra with that
of white noise, (f) The obtained sequence and its
convolution with the correction function, (g) obtained
sequence after convolution with the correction function,
(h) shaping window used in the present approach, (i)
obtained vertical component of record after windowing,
(j) summation of records from each element to simulate
the vertical component of acceleration record of the target
earthquake, (k) site amplification curve (H/V) obtained
from the NS and EW component of observed acceleration
records, (I) the simulated NS and EW components of the

records after filtering it with the site amplification curve
and (m) The response curve at 5% damping.
3. CASE STUDY: 2004 NIIGATA-KEN CHUETSU
EARTHQUAKE

On 23" October 2004 at 17:56 (JST), an earthquake
(Mma 6.8; Japan Meteorological Agency) struck mid
Niigata prefecture, at 80 km south of Niigata city, on the
West coast of Honshu, Japan (Bardet, 2004). The
parameters of this earthquake are listed in Table 1.
Kyoshin Net (K-NET) is a system which sends
strong-motion data on the Internet. The earthquake of 23"
October, 2004 was recorded at 327 stations of Kyoshin
network (K-NET) and 286 stations of KiK network
(KiK-NET). The data used in this work is downloaded
from the K-NET site maintained by NIED, Japan. In the
present method of simulation we use the site amplification
curves at each station. We have selected twenty-three
stations at which we have performed the simulation. In
order to have H/V curves at each of these twenty-three
sites, we have selected at least six past events at each
station. For simulation purpose, we are using the average
H/V curve at each station.

Table 1 Parameter of the 23™ October 2004 Niigata-ken
Chuetsu earthquake, Japan.

Hypocenter Size Fault Plane Solution Ref.
8:56:4.8 m, = 6.4 NP1:¢=23, 6=39, A=86 CMT
(GMT) M;=7.0 NP2:¢=209, 6=51,2=93 | Harv.
37.31IN,138.83E | Mw=6.6
13 km M= 6.3

Mima= 6.8

In the present work the regression relation
between vertical peak ground acceleration, magnitude and
hypocentral distance given by Abrahamson and Litehiser
(1989) has been used. Using data of the 2004 Niigata
ken-Chuetsu earthquake, the duration parameter has been
computed at various stations and the following modified
form of regression relation for duration parameter has
been obtained:

Ty=.001510"M+ 1.79 R %9%7

In this expression, M is the magnitude of
earthquake and R is the hypocentral distance in km. In the
present method we have used the frequency dependent Q
relations given by Kiyono (1992) as it is an average
relation for Japan and has been already tested earlier by
Joshi and Midorikawa (2004) for simulation of strong
ground motion of the Geiyo earthquake of 2001, Japan.

The modelling parameters of the 2004
Niigata-ken Chuetsu earthquake are kept similar to that
assumed by Honda et al. (2004) for estimation of source
parameters of this earthquake. In order to have
simulations at different locations, we have selected 23
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stations surrounding the rupture plane. The site
amplification at each station is computed from the records
of past events recorded by instrument placed at same
station.

The rupture plane is placed at a depth of 13 km
from surface of earth in a layered velocity model given by
Honda et al. (2004). This rupture plane is divided into 12
subfaults each of magnitude 4.9. The NS and EW
horizontal component of accelerogram due to target
earthquake at 23 stations are simulated. The velocity,
displacement and response spectra are calculated from
observed and simulated acceleration records. Contour
maps of acceleration, velocity and displacement have
been prepared from both observed and simulated records
and are shown in Fig 2. It is seen from Fig 2 that the
general trend of distribution of peak ground acceleration
from simulated records is matching closely with that from
observed records in near field region. A good match is
seen in the trend at far field stations in EW component
(Fig 2(c) and d). Similar match in the distribution of peak
ground velocity and peak ground displacement is seen in
the nearfield regions. Among simulations at 23 stations,
Fig 3 presents the result of simulations at three stations.

The station wise comparison shows that this
technique is capable of simulating strong ground motion
at nearfield as well as farfield stations in a frequency
range 1- 50 Hz. Mismatch at many stations are evident at
frequencies less than 1.0 Hz. In most of the cases
contribution of simulated record is less in this low
frequency range. This may be due to local heterogeneities
present beneath the stations.
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Figure 2 Contours of peak ground acceleration (in the %
of g) computed from (a) observed NS component, (b)
simulated NS component, (c) observed EW component
and (d) simulated EW component of acceleration record.
Contours of peak ground Velocity (in cm/sec) computed

from (e) observed NS component, (f) simulated NS
component, (g) observed EW component and (h)
simulated EW component of velocity record. Contours of
peak ground displacement (in cm) computed from (i)
observed NS component, (j) simulated NS component, (k)
observed EW component and (1) simulated EW
component of displacement record.
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Figure 3 (a) Observed NS component and (b) simulated NS
component, (c) observed EW component and (d) simulated
EW component of acceleration record; (e) observed NS
component and (f) simulated NS component, (g) observed
EW component and (h) simulated EW component of
velocity record. Comparison of response spectra prepared
from (i) NS component and (j) EW component of observed
and simulated records at NIG022, NIG028 and NIG019
stations. The x axis in the response spectra denotes period
in second. The station names are shown inside the figure
showing response spectra. The response spectra shown by
thick black line represents that prepared from observed
record.

4. PREDICTION FOR GREAT EARTHQUAKE
IN KUMAON HIMALAYA

Uttarakhand Himalaya in India lies in the central
seismic gap region identified by Khattri (1987). This
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region is among the seismically active regions. Most of
the area in Uttarakhand state has been placed under zone
V and zone IV of the seismic hazard map published by
Bureau of Indian standard (BIS), Govt. of India. During
last 100 years this region has been visited by 14
earthquakes of magnitude greater than 6.0. This region
has witnessed two major earthquakes in the last decade.
The 91.5 percent houses in the Uttarankhand state are
made up of mud and adobe, brunt brick and stone and are
weakest in strength during earthquake. According to
census of India, 2001, the population of Uttarankhand
state alone is 8,479,562 and the decadal growth rate
(1991-2001) in population is 19.20%. Due to its enormous
potential of hydroelectric power generation many project
have been started in Uttarakhand. As this region of
seismic gap in Himalaya has potential of generating great
earthquake. A great earthquake in an hypothetical location
along Main central Thrust in the central gap region has
been modeled and the records are analysed in terms of
strong motion parameters.

The attenuation relation of Abrahamson and
Litehiser (1989) for estimation of vertical peak ground
acceleration has been used in the present work. In the
present work the duration relation modified by Joshi
(2004) for its applicability for Himalayan earthquake has
been used. For computing H/V ratio curve at various
stations we have used the data of strong motion network
of eight stations installed in the Pithoragarh region of
Kumaon Himalaya. Data recorded by this network has
been used for estimating site effect at each station using
H/V method of Nakamura (1988). The rupture responsible
for great earthquake in the Kumaon is modeled by placing
it in the seismic gap region. Using the rupture length
magnitude relationship of Araya and Kiureghian (1988),
the length of rupture plane is calculated as 160 km. The
downward extension of this rupture plane is computed as
66 km using the relation given by Kanamori and
Anderson (1975). As the depth of detachment fault in this
part of Himalaya is about 10-20 km and most of major
earthquakes in this region are originating at the depth of
12 km, we have placed the rupture responsible for this
hypothetical earthquake at a depth of 12 km. As most
earthquakes in this part are originating from Main Central
Thrust (MCT), which is a shallow dipping thrust, we have
considered the dip of this rupture plane to be 15°
Considering rupture velocity to be 80% of shear wave
velocity. rupture propagation with in the rupture plane is
considered to be about 2.6 km/sec. The velocity structure
used in the present work has been taken after Yu et al.
(1995). The simulated NS and EW components of strong
ground motion and the corresponding response spectra at
5% damping at stations Sobla, Dharchula, Didihat,
Pithoragarh and Munsiari . The peak ground acceleration
calculated from the scenario earthquake of Magnitude
M=8 at a depth of 12km along the MCT at these five
stations is very high and giving alarm for high
devastations in this region for great earthquakes.

The present method is strongly dependent on

scaling laws which are empirical in nature. Therefore, the
successful prediction of strong ground motion parameters
is entirely dependent on applicability of scaling laws in
the region. Although the method of H/V ratio can be used
for conversion of vertical component into horizontal
components it still lacks the representation of radiation
pattern.

5. CONCLUSIONS

This paper presents a simplified hybrid method
for simulation of strong ground motion. Using the site
amplification curve (H/V) at various sites, NS and EW
component of strong ground motion are simulated for the
2004 Niigata-ken Chuetsu earthquake, Japan at numbers
of stations. The parameters of synthetic strong motion
records and their comparison establish the efficacy of the
approach to model earthquake using simple regression
relations and parameters not so difficult to estimate. Using
same method strong ground motions for a great
earthquake in Kumaon Himalaya has been simulated.

NS

Figure 4 (a) NS (b) EW component of acceleration record.
The response spectra prepared from(c) NS and (d) EW
component of acceleration record for the Sobla,
Dharchula, Didihat, Pithoragarh and Munsiari stations in
Uttarakhand Himalaya.
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Abstract:  This paper demonstrates the complex faulting process of an earthquake from observation data and proposes a
prediction method of strong ground motions. The high-frequency radiation process of the 1994 Sanriku-Haruka-Oki
earthquake is estimated from observed acceleration records. The accumulated tectonic stresses on the fault are
calculated from a static analysis with the finite element method. The relationships between the radiation process of
high-frequency wave and the distribution of accumulated tectonic stress are examined. The results suggest that the spatial
distribution of the acceleration radiation intensity is related to the accumulated tectonic stress. For taking account of the
accumulated tectonic stresses of a fault, a prediction method of strong ground motion is developed by using FEM. The
method calculates the accumulated stresses before earthquake by compressing the FEM model of the crust including the
fault with the crustal movement. The initial rupture of the fault is nucleated numerically on the base of the accumulated
stresses, and induces spontaneous rupture propagation on the fault in the method. Numerical simulations of a fault are
performed. The results of the simulations show that the slip velocity becomes larger in the area with high rupture
resistance, and the slip velocity relates to the breakdown time.

1. INTRODUCTION

Aki (1984) pointed out that spatial and temporal
irregularity of slip motions on earthquake fault affects the

strong ground motion especially in case of large earthquakes.

Papageorgiou and Aki (1983) called the irregularity as
inhomogeneity of fault. The various simulation methods of
the strong motion taking the inhomogeneity of fault into
account have been proposed. From analyses of recent large
earthquakes, the inhomogeneity of fault is recognized to be
more important than before. Evaluation of the
inhomogeneity of fault becomes more necessarily for the
prediction of the strong ground motion in future large
earthquake.

This paper presents an inhomogeneous rupture process
with observation records and proposes a prediction method
of the strong ground motion from crustal deformation.
Applying an inversion method to the acceleration
seismograms recorded at the 1994 Sanriku-Haruka-Oki
earthquake occurred in Japan, the high-frequency radiation
process on the fault is estimated. The accumulated tectonic
stress on the fault is calculated numerically with the finite
element method. By comparing the distributions of the slip,
the high-frequency radiation intensity, and the accumulated
tectonic stress, the complex rupture process is examined. On
the results, a prediction method of strong ground motions is
developed using the dynamic fault model of FEM. The
method creates the initial rupture of a fault from the
accumulated stress before earthquake calculated from the
static finite element analysis of the crust model compressed

bye the crustal movement, and propagates the spontaneous
rupture. By generating a heterogeneous rupture resistance
distribution and producing a spontaneous rupture over the
fault with the method, the relationships among rupture
resistance, slip velocity, and breakdown time are examined.

2. ESTIMATION OF COMPLEX FAULTING
PROCESS

The acceleration radiation intensities and the rupture times
of the 1994 Sanriku-Haruka-Oki earthquake are estimated
by the envelope inversion method developed by Kakehi and
Irikura (1996). The fault plane of Nakayama and Takeo
(1997) is adapted to the inversion. Figure 1 shows the
location and geometry of the fault plane. The acceleration
seismograms used for the inversion were recorded at a
station in the campus of HIT (Hachinohe institute of
technology). The location of the station is plotted in Figure
1.  Figure 2 shows the acceleration radiation intensities
estimated by the inversion. The comparison of the results
and the slip distribution obtained by Nakayama and Takeo
(1997) is shown in Figure 3. The areas, I, II, and III with
strong radiation intensity of high-frequency waves does not
correspond with the large slip areas, but lie in the vicinity of
the large slip area A and B or at the edges of the fault plane.

The accumulated tectonic stresses on the fault plane for
the period from the 1968 Tokachi-Oki earthquake to the
1994 Sanriku-Haruka-Oki earthquake are evaluated by a
viscoelastic analysis with 2D-FEM. The numerical modeling
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of the analysis is illustrated in Figure 4. This modeling is
same as Sato (1987). He introduced the seismic coupling
between the Pacific Plate and the Northeast Japan Marc
Plate in the modeling, evaluated relative displacements on
the plate boundary with a seismic coupling factor, and
performed the numerical calculation by imposing the
relative displacement on the plate boundary. Figure 5
shows the distribution of maximum shear stress on the
boundary of the Pacific Plate obtained by the calculation.
The horizontal axis indicates horizontal distance from the
Japan Trench axis. The thick line (case-a) represents the
result of uniform seismic coupling case. The other line
(case-b) represents the result of nonuniform seismic
coupling. The distributions of the maximum acceleration
radiation intensity are also plotted in Figure 5. The
accumulated shear stress in the distance range from 150 km
to 200 km increases as the distance becomes longer. In the
distance range, the variations of acceleration radiation and
accumulated shear stress are similar.  This distance range

corresponds to the landward fault plane shown in Figure 1.
From the above results, it is considered that the acceleration
radiation intensity in the landward fault plane is related to
the accumulated tectonic stress.

3. PREDICTION OF STRONG GROUND MOTION

3.1 Method

For taking account of the accumulated tectonic stresses
on a fault plane into prediction of strong ground motions, an
earthquake simulation method is proposed by using finite
element techniques. The method evaluates the accumulated
tectonic stresses before earthquake by the finite element
model of the crust including the fault compressed with the
crustal movement, and creates the initial rupture and
spontaneous rupture propagation on the fault plane. The
crust and the fault plane are discretized into finite elements
for linear elastic body and modified joint elements,
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respectively. The constitutive law of shear shown in Figure 7
is employed for expressing slip weakening shear stress on
the fault during earthquake. The method generates an
earthquake by imposing the horizontal crustal displacements
on both sides of the model and give rise to the slip of the
fault plane. The computational procedure consists of three
stages described below.

The first stage (stage 1) is the computation of a spatial
distribution of shear stress over the fault plane just before a
rupture nucleates on the fault. This computation is
performed with the model shown in Figure 6-(a). The
increments of the accumulated shear stresses on the fault are
calculated by imposing a horizontal crustal displacement per
year on both sides of the model. Supposing that the
increments of the accumulated crustal stresses are linear with
the imposed horizontal displacement, the method evaluates

Joint element:(¥d, ,? ")

.
3

(a) state 1

Joint element: (Qd2 R\ '2)

(b) stage 2

the shear stress distribution over the fault plane at the time
when the shear stress of a point on the fault reaches a peak
shear stress (yield shear stress, breakdown strength).

The second stage (stage 2) is the nucleation of an initial
rupture that induces spontaneous rupture propagation on the
fault. This nucleation is carried out with the finite element
model shown in Figure 6-(b). Small horizontal crustal
displacements are applied to both sides of the model on the
condition that the linear relationship between shear stress
and slip displacement is held after the first stage. The applied
crustal displacements produce the unbalanced shear stresses
in the vicinity of the point where the stress reached the peak
shear stress at the first stage. The unbalanced shear stress
means Agillustrated in Figure 8. This unbalanced stress is
used to give rise to the spontaneous rupture propagation. The
region where the shear stress is greater than the peak shear

Joint element:% 'ub

(c) stage 3

Figure 6 Schematics of the prediction method from horizontal crust deformation
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stress is considered as an initial rupture zone.

The equivalent nodal forces obtained from the
unbalanced shear stresses are applied on the initial rupture
zone of the dynamic model shown in Figure 6-(c), in order
to satisfy the equilibrium-of-force of the model. The
equivalent nodal force is called a driving force in this paper.
This driving force induces an unstable dynamic rupture, and
the rupture propagates spontaneously. The numerical
analysis of the dynamic rupture propagation is the last stage
(stage 3). This dynamic model is the same as that of the
first stage except the boundary conditions. Viscous dampers
are attached on both sides and the bottom of the dynamic
model in order to absorb reflected waves at these ends of the
model.  The magnitude of the driving force depends on
the size of the initial rupture zone, as you can find the
description of the second stage.

3.2 Simulation

A numerical simulation of plain strain problem is
performed with the proposed method. Figure 9 shows the
geometry and structure of the model used in the simulation.
This model is the same as that of Tsuboi and Miura (1996).
The fault extends from 1 km to 14 km in depth. The dip
angle of the fault is 80 degree. Figure 10 shows the
distributions of peak shear stress and initial shear stress on
the fault of the model used in the analysis of the first stage.
Figure 11 shows the distribution of shear stiffness over the
fault plane, which relates the static slip to the accumulated
crustal shear stress in the state before rupture. The dynamic
shear stress drops are uniformly distributed over the fault.

The value of the stress drop is 47 bars. The analysis of the
first stage is carried out with a horizontal crust displacement
of 0.35 cm par year. This value of the crustal displacement is
determined from the GPS observation of the Geographical
Survey Institute of Japan. To nucleate the initial rupture, the
crustal displacements for 1407 years are imposed on the
model in the analysis of the first stage. The rupture
resistances, 1+S, are calculated from the shear stresses on
the fault obtained by the analysis of the first stage. The
symbol S denotes a non-dimensional parameter called by
Das and Aki (1977). If the shear stress equals the peak shear
stress, 1+S becomes one. 1+S= 0 means no rupture
resistance. The large value of 1+S means that the resistance
to rupture is high. The distribution of the rupture
resistances is shown in Figure 12. In the region in the depth
range from 9 km to 12 km, the shear stress almost reaches
the peak shear stress. The high rupture resistance lies near
the upper edge of the fault. In the computation of the second
stage, the horizontal crustal displacements for 3.2 years are
imposed on each side of the model. Using the driving force
obtained from the second stage, the dynamic analysis of the
last stage is performed.

The results for the rupture time are shown in Figure 13.
The initial rupture zone lies in the depth region from 10 km
to 12 km. The rupture propagates bilaterally from the initial
rupture zone. The distributions of the maximum slips and
maximum slip velocities are shown in Figure 14. The slip
and its velocity vary smoothly with depth. This means that
the scheme of the initial rupture nucleation makes no
artificial variations in those distributions. The slip velocity
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increases as the rupture approaches the upper edge of the
fault. The large slip velocities distribute in the region near
the upper edge of the fault where the rupture resistance is
high. This result means that the ruptures in the region
generate the strong seismic waves. Figure 15 shows the
acceleration wave at point A obtained by the analysis of the
state 3. The location of point A is plotted in Figure 9. The
strong seismic waves radiated from the near upper edge of
the fault produce the large amplitudes of the acceleration
waves of the ground. Figure 16 shows the results for the
breakdown time. The breakdown time (Ohnaka and
Yamashita (1989)) is defined as the time that the local shear
stress takes for dropping from the peak shear stress to the
residual friction stress level. ~ The breakdown time
decreases with the depth of rupture location. Figure 17
shows the relationship between the maximum slip velocity
and the reciprocal number of breakdown time. The
maximum slip velocity is almost linear with the reciprocal
number. Ohnaka and Yamashita (1989) observed this linear
relationship from the stick-slip experiments of rock and the
theoretical model. The numerical results of the proposed
method agree with their results.

4. CONCLUSIONS

The high-frequency wave radiation process of the 1994
Sanriku-Haruka-Oki earthquake has been estimated by using
the inversion method, and then the accumulated tectonic
stress on the fault have been calculated using finite element
method. The results indicate that the spatial distribution of
the acceleration radiation intensities over the fault is related
to the accumulated crustal stresses on the fault.

The earthquake simulation method using finite element
techniques was proposed, which accounts the accumulated
crustal stresses on a fault plane just before earthquake in
prediction of strong ground motions. The method evaluates
simultaneously the size of initial rupture zone and the
magnitude of driving force producing spontaneous rupture
propagation on the base of the physical model. The
numerical simulation of the fault was carried out with the
method. The results of the simulation indicate that the slip
velocity becomes larger in the area of high rupture resistance,
and the slip velocity relates to the breakdown time.
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Abstract: To obtain a detailed model of the three-dimensional ground structure, the gravity and microtoremor surveys
have been carried out around Hsinchu area, Taiwan. Observations of gravity at 393 sites was done and the structure
with some different scales are found from the Bouguer anomaly. The trend of the Bouguer anomaly is independent
of the topography and some localized structures are observed. Furthermore, shallow structures were estimated from

microtoremor data of array observation at 10 sites.

1. INTRODUCTION

To estimate the earthquake ground motions, it is very
important to know the ground structure, especially, deep
and three-dimensional structure, because the ground mo-
tions excited by a large earthquake predominate compo-
nents with long period which relates to the deep structure.
For this purpose, we have many kinds of technique for the
geological survey, though some of them may be costly.
The microtremor and gravity survey are easy to conduct
the survey and not so expensive techniques. Thus, for esti-
mating the three-dimensional ground structure over a large
area, these techniques are useful and provide good infor-
mation without much cost. Especially, the gravity survey
is suitable for the survey of very large area and can pro-
vide detailed configuration of bedrock, because of the easy
operation by means of the automatic gravimeter and GPS
(global positioning system).

However, since the Bouguer anomaly depends on the
density structure, it is difficult sometimes to determine the
velocity structure from it. To obtain the velocity struc-
ture, we can use information from the microtremor survey,
because phase velocities obtained from microtremor array
observation reflect the velocity strcuture directly.

The geological setting of Taiwan is really complicated
because there is the boundary between the Eurasia and
Philippine plates and we can find so many active faults
in the Taiwan island. This means that the seismic activ-
ity is very high in Taiwan. Under this circumstance, we
focus the target for our survey on Hsinchu city, Taiwan,
where many industrial factories, especially for IT, com-
puter, semiconductor companies are located. We, there-

fore, may say that Hsinchu area should be key for the Tai-
wanese economy.

From this, it is very important to know the ground struc-
ture and to estimate some strong ground motions in this
area. As a first step to estimate earthquake ground motion
for earthquake disaster mitigation, we will try to make a
preliminary model of three-dimensional shape of the sur-
face for the bedrock which is defined, hereafter, as hard
rock.

2. GEOLOGICAL SETTINGS
AROUND HSINCHU CITY, TAIWAN

Hsinchu city is located at the north-western area of Tai-
wan as shown in Figure 1. The altitude of north-western
part is very low and the south-eastern part is very high such
as more than 1000m. The topographical map is shown in
Figure 2. Furthermore, we can find many faults around
Hsinchu city as shown in Figure 3. In the southern part of
Hsinchu city, anticline and syncline, whose directions are
north-eastern to south-western, are found and the fault is
recognized between them. The Hsincheng fault is consid-
ered as an active fault and it is key issue to consider mit-
igation of the earthquake disaster. Furthermore, we can
see the similar structure in the northern part of Hsinchu
city, which includes the anti- and syncline structure with
Hsinchu fault.

As shown in the previous section, a part of Hsinchu city
is called “science park” and there are many companies and
research centers for high technology in this area. From
this, Hsinchu city is called “Silicon Valley of Taiwan” and
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Figure 2 Topographical map around Hsinchu city. Horizontal and vertical coordi-

nates show the longitude and latitude, respectively. In this map, x stands for the
observation sites of gravity, O for the control points which are used for the calcu-
lation of the gravity basement, the rectangular frame for the area of the analysis.
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very important city of the Taiwanese economy. We hope
the basic observation and research for the estimation of
earthquake ground motion will help the provision against
the future earthquake.

Some pioneering studies are available for the ground
structure around Hsinchu from the geological points of
view. These studies are summarized as “report on the
ground structure of Hsinchu district” by Shu-Fan et al.[1],
however the authors could not follow the detailed refer-
ences and original sources. Thus, we introduce some im-
portant points from the report by Shu-Fan et al.

Gravity survey in Taiwan has been carried out, and es-
pecially, dense and accurate observations are done in the
last decade. Thus, the the reliable Bouguer anomaly map
is available as shown in Figure 4 by Yeh and Yen (1992).
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Figure4 Bouguer anomaly
map of Taiwan [1]

The details around Hsinchu city is shown in Figure 5. Fur-
thermore, using the information of the gravity anomaly,
the density structure is proposed as shown in Figure 6.

From these figures, the peculiar low anomaly of gravity
is found in the southern part of Hsinchu city. They con-
sider existence of the oil around this low anomaly area,
and carried out many kinds of survey to know the ground
structure including the deep borehole and dense gravity
survey. Unfortunately, in this area, there is no oil, but we
can see the geological profiles along some lines. Figures 7
and 8 are examples. Although these maps might be made
by considering the gravity anomaly, the authors have no
information about the detailed processes to make the pro-
files.

Many kinds of survey have been carried out, however,
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figure of Shu-Fan [1]).

the detailed information of the available geological data is
not so clear. This means that they cannot provide enough
information to make the model of ground structure for the
estimation of earthquake ground motions. Of course, we
use the available information at a maximum, but we carry
out the gravity survey to be suitable for our objective.

3. OBSERVATIONS AND RESULTS

3.1 Gravity Survey

To obtain the three-dimensional ground structure at
Hsinchu city accurately, we have carried out the mea-
surements of gravity around the surrounding area, which
includes many towns in Hsinchu County: 24°39'N —
24°55'N x 120°50'E — 121°12'E; 30 km NS x 40 km
EW. We observed gravity at 393 sites during 20 days of
September 7th to 28th, 2006. The averaged distances
among close sites are about 1 km. The location of ob-
servation sites are shown in Figure 2.

For the observation, we used the Burris automatic grav-
ity meter by ZLS Corporation and Type G Gravimeter by
LaCoste & Romberg and applied the technique of relative

of Shu-Fan [1]).

observation. To determine the position of the observa-
tion site accurately, the differential survey using the GPS
(Global Positioning System) is performed. As a result, the
error of the position is less than 1m. The observation sys-
tem are shown in Figure 9.

To apply the technique of relative observation, firstly,
we set a reference site with absolute gravity value in
Hsinchu city through the comparison between our refer-
ence site and the official gravity base site in Hsinchu area.
Then, using the reference site, we carried out the relative
observations of gravity and the absolute values of the grav-
ity were determined at each site.

3.2 Bouguer Anomaly

We analyze the data with the existent gravity data,
which were obtained at more than 60 sites in this area.
We apply the data at 453 sites to calculate the Bouguer
anomaly except for a few inaccurate data.

After some data correction such as corrections for
height of the instrument, tide, drift, terrain, free-air, and
Bouguer correction, the Bouguer anomaly can be ob-
tained. For the Bouguer correction, we have to give a
value of the assumed density p. For this purpose, some
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methods are proposed such as the G-H correlation method
[2], and a method to check the correlation between the
Bouguer anomaly map and topography [2]. We apply the
latter technique and determine p as 2.3 t/m3.

The obtained Bouguer anomaly map is shown in Figure
10. From this figure, we can say the follows:

o The Bouguer anomaly in the target area is negative
and the negative anomaly increases from north-west
to south-east. This trend is independent of the topog-
raphy of the hilly area. However, this trend agrees
with the peculiar low anomaly as shown in Figure 5.

Around the south-eastern area of the Hsinchu city,
minimum value of the Bouguer anomaly is found.
This minimum value seems to correspond to the local
minimum which is shown in the Bouguer anomaly
map for whole Taiwan island of Figure 4.

o For most parts of south-eastern area, steep change of
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Figure 10 Bouguer anomaly map (assumed density: 2.1 t/m3)
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Figure 12 An example of sensor layout for ar-
ray observation and system.

Bouguer anomaly is observed. This suggests that the
existence of steep slope of the bedrock in this area.

3.3 Microtremor Survey

To determine the velocity structure, we carried out array
observations of microtremors at 10 sites around Hsinchu
city, where are shown in Figure 11. For this observation,
we used Force-balanced-type accelerometers and digital
recorder with 24-bit resolution AY. A/D converter, which
include an analog gained filter and GPS clock system. The
time is synchronized by this clock and data is recorded by
sampling rate 800 cps after passing the low pass filter with
cut off frequency of 30 Hz.

The setting of the sensors and the observation system
are shown in Figure 12. Radii of the arrays are 3 m to
800 m and the radii depend on the sites. Unfortunately,
the response sensitivities of the sensors are not enough to
observe the microtremors in long period range. We ap-
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Figure 13 Examples of estimated phase velocities. Array
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plied the spatial auto-correlation (SPAC) method [3] and
estimated the phase velocities. Figure 13 shows a part of
the results.

4. DISCUSSION

4.1 Comparison with the Known Structure

We can discuss the shallow structure with the residual
gravity map. Thus, we show the residual gravity with the
anti- and syncline in the target area as shown in Figure 14.
From this figure it can be recognized the good correspon-
dence of the geological structure and the residual anomaly.
This means that the obtained gravity anomaly can explain
the geological sytem.

4.2 Gravity Basement

Using the technique by Komazawa [4], we estimate a 3-
D gravity basement under the assumption that the ground
consists of two layers, which are homogeneous sediment
and basement with density of 2.1 and 2.4 t/m3, respec-
tively.

To obtain a realistic model of gravity basement, we
consider the follows: to remove the contribution for the
Bouguer anomaly from the deep structure such as upper
mantle and to constrain the depth to the basement using
some other information. For the former, a band-pass filter
(50 to 5000 m) is applied to the Bouguer anomaly. For
the latter, we give some control points in Figure 2: that is,
deep borehole sites CHL-1, STP-1, CTH-10, FP-3, and R-
1 of Figure 3, which reach to the basement. The basement
appear on the surface at the south control point in Figure
2. The boundary of sediments and basement is set at the
surface of Kueichulin Form on the basis of Figure 6.

The 3-D shape of the gravity basement is shown in Fig-
ure 15. From Figure 15, depth of the gravity basement
reaches to about 3000 m in the south-eastern area and
about 1500m around the downtown of Hsinchu City. Steep
slopes of the gravity basement are observed around the
southern area of Hsinchu City, whose location corresponds
to the known fault; Hsinchu and Hsincheng faults. How-
ever, the depth to basement around downtown of Hsinchu
City is too deep compareing some available shallow bore-
hole data.

Figure 14 Residual gravity map (blued contour line repre-
sents positive and red negative anomaly).
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Figure 15 Altitude of the gravity basement (density of
basement: 2.4 t/m3, density of sediment: 2.1 /m3, unit
of the altitude: m)

Thus, we consider another layer with slightly lower den-
sity than basement. The density of this added layer is set
as 2.25 t/m® and it corresponds to Chinshui and Cholan
Form. To obtain three-layered model, we apply the tech-
nique by Takahashi [5] and give the control points which
are same as the two-layerd case. In this case, the bound-
aries of the layer are assumed as the surfaces of Cholan
and Kueichulin Form.

Obtained density model is shown in Figure 16, where
the upper panel shows the upper boundary of Cholan Form
with density of 2.25 t/m® and lower panel is the upper
boundary of basement (Kueichunlin Form with 2.4 t/m?).
From this figure, depth to the middle layer is very shallow
around western coast and downtown of Hsinchu city. On
the other hand, the depth to the basement is very deeper
than two-layerd model around the low anomaly area of
south-eastern part.

4.3 Velocity Structure
In this time, it is very difficult to discuss the deep veloc-
ity structure because of less information of phase veloc-
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Figure 16 Altitude of the upper surface of middle layer with density of 2.25 t/m® and basement with 2.4 t/m3.

ity in long period range. However, it is observed that the
phase velocities around lower gravity anomaly are slower
than ones around heigher gravity anomaly. In the future
development, we will discuss the relationships between
the velocity and density structure in this area.

5. CONCLUSIONS

We have carried out the gravity observation at 393 sites
and array observation of microtremor at 10 sites around
Hsinchu area, Taiwan. Using this data, we estimated the
Bouguer anomaly and phase velocities. Furthermore we
estimate the gravity basement around this area. From this,
we can say that the three-dimensional structure is very
complicated: some different scales of structure are found.
The results from this research is listed as follows:

o The density around Hsinchu area is estimated as 2.4
t/m® for basement and 2.1 t/m? and 2.25 t/m? for sed-
iment.

o Negative Bouguer anomaly is found and the absolute
value of anomaly increases from north-west to south-
east. This trend can be seen in the shape of the gravity
basement.

e To explain the very low Bouguer anomaly around
south-eastern area, we introduce three-layerd density
model. As a result, the depth to the middle layer is
very shallow around the downtown of Hsinchu city.

e The depth to the middle layer is 200 m around
Hsinchu city and 1200 m in the south-eastern area.
The shape of the gravity basement is very compli-
cated but it corresponds to the geological information
such as anti- and syncline and some known faults.
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Abstract:

Fukuoka city of the eighth population in Japan was damaged three years ago by the 2005 west off Fukuoka

Prefecture Earthquake. There are some 3D underground structure velocity models around this area in previous study for
estimation of the strong ground motion during some earthquakes. Ground motion FD simulation reproduced better result
during a small earthquake using 3D model data. However, it has some uncertainty in the model, and it is difficult to repair
for the model data. Therefore, I explored the underground structure of deep part by microtremor array measurement and
shallow part by seismic refraction method. The latter was performed with students and teachers for earth science
education, although the work didn’t bring to us the structure elucidation. The maximum depth of the basin bottom around
Fukuoka city is about 0.8km. And the cooperation with school is to be cue of an interest in science by these explorations.

1. INTRODUCTION

The 2005 west off Fukuoka Prefecture Earthquake
(M,7.0) had heavy damaged in Fukuoka city near the source
fault. The earthquake struck a mega city more than one
million population since 1995 Hyogoken Nanbu Earthquake.
Although the 2005 disaster was not so severe than the 1995
one except for Genkai Island, many people was very
surprised by the 2005 earthquake because of low seismicity
in the northem part of Kyusyu Island in long term until then.
Now, three years has passed since the 2005 earthquake
occurred, and the damage area has almost revived as usual.
Therefore, it is a possible that many people are forgetting the
memories of the disaster. The duties of us are the progress of
earthquake disaster prevention science and keeping the
earthquake disaster memories or knowledge through an
earth science education in school.

This article is described about 3D model in the Fukuoka
area and ground motion simulation using the model. And the
result of exploration underground structure in the area,
besides the practical use to the education of the exploration
work is described.

2. 3D VELOCITY MODELIN FUKUOKA AREA

Fukuoka area locates at the northern part of Kyushu
Island, faces the Hakata bay. The location is shown by
Figure 1. The sedimentary basin size of Fukuoka area is
small and deep in comparison with Kanto basin and Osaka
basin. There are some 3D models in the area (e.g. Mori et al.,
2007). A digital 3D model data used in this study of the deep
part to the basement of S-wave velocity (Vs) 3.1km/s layer

is made by Fujiwara (personal letter). The model has 2
velocity layers of the Vs 0.6 and 2.1km/s. Figure 2 shows
the boundaries depth distribution between 0.6 and 2.1kmy/s,
2.1 and 3.1km/s. A maximum depth is 0.12 and 1.60km
respectively, and the point locates below at Meinohama near
the central Fukuoka city and Hakata bay. Although one of
the features of this model is the layer depth data each about
1km mesh, the original information of underground structure
survey of the model has some uncertainties. Because there
are a few explorations of the deep sedimentary structure
around the northern part of Kyushu Island (e.g. Morijiri et
al., 2002), many space interpolations have in the 3D model
in my guess. Even if there are some reports about the
underground structure, almost the data or information is
explored for mining coal around Fukuoka coalfield and
Tikuhou coalfield away from the target basin area. However,
these fields have been closed. Therefore, it is not too much
to say that this area is a lack of underground information for
ground motion estimation of the deep part, although more
than one million people live in the area of Fukuoka city.

The other, the shallow sedimentary exploration data by
boring exist at many sites, there is a detail shallow part 3D
model. Figure 3 shows a one of the thickness contour map of
Quaternary sediment by Satoh and Kawase (2006). The
maximum depth of surface sediment of under Vs 0.3km/s
has about 50m around north-eastern part of Kego fault.
Naturally, there is not only the layer but also some low
velocity layers less than 0.3km/s. For example, the velocity
structure at FKO006 by K-NET observation in Figure 1 and
3 has the Vs 0.10, 0.13, 0.15, 0.18 and 0.32km/s layers, the
depth of the bottom of Vs 0.32km/s correspond to the top of
the Vs 0.60km/s in the contour map of Figure 3.
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Figure 1. Map of the target area around Fukuoka. Dot
square is ground motion simulation model area and black
triangles show the location of K-NET and Kik-net
observations in left figure.

0.0

13050

N
130.25
Figure 2. Boundary depth distribution by used 3D model data.
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Figure 3. Contour map of Quaternary-sediment thickness
touched in figure by Satoh and Kawase (2006). Dots show
the location of aftershock observations of the 2005 west off
Fukuoka Prefecture Earthquake by Yamanaka et al. (2005).

3. GROUND MOTION SIMULATION

To check a performance of the sedimentary 3D basin
model data by Fujiwara (personal letter), ground motion
during one of the aftershocks of the 2005 Fukuoka
earthquake simulated with finite difference method (FDM).
The analysis region about 30km width shows in Figure 1
(right). The model has 7 velocity layers as Table 1 with
physical parameters. The first surface layer of Vs 0.4km/s
referring to Satoh and Kawase (2006) is set in the 3D model,
although 1st layer depth is 30m because of the simulation
restriction of free surface condition and grid size of FD
model. The flat boundaries from the 5th to 7th layer of
referring to Asano and Iwata (2006) are set the model.

Simulation parameters for FDM and the source
parameter show in the Table 2 and 3 respectively. The
minimum FD grid space uses 60m with rectangular grids for
z-direction. The lower period set 0.8s from the relation
between minimum velocity and grid space. A target
earthquake is M3.8 event at the 28 April 2005. The source
model is assumed to be simple point source of smoothed
source time function with duration of 1.0sec at the location of
drown the source mechanism in Figure 1.

Figure 4 shows observed and synthesized ground
motion waveforms resulting from the earthquake, as recorded
by the aftershock observation array of the 2005 west off
Fukuoka Prefecture Earthquake (M7.0) by Yamanaka ef al.
(2005). The location of the observation array points of k01,
k02, tk08 and FKO006 shown by Figure 3 on a symbol ‘A’
in Figure 1. The stations array located across the surface layer
step made by the Kego fault. The horizontal components
velocity waveforms of band-pass filtered of period range
from 0.8 to 5.0sec shown by Figure 4. A comparison with
observed and synthesized waveforms indicate better
reproduction in generally, although this simulation result is
got from simplified point source model, and which the tuning
of the model by simulations never done. However, there are
some problems in the synthesized waveform by the detail
comparison. The travel time of synthesized S-wave is earlier
than the observed one at each observation. The cause looks
like the problem of the deep structure in the 3D model.
Otherwise, the amplitude of synthesized have about a half of
observed in the each component at the k02 and fk08. The
small feature indicates inadequate for a lack of the reality of
the 3D model, the shallower part particularly. In spite of these
observations locate on the slop in the first layer, minimum
FD grid space size has 30m at only surface grid, and there is
not enough resolution for the configuration.

These results suggest that the differences between the
real underground 3D structure and the modeled one for FD
simulation exist. It is an inevitable to occur that the thing for
using a 3D model made by limited underground information
in the Fukuoka area. Therefore, we need more the
information for accurate 3D basin model, and should explore
the basin structure in the area. And besides, it needs the
reconstruction of a new 3D model and the recheck one by
ground motion simulation.
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Table 1. Physical parameters of rock density, Vp, Vs and the

boundary depth for each layers of simulation.

No. p (g/cm®) Vp(km/s) Vs(km/s) Depth(km)

1 180 1.70 040 variable
2 190 200 0.60 variable
3 240 400 2.10 variable
4 250 5.00 2.70 variable
5 260 5.50 3.10 5.0km
6 270 6.00 3.46 18.0km
7 280 6.70 3.87 0

Table 2. Simulation parameters for FDM.

Model dimension 369 % 386 x 83"

dx 0.06km, 0.25km"
Vs min 0.4km/s
T min 0.8s

*Rectanguler Grid

Table 3. Source information and parameters.

date 2005/4/28

time 3h43m17.67s
epicenter (33.67° , 130.30° )

depth h=8.0km

Mo =1.61%10"* N*m
strike, dip, rake (328, 77, 4)
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Figure 4. Comparison with observed and synthesized
velocity waveform of the period range from 0.8 to 5.0sec.

4. MICROTREMOR ARRAY EXPLORATION

For increasing underground data, our group conducted
microtremor array explorations in the Fukuoka area to
estimate 1D S-wave velocity profiles of deep sedimentary
layers over the basement with a Vs about 3km/s. Recently,
the exploration in the area came to be curry out by the other
group of Dr. Kawase and Dr. Nishijima in Kyushu
University, the underground structure information increases.

Figure 5 shows the locations of the finished or planned
site of microtremor array measurement, from No. 1 to 5
have already done it. No .1 (Hakata: HKT), No. 2 (Tenjin:
TIN) and No. 3 (Tojinmachi: TIM) have analyzed 1D
profile. The details of the observation and analysis were
described and discussed previous some papers (e.g.
Yamanaka et al., 2005). At each site, 2 arrays with different
array size were deployed by installing 7 seismometers with

station spacing of 0.1 to 0.8km. We can record 7 waveforms
and estimate Rayleigh wave phase velocity from the f-k
spectral analysis. The Rayleigh wave phase velocities
observed in this study are shown Figure 6. The phase
velocities at period range of 0.5 to 1.5sec are a little
difference indicating variation of subsurface structure. The
observed phase velocities are imagined the thing which the
basin size is not so large, comparison with Kanto and Osaka
basin. The phase velocity estimated at each site is inverted to
an S-wave velocity profile by GA. In the inversion of all the
phase velocities, I estimated a 3-layers model from previous
study models, for example used 3D model data in this study.
A 1D S-wave profile is determined with the GA inversion of
phase velocity. Figure 7 shows the inverted S-wave profile
and the comparison with a result of Mori et al. (2007) at the
black square in Figure 5. The top of the basement depth Vs
about 2.5km/s changes from 0.5 to 0.8km, with from west to
east, although the surface layer bottom depth of Vs 0.8km/s
is not so change. Our results and Mori et al. (2007) are

Figure 5. Location map of microtremor array observation,
stars show finished site and triangles show planned sites.
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Figure 6. Observed Rayleigh wave phase velocities.
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Figure 7. Vs profiles and a result of Mori et al. (2007).
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Table 4. List of practice of cooperation with school education

school name or object class form contents etc

5th attached high school

No. vyear region

1 2006 Munakata city with Tokai Univ.

L,E ground environment SPP: 4 times

2 2007 Kasuga city Kasuga nishi JH L, E earthquake disaster
3 2007 Ongjo city Hirano JH L,E ground motion
4 2007 Fukuoka Pref. Teachers L general earth science
5 2007 Fukuoka Pref. Teachers L, E earthquake open school
6 2007 Onojo city Oono E E electric importance
7 2007 Kasuga city Kasuga nishi JH L ground environment SPP
8 2007 Kasuga city Kasuga nishi JH E microtremor SPP
9 2008 Kitakyushu city Teachers L, E earthguake & volcano
H: High School L: Lecture SPP: Science

JH: Junior High School
E: Elementary School

5. COOPERATION WITH SCHOOL EDUCATION

Japanese educational policy will be changed from April
2009 by Japan Ministry of Education, Culture, Sport,
Science, and Technology (MEXT). One of the examples of
the change which is the number of school hour unit of
‘science education’ will be increased from 350 to 405 in
elementary education and from 290 to 385 in secondary one.
And the contents of science subject will be increased, also.
The other topic of the change is from the alternatively
content of earthquake or volcano to the required contents
both them in elementary education. It is natural to change
the high school science education. Therefore, Japanese
science education is crisis now, although the curriculum just
only reverts to the past system.

By the way, some projects of cooperation between
schools and university prevail, recently. Table 4 shows a list
of only my practices to cooperate with school in a year.
Although main object is school students, the opportunity for
teachers of elementary and secondary school increases.
These things look like to represent an importance for many
teachers in primary education. They are conscious of poor
the knowledge for science and the skill for science education,
they are perplexed in my guess. Whether that some projects
of cooperation as in Table 4 and others can help or not for
the teachers, I have to evaluate the results.

In the before section, all the site of microtremor array
exploration locate in or very near the public school as a part
of practicing use to the earth science educations.
However, because the array explorations are difficult for
educational application, these results of basin structure
should be used for leading of the cooperation between the
schools and ours, and for estimating of ground motion. In
my idea, the cooperation suit for the shallow part exploration
by refraction examination. Fortunately, the exploration was
realized by No. 1 in Table 4 by the grace of eager teachers.
Although, it is difficult to carry out the cooperation, because
many teachers are very busy and there is not leeway in
school timetable. We need to observe whether these projects
hard to practice or not by the educational policy changes. At
any rate we have to continue the earth science and
engineering education to children and their parents for
prevention earthquake disaster.

E: Experiment or experience Partnership Project

6. CONCLUSIONS

In this article, an existent 3D model, a model
performance of ground motion simulation used by it in the
Fukuoka area and the results of the sedimentary basin
explorations by microtremor array measurements describes.
The 3D model performance and 1D S-wave velocity
structures indicates in the Fukuoka. Besides, the case of
practical use to the earth science education is introduced.
These things are progressing to increase the number of the
case of the exploration site and the practice for the research
and education. I will report them regularly.
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Abstract:

We proposed a waveform inversion method of SH-wave data obtained in a shallow seismic refraction survey

to determine a 2D inhomogeneous S-wave profile of shallow soils. In this method, finite difference computation of the
2.5D equation for SH-wave propagation in a 2D media is used as the forward modeling. The misfit defined using
differences of calculated and observed waveforms is minimized with a hybrid heuristic search method. We parameterize a
2D subsurface structural model with the boundary depth shapes and S-wave velocity of each block. Numerical
experiments were conducted using synthetic SH-wave data with a white noise for a model having a blind layer and
irregular interfaces. We could reconstruct the complex structure with reasonable computation time from surface seismic

refraction data.

1. INTRODUCTION

Local site amplification is one of the important factors
to characterize earthquake ground motion at a site with soft
soils. It is therefore required a detailed data for subsurface
structure to predict strong ground motion in such a site
during an earthquake. In particular lateral variation of
subsurface S-wave velocity must be known to understand
spatial distribution of earthquake ground motion. Seismic
refraction exploration using SH-waves generated with plank
hammering is one of the most popular methods for profiling
a two-dimensional shallow S-wave velocity structure of soft
soils (e.g., Kramer, 1996). SH-waves are recorded with
seismometers deployed in a surveying line on the surface.
Travel times of imtial phases of the SH-wave observed are
used to deduce an S-wave velocity model from the surface
down to a depth of several-ten meters. Although field
operation and analysis in the shallow refraction method is
easy and simple, an obtained S-wave profile is often too
simple with a single surface layer over a firm soil with
constant velocities. We sometimes have difficulties to
determine a proper soil model from travel time data in a
complex structure having a blind layer, a velocity mverse
layer and so on. The existence of these layers can not be
detected in the conventional travel time analysis of refracted
initial phases (e.g., Burger, 1992). Furthermore, the travel
time data are more or less contaminated with ambient noises,
because the initial phases are often small in amplitude as
compared with later phases. This also makes it difficult to
reconstruct a proper model. Recently, surface waves in the
refraction data are used in shallow S-wave profiling from
dispersion analysis (e.g., Hayashi and Suzuki, 2004). Since
travel times of initial S-wave are not used in the surface
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wave method, it is easily applied in noisy urban area.
Although a two-dimensional image of S-wave velocity can
be derived from the surface wave method, it is required to
prepare many observed stations for detailed imaging.
Furthermore separation of surface wave modes must be done
before the dispersion analysis, when higher mode surface
waves have larger or similar amplitudes to the fundamental
modes.

In this study, we proposed a waveform inversion of
shallow seismic refraction data to a 2D inhomogeneous
S-wave profile using a hybrid heuristic algorithm. We used a
2.5D finite difference calculation to generate synthetic
SH-wave data that are used in numerical experiments. After
validation of the method using synthetic data for a simple
model, application to a complex inhomogeneous structure is
examined.

2. METHOD

2.1 Forward Modeling

In the waveform inversion it is required to use
calculation of forward modeling which can generate
synthetic SH-seismograms with true amplitudes in a 2D
inhomogeneous soil model from a point source. Since
effects of three-dimensional geometrical spreading must be
included in calculation of wave field in 2D media, we used a
2.5D equation of motion of SH-waves
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with expression using stress and velocity for the forward
modeling. The 2.5D equation of motion due to SH-waves is
numerical solved with 4th-order and 2nd-order central finite
difference approximation in space and time. The staggered
fimte difference gnd is used in the approximation. The
absorbing and sponge buffer conditions are subjected in the
non-physical boundaries in the bottom, left and right sides of
a finite difference grid model. The free surface condition is
applied in the upper boundary of the model.

2.2 Parameterization

Subsurface structure is often parameterized with many
cells in tomographic inversions. Since we are interested in
waveform inversions of conventional refraction data with
several to 10 observation data from one or two shots at the
two ends of a surveying line. Tomographic image, such as
Figure 1a, 1s difficult to be reconstructed from such a small
number of observed data. On the other hand,
parameterization with a stack of homogeneous layers having
irregular shapes of interfaces in Figure 1b is not so difficult
to mvert the small number of data. However, lateral vaniation
of S-wave velocity can not be included in the
homogeneous-layer model. We therefore use a combined
parameterization ~ with  the  tomographic-cell and
homogeneous-layer models as can be seen in Figure 1a.

a ™

|
= 7
T

b) Homogeneous layers
with irregular interfaces

a) Tomographic blocks

L+

¢) Model used in this study

Figure 1. Model parameterization

A so1l model consists of surface layers over a basement
having a constant S-wave velocity that is one of the
unknown parameters in the waveform inversion. The surface
layers are divided into layers separated by the interfaces. For
example, the model in Figure 1c has three surface layers.
The depth shape of each interface is described with basis
functions by Aoi et al. (1995). Using linear combination of a
basis function ck(x) and a coefficient pk, the interface depth
d(x) at location x 1s written as

d<x)=§pkck<x> G

where L is number of basis function. The basis function is
defined as

(x) = 1/2+1/2005(75/A(x—xk)) X, Sx<x,, @)
= 0 otherwise

where A and x; are constant given in advance. The interface
depth parameters are defined for each interface of a
multi-layered model. The unknown parameters to be
determined on the waveform inversion are the coefficients py
in the equation (3) with respect to the interface shape. In
order to model lateral variation of S-wave velocity in surface
layers, it is divided into blocks as can be seen in Figure lc.
S-wave velocity for each block is also one of the parameters
in the inversion. In order to stabilize the inversion we used
smoothing of the S-wave velocity of the blocks in each layer
with a weighted 3-points smoothing operation.

The unknown parameters to be determined in the
mversion are P, S-wave velocities of all the blocks in
surface layers and S-wave velocity of the basement. For
example, total number of the unknown parameters for the
model in Figure lc are 61 (10*3P;, 20*3+1 S-wave
velocities).

The above-mentions parameterization of the subsurface
structure can allow to model soils layers separated by
geologically discontinuous interfaces with S-wave variations.
We therefore assume small variations of S-wave velocities in
the blocks that belong to the same layer in the inversion.
This can be implemented with making narrow search limits
of the S-waves for the blocks.

2.3 Definition of misfit

The musfit function to be minimized in the inversion is
defined using observed and theoretical traces to determine
the model parameters. The misfit, E, is calculated from

P Z[Sc(t)*sa(t)]2 G)
LY 20}

where § 0(1 ) and Sc(t ) are the observed and calculated
SH-waves. N is the number of stations along the surveying
line. In the following numerical experiments, we assumed
that source wavelet is known before the inversion. Probably
deconvolution processing using a reference station must be
applied to the observed and synthetic data before calculating
the above musfit.

2.4 Inversion algorithm
It is expected that the misfit function has a complex
multi-model shape. An appropriate initial model is required
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in the least-squared inversions, because of the local search
characteristics. However, we often have no a priori
knowledge on subsurface structure, especially for shallow
near-surface soils. We therefore applied global search
algonthms to minimize the misfit function in this study.

Heuristic approaches are one of the global search
algorithms used in various kinds of geophysical inversions,
such as GA and SA (e.g, Yamanaka, 2005). Since the
heuristic inversion methods require many numbers of
forward calculations, the heuristic approaches are not so
often applied in inversions with relatively heavy forward
computations. We however used the hybrid heuristic method
proposed by Yamanaka (2007), because the method is
capable to find the optimal model with less computational
efforts than those for the conventional heuristic algorithms.

The computational flow is shown in Figure 2. The main

part of the operations is based on the generic algorithm by
Yamanaka and Ishida (1996) with three genetic operations of
crossover, selection, and mutation. However, a
generation-dependent probability for choosing new models
from current models (X) and offspring models (Y*) in the
crossover operation is introduced in the hybrid method. The
difference between the musfits of the offspring and current
models

AE = E(Y')- E(X) ©)

1s calculated. We principally select either the parent model or
the offspring model with smaller misfit than the other. If the
difference of the two misfits is negative, the offspring model
survives in the next generation. However, when AE is
positive, the offspring model with a large musfit is still
selected in the next generation with an acceptable probability
defined as

P =exp(-AE/T}) @)

where 77 1s temperature. The temperature is high in the early
stage of the computation and becomes gradually small with
increasing generations. The temperature 7} at the k-th
iteration of temperature is calculated to decrease with the
similar manner to the SA by Yamanaka (2005). According to
the decrease of the temperature, the acceptable probability
works differently in the early and late stages of the search. In
the early stage, offspring models with large errors between
observed and calculated waveforms can be frequently
selected in the next generation, while such models are hard
to survive in the later part of the iterations. Therefore, only
the offspring models with smaller misfits than the parent
models can be chosen in the final stages of the calculation.
As similar to the SA, it is expected that the algorithm can
search model space globally and locally because of the
generation-dependent acceptable probability. It is also noted
that the hybrid method with infinite temperature works as
similar to the conventional GAs. In this study, we also
include the elite selection rule by Yamanaka and Ishida

(1996) in the hybrid method. The above-mentioned genetic
operations are repeated with decreasing the temperature until
the number of the iterations reach to a given value. In
addition to this operation, we used a real-number coding of
the parameters in the proposed hybrid method.

[ Set initial temp |

!
| e ion of models in initial population |
FD-grid models for initial population |

[ Cal.of misfit E (X) for present models |
14—

[ Selection for new generation |
1)

[ ion of offspring Y by crossover |

| Mutation Y-> Y |
!

| FD-grid models for Y’ |
I

[ Cal. of misfit E (Y’ )

[ Cal. of AE=E (Y' ) -E(X) |

YES _ — a5 ——NO

.Save Y’asnewmodel{

X=Y")

Save Y’ as new model
with prof. exp(-AE/Ti)
J

[ Elite_selection ]

—NO_ — Change temp. 7 ————
YES
L Decrease temperature \
o NO
L ————"""Last generation? ___———
YES T
[ Optimal model |

Figure 2. Computational flow of hybrid heuristic inversion

3. MODELAND SYNTHETIC DATA

The model used in the numerical test has two surface
layers over the basement with an S-wave velocity of 400m/s
as shown in Figure 3. The thickness of the second surface
layers is Im. This layer can not be detected with
conventional travel time analysis of initial phases, because
the layer is too thin and no refracted waves propagating in
the top of the second layer arrive at sites on the surface as
initial phases. This kind of thin layer is known as a blind
layer in refraction seismology. In additional to the blind layer,
this model has a slope of the interfaces in the central part.

The synthetic SH-waves are calculated at the 10
stations located on the surface of the model using forward
calculation. The locations of the stations are shown by
triangles in the figure. We assumed an explosive point
source at the surface. The source time function is assumed to
be Ricker wavelet. In the inversion the source wavelet is
given in advance. The grid space of the FD model is 0.1m in
the calculation of forward modeling. Since this grid interval
1s sufficiently larger than the minimum requirements for the
stable computation criteria, accuracy of calculated wave
field is enough in the later phases that might be
contaminated by the numerical dispersion. The computed
waves are shown in Figure 4. This synthetic data is included
theoretical SH-waves from the forward modeling and white
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noises whose amplitudes are 10% of the maximum value of
each SH-wave.
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Figure 3. Two-dimensional S-wave velocity model used in
numerical test. A circle and triangles indicate the source and
stations
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Figure 4. Synthetic waveform data calculated at the stations
at the surface of the model used in numerical test. Random
noises are included in the synthetic data

4. INVERSION RESULTS

The heuristic waveform inversion is applied to the
synthetic data. We first conducted a tuning of the parameters
of the algorithm, such as population size, probabilities of
crossover and mutation and so on. The appropriate
combination of the parameters was decided from trial runs
of the program with several generations. They are as
follows; population size 20, crossover probabilities 0.7,
mutation probability 0.01 and initial temperature 10. The
upper and lower limits of the search spaces for the
parameters are tabulated in Table. 1

The average and minimum misfits among the 30
models in each generation is show in Figure 5 together with
temperature decrease scheduled. The averaged misfit starts
to decrease after the 40th generation, and becomes similar
value to the 60th generation. This indicates that the many
models in each generation concentrate around the minimum
value because of the local search ability of the hybrid
method. The variations of the S-wave velocities of some of

the blocks in the first and second layers are shown in Figure
6. As expected from the average misfit variations in Figure 3,
the S-wave velocities are converging to the true values at
more than 60th generation.

Since many random numbers are used in the heuristic
search methods including the hybrid method used in this
study, the above-mentioned variations of the misfits and
parameters are more or less dependent of the random
numbers used in each execution of the program. We
therefore conducted 10 inversions with different initial
values of random number generator used in the program.
The mmimum musfits derived in the 10 inversions are shown
in Figure 7 with their averaged values. The variation of the
standard deviation of the minimum misfits is also shown in
Figure 8. The standard deviation becomes small at the 50th
generation indicating the stability of the inverted results with
regardless of the mtial values of the random number
generator.

The model parameters for the minimum models
estimated in the 10 inversions are averaged to determine the
final inverted results. According to the idea of the acceptable
solutions (Yamanaka, **) all the models with misfits of less
than a threshold value are used in the averaging. We used 1.5
times larger musfits than that of the minimum misfit among
the all misfits examined in the 10 inversions. The final
model is depicted in Figure 9. The blind layer and the
irregular part of the interfaces could be well reconstructed in
the inverted model. The thickness to the basement becomes
shallower than the true model near the source. This is due
to low sensitivity of the structure near the source, because
the observed motions are obtained at the stations with
epicentral distance more than 10 meters. The standard
deviations of the S-wave velocities for the blocks in the
acceptable solutions are shown in Figure 10. Since most of
the standard deviation for the S-wave velocities is less than
1%, they are well convergent to the true values. The
synthetic seismograms for the inverted model are compared
with those for the synthetic observed data in Figure 11. The
synthetic seismograms are almost identical with the data.

Table 1 Search limits in inversion

Layer Vs (m/s) Py (m)
1 150-250 0.1-2.0
2 250-350 0.1-1.5
3 350-450
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using hybrid heuristic search method,” Geophysical Exploration
(Butsuri Tansa), 60, 265-275 (in Japanese).

T obs waveform|
inv waveform

TIME(s)

Figure 11. Comparison of calculated SH-waves for the
mnverted model in Figure 9 with synthetic observed data

5. CONCLUSIONS

The hybrid heuristic waveform inversion method is
proposed to retrieve a two-dimensional S-wave velocity
profile from shallow seismic refraction data. The subsurface
structure is parameterized with irregular shape of interfaces
of the surface layers which contained lateral S-wave velocity
variations. The interface depth is expressed with linear
summation of the basis functions. The inhomogeneity of the
S-wave velocity in each layer is modeled with introducing
blocks having different S-wave velocities. The effectiveness
of the method was demonstrated from inversion of synthetic
waveform data of SH-waves observed at the surface of the
two-dimensional shallow soil model having a blind layer
over the basement. The true model could be well
reconstructed by the waveform inversion.
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Abstract: In this study, I carried out source parameter estimation and strong motion simulation of the 2001 Geiyo
earthquake (M6.7), Japan. Data obtained at 10 KiK-net stations located at 19 to 66 km in epicentral distance is used. To
focus on the source modeling without consideration about nonlinearity of soft surface layers, borehole records are targeted.
First, to derive rough estimates of basic source parameters, I inverted spectral amplitude from the S-wave main portion of
the mainshock and 12 aftershocks (M;3.5 to 5.0). The moment magnitude, the comner frequency and the stress drop for the
mainshock were estimated to be 6.3, 0.5 Hz and 377 bar, respectively. Next, using data from the largest aftershock as the
empirical Green’s function, I estimated the relative moment release distribution on the fault plane and simulated the
strong motion records targeting the mainshock in a range of 0.3 to 10 Hz. Waveform matching between synthesis and
observed data is satisfactory. The maximum amplitudes of observed horizontal components from 10 stations were in a
range of 24 to 123 gal in acceleration and 1.6 to 8.5 kine in velocity. At most of the stations, the observed maximum

amplitudes were simulated within a factor of 2.0.

1. INTRODUCTION

The 2001 Getyo earthquake (M;6.7) ruptured in the
Philippine Sea slab beneath the Seto Inland Sea of Japan at a
depth (51 km) on March 24, 2001. The source mechanism of
the event was normal faulting. This earthquake released high
frequency energy to the southwest Japan and caused 2
deaths and injured 288 people. 70 houses were collapsed and
774 houses were damaged (Cabinet Office, 2001). The study
on the source modeling and strong motion simulation for the
earthquake 1s considered to be significant from both
seismological and engineering points of views.

In this study, I carried out source parameter estimation
and strong motion simulation with use of the empirical
Green’s function method. Fortunately, the KiK-net, one of
the strong motion networks operated by the National
Research Institute of Earth Science and Disaster Prevention
(NIED), has been just started since August, 2000, seven
months before the event. I targeted 10 KiK-net stations
located at 19 to 66 km in epicentral distance. To focus on the
source modeling without any consideration about nonlinear
behavior of soft surface layers at many sites reported in
previous studies [e.g. Kanno and Miura (2005)], borehole
records were used.

First, I inverted spectral amplitude of the S-wave main
portion from mainshock and 12 aftershocks (M; 3.5 to 5.1)
and derived rough estimates of basic source parameters
characterizing the omega-square source spectrum by Brune
(1970). Second, I carried out strong motion simulation based
on the empirical Green’s function method. A simple fault
plane of 30 by 18 km” with strike of 180 deg. and dip of 60

deg. was assumed with reference of source models in
previous studies [e.g. Kikuchi and Yamanaka (2001),
Sekiguchi and Iwata (2001), Nozu (2001) and Kakehi
(2004)]. Using data from the largest aftershock as the
empirical Green’s function, I estimated the relative moment
release distribution on the fault plane and simulated the
strong motion records from the mainshock.

2. Events and Stations

In Figure 1, locations of the mainshock (M;6.7, labeled as
Event 1) and 12 aftershocks (M;3.5 to 5.0, Events 2-13) of
the Geiyo earthquake are shown. The focal mechanism
solutions of events determined by the F-net are inserted.
Also, 10 KiK-net stations, which was used in Koketsu and
Furumura (2002), are plotted with up-side-down solid
triangles. These stations are surrounding the rupture area of
the mainshock and their recordings are carried out not only
at the surface but also at the borehole. They are located at 19
km to 66 km 1n epicentral distance for the mainshock, and
the S-wave velocity at their boreholes (Vsy,x) are ranging
from 2000 m/s to 2900 m/s, except for two stations,
HRSHO7, EHMHO04 with the Vs, of 1200 m/s and 700 m/s,
respectively. As for the mainshock, the nonlinear behavior
of soft surface layers are pointed out [e.g. Kamino and
Miura (2005)]. On the other hand, the data recorded at close
distance from the source is considered to be rich in source
characteristics. Therefore, to focus on the source modeling
without any consideration about nonlinearity of surface
layers, I used borehole data instead of surface data .
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Figure 1 Map showing location of epicenters and stations

targeted in this study. Focal mechanism solutions determined
by the F-net are also inserted. Note that a rectangle
surrounding the rupture area denotes a fault plane used for
the simulation based on the empirical Green’s function
method with 30 km in length and 18 km in width. The strike
and dip are set to 180 deg. and 60 deg,

3. Inversion of Spectral Amplitude

3.1 Data Processing

To have rough estimates for the source parameters, the
spectral amplitude inversion was carried out. I took 20
second time window for the S-wave portions from the NS
and EW components. The beginning and the end of the
window were tapered with 1 second cosine taper. Then, I
calculate the Fourier transform from a complex signal
x(Hy(t), where x(t) and y(f) denote two orthogonal
horizontal components. The amplitude spectrum was
smoothed by a Parzen window with a width having
frequency dependence: given by 0.1f with the minimum of
0.1 Hz and the maximum of 1.0 Hz. The spectral amplitude
between 0.1 and 20 Hz was targeted in the spectrum
mversion.

3.2 Analytical Method

Analytical procedure of the spectrum inversion employed
in this study was almost the same as the method by Iwata
and Irikura (1986), except that Q, -value (quality factor of
the S-wave) along the propagation path was given a priori
after preliminary analyses.

Let us consider the spectral expression of the ground
motion. The spectral amplitudes at the j-th station from the
i-thevent, O,(f) canbe given by

oy(f)=s,(f)c,(f)%exp(%x—;—§,—] M

where S(f) . G,(f) and Q,(f) represent the source

spectrum, the site amplification, and quality factor along the
path from source to station. Also, R; and V represent

s
the corresponding hypocentral distance and the average
S-wave velocity from source and station. V was assumed

to be 3.8 km/s.
The equation (1) can be rewritten as
0,(f)=S5.(NG,(f) @
where 5y (f) 1is the path-effect corrected spectral
amplitude given by
0,(f)= Ry-oy-(f)exp[—’ﬂij ©)
Q,(fIV,
We take the logarithm of the equation (2) and derive the
following expression:

log,, 6y(f)=10g10 S;(f)+1log,, G](f) C))

The unknowns to be solved in the above equation are
S(H. G,(f) and Q. f) . As previously mentioned, in this
study, Q,(f) was treated to be given. I tested several
Q,(f) models in preliminary analyses and examined the
spectrum matching between the synthesized spectrum and
observed ones. As a result, Q,(f) =81f"* was seemed to

be appropriate i this study. Therefore unknowns were
reduced to two parameters, S,(f) and G,(f). Considering

M events and N stations in total, M by N simultaneous
equations are constructed for each frequency. These
equations can be solved with the nonnegative least square
method by Lawson and Hansen (1974). To solve the
equations with a constraint of G,(f)>2, G,(f) was

substituted by 2G'; (f )(= G, (f)) because in solving the

logarithmic  solution, the nonnegative constraint of
log,,G';(f) 20 corresponds to G';(f)>1. Moreover,

the equation (1) was normalized by the minimum amplitude
of 5y. (f) for each frequency.

3.3 Results

In Figures 2a and 2b, the inverted source spectra for 13
events are shown with bold lines. In Figure 2c, the spectral
ratios between the mainshock and each aftershock are
shown.

In order to determine basic source parameters [the
moment magnitude My (or the seismic moment), the corner
frequency, the stress drop], I fit the theoretical source
acceleration spectrum with inverted one. The source
acceleration spectrum used here is the omega-square model
by Brune (1970) combined with a high frequency cut-off
filter, given by

M, () 1
S(f)_47rP/33R (f 2 Y ®
I+ =—| 1+
£ ()

where 1, is the average radiation pattern for the S-wave,

- 106 -



@

Spectrum Amplitude (cm/s)
Spectrum Amplitude (crmxs)

®) ©

Ratio

Frequency (Hz)

1
10° 10
Frequency (Hz)

10° 10
Frequency (Hz)

Figure 2 Source spectra obtained from the spectrum inversion. The source acceleration spectrum (a) and source
displacement spectrum (b) are adjusted at 1 km in hypocentral distance. The spectral ratio (c) is calculated between the
mainshock and the aftershocks. In each diagram, results from the spectrum inversion are denoted by thick (jagged)
lines and those from the theoretical model are done by thin (smooth) lines.

Table 1 Source parameters of targeted events and results of spectral amplitude inversion.
IMA F-net Spectrum Inversion

Event l?ate C;o (fk Depth M, My My £, Ao

(y:m:d) (h:m:s) (km) (Hz) (bar)

1 2001:03:24 | 15:27:54.1 514 6.7 6.8 6.3 0.5 377
2 2001:03:24 | 22:37:33.6 46.9 4.1 4.1 4.2 1.6 8
3 2001:03:25 | 02:19:52.3 49.5 3.8 3.6 3.8 3.3 16
4 2001:03:25 | 09:10:54.1 50.1 3.8 3.5 3.6 5.4 35
5 2001:03:25 | 19:19:11.4 51.3 4.4 4.4 4.5 2.1 54
6 2001:03:26 | 02:16:00.3 47.6 3.9 4.1 4.3 2.1 22
7 2001:03:26 | 05:40:53.2 49.3 5.0 5.1 5.2 0.8 32
8 2001:03:26 | 18:59:23.3 49.4 3.9 3.5 3.6 4.1 16
9 2001:06:30 | 17:13:19.9 473 4.0 3.6 3.7 3.6 14
10 2001:08:24 | 21:44:32.5 47.8 43 4.0 4.1 2.4 21
11 2002:03:25 | 22:58:17.2 46.2 4.7 4.7 4.8 1.2 32
12 2002:12:20 | 03:48:58.2 46.0 3.8 3.6 3.6 3.6 11
13 2004:03:10 | 04:56:37.4 42.5 3.6 3.6 3.6 3.4 9

R i1s the hypocentral distance. p and S denote the
density and the S-wave velocity in the source layer. f, ..
and n denote parameters for a high frequency cut-off filter.

M, and f, represent the seismic moment and the
comer frequency. The stress drop is given by
3
Ao, =|—Te | m, ©
49x10°

where R,, R, p and S were assumedtobe0.63,1
km, 3.1g/em’ and 4.62 km/s, respectively. M, and

f. were determined by fitting the inverted source spectrum
with the model.

determined in a range of 14 to 24 Hz by eye inspection.

In Figures 2a, 2b, and 2¢, the model source spectra were
plotted with thin solid lines. The comer frequency for each
event was plotted with an open circle. The model spectra
agree well with the mnverted ones so that the scaling law
based on the omega-square model was considered to be
valid among targeted events in this study.

In Table 1, the estimated results of source parameters are
summarized. The moment magnitude (My), the comer

n wasassumedtobe l1and f, . was
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frequency, and the stress drop were estimated to be 6.3, 0.5
Hz, and 377 bar for the maishock, and 5.2, 0.8 Hz, and 32
bar for the largest aftershock (Event 7 in Figure 1).

4. Simulation of the Mainshock

4.1 Fault Plane Discretization

Referring to the focal mechanism solutions, aftershock
distribution, and waveform inversion results in previous
studies [e.g. Kikuchi and Yamanaka (2001), Sekiguchi
and Iwata (2001), Nozu (2001), and Kakehi (2005)] , I
assumed simple rectangular fault plane with 30 km in length
and 18 km 1n width, on which the mainshock hypocenter
was located as a rupture point. See Figure 1. The strike and
dip of the fault plane was set to 180 deg. and 60 deg.,
respectively. The depth of the fault plane is 45 km at top and
60 km at bottom.

To express rupture propagation from the hypocenter to the
whole fault plane, it was divided into 10 by 6 subfaults with
the size of 3 km by 3 km. Rupture velocity of 3.0 km/s was
selected after comparison of the results with rupture
velocity between 2.5 kmy/s and 3.5 km/s.

4.2 Method and Analytical Condition

Since a pioneering work by Hartzell (1978), the empirical
Green’s function method has been recognized as a useful
technique to synthesize strong ground motion and extended
In various ways by various researchers. Among them, I
selected the method proposed by Dan and Sato (1998),
because theirs can easily incorporate the variable-slip rupture
model with the empirical Green’s function method to
simulate the broadband strong ground motion.

In this study, I used the data from the largest aftershock
as the empirical Green’s function. Note that the mainshock
and aftershock have difference in the moment magnitude (or
the seismic moment), the corner frequency, and the stress
drop, as summarized in Table 1. Also, the rupture area of the
aftershock was evaluated to be 2.2 km in radius whereas the
equivalent radius of each subfault modeled here was about
1.7 km. The Dan and Sato’s method can compensate such
differences in frequency domain and provide the element
wave from each subfault. Considering difference in timing
and geometrical spreading between each subfault and the
station, every element wave can be summed as the strong
ground motion from the whole fault plane.

From a quick look at Figure 2c, the source spectrum ratio
between the mainshock and the largest aftershock seemed to
obey the scaling law based on the omega-square model
[Brune (1970)]at a frequency higher than 0.3 Hz. Also, as
mentioned in previous chapter, f, .. is at least higher than
10 Hz, although it varies from event to event In the
following simulation, the data from the both mainshock and
aftershock events was band-pass filtered between 0.3 and 1
Hz in waveform inversion and between 0.3 and 10 Hz in
forward modeling.

Dip Index

Strike [ndex

Figure 3 Relative moment release distribution on the
fault plane for the mainshock. Contour lines are plotted
with an unit step corresponding to the seismic moment of
the largest aftershock (Event 7). A solid star inserted
represents a rupture starting point (the mainshock
hypocenter)

4.3 Results

Firstly, prior to the waveform simulation. I carried out
waveform inversion to derive the rupture model using the
element wave from each subfault as the empirical Green’s
function. The acceleration data was twice integrated into
displacement with a bandpass-filter ranging from 0.3 to 1Hz.
Simple inversion allowing each subfault to rupture once was
carried out using the nonnegative least square method by
Lawson and Hansen (1974). In Figure 3, the relative
moment release on the fault plane is shown. This result
means relative strength against the largest aftershock. On the
basis that the Event 7 is an earthquake of My5.2, the
mainshock can be evaluated to be My6.5. Note that the
relative moment release distribution in Fugure 3 is similar
with the result from more detailed analysis [Figure 7 in
Kakehi (2004)].

Next, using the relative moment release model in Figure.
3, the strong ground motion for the mainshock was
synthesized in a frequency range from 03 to 10 Hz
Waveforms for selected stations are shown in Figure 4 as
examples. Also, in Figure 5, the maximum amplitudes for
the mainshock are compared between the synthesis and data
in acceleration (a), velocity (b), and displacement (c). On the
whole, waveform matching between synthesis and observed
data is satisfactory. The maximum amplitudes of observed
horizontal components from 10 stations were in a range of
24 to 123 gal in acceleration and 1.6 to 8.5 kine in velocity.
Present simulation reproduced most of the observed
maximum amplitudes within a factor of 2.0. At two stations,
HRSHO1 and HRSHO7, the simulation underestimated the
observed data in most of the components. It may be
partially attributed to isolated later phases appearing in the
observed waveforms at these stations. Similar result was
found in Sekiguchi and Iwata (2001). They suggested that
the more complex rupture history was required for the
simulation of the stations located in the northern direction
from the rupture area.
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5. CONCLUSIONS

The source parameters of the 2001 Geiyo earthquake
M;6.7) was estimated by the spectrum inversion using the
KiK-net borehole data. The moment magnitude, the comer
frequency, and the stress drop were estimated to be 6.3, 0.5
Hz, and 377 bar for the maishock, and 5.2, 0.8 Hz, and 32
bar for the largest aftershock. Next, based on the obtained
source parameters, the empirical Green’s function method
was applied to simulate the strong ground motion for the
mainshock. Element waves evaluated from the largest
aftershock data were used for the waveform inversion and
the strong motion simulation. Comparison of synthesized
waveforms and observed data shows a good agreement.
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Abstract: The strong motion data on Monzen-machi Town, where is the one of the most severely damaged area,
could not be obtained during the Noto Hanto Earthquake in 2007. This area is located near the Hakka-gawa River
and the surface geology can be considered. We performed the aftershock observation densely, in order to evluate
the site effect experimentally. We found that the site effect on damaged area was recognized higher than that on the
non-damaged area and the effects were successfully evaluated quantitatively. In this paper, we estimated the strong
motions during the main shock using aftershock motions. The source model for this estimation was calculated
with empirical Green's function technique and GA using the data of the aftershock and the main shock provided by
K-NET. The estimated motions are significantly high in the short period range, because the non-linear effect was not

be considered in this estimation.

1. INTRODUCTION

The Noto Hanto Earthquake in 2007 with an My,
of 6.8 caused disastrous damage in buildings and civil
engineering structures. For example, more than 684 of
wooden houses were completely collapsed (Fire and
Disaster Management Agency, 2007). Most of the damage
was observed in Wajima City and especially the damage
on Monzen-machi Town was severed. The seismic
intensity at the Monzen Branch Office is 6.4 in the JMA
scale, the highest for this earthquake. But strong motions
could not be obtained in this area. Some part of surface
geology in this area can be classified as soft soil because
the Hakka-gawa River flow the through this area. It can be
considered that the site amplification expand the damage
area. Arai et. al. (2008) said that the site amplification
can explain the damage distribution. We performed the
aftershock observation densely, in order to evaluate the
site effect experimentally. We found that the site effect of
damaged area was recognized higher than that on the non-
damaged area.

Irikura (1986) said that the strong mtions for the
main shock can be synthesized using aftershock motions
as empirical Green's function. The strong motions on
the damaged area of the 1995 Kobe earthquake were
sucessfully reproduced using aftershock motions (Kamae
and Irikura, 1997).

In this study, we estimated the strong motions for the

main shock of the Noto Hanto Earthquake in 2007 using
the ground motion data of the aftershocks.

2. AFTERSHOCK OBSERVATION

Figure 1 shows the staion of the aftershock
observation and the epicenters using as the element
earthquake. Table 1 shows the specification of these
events including the main shock. These information was
evaluated by F-net. The event A is the largest event in the
appropriate earthquakes which occured near the expected
source region of the main shock. The event B occured
before the installation and the data could not be obtained.
Nevertheless the data of this event are also used for this
estimation and to make an inversion to the source model,
which will be mentioned below.

Each station was installed in Monzen area and across
the Hakka-gawa River and the distances from the other are
a couple of hundred meters. Figure 2 shows the velocity
waveforms bandpass filtered between 0.5 - 20Hz of the
event A. We could not record the earthquake motions of
this event at some stations The predominant periods are
evaluated between 0.3 and 1.0 second. The amplitudes at
the alluvial sites, where are the 1702, L03, L05, L06 and
L07, are higher than the hilly sites, where are the L01 and
L04, and the later phases at the alluvial sites observed for
long duration. This difference of the waveforms implies

-111-



‘ 0 1000
136" 137 137" e & prrey
40 3 20

"2000m

Figure 1 Distribution of Strong Motion Station and
Epicenters of the main shock and aftershocks(left),
Location of the Aftershock Observation(right)

Table 1 List of the earthquakes Studied and Source
Scaling Parameters
Depth(km)

Event Date Mw(MO[Nm]) c N

NS COMP EW COMP

T T

2,087 0.814

2,046 1.068

2.267

1.585 0.724

:

‘o

S
3

2.787 1.330

1527 0.777

| 2.0(cm/s) | 2.0(cm/s)

A 2007/3/31 8:09
B 2007/3/25 18:11
main shock 2007/3/25 9:42

135
13.4
10.7

5
5.2 (6.22E+16)

3.8 (5.83E+14)
% 89
6.7 (1.36E+19)

the difference of the effects of the surface geology. The
damage near the site whose predominant period is long is
severe.

3. INVERSION FOR SOURCE MODEL

The source model is necessary to estimate the strong
motions of the main shock near the source region with the
aftershock motions. We used the data of the main shock
and aftershocks distributed by the K-NET to make an
inversion for the source model. The stations we used for
the inversion 1s shown in Figure 1 and are about 50 km
distant from the source region. The data were resampled
at 50Hz. The aftershock motions are used as the empirical
Green's function and we adopted the filter function which
multiplies in synthesization proposed by Irikura et. al.
(1997). For this technique, the scaling parameters C and
N is estimated from the constant levels of accelaration
and displacement amplitude spectra of the events with the
following the equation

05 \05 \05 15
= [ﬂ] [i s [u_o [ﬁj
U, 4, Uy, \a

Where, U, and u, show the constant levels of the
amplitude of the displacement spectra for the large and
small events, respectively. 4, and g, indicate the constant
levels of the acceleration spectra. Namely, Uyu, and 4/a,
mean the constant level of the spectral ratio in the longer
period range and the shorter period range, respectively.
Figure 3 shows the spectral ratio of the main shock to the
event B. The thick line indicate the average of the spectra.
In the shorter period range, the flat level can be easily
detect but in the longer period range, it is difficult to find
it. The seismic moment evaluated by F-net is used for the
displacement flat level which means flat level in spectral
ratio in the longer period range. The evaluated scaling
factor is listed on Table 1. It is difficult to the synthetic
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Figure 2 Velocity Waveforms obtained in Monzen Area
of Event A
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Figure 3 Spectral Ratios of the main shock to the event B.
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Figure 4 S-wave arrival time and hypocentral distance
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Figure 5 Comparison between waveforms synthesized from event B and observed waveforms of the main shock

the earthquake motions of the main shock from that of the
event A, because the difference of the magnitude is large.
Therefore, 2 steps are required to estimate the main shock
from the event A through the event B.

Since the location of the hypocenter is different from
each other, the travel time from the hypocenter is also
different. Therefore the time shifting is needed to move
the hypocenter. The S-wave arrival time of the aftershocks
was picked up to evaluate the apparent velocity to
calculate time shifting. Figure 4 shows the relation of the
time difference and distance. We evaluate as 3.25 km/s the
apparent velocity.

We used Genetic Algorithm (GA) to invert the
location of the strong motion generation area (SMGA)
proposed by Miyake et. al. (2003). In this inversion,
unknown parameters representing the location, the
trigger point, the size and the rise time were estimated to
minimize the residuals of the velocity waveforms filtered
0.2 - 5.0Hz and the acceleration envelop. To take the
heterogeniety of the source which cannot be express into
account, we tried to invert with 2 SMGAs. To conserve
the scaling law, the different scaling factor is required to
set, but only the release energy of SMGA is changed in
this paper.

Figure 5 shows comparison of waveforms between
synthetic and observed for the main shock. These
synthetic waveforms seem to give a good fit to observed

in accelerations, velocities and displaecements except
for velocity and displacement at ISK007. The synthetic
waveforms of the event B estimated with those of the
event A is also good fitting. The inverted SMGA area is
consistent with the source model reported by the previous
research (Aoi and Sekiguchi, 2007)

4. ESTIMATION OF GROUND MOTION ON
DAMAGED AREA

The sources model derived in the previous section
are userd for the estimation of the strong motion in
Monzen area. The waveforms of the main shock were
calculated with the waveforms of the event B synthesized
with the observed waveforms of the event A. The
estimated velocity waveforms are shown in Figure 6. The
amplitudes of strong motions at some points are estimated
larger than 200 cm/s and the amplitude at the LO3 site is
the highest. Figure 7 shows the pseudo velocity response
spectra with 5% damping of these synthetic motions. The
response 1s reached to 1000 cm/s and the predominant
period can be evaluated to 0.8 second quite similar to
those of aftershock motions. The spectral shape is similar
to that at the Ojiya station for the Mid Niigata earthquake.
The estimated motions are larger in the short period range.
From this result, it is easy to understand that the damage
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in this area was quite severe because the responses are
comparable to that at the Ojiya station.

This result is not considered the non-linear effect
of the subsurface soil because the amplitudes of the data
we used are significantly low comparing to the estimated
motions. Therefore, the estimated amplitudes can be
considered to be overestimated and the predominant
period to be shorter. Nevertheless this result will be a
material for the precise estimation taking into account the
plastic behavior and the soil information.

5. CONCLUSIONS

We estimated the strong motion of the main
shock around the damaged area during the Noto
Hanto Earthquake. The responses of these motions are
comparable to that during the Kobe earthquake. In the
near future, we will evaluate the spatial distribution of the
main shock with the microtremors we measured and the
non-linear effect with the soil condition.
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Abstract:

Inversion technique is often used to evaluate stress drop of source mechanism, Q value of path

characteristics and so on. It is well known that Fourier amplitude spectra have clear information such as
source intensity, path attenuation and site amplification, in contrast with Fourier phase spectra (phase spectra).
In this paper, inversion technique is applied to phase spectra of the small earthquake motions to decompose
them into source and path characteristics. As a result, it is found that phase spectra are obtained as a
frequency-dependent and non-linear function with respect to frequency.

1. INTRODUCTION

To design input earthquake ground motions, response
spectra are often used in frequency domain. When time
histories are needed, we must set both Fourier amplitude and
phase spectra. Many studies have made it clear what Fourier
amplitude spectra of earthquake records inform, and how
they are theoretically formulated. However, as for Fourier
phase spectra, those of the past records, for example the
1940 EL Centro, the 1952 Taft, the 1968 Hachinohe and so
on, have been used because we do not know well about
phase characteristics in general.

In signal analyses (e.g. Papoulis 1962, Papoulis 1977,
Oppenheim and Schafer 1989), it is known that causal time
functions such as earthquake records are decomposed into
minimum phase shift and all pass functions. Regarding the
minimum phase shift functions, their Fourier phase and
amplitude are related to each other. Meanwhile, the all
pass functions have Fourier phase only and their group delay
time roughly indicates arrival time of the signal.

Izumi et al. (1990) applied the theory to earthquake
records and pointed out that a minimum phase shift function
is a transfer function of the ground and an all pass function
includes information of travel time of direct S-wave from
source to station. Sato et al. (1999) formulated
characteristics of source, pass and ground by means of the
group delay time of the minimum phase shift function. Sato
(2005) used the all pass function as a receiver function to
estimate P-SP time. These studies showed that an all pass
function seems to be linear and a group delay time expresses
arrival time of a direct S-wave from a source. However, the
all pass function calculated from the earthquake records
usually shows non linearity (Shirai and Ohmachi 2005)

because the all pass function may include arrival times of not
only direct S-wave but also direct P-wave, reflected and
refracted body waves and surface waves. If an all pass
function is theoretically formulated, Fourier phase spectra
will be modeled because Fourier phase spectra of the
minimum phase shift are determined from its Fourier phase
in terms of Hilbert Transforms (Papoulis 1962, Papoulis
1977).

This paper describes a fundamental modeling of phase
spectra of earthquake motion observed on firm ground by
means of inversion technique and regression analysis.

2. CHARACTERISTICS OF MINIMUM PHASE
SHIFT AND ALL PASS FUNCTIONS

2.1 De-convolution of a Causal Time Function
A time function is called to be causal if it equals zero for
negative time:

x(£)=0

for t<0 (1

A causal time function can be decomposed into two
functions. One is a minimum phase shift function and the
other is an all pass function. A causal time function x(z) is

written by convolution of minimum phase shift x)4%) and all
pass x4(1), as shown in Eq.(2)

x(t) = x), () * x, () @

where the subscripts M and A denote minimum phase shift
function and all pass function, respectively. The
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decomposition is often introduced as factorization of a
causal time function in signal analysis (Papoulis 1977).
xm(t) and x,(t) satisfy the following,

x,()=0 for
x,()=0 for

t<0 6))
t<0 @)

In the meantime, Fourier transform F( @) is defined by
x(t) © F(o)= IF (a))| e? ®)

where @ is angular frequency, the absolute /F( )/ Fourier
amplitude and ¢ (w) its phase.

When the Fourier transform is applied to Eq.(2), Eq.(6)
is obtained.

F(o)=F,(0)F,(o) ©)

Both minimum phase shift and all pass functions have
the Fourier amplitude and phase as

F, (@) =|F, (o)™ )

Fy (o) =|F, (@)™ ®)

Here, the Fourier amplitude of all pass function is unity:
|F (@) =1 ©)

The Fourier transform F( @) of x(z) can be written in
terms of minimum phase shift and all pass functions as,

F(a)) — |FM (a))l ei(@v[ (0)+¢4(@)) (10)

Therefore the Fourier amplitude /F( )/ is equal to
[Fu( @)/ and the Fourier phase of x(¢) is the sum of
minimum phase shift and all pass phases.

|F ()| =|F,; (@) (11

#(@) =4, (0) +4,() (12)
The Fourier amplitude and phase of minimum phase
shift satisfy the following equations:

¢M(w)=l[”wdy (13)
T

—00

1= ()
log|F) (@) =-=[ 22ay (4
Tl w—y
Eq.(13) and Eq.(14) are known as the Hilbert
transforms. Methods to calculate minimum phase shift and
all pass functions are found elsewhere (e.g. Izumi et al 1988,

Katsukura et al. 1989).

2.1 KiK-net Data Sets Used in this Study

Earthquake data are opened on internet supported by
NIED, Japan. We have chosen small motions in Niigata-ken
Chuetsu area recorded at three stations (Muika, Tadami and
Hinoemata), because small earthquake events were simple
and effective for characterization of site, path and source
effects. In Figure 1 and Table 1, a location map of seismic
events and stations is shown. Every station is located 25~
45km distant from the epicenters.

3. RESULT OF INVERSION OF PHASE SPECTRA

Table 1 Detailed information of two events and three stations.

(Vs 1.5km/sec)| (Vs 1.6km/sec)
Epicenter (km) | Epicenter (km)

Event 1
2004/10/29, 27km 30km 40km
M3.2, Depth11km
Event 2
2005/1/26, 25km 31km 46km

M3.0, Depth9km

700

138 3y 138" 80

€ :EVENT 1. 2004.10.29, M3.2, D
6, M3.0, D¢

A EVENT 2. 2005, 1.

Figure 1 Map of epicenters in events and locations of stations.

3.1 Preparations of Inversion of Phase Spectra

In this study, we try an inversion of phase spectra of
small earthquake motions, using the Morre-Penrose’s
inversion formula applied to phase spectra of source and
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path characteristics. Three stations are located on the firm
ground where we can neglect site amplification.

The phase spectra recorded at three stations, Tadami,
Muika and Hinoemata, are denoted as ¢ ™™ /2 ()~ Mk
forz ¢ f) and gfimoemaalor 2 £) \where f means frequency.
Subscripts express station name, and event number 1 or 2.

The station phase spectra are made up of phase spectra
at two source phase spectra ¢’ (f) or ¢%"**?(f), and
phase spectra of path characteristics from source to each site,

¢ path Tadami ( f )} ¢Path2 Muika ( f ) and ¢Path3 Hinoemata ( f )

Thus, the station spectra are expressed as,

¢ Tadamil 1 01 0O Sourcel
pkal 1 0010 ZSourceZ
¢ Hinoematal 1 0 0 0 1 ath Tadami
mimz |0 1 1 0 of pPath Tad @15)
¢ l ¢Path Muika
¢kaa2 01010 p Path Hinoemata
¢Hinoemata2 01 0 0 1

In Eq. (15), the left side vector is known because every
parameter is observed. Meanwhile, right side vector is
un-known. Solving Eq. (15) by using he Morre-Penrose’s
inversion formula, we can obtain the un-known phases on
the right hand side of Eq. (15).

3.2 Regression of the Estimated Phase Spectra

Figure 2 shows results of the inversion regression.
The un-known phases are shown by solid lines and their
regression curves by dotted lines, respectively.

Time histories have been calculated by using regressed
phase spectra shown in Figure 2 and recorded minimum
phase shift functions which are given from Fourier
amplitude spectra of the original records. The simulated
and original time histories observed at three stations in two
small earthquakes are compared in Figure 3 (a) and (b).

In Figure 3, simulated time histories are similar to the
observations except for P wave motions. But, as for S
wave motions, waveforms are simulated well, indicating
good regression of the phase spectra.

4. CONCLUSIONS

Based on the theory of the factorization and causality
widely used in signal analyses, this study has focused on
phase spectra inversion of observed small earthquake
motions, with findings like the followings:

1. Phase spectra of all pass functions of source and path
characteristics are non-linear with respect to frequency.

2. Regressed phase spectra are expressed  as,
¢A (a)) =—c-@"

~$00 ——
*Phase spectrum  * T 1 rvarer, o
of sourcet(BEve.1) b 1¢ =
¢S1}.’m<’l -iﬂ(v - . ) b ~31.3. ”f‘ﬂ_ ’
506 0 20
NS mm——
-Phase spectrum-  J0'F 12 (fy=
of source2 (Eve.2) .- 1 ‘ V212
¢Si»wu’?. _(}0(} L 1 ~14.9. f £4.212
S0t 16 20
{ T
-Phasespectra 00 T N 16" T
of path in Tadami~ 5,0 3 e o
¢I-’a!k Tadand A0 ~1035 f o
301
~HEORT
-Phase spectrum 0 J 3 Mt £y
of pathin Muika 3o ' =
Puth bk 404 ~734- ;{ o
¢ 50 v ’
y 16 20
.
«Phase frum ;gf : : ‘;:w/« i'inufmzw(' fl
of path in Hinoemata 300 1 G g0
¢fh;}; Hinoemate 400 4 :'?O‘ﬁj
T 1.
M {] 2

i
Frequency (Hz)

Figure 2 Inversed phase spectra, from upper side, 1st
one is phase spectra of sourcel in eventsl, 2nd of
source2 in events2, middle shows phase spectra of
path characteristic for Tadami, 4th phase spectra for
Muika and the lowest for Hinoemata.

3. Using regression curves of phase spectra and recorded
minimum phase shift functions, the time histories are well
reproduced.
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Abstract:

As a preliminary study for detailed mapping of geomorphologic classification, the characteristics of

high-resolution satellite image at different land use is examined to evaluate the effect of mixed pixel (mixel) to land use
pattemn. The QuickBird image whose spatial resolution is 0.7m is used. The mean value and its standard deviation of
digital number and NDVI (Normalized difference vegetation index) of the image are computed from 10m-mesh for each

land use unit.

The heterogeneity degree is also calculated from the standard deviations of the meshes for the land use

unit. The result shows that the mean values and the heterogeneity degrees are different for the different land use.

1. INTRODUCTION

In order to obtain ground shake map due to a scenario
earthquake, distribution of site amplification factors is
indispensable. The geomorphologic classification map
whose mesh size is lkm has been used to compute the
distribution of site amplification factors for the national
seismic hazard map for Japan. The Central Disaster
Prevention Council of Japan is encouraging detailed ground
shake mapping with mesh size of 50m as an incentive to
citizens’ disaster mitigation actions such as seismic retrofit
of their own houses.

The detailed mapping requires a high-resolution digital
map of soil information such as geomorphologic
classification. It is, however, a time and labor consuming
task to create such a digital map from the existing analog
maps.  There would be some cormrelation between
geomorphology and land use pattern.  The land use pattern
would be closely related with land cover information
estimated from satellite images. Therefore, the
characteristics of the satellite image (ASTER) as well as the
digital elevation model were examined at different site
geomorphology and the primary detailed mapping was
conducted by using the simple classification rules based on
the characteristics of the remote sensing data [Ishii ef al.,
2007].

In the study, the digital numbers of the ASTER images
whose mesh sizes are 15m or 30m are analyzed. Most of
the meshes of such images are covered with multiple
features because the scales of the features are usually larger
than the mesh size. As shown in Fig. 1, a mixed pixel
(mixel) is defined as a pixel which is covered with multiple
features such as vegetation and building, while a pure pixel
is defined as a pixel which is covered with a single feature

[e.g., Kitamoto and Takagi, 1996].

Since there would be some correlation between the
degree of the mixture and the land use pattern, it might be
possible to improve the estimation accuracy of the land use
by quantitatively evaluating the degree of the mixture for
each land use unit using high-resolution satellite images,
such as QuickBird images. Therefore, the examination of
the relationship between the degree of the mixture and the
land use pattern would sophisticate the detailed mapping of
the geomorphologic classification. In this study, the
relationship between the high-resolution satellite image and
the land use pattern is examined by analyzing the
characteristics of the digital numbers of the image and
evaluating the effect of the mixels to the land use pattern.

Pure pixel ure pixel
N (D : Feature 1
2 e ) : Feature 2
® ;;;;;){;,_-; @ : Feature 3
Mixel Pure pixel
Figure 1 ~ Schematic Diagram of Pure Pixel

and Mixed Pixel (Mixel)
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2. TARGET AREA AND DATA

Figure 2(a) shows the 50m-mesh geomorphologic
classification map in Tsurumi ward, Yokohama, Japan.
The northem part of Tsurumi ward is selected as the target
area, extending 1.25km in NS direction by 2.5km in EW
direction. In the area, various geomorphologic units are
distributed such as terrace covered with volcanic ash soil,
valley bottom lowland, natural levee, back marsh,
abandoned river channel, delta and coastal lowland, marine
sand and gravel bars, and river bed. The geomorphologic
classification map in the area is shown Fig. 2(b).

Figure 2(c) shows the land use map in the area. The
data was constructed in 2000 by Geographical Survey
Institute (2007). The spatial resolution of the data is 10m.
Totally 13 land use units are distributed in the area.

Figure 2(d) shows the QuickBird image used in this
study. The image was observed in May 8, 2007. The
spatial resolution of the image is 0.7m. The image consists
of 4 bands. The band 1, 2 and 3 indicate blue, green and
red band, respectively. The band 4 indicates near infrared

Terrace covered
with volcanic ash soil

. Valley bottom lowland
-
//; Natural levee

: Back marsh

\ Abandoned river channel

;& Delta and coastal lowland
ﬁMarine sand and gravel bars

u Filled land

River bed

(a) SOm Mesh-map in Tsurumi ward,
Yokohama city

Geomorphologic Classification Map,

(c) Land Use Map [Geographical Survey Institute, 2000],

band. To evaluate vegetation activity in a pixel, NDVI
(Normalized difference of vegetation index) is computed
from the image by the Eq. (1).

DN yjg = DNgey
DNy + DNge 4

NDVI = )

Here, DNy and DNp,, represent the digital number in
the near infrared band and the red band image, respectively.
NDVT is related to the amount of biomass within a pixel and
yields a number from -1 to +1. A higher NDVI indicates a
higher density of green leaves.

3. RELATIONSHIP BETWEEN GEOMORPHO-
LOGY AND LAND USE

In order to examine the relationship between the
geomorphology and the land use, the number of meshes at
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Figure 2 (a) S0m-mesh Geomorphologic Classification Map in Tsurumi Ward, Yokohama, Japan, (b) Target Area of

(d) QuickBird Image
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Terrace covered
with volcanic ash soil

Valley bottom lowland
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channel
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gravel bars
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B Commercial Area Industrial Area B Public Facilities
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Figure 3  Area Proportions of Land Use for Each Geomorphology

each land use units is aggregated for each geomorphologic
unit. Figure 3 shows the area proportions of the land uses
for each geomorphologic unit.  The vegetated area
indicates trees/wasteland, parks/green space and agricultural
area.

In the terrace area such as the terrace covered with
volcanic as soil and the valley bottom lowland, the
residential areas such as the low-rise housing and the
mid-to-high-rise housing accounts for about 40% and the
vegetated area accounts for 15-20%. The vegetated areas
are mainly distributed in the boundary between the terrace
and the lowland.  Since the terrain of the boundary is steep
slope and it is difficult to develop built-up area to the slope,
the vegetations such as trees are remained in the boundary.

In the lowland area such as the natural levee,
abandoned river channel and the delta and coastal land, the
area proportion of the vegetated areas is less than 5%
because the built-up areas is mainly developed in the
lowlands. In the natural levee, the area proportion of the
low-rise housing is about 40%. It suggests that the low-rise
buildings are densely distributed in the area. In the back
marsh and the abandoned river channel, the area proportions
of the commercial and the public facilities areas is 30-50%.
Because the back marsh and the abandoned river channel
had been easily inundated by floods, the residential areas
have not been significantly developed in these
geomorphologies.

The delta and coastal lowland is covered with multiple
land use units not only the low-rise housing but also the
commercial and the industrial areas. In the marine sand
and gravel bars, the area proportions of the low-rise housing
and the roads are 40% and 25%, respectively. Since the
filled land 1s newly developed area, the area proportions of
the industrial and the public facilities areas are about 80%.

The results indicate that the characteristics of the land
use pattern are different at different site geomorphology. It
suggests that there would be some correlation between the
geomorphology and satellite images because the land use
pattern would be closely related with satellite images. In
the next chapter, the relationship between the high-resolution
satellite image and the land use 1s examined.

4. RELATIONSHIP BETWEEN LAND USE AND
HIGH-RESOLUTION SATELLITE IMAGE

In order to compare the satellite image with the land
use map, the mesh map whose size is 10m is constructed.
Using the digital number (p,) of a pixel (i) in the QuickBird
image, the average (@) and the standard deviation (o;) of the
digital numbers are computed in each 10m-mesh (j) as
shown in the Eq. (2a) and (2b).

NgE

a. =

) pi (2a)

1
mzl

1 m
o, =wf‘,;2(”’ -a,)? (2b)

Here, m means the number of pixels included in a
10m-mesh. The o; value would be larger in a mesh in
which many features are included such as a mixel, and
smaller in a pure pixel (see Fig. 1).

By aggregating the a; values of the 10m-meshes for
each land use unit (L), the mean value (4;) and the standard
deviation (Dy) are calculated for each land use unit by the Eq.
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(3a) and (3b).

4 =134 (3b)

D= |~ (a,-4,)? (3b)
n

Here, n means the number of the 10m-meshes included
m a land use unit. In order to evaluate the stochastic
characteristics of the mixels, heterogeneity degree (Hy)
defined as the Eq. (4a) and (4b) is computed from the o
values for each land use unit (7).

ol =120'j (4a)

ni3

H = [~ (0, o))’ (4b)
nig

Figure 4 shows the schematic diagrams of the
heterogeneity degree. Higher H; value indicates that the
meshes whose o; value is large and the meshes whose o;
value 1s small are mixed (see Fig. 4(a)). Lower H; value
indicates that the meshes whose g; value is large or small are
concentrated (see Fig. 4(b) and (c)).

Figure 5 shows the 4; values, the D; values and the H;,
values of the band 1, 3 and NDVI for each land use unit.
The figures for the band 2 and 4 are omitted because the
results of the band 2 and 4 are similar to those of the band 1

Feature (b)
- Shadow

and NDVI, respectively. The horizontal axis indicates the
land use unit and the vertical axis indicates the digital
number or NDVI.  The error bars of the figure indicate the
Dy values. The land use units are broadly classified into
three categories such as vegetated area, built-up area and
water area.

4.1 Characteristics in Vegetated Area

The A; values of NDVI in the vegetated areas are
higher than those in the other areas, while the 4; values of
band 1 and 3 are relatively low. This is because NDVI
strongly reflects the vegetations as trees and grasses
compared with the other bands.

In the trees/wasteland, the A4; values of NDVI are
higher than those in the parks/green space and the
agricultural land. The H; values of NDVI in the
trees/wasteland are low. They suggest that the vegetations
are densely distributed and the number of the mixels would
be small in the trees/wasteland.

In the parks/green space, the 4; value of NDVI is also
relatively high. It indicates that the vegetations are mainly
distributed in the area. The H; values of NDVI are higher
than the other vegetated areas. It would come from that
various vegetations such as trees and grasses are distributed
since the vegetation activity is different between the kinds of
vegetations.

In the agricultural land, the A4; value of NDVI is
relatively low, while the A, value of the band 3 is high.
The Hj, values of the band 1 and 3 are higher than the other
vegetated areas.  This 1s because not only the vegetation but
also a lot of soils on fields are observed in the agricultural
land. These mixels would produce the large H; value.

4.2 Characteristics in Built-up Area
The A;, values of the band 1 and 3 in the industrial area

(©)

o of every mesh
is large.

ojof every mesh
is small.

High heterogeneity degree

Low heterogeneity degree

J J
Y

Zero heterogeneity degree

Figure 4  Schematic Diagram of Standard Deviation (o;) of
Digital Number and Heterogeneity Degree (H})
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Figure 5 Mean Values (4;), Standard Deviation (D) and Heterogeneity Degree (H;) of Digital
Number of QuickBird Image for Each Land Use Unit

are highest in the built-up area, while the 4; values in the
low-rise housing area are lower than those of the other
built-up areas. The trend of the 4; values shows that the
larger the size of building is, the higher the A; value is.
This would come from the difference of the brightness of
building roofs. The brightness of roofs of large buildings
such as reinforced concrete (RC) building is relatively high.
On the other hand, most of the low-rise buildings are
wooden houses.  The brightness of the roofs of such houses
is generally dark because the color of the roof tile is mostly
black or gray.

From the characteristics of the H; values of the band 1
and 3, the built-up area is broadly classified into three groups
as shown in Fig. 5. The Group 1 and 2 indicate the
low-rise housing areas. The Group 3 indicates larger
building areas such as mid-to-high-rise buildings and
industrial buildings. The A values in the Group 1 and 2
are low especially in the dense low-rise housing area, while
the H;, values in the Group 3 are higher. Because the size
of the low-rise buildings is mostly 10 to 20m, homogeneous
pixels would be concentrated in a 10m-mesh especially in
the Group 2 such as the dense low-rise housing area.

In the Group 3, the number of pure pixels would be

large because the size of the buildings is larger than the mesh
size of 10m. The o values would be small in these pure
pixels. The meshes, however, also cover the mixels that
include not only the buildings but also the associating
features such as shadows as illustrated in Fig. 4(a).
Because the contrast of the RC building roofs and the
shadows is large, the o; values would be large in these
mixels. Therefore, the /77 values are higher in the Group 3.

4.3 Characteristics in Water Area

In the niver area, the A4; values of all the bands are
significantly small. The H values are also low. These
are because that the reflectance of water is low and the pure
pixels of water are concentrated in the water area.

5. CONCLUSIONS

As a preliminary study for detailed mapping of the
geomorphologic classification, the stochastic characteristics
of the high-resolution satellite image at different land use is
examined mainly to evaluate the effect of the mixels to the
land use patten. The QuickBird image whose spatial
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resolution is 0.7m is used. The mean value and its standard
deviation of digital number and NDVI of the image are
computed from 10m-mesh for each land use unit. The
heterogeneity degree is also calculated from the standard
deviations of the meshes for the land use unit. The result
shows that the characteristics of the mean values and the
heterogeneity degrees are different for the different land use.
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Abstract: The predominant frequency decrease and de-amplification of strong motion spectra at a soil site are
recognized as occurring nonlinear site effects. In this study, the strong and weak motion events recorded by the LSST
borehole array in Taiwan are analyzed by the moving window spectral ratio method. The spectral ratios of surface to
borehole sites are calculated to analyze the predominant frequency variations with time. Based on the analysis of the
strong motion record, it shows the predominant frequency varies with time from 3 Hz to 2 Hz, and it finally back to about
3 Hz. Therefore, the nonlinear soil response of strong motion can be recognized according to the variation of predominant
frequency with time using the moving window spectral ratio method.

1. INTRODUCTION

In Taiwan, several large earthquakes were recorded by
vertical arrays recently. Using the spectral ratio method in
borehole data already provide direct evidence of the
significance of nonlinear site effects in different parts of the
world. Wen et al. (1986) demonstrated strong motion records
of LSST array in Taiwan.

Spectral ratio of a two-station pair involves analyzing
the near-surface amplification and predominant frequency,
calculated from data records of surface and borehole
instruments. The amplification function is controlled by the
wave velocity and damping in the soil layer between the two
stations. The predominant frequency becoming difference
between weak and strong motions is an indication of
nonlinearity (EPRI 1993 ; Beresnev and Wen 1996).

In this study, the moving window spectral ratio method

a8.7m ————
DHA DHB [

for an event is introduced to identify the variation of py l T

. . o . DHAS e W DHRS
predominant frequency with time and then to determine the onaty 11m l ® pHe1!
soil response is linear or nonlinear. DHA17 120 * DHB17

2. DATA AND METHOD ornar 42

The locations of LSST array on the surface is shown in
Figure 1a, and there is a 1/4 scale model structure in the
center. The two borehole arrays, designated as DHA and
DHB, were located on the northern arm approximately 3.2
and 46.7 meters from the 1/4 model with accelerometers at (b)

g(;.ptheolfb& 11, 17, and 47 meters, respectively, as shown in Figure 1 (a)The surface stations of the LSST array. (b) The
gure 10. configuration of borehole stations of the vertical array
(derived from Institute of Earth Sciences, Academia Sinica,

Taiwan).
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Table 1 (Wen et al., 1995) gives the LSST array data
from 1986 to 1988, including 6 weak motion events with
peak ground acceleration (PGA) less than 60 gal and 3
strong motion events with PGA greater than 150 gal were
selected. (Wen et al., 1995) showed that these three strong
motion events recorded had nonlinear soil response.

Table 1 Selected LSST events. (Web et al., 1995)
Event Date Depth (km) M Akm) PGA(gal)
Weak motion
6 08/04/86 1 54 3 354
8 20/05/36 22 6.2 69 350
14 30107136 2 49 5 515
20 10/12/86 98 5.8 42 238
21 06/01/87 28 6.2 77 318
22 04/02/87 70 58 16 434
Strong motion
7 20/05/86 16 6.5 66 2236
12 30/07/86 2 6.2 5 186.7
16 14/11/86 7 70 78 167.2

Note . Ais the epicenter distance.

We propose the moving window spectral ratio method
to analyze the soil response, and there are some main steps
in this study :

1. 'We set the time series window length (5.12 or 10.24
seconds) and moving length (1.28 seconds) of the
events.

2. Add cosine taper to every time window and do Fourier
transform to frequency series.

3. And we calculate the spectral ratios between surface
and 11-m depth borehole stations.

4. Then, the spectral ratios of each window will be
normalized (multiplying by the maximum ratio)
respectively.

5. Each regulative ratio was then smoothed 5 times using
the 3-point average method for weightings of 1/4, 1/2,
and 1/4.

Finally, we will get the variation of predominant
frequency with time and we can identify the soil response is
linear or nonlinear on week or strong motion events.

3. RESULTS

In this work, the predominant frequency at the window
before the strong motion part is 3 Hz shown in Figure 2
which is the same as the weak motion response shown in
Figure 3 and it shows linear soil response at these time
periods. During the strong shaking parts, the predominant
frequency of the shear wave is decrease to 2 Hz and shows
nonlinear soil response occurred at this time window (Figure
2). After the strong shear wave, the predominant frequency
returns to 2.5-3 Hz immediately and it means soil response
back to linear at this time period (Figure2).
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Figure 2(a)  Spectral ratios with time of surface to

11-m deep borehole station for a strong motion event of the
20 May 1986 recorded by the LSST’s DHA borehole array.
The upper part is EW component, and the lower part is NS
component. The color figures represent variation of
predominant frequency with time. The color bar represents
normalized amplification, and the color is shallower, the
amplification is greater.

- 126 -



o

—
N
T s
N
>4
(&]
C 3
[¢b]
35 2.
O
D 4
S
0 5 10 15 20 25 30
Time (sec)

DHA

(4] * :

IS

N

Frequency (Hz)

(=]
L

25 30 35 40 45 50 55

?ime (sec)

15

=)
@
2

DHA

>

DHA

/'\T5~ ’l:l\ﬁ’
T .
> >,
Oy o
[ [ =g
o, @
g_ 0 2
@ S
e 0 10 15 20 |_t o . 3
' 20 25 30 a5 40 a5 50 &85
Time (sec) Time (sec)
(b) ©
Figure 2(b)  Spectral ratios with time of surface to 11-m Figure 2(c)  Spectral ratios with time of surface to 11-m

deep borehole station for a strong motion event of the 30
July 1986 recorded by the LSST’s DHA borehole array. The
upper part is EW component, and the lower part is NS
component. The color figures represent variation of
predominant frequency with time. The color bar represents
normalized amplification, and the color is shallower, the
amplification is greater.

deep borehole station for a strong motion event of the 14
Nov. 1986 recorded by the LSST’s DHA borehole array. The
upper part is EW component, and the lower part is NS
component. The color figures represent variation of
predominant frequency with time. The color bar represents
normalized amplification, and the color is shallower, the
amplification is greater.
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The results reflected in Figure 2(a) indicate that there
are some modes on shear wave part, and the predominant
frequency of the first mode is 1-2 Hz during this part
indistinctly shown soil nonlinear response. One point is
worth making about Figure 2(b). That is the data is zero
before the P wave coming, so the spectral ratio reflects lower
frequency is illusory. Then, the Figure 2(c) is a
representative result in this study, and indicates the
variations of predominant frequency with time during the 14
Nov. 1986 strong motion.

On the other weak motion events, the predominant
frequency keeps about 3 Hz shown in Figure 3, and does not
varies with time from beginning to end of the motions using
the same method and it demonstrated that the soil response
is linear on the weak motion.
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4. DISCUSSIONS AND CONCLUSIONS

In this paper, the moving window spectral ratio method
was introduced to recognize nonlinear site response. The
data from LSST borehole arrays, already shown to have
nonlinear site response by previous spectral ratio analyses
between surface and borehole stations (Wen et al., 2006) are
here used to show the applicability of this method for
nonlinear site response identification.

These results are entirely consistent with those reported
for the soil nonlinear response in previous studies. In this
work, during the shear wave of strong motion parts, the
predominant frequency of the shear wave is decrease to 2 Hz
and it shows nonlinear soil response. After the shear wave,
the predominant frequency returns to 2.5-3 Hz immediately
and it means soil response back to linear at this time period.
But on weak motion events, the predominant frequency
keeps about 3 Hz and there are not variations with time from
beginning to end of the event using the same method and it
identifies that the soil response is linear on the weak motion.

This study demonstrates that the moving window
spectral ratio method can be used to recognize the soil
nonlinear response of strong motion event through the
variation of predominant frequency with time. Much
remains to be done, then, but we anticipate that the same
results will generate the horizontal-to-vertical (H/V) spectral
ratio in this method. The method is subject to constant
revision and changes in order to be improved.
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Abstract: In this article, we use latest HHT method within newly developed Ensemble skills to analyze the records
from Taipower Building Strong-motion station from 1994~2006. The station was designed in 1979 using ASD steel code
that limiting the building shaking only in elastic range under small to moderate earthquakes. The station consists of 2
buildings, a main building - 27 floors and lower building - 12 floors. For earthquake hazard mitigation purpose, some
buildings and bridges were equipped with sensors by Central Weather Bureau. This station was equipped by CWB in
1994 and has already triggered by 63 earthquakes until the end of 2006. Integrated earthquake catalogue shows the
acceleration relationships between basement 3™ slab and 27" slab aren’t proportional.

HHT results show the nonlinear and non-stationary characteristics in time-frequency domain. We define some
new observational parameters for wave-propagating magnitude, structure dominant frequency, and structure coherence
frequency characteristics. In the end of the article, we choose a typical event from the catalogue and show the nonlinear
and non-stationary phenomena. The new data-processing methodology can help us understand the real world complexity

and help us explore information and physical behaviors from real records without presetting any model.

1. INTRODUCTION

Former scientists and engineers made fundamental
models for real objects to simplify physical complexities.
There are serious complicated behaviors for the objects
exposed in the nature environments. For example, structures
suffered from floods, typhoons, earthquakes, and thermal
effects. Besides, Human are ambitious to new engineering
plans, there are high-rise buildings in the downtown,
long-span bridges on the rivers, high-speed vehicles and
airplanes travelling everywhere. When the design safe
margin was narrowed by performance demands or by
economic reasons, basic and traditional models were found
to be rough and imprecise.

Empirical skills and methods are introduced in real
business, but the theory from fundamental model remains
the same. For instance, a building was built from engineer’s
drawings. That’s the calculation results of basic physical and
mechanical models. However, the actual properties weren’t
precisely as the design drawings. The main errors are from
setting the fundamental linear and stationary models.

A new strategy was already made to correct the errors.
Real records those from existing structures are ready to be
analyzed. Exploring with useful tools from records and
concluding the nonlinear and non-stationary intra
characteristics will help us improve the model or create new

evolutionary model. Then, use new model to predict future
outcome.

In the beginning of the strategy, we find Hilbert-Huang
Transform (HHT) is a useful and powerful tool. Now, let’s
start exploring.

2. HILBERT-HUANG TRANSFORM

The HHT consists of two parts: the adaptive Empirical
Mode Decomposition (EMD) method and the instantaneous
frequency in the Hilbert spectral analysis. This method was
first introduced by Huang et al. (1998). The critical new
concepts introduced are the adaptively defined basis and a
way to compute a stable and physically meaningful
instantaneous frequency through the Hilbert transform. A
brief summary of the method is given below:

2.1 The Hilbert transform

For an arbitrary time series, X(#), we can calculate its
Hilbert Transform, ¥Y(#), as discussed above. The real
advantage of the Hilbert transform only became obvious
after Huang et al (1998) introduced the Empirical Mode
Decomposition method.

2.2 The Empirical Mode Decomposition Method or the
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Sifting Process:

Contrary to almost all the previous methods, this new
method is intuitive, direct, a posteriori, and adaptive, with
the basis of the decomposition based on and derived from
the data. Each of the oscillatory modes produced is
represented by an Intrinsic Mode Function (IMF) with the
following definitions:

1. in the whole data set, the number of extreme and the
number of zero-crossings must either equal or differ at most
by one, and.

2. atany point, the mean value of the envelope defined by
the local maxima and the envelope defined by the local
minima is zero.

With the definition, one can decompose any function
as follows: Identify all the local extreme, then connect all the
local maxima by a cubic spline line as the upper envelope.
Repeat the procedure for the local minima to produce the
lower envelope. The upper and lower envelopes should
cover all the data between them. Their mean is designated as
my, and the difference between the data and my; is the first
component, Ay, i.e.,

X(@t)—m =h,. 1)

Ideally, A; should be an IMF, for the construction of h;
described above should have made it so as to satisfy all the
requirements of IMF. Yet, even if the fitting is perfect, a
gentle hump on a slope can be amplified to become a local
extreme in changing the local zero from a rectangular to a
curvilinear coordinate system. After the first round of sifting,
the hump may become a local maximum. New extreme
generated in this way actually recover the proper modes lost
in the initial examination. In fact, the sifting process can
recover signals representing low amplitude riding waves
with repeated siftings. In the subsequent sifting process, A; is
treated as the data, then

b —m,; =h, . @

After repeated sifting, up to k times say, h;, becomes
an IMF, that is

hl(k~l) —my =hy, ; (3)

then, it is designated as the first IMF component from the
data.

¢, =h, , )
Overall, ¢; should contain the finest scale or the
shortest period component of the signal. We can separate c;
from the rest of the data by
X(t)-¢=n. 6)

Since the residue, r;, still contains longer period
components, it is treated as the new data and subjected to the

same sifting process as described above. This procedure can
be repeated to all the subsequent #,’s, and the result is

h=6=n,
©)
rn—l_cn:rn

The sifting process can be stopped finally by any of
the following predetermined criteria: either when the
component, ¢, , or the residue, r, , becomes so small that it is
less than the predetermined value of substantial consequence,
or when the residue, r,, becomes a monotonic function from
which no more IMF can be extracted. Even for data with
zero mean, the final residue still can be different from zero.
If the data have a trend, the final residue should be that trend.
By summing up Equations (5) and (6), we finally obtain

X(t)=(zn: c)+r,. (M

Thus, we achieve a decomposition of the data into n
empirical modes, and a residue, r,,, which can be either the
mean trend or a constant.

2.3 The Hilbert Spectral Analysis

Having obtained the IMF components, the Hilbert
Transform can be applied to each IMF component and the
instantaneous frequency can be computed. After performing
the Hilbert transform on each IMF component, the original
data can be expressed as the real part, RP, in the following
form:

X()= RPY a,(t) """ ®
Jj=1

Here we have left out the residue, 7,,, on purpose, for it
is either a monotonic function or a constant. Equation (14)
gives both amplitude and frequency of each component as
functions of time. The same data if expanded in Fourier
representation would be

X(@®)=RPY a; ", ©)
j=1

with both @; and w; constants. The contrast between
Equations (14) and (15) is clear: The IMF represents a
generalized Fourier expansion. The variable amplitude and
the instantaneous frequency have not only greatly improved
the efficiency of the expansion, but also enabled the
expansion to accommodate nonlinear and non-stationary
data. With IMF expansion, the amplitude and the frequency
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modulations are also clearly separated. Thus, we have
broken through the restriction of the constant amplitude and
fixed frequency Fourier expansion, and arrived at a variable
amplitude  and  frequency  representation.  This
frequency-time distribution of the amplitude is designated as
the Hilbert Amplitude Spectrum, H(w, #), or simply Hilbert
Spectrum. If amplitude squared is preferred to represent
energy density, then the squared values of amplitude can be
substituted to produce the Hilbert Energy Spectrum instead.

2.4 The Ensemble Skills of HHT

There are two signal processing skills used here:
1. Ensemble EMD: One of the major drawbacks of the
original EMD is the frequent appearance of mode mixing,
which is defined as a single Intrinsic Mode Function (IMF)
either consisting of signals of widely disparate scales, or a
signal of a similar scale residing in different IMF
components. The Ensemble EMD (EEMD), which defines
the true IMF components as the mean of an ensemble of
trials, each consisting of the signal plus a white noise of
finite amplitude.
2. Ensemble HSP: A similar skill is used to Ensemble the
HSP results. The skill is more applicable when the sampling
frequency is several times higher than the dominant
frequency of the object. The raw strong-motion acceleration
record data is 200 Hz, so it’s highest Nyquist frequency limit
is 100 Hz. The object we want to analyze is a building, the
highest frequency limit may not exceed 20 Hz. So we
down-sample the raw data into 5 parts. Taking each part as
an independent event and proceeding with EEMD, then we
take the mean of 5 HSP and let it be the EHSP result. This
skill also helps the added noise be cancelled and makes the
result of EHSP more clear and more precise.

3. TAIPOWER BUILDING RECORD ANALYSIS
The station was designed in 1979 containing 2

buildings, 27 floors and 12 floors. The accelerometer
instrument plan is shown in Flgure 1.

B b omond R b o e b h e 8 &
Figure 1 ~Taipower Building Station Instrument Plan.
In the beginning, we integrated all the records and
made earthquake catalogue. The data was arranged in CH1
magnitude order, CH1 was the sensor installed in b3 floor in

vertical direction. The catalogue is shown in Table 1, Table 2,

and Figure 2.

Table 1 Earthquake Catalogue part 1 No 1~32
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The following comparisons and analysis are made:

3.1 Time Domain Comparison: Acceleration Range
and Amplification Value

Using raw record values, we compute the maximum
and minimum and total oscillation range of each event for
every channel. Because the shaking was amplified gradually
through basement upward to upstairs, so we calculate the
amplification value A.F. For instance, the amplification
value of 27" floor “27a” point:

AccRange,,,  AccRange(27a)

= 10)
SourceAccRange  AccRange(b3f)

A‘F'27a =

The results of A.F value are shown in Figures 3 and 4.
X-dir result reveals highly-nonlinear, Z-dir result reveals
slightly-nonlinear.

e
o i

SRR R

Figure 3 X-dir. Acc. range and amplification value.

. 5. F BN Do

Figure4 Z-dir. Acc. range and amplification value.

3.2 HHT Analysis:

For an arbitrary earthquake acceleration time series,
X@®, we can calculate its Hilbert Spectrum within
aforementioned EEMD & EHSP skills. The result is
expressed as H{X(®}, it shows the acceleration energy
distribution in the time-frequency domain. Besides those
equations of HHT, we will introduce two-station method and
use its’ concept everywhere. Then define 3 equations in
HHT analysis.
1. Finding amplification: Two-station method

The earthquake energy is coming from hypocenter
tectonic collisions, passing through underground geographic

media, focusing on the specific site conditions, impacting the
bottom of the structures and upward propagating to the top
of the building. Some researchers (Borcheret, 1970) find the
equations to explains the whole process in frequency domain
as the following Equation (11). Aforementioned factors are
included in the independent terms, So(f)means source
influence factor, Pa(f)means path influence factor and
Si(f) means site influence factor. We can abbreviate (11)
to (12), F.F(So,Pa,Si) means free-field earthquake
response influenced by source, path, and site factors. Then
we use the same concept to introduce the response on the
structures in Equation (13).

Ry, (f)=So(f)*Pa(f)*Si(f) (1)
Ry;, (f)=F.F(So,Pa,Si) 12)
Ry, (f)= F.F(So,Pa,Si)*Str(f) (13)

Then we using (12) and (13) to form (14), (14) help us
to focus on the influence of structure characteristics. Because
in Equation (14) there is nothing about source, path, and site.

AF = R27f (f)/Rb3f(f) =Str(f) (14

However, although some terms was erased in (14) but
their influence still existing. Researchers should be careful
about the hiding terms those consisting the earthquake
frequency content.

2. Magnitude of wave propagation:

we use the same concept of “two-station method” to
find out the amplification relationship between “source and
destination” in time-frequency domain. Define Equation (15)
as follows:

_HSPQ27a) _ H{X(),,,}
CTeM T HSP(b3a)  H{X(),5,}

(15)

Equation (15) shows the amplification values in the
time-frequency domain of wave propagating characteristics
from b3 floor to 27th floor. Because earthquake records can
be easily separated into 4 parts: Quiet section, P-wave
section, S-wave section, and the Coda section. Total energy
magnitude value of each section is extremely different. The
result of (15) shows the characteristic only in P-wave section
and S-wave section. The propagating characteristic values of
the other two sections are too small to show on the same
figure. To find out characteristics of structure under
earthquake force, we define (16).

3. Characteristic of wave propagation:

AF,, . =NS[AF,,,] (16)
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Equation (16) shows the amplification characteristics
(dominant frequency values) of the structure in the
time-frequency domain of 27th floor. The N.S. means
normalize the maximum value to 1 with respect to every
time moment and smooth the spectrum in frequency domain
for 5 times with a 5-point smooth method. Making such a
calculation means we changing the topic from wave
propagating characteristics to dominant frequency values of
the structure. By definition, the figure only shows the
characteristic of structure modal frequency, the total energy
of this figure is meaningless.

4.  Characteristic of structure coherence:

_ N.S[HSP(27a)]
©HeC T N S[HSP(b3a)]

(17)

Equation (17) shows the structure coherence
characteristics between any two positions (b3f to 27f) in the
time-frequency domain. Taking N.S. calculation shows
characteristics to dominant frequency values of each position.
The ratio means to find out the coherence between two
different points.

3.3 HHT Results:

There are 63 events on the Catalogue. After
inspections to the HHT result, a preliminary conclusion is
made as follows:

The dynamic behavior was firstly explained by
Single-Degree-of-Freedom linear model. The SDOF
structure should have maximum response when it was
driven under its dominant frequency. Engineers simulated
real buildings as Lump-mass Multi-Degree-of-Freedom
linear model and solved it with Modal Superposition
Method. After modal superposition method the structure can
be treated as a combination of several SDOF linear models.
There are a lot of modal dominant frequencies in a
high-raise building. The first modal dominant frequency is
usually within the largest energy and the second dominant
frequency is within lower energy under common condition.

The HHT results of 63 events showed: 16 events
vibrated with the highest modal energy in first modal
dominant frequency, 17 events vibrated with the highest
modal energy in second modal dominant frequency, 25
events vibrated with the highest modal energy in first modal
dominant frequency in one horizontal direction and vibrated
with the highest modal energy in second modal dominant
frequency in another horizontal direction, 5 events vibrated
without the first dominant modal frequency. The modal
energy distribution is quiet different with old concept. This is
the preliminary result, maybe need more investigations. We
Jjust use “Signal-processing skills” to explore the data, we
haven’t use any physical model. The preliminary result
maybe shows the true nature.

We will show a “typical type phenomena” in the
following:

Figure 6 Wave propagating characteristic of 27F.

We can observe real dynamic behavior of Taipower
building in Figures 5 and 6. The two figures show the modal
energy distribution of the 27f. First, look at the upper chart
of both figures. The third dominant modal frequency is
about 2.09 Hz, it only existing in the strongest S-wave
section. The second dominant modal frequency is about 1.04
Hz, it only existing in the S-wave section. The first
(fundamental) dominant modal frequency is about 0.36 Hz,
it keeps to the end of the record. The three dominant modal
frequency keeping in perturbation in the figure, we think
that’s the phenomena of nonlinear and non-stationary
characteristic of building. On the lowest chart of Figure 5,
the energy-frequency relationship for magnitude, there are
three dominant modal frequency existing during the whole
record.

Figure 6 shows the structure modal energy
characteristic of 27" floor We can see the energy
distribution in the quiet section and P-wave section and total
frequency band changing scenario in the whole data.

After we observe the magnitude and characteristic of
dominant modal frequency, we start to find the coherence of
structure in different floor records.

The following Figures 7~9 shows the structure
coherence of modal characteristic of the 27f, 19f, 9f (all with
respect to b3f). We can see the difference in different
location. After further investigation in the future, we hope
this figure can help us find out the damage position after
earthquake.
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v Figuré 8  Structure coherence characterisﬁc of 19F.

B

Figure 9  Structure coherence characteristic of 9F.

4. CONCLUSIONS AND DISCUSSIONS

We find out there is a bad senor in the 49" event, it
makes anomalous peaks in yellow line on Figure 3.
Comparisons of modal dominant frequency between
different methodologies are made by us. Loh (1998) used
ARX identification method, Wang (2002) used Kalman
Filter and Genetic Algorithm identification method. The
values are very close, it seems new HHT method having the
same performance with the old methods. The HHT analysis
we use total record to calculate the modal dominant
frequency in this paper, it means we calculated the average
value of the whole record. Actually, we should focus on
S-wave section only. The second and third modal dominant
frequencies only exist in S-wave section.

After Observations from Figures 5 and 6, the four

sections: Quiet section contains surroundings noise nature of
the station, sometimes it’s fulfilled with tiny P-wave
excitation for long-distance earthquakes. P-wave section
contains pressure wave which always behaves in higher
frequency band than the S-wave section, but the amplitude is
relative smaller than the S-wave. The S-wave section is the
most important part; it carries destructive force in low
frequency range and within the largest amplitude. The Coda
section always contains two kinds of information. The
excitation force of earthquake-surface-wave and the
free-vibration characteristic of the building. In the future
researches, the four segments should be discussed separately.

HHT results are not only in time domain but also in
frequency domain, so we need to discuss the parameter of
time in the future. In this paper, the earthquake arrival time
between different positions is taken as the same.

Good presentations of structure intra characteristics
are showed by HHT, only by Signal-processing skills. Detail
behaviors are shown on these figures, nonlinear and
non-stationary parameters are all available, so fundamental
model can be adjusted or be reset by new parameters.
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Abstract: 2D time domain BEM for anisotropic elastic solids is used to study the dynamic response of a cylinder
embedded in anisotropic soil. The scattering of waves by the cylindrical inclusion is studied. The cylinder embedded is
either bonded or partially debonded. Debonded regions are considered as interface cracks with traction free surface. Also,
the crack opening displacements of the debonded areas are considered. In this regard, the 2D BEM used here is based on
the displacement boundary integral equations Tan et al. (2005) and the fundamental solutions are the ones derived by
Wang and Achenbach in Wang ef al. (1994). Synthetic seismic waves are incident to the cylinder and the displacements
are considered. Different soil materials are also discussed and the differences in material velocities are shown. Further
development for the applying the stick-slip type of boundary conditions is also discussed.

1. INTRODUCTION

Soil and rock formations are naturally anisotropic or
with weak anisotropy. The purpose of this research is to see
the effects of the waves as it propagates along an anisotropic
soil with a cylindrical inclusion. The cylindrical inclusion is
modeled using a circle in two dimensional media. The effect
of the anisotropy on the displacement of a fully bonded
cylinder as well as partially debonded cylinder is being
studied here. The aim of this paper is to further analyze the
interaction of seismic waves on inclusions. The 2D
boundary element method (BEM) of anisotropic solids in
previous works by the authors (Tan et al., 2005) is used for
this study. The dynamic response of an embedded object is
of interest for earthquake engineering and usually the
assumption of perfect bonding between the material and the
soil is carried out. But for practical problems, partial
debonding or slipping occurs and this would severely
change the response of the solid to vibration and seismic
waves. Feng et al, (2003) studied the interface having
contact but slipping. Currently, this paper shows only partial
debonding. But further plan is to apply the slip and stick type
boundary conditions to an embedded solid and to see the
effect of anisotropy in the said problem.

2. PROBLEM STATEMENT

Consider a homogeneous anisotropic linearly elastic
media with an inclusion as shown in Figure 1. Assume that
the inclusion is embedded in an infinite region and an
incident wave 1s propagated along the media. Without body
forces, the solids must satisfy the equations of motion and
Hooke’s law (Zhang et al., 2002) as follows:

Cipp = PU;, M
Cip=Cipith s @

where u; denote the displacement components, Gig are the
stress components, P denotes the mass density, and C is the
elasticity tensor. The equations follow the index notation
where small roman numerals denote 1, 2 and 3 while the
Greek subscripts denote 1 and 2 only. A comma denotes
partial derivative while dot denotes derivative with respect to
time. Repeated indices denote summation. u™ shown in
Figure 1, is the incident wave. The figure also shows a part
of the boundary of the cylinder debonded from the outer
matrix. In the figure the surrounding soil is considered as
domain 1 while the embedded cylinder is called domain 2.

Cylindrical inclusion in 2D soil

Figure 1

As mentioned and shown, there are two regions with
different boundary conditions. One is debonded while the
other is the stick type or fully bonded region. Local
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coordinates are shown in Figure 2 and the boundary
conditions are given in local coordinates. For the stick
regions, the interface stresses are continuous as well as the
displacements. These conditions may be written as

ulV = _ut(z)
, €

us) _ —uflz)

o_t(x) “0}(2) )

o = 0,(,2)’ @

where t and n means normal and tangent to the surface,
respectively. (1) and (2) here denotes the domain number. n
is the unit normal vector while T is the unit tangential vector
as shown in Figure 2. For the fully debonded region, the
region will be considered to be traction free and the
displacements are different in the two regions. The
conditions are written as

u)

1 2)” ©)
U %

M= 5@ =
o, =0, —0. ©)
o) = =0

X
Figure 2 Local and global coordinate systems

3. BOUNDARY ELEMENT METHOD

The formulation of the general boundary integral
equations for elastodynamic problems can be written using
the Betti-Rayleigh reciprocal theorem. The system is
assumed to be at rest at t < 0. The governing boundary
integral equations for both regions may be written as

ul (y,0)— Lh,.k [(x-p).e(x):t]*u, (x,0)dx

@)
+[, & [Ge- 900 1] * 1, (e,
u, (y,0) yeD
u, (y, t)/2 yes
0 otherwise

where S is either S, or S,, surfaces in either domains, gy and
hy are the displacement and traction fundamental solutions
at time t. “*’ denotes time convolution. D denotes the
domain (either D; or D,). t; here denote tractions. It should
be noted that u™ becomes zero for domain 2 if the incident
wave is considered to be applied from domain 1 and vice
versa. X and y are the source and observation points,
respectively,. hy, the time-domain elastodynamic stress
fundamental solutions are defined by

hzk[(x »)e(x), [] ajﬁeagjkﬁ[(x V) t] @®
where e is a unit normal vector. For brevity, the time domain
fundamental solutions for 2D anisotropic solids as derived
by Wang et al. (1994) are given as follows,

!

L P
g,.js.(x)=— l.ll*lz —~-log|n - x|dn
4 PC ©)
H(r) L P
x,t) = t+n-x|d
g, (o) = [Ml;pcz n-x|dn
whereP,.j’ = E,.,Ej} and

{T,(m.n)-pcs,}E,=0,(=1..,L), (10)

superscripts R and S denotes static (singular) parts and the
dynamic (regular) parts.

4. NUMERICALRESULTS

Consider a circular cylinder embedded in an infinite
soil subjected to a P wave given by:

u’ =u,D, sin{%[cnt—(xl +a)sinf-x, cos@]} an
xH| ¢} —(x +a)sin6—x, cosd |

where 0 is the angle of the incident wave (measured
clockwise from negative x,-axis, Uy is the amplitude and H[ ]
is the Heaviside function. D; depend on the material
properties and for isotropic materials, D, is sin 8 and D; is
cos 0 . ¢, denotes material velocity, 1 is for P-wave or quasi
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P-wave or longitudinal wave speed and 2 for S-wave or
quasi S-wave or transverse wave speed. Table 1 gives the
material constants for the cylinder and the surrounding
isotropic soil as used by Feng et al. (2003) and it also
includes material properties for concrete and other soil types
specifically Berea sandstone and coarse sand. Table 2
provides the material constants for transversely isotropic
solids and the formations are for Austin chalk and Cotton
valley shale (from Sinha et al. (2006)). A Transversely
isotropic (TI) anisotropy can be expressed in terms of a 6x6
matrix as

(¢, ¢, ¢, 0 0 0
¢, ¢, 0 0 0

C,«,«= Cy O 0 0, (12)
c, O 0
Cc, O
L C66_

where Cg=(C1;-C12)/2. As can be seen here, the material
properties of the surrounding soil vary a lot and the
anisotropy could in fact provide different conditions. For the
given cylinder, the P-wave velocity is 1010 m/s and S-wave
velocity of 583 m/s. The material properties for the cylinder
were used by Feng et al. (2003). But if concrete is used for
the cylinder, the P-wave would reach as high as 3737m/s
while the S-wave would be 2282 m/s.

Table 1 Material constants of the cylinder and surrounding
1sotropic soil (Feng et al. (2003) and concrete and other soil

types.

(cylinder) is a=1.5m. In the calculations, the interface is
subdivided into 80 elements.

Table 2 Material constants of the surrounding anisotropic
soil (Sinha et al. (2006))

Formati | Rho Cl1 C12 CI3 C33 C44

on kgm® | x10® | x10® | x10® | (x10® (x108
Pa) Pa) Pa) Pa) Pa)

Austin 22 220 158 120 140 24

chalk

Cotton | 2.64 7473 1475 | 2529 | 5884 [ 2205

valley

shale

Only calculations for the isotropic soil (from Feng) with
cylinder, soil (Feng) with concrete cylinder, Coarse sand
with concrete cylinder and shale with concrete cylinder are
shown. Figures 3-6 plots the displacements on the soil at 7t/3.
The cylinder in Figure 3 uses a very low shear modulus as
compared to the concrete cylinder and thus the
displacements are much larger because of its ability to resist
deformation. Comparing Figure 4 and 5, the displacements
show a lot of similarities although the amplitudes differ.
Finally, the shale, a TI anisotropic solid, shows a big
difference with larger displacement and very different forms.

Displacements at pi/3 for Soil(Feng) with cylinder

Mass density | Shear modulus Poisson

x10kg/m® | (x10°Pa) ratio
Cylinder 25 8.5 0.25 R I e
Soil (Feng) 20 1.8 0.25 - ux-debonded
Concrete 24 125 0.20 D B citia
Rock (Berea | 2.458 60 0.20 - - - - - -
sandstone) Figure 3 Displacements at m/3 for isotropic soil with
Coarse sand 1.884 0.98 0.30 cylinder for both bonded and debonded models

For the soil (Feng), the P-wave is a slow 519m/s and
S-wave of 300my/s. The P and S-waves for Berea sandstone
are 2551m/s and 1562m/s, respectively. For coarse sands,
the waves are much slower, 425m/s and 228m/s. Amazingly,
for the transversely isotropic materials (taken from Sinha),
the wave speeds are much faster (because the soils are
deeper and denser — are somewhat rocks). Austin chalk has a
quasi P-wave of 3162m/s and SH- and SV-waves of
1187m/s and 1044m/s while Cotton valley shale has
5320m/s, 3370m/s and 2890m/s.

Two models are considered here, one is as shown in
Figure 1 where the wave is incident from domain 1 and with
direction to the negative x;axis. Quadrant I contains the
debonded region. The second model is where all the
elements are perfectly bonded. The radius of the circle

075

Displacements at pi/3 for Soil(Feng) with concrete cylinder

cqt/a

-0.756
Figure 4 Displacements at 7/3 for isotropic soil with
concrete cylinder for both bonded and debonded models
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0.75

Displacements at pif3 for sand with concrete cylinder

=¢=—ux-bonded
——uy-bonded
~ % » we-debonded
+ ~» - uy-debonded

cit/a

-0.75

Figure 5 Displacements at w/3 for isotropic soil with
concrete cylinder for both bonded and debonded models

25

X
Displacements at pif3 for shale with concrete cylinder

cit/a

-1.5
Figure 6 Displacements at w/3 for isotropic soil with
concrete cylinder for both bonded and debonded models

5. CONCLUSIONS

The 2D BEM for anisotropic solids was implemented
for two types of boundary conditions, perfectly bonded and
partially debonded. Synthetic waves are used as incident
waves. Calculations for the displacements and stresses are
shown here. Further simulations are to be done for the
slip-stick boundary conditions.

6. SLIP-STICK BOUNDARY CONDITIONS

For future work, the slip-stick boundary conditions will
be applied and this section introduces the difference from the
previous discussions. As discussed by Feng et al. (2003), a
cylinder of infinite length embedded in an infinite solid has
two possible boundary regions. Although we can argue that
it should have another third possible boundary region where
the interface is totally debonded. But local separation is to be
ignored by assuming a confining pressure that will be
applied to the interface. The stresses are again assumed to be
continuous and the two different conditions are to be given.

For slip regions, the domains are assumed to be in contact
with Coulumb friction. The boundary conditions for the slip
regions are given as

(13)

)= o
! (14)

o =le|= 7l

1
o

where f is the coefficient of friction. Slipping occurs when
the tangential stress exceeds the static friction stress but in
this case we take it to be equal to the kinetic value. Thus
only f is used for both conditions. The boundary conditions
for the stick regions are given in eqns. (3) and (4). It should
be noted that the type of boundary conditions for each
elements may change depending values of the stresses per
time step. Thus the type of boundary conditions are to be
determined using an iterative method.
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Abstract:

Experiments and 3-D FEM analyses were performed on high-strength concrete columns laterally prestressed

by high-strength shear reinforcement in order to study the influence of active confinement on the shear strength and crack
behaviors. Lateral prestress was introduced in proportion to the concrete strength, and the width of every crack near the
transverse reinforcement was measured by a digital microscope. By increasing the lateral prestress as mentioned above,
the shear crack strength and ultimate shear strength increased, but the effectiveness of active confinement was weakened
as the axial force ratio decreased. FEM analyses can be used to evaluate the shear crack strength and the ultimate shear
strength, and to explain the effect of active confinement on shear behaviors because FEM analyses evaluates the intensity
of confinement in a tri-axial state of stress with minor principal stress as well as the degree of damage for compressive

failures.

1. INTRODUCTION

Prestressing concrete structures is generally performed
to control flexural cracks because prestressing arranges the
tendons in the axial direction of a given member. On the
other hand, in an attempt to delay the onset of shear cracking
and to reduce the crack width, experimental studies have
been conducted on reinforced concrete (RC) columns, which
have been laterally prestressed by high-strength shear
reinforcement [Watanabe et al. 2004]. The results of these
flexure-shear tests have indicated that transverse prestressing
increases the shear capacity at the first diagonal cracking
(shear crack strength) and remarkably decreases the width of
shear cracks, especially their residual openings. This
reduction of the crack opening improves durability as well as
earthquake resistance.

The main objectives of the present study are (1) to
investigate how transverse prestressing in high-strength
concrete columns affects the shear behavior with respect to
the propagation of cracks and the triaxial state of stress, and
(2) to quantitatively estimate the effect of active confinement
on shear behaviors based on the triaxial state of stress in the
concrete by 3D FEM analyses.

2. OVERVIEW OF TEST AND ANALYSIS

2.1 Test Specimens and Analytical Models

Figure 1 shows the details of the test specimen and the
finite element model. Table 1 summarizes the specifications
of the specimens. The compressive strength of the concrete
used in the present study was aimed to be 45 and 90 N/mm”
(Fc45 and Fc90). The ratio of the axial load to axial strength

for Fc90 was limited to 0.15 due to the capacity of
equipment, while that for Fc45 was set to 0.15 and 0.3 in
order to investigate the effect of axial load on shear crack
behaviors. Flexure-shear tests were performed on RC
columns that were laterally prestressed (LPRC) and not
prestressed (RC). Test designation was expressed by LPRC
or RC, compressive strength, and the ratio of axial load to
axial strength. The test specimens had a square cross section
of 340 mm x 340 mm and a height of 900 mm. The
specimens were designed to reach shear failure before the
longitudinal reinforcement yield, in accordance with the
design guidelines of the Architectural Institute of Japan
(1999). For this reason, high-strength steel bars (D22, in Fig.

8-D22
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Figure 1
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1, 5,=1187 N/mm®) were used for longitudinal reinforcement.

Moreover, additional rebars (D13 in Fig. 1) were arranged to
prevent columns from splitting due to bond failure. The
lateral prestress, oy, which is proportional to the strength of
the concrete, op, (0;/05~0.03) was introduced into concrete
as follows: (1) high-strength transverse hoops (U6.4, U9.0 in
Fig. 1) were pretensioned to approximately 30% of the yield
stress using rigid steel molds and special jigs, which are
shown in Fig. 1, (2) concrete was placed vertically into the
molds and cured until the strength of the concrete increased
sufficiently, (3) the core concrete was laterally prestressed by
removing the steel molds. The product of the ratio, p,,, and
the stress, o, of the pretensioned transverse reinforcement
was defined as the average lateral prestress, oy (= wOup), 1O
indicate the intensity of lateral prestress. Table 2 provides the
mix proportion of concrete used in the test specimens. The
coarse aggregate used in the mix is natural round sea gravel
with a maximum aggregate size of 25 mm. The mechanical
properties of the concrete and reinforcement are shown in
Figs. 2 and 3 along with their idealizations in FEM analysis.

Table 1 List of Test Specimens
Test O3 / Pw Cup gy y
Designation |(Nmm?»| %' % | (%) |OVmm»)|mm?)| %%
RC-45-0.15 442 0 0 0
0.15 0.29
LPRC-45-0.15| 46.2 513 1.5 0.032
RC-90-0.15 919 0 0 0
0.15 0.63
LPRC-90-0.15] 93.0 428 2.7 0.029
RC-45-0.30 50.8 0 0 0
0.30 0.29
LPRC-45-0.30] 46.5 536 1.6 0.034

gz=compressive strength of concrete,oy=axial stress of column, p,=ratio of
transverse hoop, o,=introduced prestress in transverse hoop, o;=lateral
prestress (=p,, 0 ), RC-45-0.30 and LPRC-45-0.30 after Shinohara (2005)

Table 2 Mix Proportion (Unit: kg/m®)

Nominal Super-

Strength W/C | Water | Cement | Sand |Aggregate plasticizer
Fc45 0.50 184 373 762 945 0.93
Fc90 0.30 155 517 857 861 3.88

w, W,
Tensile stress-crack width curve

Compressive stress-strain curve

Test OB Emax E. G Wi W, v
N/mm’ | N/mm® | mm | mm

-0.002 3.34E+4] 26 ]0.034] 0.17 | 0.2
-0.002 B.41E+4] 27 ]0.033] 0.16 | 0.2
-0.0026 4.21E+4] 53 ]0.017]0.083] 0.2
-0.0026 4.30E+4] 53 ]0.017]0.083] 0.2
-0.002 |3.51E+4] 29 ]0.031] 0.15] 0.2
-0.002 |3.45E+4] 29 ]0.031] 0.15 ] 0.2

Figure 2 Mechanical Properties and Analytical Model
for Concrete

series N/mm”*
RC-45-0.15 | 442
LPRC-45-0.15] 46.2
RC-90-0.15 | 91.9
LPRC-90-0.15] 93.0
RC-45-0.30 | 50.8
LPRC-45-0.30| 46.5

Type 7y 2 e 2 E 2
N/mm®) | NWmm?*) | (N/mm?®)
D22 1187 1298 1.96E+5
U6.4 1471 1506 2.05E+5 )
U9.0 1405 1466 2.05E+5 Stress-strain curve

Figure 3 Mechanical Properties and Analytical Model for
Reinforcement

2.2 Loading and Measuring Methods in Tests

Figure 4 shows the loading apparatus. The vertical
force on the test specimen was supplied by a 2 MN
hydraulic jack, and the ratio of axial load to axial strength
was maintained constant at 0.15 or 0.3 during the test. The
horizontal force was supplied by two hydraulic jacks with a
capacity of 500 kN and 1000 kN, and the horizontal force
was controlled in displacement. The cyclic horizontal load
was applied to produce an antisymmetric moment in the
column. The horizontal load was reduced when the rotation
angle of a column, R, reached +1/400, +1/200, +1/100,
+1/67, and £1/50, until it reached the peak load. Two digital
microscopes, which each had a resolution of 0.01 mm, were
used to measure the width of each shear crack near the shear
reinforcement three times for each loading cycle and twice
for each unloading cycle. The crack width used in the
present study was defined as the distance normal to the
direction of the crack, which is illustrated in Fig. 5. Three
strain gauges, locations, and designations, which are shown
i Fig 5, were attached to each leg of the transverse hoops.

ilmr‘jj

L L

INERANAAR
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roller

2000kN jack parallel crank

500kN jack 1000 kN jack
==m— :
screw jack

screw jack

v

Figure 4 Loading Apparatus

Shear cracks

V4

Strain gauges
— Transverse hoop
oyw
5
LW
w'=—
Z / sin @

Figure 5 Definition of Crack Width and Designation of
Strain Gauges

2.3 Assumptions and Procedures in Analyses
Figure 1 shows the finite element mesh and boundary
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conditions. Due to symmetry, only half of the column was
analyzed. The stiff elements were attached at the top and
bottom of a column to idealize the steel stubs. The top nodes
were constrained to move uniformly in the vertical direction
and to prevent rotation of the upper stiff elements, so that a
column was deformed in an antisymmetric mode. Concrete
was modeled by a twenty-node isoparametric solid brick
element, and longitudinal reinforcement was embedded in
the concrete elements to add stiffness. The shear
reinforcement was modeled by a two-node numerically
integrated truss element because the effect of bending was
negligible. The bond-slip between the concrete and
reinforcement was not considered in the analyses because an
additional reinforcement was installed to avoid a bond
splitting failure. The prescribed prestress was introduced into
the shear reinforcement, then an axial load was applied with
load control in ten steps up to the designated axial load ratio,
and finally the shear load was applied with displacement
control and a step of 0.01 mm. The maximum-tensile-stress
criterion of Rankine was adopted as the failure criterion in
the tension zone of concrete. According to this criterion, a
crack arises when the maximum principal stress exceeds the
tensile strength, regardless of the normal or shearing stresses
that occur on other planes. Smeared cracking and bi-linear
tension softening, which are shown in Fig. 2, were adopted
in the analyses. The shear stiffness of cracked concrete
generally depends on the crack width. This phenomenon is
taken into account by decreasing the shear stiffness as the
normal crack strain increases.

2.4 Mechanical Properties of Confined Concrete

Drucker-Prager criterion was used as the failure
criterion in the compressive zone of concrete. The
formulation 1s given by

fULJ)y=al+7, —k=0 10
2sin ¢
—__2smg 2
“ B3 —sin ¢) @
6 cos ¢
h=e—f 3
ﬁ(3-sin¢)c @
I,=0,+0,+0, 4
J=le -0, + (0, -0, +(0, -0 )/6 )

where gis the internal-friction angle, ¢ is the cohesion, oy, o,
and o3 are the principal stresses. The internal-friction angle
of confined concrete has often been estimated as 37.5° based
on the experimental results performed on concrete cylinders
with uniform lateral pressure by Richart (1928). According
to Richart, the strength of concrete confined by lateral
pressure increases to (ogt+4.10), regardless of the intensity of
o, where oy 1s the uniaxial compressive strength of concrete
and o is the lateral pressure. Takamori et al. (1996, see Fig.
6) studied the effects of lateral confinement using concrete
cylinders with different concrete strengths and hoop spacing,
According to their test results, the strength of concrete
confined by hoops similar to our specimen increases
approximately to (651+2.00), and the effect of confinement
decreases as the strength of the concrete and the spacing of
hoops increase. An increasing rate to o of 2.0 is less than half

of 4.1, which was proposed by Richart (1928) due to the
partial confinement by the hoops. This internal-friction angle
was estimated as 20°. From these results, the internal-friction
angle 1s assumed as to be 20° for Fc45 and 15° for Fc90.
Consequently, Drucker-Prager criterion is as follows:

FULJ)=0151,+ [T, =193=0  for Fc4s 6)
UL, T)=0111+ T, —421=0  for Fc90 %)
0
12 Concrete strength  Agz=4.10;, l |
N ® C20 by Richart \ ~ $=19 mm
“g 100 — ac30 T < 2
£ X C40 S8
g 0 C50 =28 mm
« % [ oceo , ]
5 *C70 /{§
g o || oceo 8
E = C90 ) v
2 | s45mm| o
g 40 T 712 = <
5 S=50 mm’ ﬁ Ad5=2.00;
3 & Adopted in Fc45
IR - |
£#KS~75mm  Smeans spacing of hoops
0
0 5 10 15 20 25 30

Lateral pressure g, (N/mm?)

Figure 6 Relationships between Lateral Pressure and
Additional Strength (Takamori et al. 1996)

3. SHEAR BEHAVIORS BY EXPERIMENT

3.1 Shear Load-Rotation Angle Curves

Figure 7 shows the shear load Q-rotation angle R curves
obtained from the tests and compares them to the results of
FEM analyses. A typical crack behavior observed during the
tests was that flexural cracks initially appeared and then
extended into flexural shear cracks near both ends of the
specimen. Finally, shear cracks occurred as the shear load
increased. The shear loads for both RC and LPRC were
gradually reduced without reinforcement yielding because
the concrete was crushed in the compressive zone at the top
and bottom ends. Table 3 presents the shear crack strength
and ultimate shear strength obtained from experiments and
FEM analyses as well as the calculation results reported by
Watanabe (2004), which consider the lateral prestress. The
shear crack strength of analysis is defined as the shear load
that causes the strain in the shear reinforcement to increase
rapidly. The maximum shear load for the LPRC90-0.15
column was assumed to be 1048 kN when R = -1/50 because
the welding of a longitudinal rebar was ruptured in loading
to R=1/33. When the ratio of axial load for Fc45 series
decreased from 0.30 to 0.15, the shear crack strength was
reduced by 33% for the RC column and 22% for the LPRC
column, and the ultimate shear strength was reduced by 4%
for the RC column and 14% for the LPRC column, whereas
the rotation angles at the peak load for both columns
redoubled. As shown in Table 3, both FEM analyses and the
calculations predict with a fair degree of precision the
difference between the shear strength of the RC and LPRC
columns. The relationship between shear crack stress, explsc
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(FepQs/bD), and lateral prestress, and that between ultimate
shear stress, oo (SepyQOs/bD), and lateral prestress are
plotted in Fig. 8, where the axis of abscissas indicates the
ratio of lateral prestress, o1, to compressive strength, op. The
shear crack strength and the maximum shear strength
increased with the same rate when the same ratio of o /og
was introduced. Due to an increase in shear crack strength

with increasing axial load, the effect of lateral prestress on
the shear crack strength decreased as the axial load increased.
On the other hand, for the maximum shear strength, the
effect of lateral prestress was weakened as the ratio of the
axial load to axial strength decreased, which is probably due
to the triaxial state of stress in the core concrete and is
mnvestigated by FEM analyses in the next section.

8.0 12.0
60 . 90 L
~§ D g
2 40 F 2 60 == =-2
8 &
s £ 50 AOF45:03 | % 50 AOFcd5-03 _|
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0.0 - 0.0 .
© Shear crack 000 002 004 006 0.00 0.04
- 506~ O Maximum oL /o8 G, /og
R (rad) R (rad) (1) Shear crack strength (2) Ultimate shear strength
(1) RC45-030 (2) LPRC45-0.3 Figure 8 Increase in Shear Strength due to Lateral Prestress
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=900 + ¢ Shear crack
. © Maximum

r ¢ Shear crack
N O Maximum
R (rad) R (rad)
(5) RC90-0.15 (6) LPRC90-0.15

Figure 7 Comparisons between Analytical and
Experimental Q-R Curves

Table 3 Shear Crack Strength and Ultimate Shear Strength

Test O | O | maldse | mallu | Qs | O
Designation &N) &N) &N) &N) &N) &N)
RC45-0.15 343 595 316 646 339 484
LPRC45-0.15 475 658 498 699 450 -
RC90-0.15 562 973 551 983 564 820
LPRC90-0.15 780 1048 669 1027 774 —
RC45-0.30 515 617 495 655 496 591
LPRC45-0.30 611 762 577 747 606 —

ep@sc =shear crack strength by experiment, .0, =ultimate shear strength by experiment
rv@Qsc =shear crack strength by FEM, pp 0., =ultimate shear strength by FEM
caQsc =shear crack strength by ref (1), .40, =ultimate shear strength by modified Arakawa

3.2 Shear Crack Patterns

Figure 9 compares the shear cracks in the front of RC
and LPRC specimens at maximum shear loads. Moreover,
the figure shows the location with the maximum crack width
and the inclination of the primary shear crack. The crack
patterns in the front and back of the specimens were similar.
The lateral confinement in the LPRC specimen greatly
restrained the shear cracks from propagating so that the final
crack pattern of the LPRC drastically differs from that of the
RC. Shear cracks developed extensively in the upper and
lower sides of the LPRC specimen, but they developed
intensively in the center of the RC specimen. The spacing
and width of the scattered cracks in the LPRC specimen
were smaller than those of the localized cracks in the RC
specimen. Because the ability to transmit shear force across
a rough crack is exponentially reduced as crack width
increases (Shinohara et al. 1999), a scattered crack with a
smaller width can, to some extent, reduce the decrease in
shear stiffness of a column. This small crack spacing in the
LPRC specimen is probably due to an increase in both bond
strength and tensile stress, which were generated by
introducing lateral prestress.

Figure 10 shows the relationship between shear load
and maximum crack width marked by m in Fig. 9. In the
Fcd45 series, the crack width of RC series rapidly increased
immediately after cracking and exceeded 1 mm at the
maximum load, but the crack width of LPRC series was
approximately 0.5 mm at the peak load and 0.2 mm when
unloaded. The crack width tended to increase as the axial
load decreased. The increase in the shear load of the
RC45-0.30 specimen was only 100 kN after cracking,
whereas the shear load of the LPRC45-030 specimen
increased by 150 kN after cracking. The transverse
prestressing reduced the width values of shear cracks,
especially their residual opening, and increased the shear
stiffness after shear cracking. Consequently, this prestressing
improved durability as well as earthquake resistance for the
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RC structures. In the Fc90 seres, the effect of the lateral
prestress was not prominent due to the close confinement by
the redoubled shear reinforcement.

+7 + +7
2 . /4 Y 7
30 o 07 SR AN S PG
2 +4 A= 44 A +4
£ AN 2 AR
& o L TR g _________ oYX
2 0 AN AN @Y/ ) VIR
AR AN/ N N Xa 7/ BB N\ N R0
ERRinN anily AR A,
E L /AN ey s R
SN B e
-7 \ 67°\ -7 \ -7
Eprma.x:6 17kN Ermea.x=5 95kN Bme=973 kN
(1) RC45-030 3)RC45-0.15 (5) RC90-0.15
+7 +7 I
= . Bl . 7 +7 [
RO SR RS
B OWAN RN T
2 NI 7Fca V), e
& . 7N X .
g- 0 0 > W 0 v
£ T RA N P
23 1S Iy
2 s s LXK, 5
Q -6 6 -6
-7 7 %’ -7 H H
EpOma=T62kN EpOna=658kN EpOma=1048KN
(2) LPRC45-0.30 (4) LPRC45-0.15 (6) LPRC90-0.15

Figure 9 Crack Patterns at Maximum Shear Loads
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Figure 10 Relationships between Shear Force and
Maximum Crack Width

4. TRIAXIAL STATE OF STRESS BY ANALYSES

The effect of the lateral confinement on the shear
behavior was evaluated based on the triaxial state of stress in
the concrete from 3D finite element analyses performed on
the RC and LPRC specimens. Figure 11 shows the

distributions of the minor principal stress in the center of the
RC and LPRC specimens at the maximum loads. The
analyses were also performed on the Fc90-0.15 specimens
with a diameter of 6.4 mm for shear reinforcement (U6.4) in
order to exclude the effect of its quantity. For the specimens
with an axial load ratio of 0.3, introducing lateral prestress
broadened the width of the compressive strut formed by a
large compressive stress at the maximum load. Consequently,
the ultimate shear strength became higher than the RC
specimen. This difference is probably due to the crack
patterns of the RC and LPRC specimens described above.
On the other hand for the LPRC45-0.15 specimen, the width
of the strut did not increase much because the smaller axial
load lessened the confining effect from the triaxial state of
compressive stress. For the specimens with a diameter of 9.0
mm for the shear reinforcement (U9.0), a relatively broad
strut was formed due to the distributed crack pattern, and a
substantial increase in the width of the strut did not occur in
the LPRC specimen. For the LPRC90-0.15 specimen with
U6.4, the strut width and the maximum shear load were
approximately the same as the RC specimen because the
shear reinforcement yielded around the peak load.

The degree of damage for compressive failures and the
equivalent confining pressure were introduced as gauges to
quantitatively evaluate the effect of active confinement on
the stress state in the core concrete, as shown in Fig. 12. The
degree of damage for compressive failures was defined
using the deviated part of the stress state in principal stress
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Figure 11 Compression Strut based on Minor Principal Stress

- 145-



space. Figure 13 shows the degree of damage for
compressive failures in the surface of the RC and LPRC
specimens at the maximum shear loads. Figures 11 and 13
show that the distributions of the degree of damage
correspond roughly to those of the minor principal stress.
The degree of damage in the LPRC specimen compares
favorably with that in the RC specimen at the same shear
load due to active confinement (Shinohara et al. 2005). The
red parts dotted with a white dot at the top and bottom ends
(Fig. 13) represent the post-peak softening zone of concrete.
Thus, the failure mode of analyses is quite similar to that of
experiment. In a similar way to the width of the compressive
strut, introducing lateral prestress enlarged post-peak

r=42J,
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: . T
- Ve
- Degree of damage
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! 7 *._ Rando
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Figure 12 Degree of Damage and Equivalent Confining
Pressure for Triaxial State of Stress in Meridian Plane of
Drucker-Prager Criterion
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Figure 13 Comparison of Damage in Compression Zone

softening zone, but the effect of the lateral prestress was
weakened as the axial load decreased. Compared to the Fc45
specimen, the softening zone in the Fc90 specimen is limited
to a small area in the comer, and the effect of the lateral
prestress is lessened despite the diameter of shear
reinforcement. Furthermore, the degree of damage in the
Fc90 specimen is, on the whole, less than that in the Fc45
specimen. This indicates that the collapse of high-strength
concrete is chiefly caused by a localized fracture process
zone even if most portions are not damaged much, and that
high-strength concrete is sensitive to the scale effect.
Therefore, it is important for high-strength concrete to have
a number of shear reinforcements and to improve resistance
to the localized fracture by a substantial confinement.

5. CONCLUSIONS

The experiments and 3-D FEM analyses on high-
strength RC columns prestressed laterally were used to
mnvestigate the effects of active confinement on shear
behaviors. The results led to the following conclusions:

1) The shear crack strength and maximum shear strength
increase at the same rate upon introducing the same
ratio of lateral prestress to compressive strength.

2) Although the ultimate shear strength increases with
lateral prestress, the effect of active confinement by the
lateral prestress is weakened as the axial load decreases.

3) The effect of the lateral prestress is concealed as the
shear reinforcement increases because a distributed
crack pattern similar to a LPRC specimen is formed.

4) High-strength concrete is sensitive to the scale effect
because the collapse of high-strength concrete is mainly
caused by a localized fracture process zone even if most
portions are not damaged much.

5) Although the shear stiffness after shear cracking
declines for specimen with smaller shear reinforcement,
introducing lateral prestress improves considerably.
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Abstract:

The objective building has suffered a great deal of damage during both the 2004 Chuetsu Earthquake and the

2007 Chuetsu Offing Earthquake. The damage of the first and the second floor during Chuetsu Earthquake was light
although that by Chuetsu Offing Earthquake was moderate. This report introduces the properties of the earthquakes and
the evaluated performance of the building. The result of a seismic response analysis is also reported. Moreover, the
difference of failure modes between observation and calculation is also discussed.

1. INTRODUCTION

The Chuetsu Earthquake generated with the epicenter
depth of 13km near Ojiya city of the Niigata Chuetsu district
at 17:56 on October 23, 2004. An earthquake scale was
M6.8 and the maximum seismic intensity was 7 on the
Japanese scale in Kawaguchi town, Niigata. The Niigata
Chuetsu Offing Earthquake generated with the epicenter
depth of 17km of the Niigata upper Chuetsu Offing at 10:13
on July 16, 2007. An earthquake scale was M6.8 and the
maximum seismic intensity recorded upper 6 on the

Table 1 Properties of 2004 Chuetsu Earthquake and 2007
Chuetsu Offing Earthquake
2007 Chuetsu
JMA(Oguni Housaka) 2004 Chuetsu 0ffshore

EwW NS EW NS

max. ground acceleration
692 395 613 504

PGA(gal)
max. ground velocity 80.1
b ) 64.5 | 35.0 | (composition of 3
GV (kine) directions)
’.—; 2500 T T T T T
& i | h=0.05 Oguni Housaka JMA NS
§ 2000 |-~ i e e e
c
9 P — 200
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period (sec)
Figure 1 Acceleration response of 2004 Chuetsu
Earthquake and 2007 Chuetsu Offing Earthquake(NS
component)

Japanese intensity scale in Nagaoka city, etc.

2. DAMAGE OF THE BUILDING

The seismograph of Housaka, Oguni town, a nearest
JMA seismograph, was located in about 3km of the
directions of southwest of the building, and observed upper
6 on the Japanese intensity scale on the both sides of
Chuetsu and the Chuetsu Offing Earthquake. Table 1 shows
the maximum ground acceleration and velocity. Calculated
acceleration response spectrum of NS direction, which is the
parallel direction to the long direction of the building, is
illustrated in Figure 1, showing that the response by the
Chuetsu  Offing Earthquake is larger that that by Chuetsu

Photo 2 Shear failure of 1st
floor column

Photo 1 North view of S
school building

Photo 3 Shear failure of
2nd floor column

Photo 4 Shear failure of
shear wall
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Earthquake in this direction. deformation capacity, of Ist floor columns is shown in

The objective building is S elementary school Figure 2. Although almost all columns failed in shear during
classroom building in Oguni town of Nagaoka city, Niigata. the earthquake, the calculated results show those columns
This building was built in 1963. The photographs of the failed in flexure. This is a big problem when evaluating the

building and damaged members are shown in Photos 1-4. earthquake resistance of a building,
In order to discuss the reason why those columns failed
3. FAILURE MODE OF COLUMNS in shear although almost all columns were evaluated as
The seismic performance of the S building was flexural failing columns, the parametric study was conducted,
evaluated. Alist oftheF value, which represents the paying attention to three parameters, strength of concrete, a
‘ hoop cross-section area and axial force. Figure 3(a) shows a
200 F value (varying concrete strength) case where strength of concrete is changed. Figure 3(b)
3 o shows a case where a hoop cross-section area is changed.
£ 80 e : B Figure 3(c) shows a case where axial force is changed.
£ 160 |- - {strength: 18N/mm a1 1 Those figures show that the effects of strength of
R e A== = concrete and a hoop cross-section area are very small and
Bl o S the real phenomenon can be explained when the subjected
200 Lo _ _____ ! lloore average: 343N/mm] | axial load was assumed to be very high, which could be
f ’ : ! Il caused by transverse and up-down earthquake motions.
0.80 : : .
00 100 200 300 40,0
concrete strength (N/mm?) 4. EARTHQUAKE RES?ONSE ANALYS.IS
(a)Effects of concrete strength Figure 4 shows a selsmlc-response-analygls result. The
response by the Chuetsu Offing Earthquake is larger than
b4 ¢5 96 @7 $8  ¢9: original that by the Chuetsu Earthquake, which can roughly
2,00 . . .
= explain the real damage. But the estimated damage is
$ 180 smaller than the real damage. It needs a future clarification
£ 1.60 because it is important to evaluate the action of the building
8 140 which suffered a series of earthquake motions.
S
312 References:
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Abstract: This research aims to propose an economical seismic damage controlling system of RC frames
using corrugated steel shear panels. This hybrid system was originally proposed by Mo and Perng in 2000.
Their experimental results showed the poor seismic performance due to large relative displacement at the
interface between surrounding RC members and a corrugated steel shear panel, and hence the obtained
pinched hysteresis loops dissipated small amount of energy. Their test results made this hybrid system
inappropriate to use in practical building design although great potential of the system was demonstrated. In
this study, the hybrid system was revised to prove the excellence in controlling seismic damage. In an
experimental phase a stud-type anchorage often used in bridge box girders was employed in four half-scale
specimens to fix the corrugated shear panels, and then static cyclic loading was applied to the specimens. All
hybrid frames showed more than 30% increase in lateral load carrying capacity. The degradation of lateral
load carrying capacity after the peak load was small compared to reinforced concrete shear walls due to
stable manner of yielding and buckling of corrugated steel shear panels. The final failure mode of the hybrid
system was caused by tearing of the corrugated steel shear panel and forming a collapse mechanism of the
surrounding reinforced concrete frame. In an analytical phase, a nonlinear frame analysis was conducted to
evaluate the effect of corrugated steel shear panel on the performance of the reinforced concrete frame. The
analysis simulated the behavior of the specimen with sufficient fixity of the shear panel but the specimens
with insufficient anchorage had some room for improvement.

1. INTRODUCTION

It is a common practice to use reinforced concrete shear
walls in high rise building structures to maintain high lateral
load carrying capacity and stiffness. However, RC shear
walls often increases the required lateral load carrying
capacity in design because of its brittle ultimate failure mode.
In order to improve the ductility of reinforced concrete shear
walls, some efforts have been made by using low yield
strength reinforcement or introducing slits but the ductility
has not enhanced very much.

Steel shear walls have been used for some decades to
increase ductility. In 1973, Takahashi et al. [1] studied the
characteristics of load-deflection relations of steel shear
walls obtained experimentally and reported the effects of
configuration, width-thickness ratio, stiffeners’ stiffness, etc.
on the load-deflection relations. Studies on steel shear walls
have been continued since then [2][3]. However, flat steel
shear panels need stiffeners to prevent plate buckling,
resulting in increase of self-weight and cost. In order to solve
these problems, corrugated steel shear panels have been used
in bridge structures since 1990s. They weigh less and

decease prestressing loss due to their negligible axial
stiffness compared to flat steel shear panels reinforced with
stiffeners. Corrugated steel shear panels also have larger
buckling strength than the flat panel due to its configuration.
In 2000, Mo and Pemng [1] reported the experimental work
on corrugated steel shear panels as a main lateral load
carrying component of building structures. They proved that
corrugated steel shear panels are effective to delay buckling
of shear panels. However, bolt anchorage fastening the shear
panel to the surrounding RC frame was not very effective
and a large slip took place at the interface. The resulting
hysteresis loops were pinched and dissipated small energy.
Their test results provided interesting information on the
potential use of corrugated steel shear panels but shear
panels have not been used in practice as a main lateral load
carrying component as far as authors knows.

This paper re-examines use of corrugated steel shear
panels as structural walls from the experimental work on RC
portal frames with corrugated steel shear panels. The
stud-type anchorage was employed to fully utilize the shear
capacity and stiffness. The corrugated shear panels dissipate
large energy after the peak load compared to RC shear walls.
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Employing them as a main lateral load carrying component
in building structures makes it possible to assign vertical
load to columns and shear load to corrugated steel shear
panels, resulting in a clear design philosophy. In addition, the
ductility after shear yielding or even after buckling is
excellent and the required lateral load carrying capacity may
be decreased by considering the equal energy dissipation
theory.

2. EXPERIMENTAL SETUP

Specimens were made of reinforced concrete portal
frame with different anchorage configurations of corrugated
steel shear panels [5]. Dimensions of four RC frames are
identical as shown in Figure 1 and test variables are shown
in Table 1. All shear panels had flange at all sides and two
vertical stiffeners as shown in Figure 2. Thickness of vertical
flange of Specimen C and four sides of Specimen D was 9
mm whereas other flange and stiffeners were 4.5mm.
Mechanical properties of materials are listed in Table 2.
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Figure 1. Dimensions and reinforcement arrangement of
specimens (Unit:mm)
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Table 1: Test variables

) ﬁ::rt;;iiz (;fh:l: Arrangement of studs
Specimen panel to the
. Horizontal joints Vertical joints
surrounding frame (No. of studs) (No. of studs;
A ¢9 double@100 (26) ¢9 double@100 (12)
B studs ¢9 staggered@100 (13) 9 staggered@100 (6)
[¢] $9 double@100 (30)* None
D grout mortar None None
*  @¢9 double@67.5 was used at the end region.
Table 2: Mechanical properties of materials
(a) Concrete
Compressive] Tensile Young's
strength strength modulus
Concrete 62.0 3.93 29.3
Mortar 63.4 - -
(b) Steel
Yield Tensile Young's
Type strength strength modulus
(MPa) (MPa) (GPa)
D6 1099 1207 196
D13 391 551 186
D16 391 569 180
Corrugated 5, 362 191
panel
Flange 282 438 200
plate
Stud 479 512 208

The number of studs of Specimen A was determined
based on the following equation[6][7].

(p/p.)" +(4/9,)" <10 )

where p is the design tension force, g is the design
shear force, p, is the tensile strength when the stud
experiences tension only, g, is the shear strength when the
stud experiences shear force only. The tensile strength, p_,
is the minimum value of 1) tensile strength due to a cone
failure of surrounding concrete, 2) tensile strength due to
tensile yielding of the stud, and 3) tensile strength due to
bearing failure of concrete. The shear strength, g, , is the
minimum value of 1) shear strength due to bearing failure of
concrete, and 2) shear strength due to shear yielding of the
stud. The design tensile force, p , and the design shear force,
g, was obtained from elastic FEM analysis as shown in
Figure 3. In an analytical model, two columns and a beam
consisted of cubic solid elements and corrugated shear panel
and other steel plates consisted of shell elements. When the
shear panel reached the yielding strength, the maximum
normal stress was 31.5 N/mm® and the average shear stress
was 160 N/mm?” at the upper edge of the shear panel, which
were substituted in p and ¢ . Using of double studs of
#9 at 100 mm spacing, the left side of Eq. (1) became 0.99
and the equation was just satisfied. This determined the
number of studs at the upper horizontal joint of Specimen A.
The other interfaces were similarly computed. The number
of studs was halved in Specimen B. The number of studs at

the horizontal joints in Specimen C was basically the same
with Specimen A but the number was increased so that the
spacing was 67.5 mm instead of 100 mm at the end portion
to prevent the local failure of studs as shown in Figure 2(c).
Specimen D had no stud anchorage but the peripheral
spacing was filled with high-strength grout mortal.

Figure 4 shows the loading system. Constant axial load
of 365 kN (Axial load level 0.15) was introduced to each
column. Equal magnitude of lateral load was applied to the
both ends of the beam by two 1000 kN hydraulic jacks. Two
cycles of lateral load was applied at 150 kN and +250 kN.
Then two cycles of preselected drift angle was enforced at
+0.1%, £0.2%, +0.4%, £0.6%, +0.8%, £1.0%, +2.0%,
+4.0%. After 4.0%, drift was monotonically increased to
+10 % which was limited by the loading system.

17 o
500, 400, -300, -200. -100. 0. 100, 200, 300, 400, 500, 600, 700.

Figure 3. FEM analytical model to find the stresses at the
interface between the shear panel and concrete.

Loading frame

1000kN

hydraulic 1000kN

South

eaction floor

Figure 4. Loading system

3. EXPERIMENTAL RESULTS

3.1 Lateral load— drift relations

Figure 5 shows the lateral load — drift relations up to
R=4.0%. Specimens A, B, and C showed similarly fat
hysteresis loops up to the peak load at which buckling took
place. Even after the buckling, the degradation of load
carrying capacity was not drastic as RC shear walls failing in
shear and reasonable amount of energy was dissipated. The
degradation of load carrying capacity was severe in the order
of Specimen C, B, A. Specimen D showed less peak load
and hysteresis loops were pinched, and necessitated large
drift angle to reach the peak load and the post-peak
degradation of load carrying capacity was smaller than other
three specimens. This is because Specimen D experienced
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openings at the interface between steel flange and joint
mortar near the corner at R=+0.2% leading to the slip-type
hysteresis loops afterward.
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Figure 5. Lateral load - drift angle relations and results of
pushover analysis

The vyielding lateral loads, lateral load carrying
capacities and the initial stiffnesses are summarized in Table
3. The maximum lateral load capacity, Q. caused by
buckling of the shear panel are larger n the order of
Specimen A, B, C, and D and reflects the number of studs.
However, the yielding lateral load, Q,, was similar for all
specimens although Q of Specimen B is slightly higher than
the others. Drift angles at yielding, R,, of Specimen A was
the smallest and that of Specimen D was largest. Drift angle
at yielding reflects the number of studs but it should be
noted that the initial stiffhess does not necessarily reflects the
number of studs. Drift angle at the maximum capacity were
similar for Specimen A, B, and C but that is much larger for
Specimen D because of the slip at the interface. Specimens
A, B, and C did not show any brittle failure until R=10%.
The shear panel of Specimen D showed the out-of-plane
deformation at R=5.0% and loading was terminated. It can
be seen that behavior of the hybrid system is greatly affected
by the amount of studs.

Table 3: Test results

Maximum lateral load capacity
Spesimen | Yislding lateral load Initiel
P ositive diraction Negative dirsction Stiffness
Ry Qv R Qmax R Tmar | 197 kN rad)
[¢H] (KN) (%) (N) (%) (N)
A 3222 546 3801 716 3759 720 555
B +3359 614 RNEN] 702 5803|575 710
S +3337 549 5803 637 3733 555 344
D +1338 544 197 556 134 555 456

3.2 Lateral load carried by shear panel

Lateral load carried by the shear panel is plotted in
Figure 6(a). Shear force of the shear panel increased rapidly for
Specimen A but with slower rate for the other specimens. As the
number of studs increased, the shear panel became stiffer and the
buckling initiated earlier. The ratio of lateral load carried by the
shear panel to the total load is plotted in

Figure 6 (b) up to R=1.0%. The shear force carried by
shear panel was computed from three Rosetta strain gages
on Line C in Figure 2 assuming the plane stress condition
and elastic-perfectly plastic yield condition with the von
Mises yield criteria. It is seen that the shear panel carried
60% to 70% of the lateral load from the very beginning of
the loading till buckling took place at R=1.0%. The
computed contribution was 64% at the ultimate condition by
considering the story shear force at the formation of collapse
mechanism of the surrounding RC frame and the shear force
of the shear panel at yielding.

3.3 Lateral load carried by shear panel
Equivalent viscous damping ratio (EVDR), H,, ,

Figure 7. EVDR of specimens with studs (Specimens
A, B and C) increased rapidly from R=0.4% at which the
shear panel yielded, and large amount of energy dissipated
even after the buckling. Specimen A had largest EVDR and
Specimen B had the second largest EVDR until yielding
Even after R=1.0%, a large amount of energy was dissipated
in Specimen A, B, and C. The shear panel of Specimen D

is shown in
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did not follow the deformation of the RC frame and the
yielding of the shear panel was delayed leading much
smaller energy dissipation and EVDR.
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4. ANALYTICAL MODELING

4.1 Numerical model with a frame analysis program

Behavior of the RC frame with the corrugated shear
panel was simulated using a frame analysis program. The
analytical model is shown in

Figure 8(a). Two columns and a beam were modeled as
a single beam-column element with nonlinear rotational
springs at both ends. Since the shear panel had shear
stiffness without neither axial nor flexural stiffness, it was
replaced with a nonlinear spring with an equivalent stiffness
in the horizontal direction to the shear stiffness of the shear

panel as shown in

Figure 8 (c). The nonlinear springs at the end of a beam
and columns followed the trilinear curve defined in the
design guidelines [8] and their moment-rotation relation is
shown in

Figure 8 (b).

4.2 Analytical results

Results of pushover analysis are shown in Figure 5. A single
analytical result assuming a perfect bond between the shear
panel and concrete frame was plotted in all four figures.
Analytical results well simulated the envelop curves for
Specimens A, B, and C up to the peak although the analytical
peak load became higher than the experimental load as the
number of studs decreased. Analytical results of Specimen D
overshot the experiment since the slip and opening behavior of
shear panel is neglected.

Figure 6 (a) compares analytical shear force — drift
relations of the shear panel in Specimen A to the
experimental results. It is seen that the stiffness of the
equivalent nonlinear spring is stiffer than the shear panel.
Especially Specimen D did not reach the yield capacity even
at R=1%.

Figure 9(a) shows the simulation of Specimen A up to R=2%. It
also shows that the hysteresis loops were well simulated until
R=1.0% at which buckling took place. After buckling,
experimental loops became pinched but the analysis does not
show this degradation.

Figure 9(b) separately shows the contribution of the
shear panel and surrounding RC frame in the analysis.
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Figure 8. Analytical model (Unit: mm)

5. CONCLUSIONS

A study was conducted on four RC frames reinforced
with corrugated steel shear panel by varying the number of
anchorage studs.
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The revised hybrid system with corrugated steel shear
panels excellently behaved to control the seismic
damage with large shear stiffness and shear capacity. In
addition, the system showed some increase in shear
force after yielding until buckling. The behavior after
buckling was ductile and degradation in lateral load
carrying capacity was about 20% even at R=5%. The
behavior was stable if the number of studs satisfied the
Japanese design guidelines (Specimen A). However,
even specimens with half number of studs (Specimens
B and C) showed the similar behavior although the
stiffness and lateral load carrying capacity was lower.
Lateral load carrying capacity at the peak was greater
and the post-peak degradation of lateral load carrying
capacity was greater for specimens with the larger
number of studs. Specimen D, which had no stud
anchorage, had smaller lateral load carrying capacity.
Corrugated shear panel dissipated large amount of
energy after yielding and the dissipation continued
even after buckling of shear panel. Specimen D had
inferior behavior on energy dissipation because of slip
and opening at the interface.

Analytical model well simulated the behavior of
Specimen A but did not simulate the behavior of
Specimens B, C, and D since the model assumed the
complete anchorage.
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Abstract: During the past earthquakes, it was observed that the buildings with a soft story were severely damaged by
developing concentrated deformation in the soft story. In this paper, two techniques including application of thick hybrid
wall (strength-ductility type method) and utilization of PC bars (ductility type method) have been proposed to retrofit RC
columns. In the first method, application of thick hybrid wall, steel plates jacket the column and form a formwork to cast
the additional concrete. In addition, PC bars are inserted through the holes punched on the steel plates into the body of the
additional concrete to provide the shear sliding resisting force between the additional concrete and the steel plates. In the
second method, utilization of PC bars, steel blocks are installed at the four corners of the column and connected by means
of PC bars. The PC bars can also be subjected to tensile stress to enhance the confinement effect and, therefore, increase
the shear strength. To assess the seismic performance of a soft-first-story building during earthquakes, nonlinear dynamic
analyses were implemented for an existing soft-first-story building. The obtained results proved the applicability and
efficiency of the proposed techniques on improvement in the seismic performance of soft-first-story buildings.

1. INTRODUCTION

A great number of RC structures were severely
damaged during the past earthquakes such as Kobe 1995 in
Japan. One of the common features of the failures is the soft
story mechanism that develops due to low strength and
stiffness of a story in comparison with its adjacent stories in
any level of the building. In this category of failure
mechanism, soft-first-story (i.e., pilotis story) mechanism is
the most common (see Figure 1). This type of construction
often results from a functional desire to open the lowest level
to the maximum extent possible for retail shopping or
parking requirements in urban areas. The provided opening
space in the first story gives rise to a discontinuity in the
lateral-force-resisting system.

Based on the simple concept of the capacity design
philosophy proposed by Paulay (1979), base shear capacity
of a soft-first-story building is governed by the lateral
strength of its first story. Besides, according to equal-energy
principle discussed by Newmark et al. (1971), a building

(@)

Figure 1

()
Damage of soft-first-story RC buildings. (a), (b) Hyogoken-nanbu Earthquake (M=7.2), Kobe, Japan, 1995,

with low strength requires high displacement ductility to
dissipate the energy demand during earthquakes. Since, in
soft-first-story buildings, the lateral strength of the first story
is relatively low, a high ductility capacity is required. By
contrast, the increase in the lateral displacement of the first
story enhances the additional overturning moment due to the
P-A effect, and, consequently, the probability of the collapse
mechanism. However, to prevent the possible large
displacement in the first story, it is essential to increase the
lateral strength of this story to an adequate value.

In this paper, two retrofit techniques including
application of thick hybrid wall (strength-ductility type
method) and utilization of PC bars (ductility type method)
are presented. Moreover, to assess the seismic performance
of soft-first-story buildings during earthquakes, nonlinear
dynamic analyses have been implemented for an existing
soft-first-story building. The obtained results proved the
applicability and efficiency of the proposed retrofit
techniques on improvement in the seismic performance of
soft-first-story buildings.

W

©

and (c) Geiyo Earthquake (M = 6.7), Hiroshima, Japan, 2001
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2. PROPOSITION AND INVESTIGATION OF
THICK HYBRID WALL

Strengthening soft-story buildings by thin panel-walls is
a conventional retrofit method in Japan. In this technique, a
thin panel-wall is cast inside the frame and connected to
surrounding beams and columns by means of stud dowels
(see Figure 2). The disadvantage of the conventional method
is that the boundary columns and thin panel-wall behave as a
shear critical member with a low ductility capacity. On the
other hand, although the thin panel-wall increases the
strength of the soft frame, the global performance of the
boundary columns and panel-wall shows a brittle behavior.
Considering this fact, it is necessary to propose a retrofit
technique that provides superior performance, considerable
ease in construction, and efficiency in economy. The early
research by Yamakawa et al. (2006) demonstrated that the
seismic performance of shear critical one-sided wing-wall
RC columns could be improved by converting the thin
wing-wall into thick hybrid wall with the additional concrete
sandwiched by steel plates and PC bar prestressing. The
proposed method has two major advantages in comparison
with conventional method: (a) the geometric dimensions of
the additional wing-wall can be readily designed to provide
the demand of lateral strength, and, (b) the retrofitted column

O

Non-retrofitted frame

Conventional method

has a ductile behavior. Applicability of the thick hybrid wall
at different locations of the first story is shown in Figure 3.

2.1 One-bay One-story Test Specimens

Following the conducted research on retrofitting shear
critical one-sided wing-wall RC column, the applied
technique has been used in the case of one-bay one-story test
specimens (Yamakawa et al. 2006, Rahman et al. 2007). In
this paper, for the sake of limited space, some of the test
specimens are represented. The test specimens including one
shear critical non-retrofitted standard bare frame and two
retrofitted specimens (one opening-type wing-walls and one
non-opening-type panel-wall) were tested under combination
of simultaneous reversed cyclic horizontal force and constant
vertical load. The scale factor of the test specimens was about
1/4-1/3, to model a low-rise school building designed
according to the pre-1971 Japanese design code. The shear
span to depth ratio of columns (M/(VD)) were 2.5. The details
and experimental results of one-bay one-story test specimens
are provided in Table 1.

The test specimen RO5P-PO is a non-retrofitted standard
one. In this specimen, the longitudinal rebars of the columns
started yielding at about R=0.67%. By progressing the loading
test, the shear cracks were generated, and, finally, the right
side column collapsed due to the shear failure at about

Proposed method (opening type)
Figure 2 Features of conventional and proposed retrofit methods

Elevation C

Elevation 5

Figure 3  Applicability of thick hybrid wall at different locations of the first story
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Table 1 Details and experimental results of one-bay one-story test specimens

Specimen Cross section Observed mechanism and crack pattern V-R relationship
""""""""""""""" JF i N = 0.2(c5bD) N V(kN) 800FT
0 1
= < TF 1 \Y4 ~ N 400+
3 7 : = i I
[aW) Nl \
& BN g =
=4 D=175 - T
plastic hinge zone 1-400
125 Column o 1
Beam §5, shear fallure B ~L.gog R(%)
op=28.3 =
channel-shaped Additional iN =0.2(csbD) N
steel plate reinforcement v
1=2.3 D6-@100mm) | o Y
%ﬁ (1 ) ( ) —> I: &7 7
o]
& Il
o
plastic hinge zone
. Anchorage length of stud dowel N =0.2(csbD)
to stub: 130 and to wall: 170 v
m —r
Stud dowel at bottom | <~ -
§ (6-D16)
Al Additional
&
~
/3 Sl ) R
cantilever mode (flexural behavior) | ————— 800 ( 0')
; 1 5-4-3-2-1012345
op=32.3 < 623 | push (+) —p» <« --- pull(-)
) Ratio of axial load, N/(bDog) = 0.2 (per column); add. concrete strength, 6p(qq) = 32.3;
Identical details | Reinf. in column: longitudinal reinf.: 8-D10 (p, = 1.85 %), hoop: 3.7¢-@105 (p,, = 0.12 %);

Reinf. in beam: longitudinal reinf.: 4-D13 (p, = 1.63 %), stirrup: D6-@120 (p,, = 0.43 %);

unit: N, mm

Notes: Dotted line in V-R diagrams is experimental lateral force capacity of non-retrofitted bare frame. The observed mechanisms result
from push loading only. The crack patterns show the cracks at the final step of loading as a result of both push and pull directions.

R=2.5%.

The test specimen ROSP-OR was retrofitted with
cast-in-site wing-wall with opening inside the frame. In this
retrofit technique, the main square columns were jacketed
with a channel-shaped steel plate (thickness=2.3mm) and the
other steel plates were connected to that channel using PC
bars (diameter=13mm) to form a formwork for the wing-wall
or panel-wall with a width equal to that of the column. After
hardening of the post-cast concrete and before the cyclic
loading test, initial tension forces were applied to the PC bars
that were previously inserted across the wall. To prevent the
spalling of concrete on the exposed face of the wing-wall of
this specimen, additional reinforcements were provided inside
the wing-wall. In this specimen the plastic hinges formed in
the beam and at the bottom of the wing-wall columns. The
experimental lateral force capacity was almost maintained
until about R=3%, after which it decreased gradually due to
tensile breakage of the longitudinal reinforcement in the outer
row at the bottom of the column. Here, the experimental
lateral force capacity increased to about 2.5 times of the
non-retrofitted bare frame.

RO5P-WDB was retrofitted with cast-in-site panel-wall
without opening inside the frame. In this specimen, dowels
were provided at the bottom of the panel-wall, and the top

beam panel-wall connection was strengthened by casting
additional concrete sandwiched by steel plates with PC bar
prestressing up to the beam. During this retrofitting, holes
were made in the beam to insert the PC bars, which were used
to fix the steel plate to the beam. The experimental results
show that the lateral resisting force reached to a maximum
value of about 7 times of non-retrofitted bare frame, and then
gradually decreased due to the crushing of concrete at the
bottom of columns and panel-wall as a result of expanding the
steel plates in those regions. Since the high tensile forces were
generated in the boundary columns, in practical design, it is
strongly recommended to take into account the uplift of
foundation.

2.2 One-bay Two-story Test Specimens

In soft-first-story RC buildings, the second story usually
contains spandrel walls or shear walls which increase the
strength and stiffness of the top beams of the first story. To
verify the influence of stiff-second story on the mechanism of
soft-first story, a series of tests including one-bay two-story
specimens were conducted. The details and experimental
results of one-bay two-story test specimens are provided in
Table 2.

The specimen RO7P-PO0 is a non-retrofitted standard test
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Table 2 Details and experimental results of one-bay two-story test specimens

Specimen Cross section Observed mechanism and crack pattern V-R relationship
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Reinf. in shear wall: 3.7¢-@60 (p,, = 0.30 %) in both vertical and horizontal directions. unit: N, mm

Notes: In V-R diagrams, R denotes drift angle response of first story and dotted line is experimental lateral force capacity of non-retrofitted
bare frame. The observed mechanisms result from push loading only. The crack patterns show the cracks at the final step of loading as a

result of both push and pull directions.

specimen with shear critical columns. In this specimen, the
longitudinal rebars of the columns started yielding at about
R=0.75%. By progressing the loading test , the shear cracks
were appeared at both ends of first story columns, and, finally,
the right side column collapsed due to the shear failure at
about R=2.0%. No obvious crack was observed in the second
story during the test.

In specimen RO6P-WW, the retrofit procedure was
similar to one-bay one-story specimen ROSP-OR except the
deck steel plates that was used instead of plain steel plates.
The lateral strength of this specimen reached to a value
about 2.8 times of the non-retrofitted specimen. It is
noticeable that the experimental lateral force was almost
maintained until R=5%. The damage in the second story was
not significant.

Specimen RO6P-PS was retrofitted with cast-in-site
panel-wall without opening inside the frame. In this specimen,
the process of retrofitting was the same as one-bay one-story
specimen ROSP-WDB. The experimental lateral force
increased to a value about 4.5 times of the non-retrofitted
specimen, and, after R=2.0 %, suddenly decreased as a result
of rupturing of longitudinal rebars of the column.

3. EXPERIMENTAL INVESTIGATION ON FULL-
SCALE COLUMNS RETROFITTED BY PC BARS

Application of PC bars (high strength steel bars) to
retrofit shear critical RC columns was first proposed by
Yamakawa et al. (1999). The main purpose of this method is
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to convert the brittle shear failure mode of the shear critical
RC column to ductile flexural one. In retrofit procedure (see
Figure 4), steel blocks are installed at the four comers of the
column and connected by means of PC bars. The PC bars can
be subjected to tensile stress to enhance the confinement effect
and, therefore, increase the shear strength. Three specimens
were tested under axial force ratio of (N/bDog)=0.3 and
horizontal cyclic loading. During the loading tests, the top stub
was always kept parallel to bottom one (Ken-Ken type
loading). The details and properties of full-scale columns are

Comer block shown in Table 3.
(@ (b) As shown in Table 4, RO6-BM is non-retrofitted
Figure 4 (a) specimen RO6-PC2 at final drift angle, benchmark specimen that failed in shear at R=-1%. Specimen
and (b) details of PC bar RO6-PC2 was retrofitted with PC bars which were subjected

to tensile strain of about 2450 p. The experimental result
shows that the lateral capacity of column reached to its
Table 3 Details and properties of full-scale columns flexural strength, and its ductility improved significantly.

Specimen | R06-BM R06.PC2 RO6PC3 Specimen RO6-PC§ was retroﬁFted w1.th PC bgrs, but' the PC

bars were not subjected to tensile strain. In this specimen, at

op (MPa) 235 235 235 first, shear failure happened due to yielding of the transverse

920-@100 | 9.2¢-@100 reinforcements at R=1%, 'flnd, then, the PC bars acu.ad as an

PCbar - (op=022%)| (pp=022%) external hoops, and maintained the lateral strength until R=4%.

The comparison between the experimental results of RO6-PC2

Pretension ) 2450 p Op and R06-PC3 points out the effectiveness of prestressing of
strain level (490 MPa) (0 MPa) the PC bars.

. M/(VD) = 1.5, axial force ratio = 0.3,
Identical 11 oo reinf: 12-D25 (p, = 1.69 %),

details Trans. reinf: D10-@250 (p,, = 0.09 %) 4. NONLINEAR DYNAMIC ANALYSIS OF AN
EXISTING SOFT-FIRST-STORY BUILDING

Table 4 Observed results of full-scale columns To verify dynamic response of soft-first-story buildings,
Specimen ] Crack pattern VR relationship an existing soft-first-story building in the Ryukyu Islands,
1
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Figure 5 Details of retrofitted pilotis RC building
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Okinawa, Japan has been modeled. The main purpose of this
assessment is to exhibit the applicability of the proposed
retrofit methods in the case of an actual building. The
soft-first-story building was modeled in computer program
RUAUMOKO for nonlinear dynamic analysis. The dynamic
analyses were implemented before and after retrofitting of
the vulnerable building due to three earthquakes namely, El
Centro NS (1940), Taft EW (1952) and Hachinohe EW
(1968). The input motions consist of two series of input
waves, in which the first series was scaled according to the
peak ground velocity (PGV) of 35cm/s, related to the local
seismic hazard coefficient, and the second one was scaled
according to the peak ground velocity of 70 cm/s, to assess
the seismic performance of the building due to relatively
strong ground motion. Since the shear strength of
non-retrofitted columns was slightly more than their flexural
strength, it was conservatively assumed that the columns
failed in shear. The retrofit strategy of the vulnerable
soft-first-story building was decided in such way that the
columns of the frames 2, 3 and 4 were retrofitted by thick
hybrid wall to increase the lateral strength and ductility, and
the columns of the frames 1 and 5 were retrofitted by PC bar
prestressing to prevent likely shear failure (see Figure 5). As
suggested by Javadi et al. (2007), the columns retrofitted by
thick hybrid wall are modeled by SINA hysteretic rule and
the columns retrofitted by PC bars are modeled by Takeda
hysteretic rule. As illustrated in Figure 6, after retrofitting,
the drift angle of the first story shows a stable response. In
Figure 7, the obtained results demonstrate that although the
lateral deformation of the building is concentrated in the first
story, the drift angle response of the first story falls within
the rational range due to three basis earthquakes.

5. CONCLUSIONS

A retrofit technique using non-reinforced thick hybrid

wing-walls or panel-walls increases the lateral strength,
stiffness, and ductility of soft-story RC buildings. The length
of additional wing-wall can be readily designed to obtain the
demand strength, but, in the case of non-opening panel-wall,
the uplift of the foundation must be taken into account. The
proposed retrofit technique provides superior performance,
considerable ease in construction, and efficiency in economy
in comparison with conventional method.

The utilization of PC bar prestressing converts the
brittle shear failure mode of shear critical RC column to
ductile flexural one. Prestressing of PC bars plays an
important role in increasing the shear strength of the column.

In the case of real soft-first-story building, it was found
that the combination of ductility type retrofit (utilizing PC
bars only) and strength-ductility type retrofit (using opening
type thick hybrid wall) obtained a good seismic
performance.
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Abstract: The dynamic problem of structural building or mechanical systems subjected to certain external
excitation such as earthquake is sometimes established by a mathematical system consisting of dynamic equations

and prescribed constraint conditions. The constrained behavior depends on the exact calculation of constraint

forces required for satisfying the constraints and the dynamic responses are controlled by the control forces. This

study considers the dynamic control that dynamic systems subjected to external excitation are controlled beyond

the limit of linearly elastic behavior of dynamic systems.

1. INTRODUCTION

Extemal excitations like earthquake must be a main
cause to give the loss of property and life. It is desirable to
accommodate the structural design method for alleviating
the structural damage on seismic or wind load. And it is
sometimes necessary to conftrol dynamic responses by
installing active or passive control devices in structures.
The control devices influence on the dynamic characteristics
of structures and provide the control forces calculated by
proper control algorithms. Many control systems have
been utilized in the structures to control the dynamic
responses.

The control forces executed by active control systems
are calculated from the quadratic form of state space and
control force. If the dynamic responses are restricted by
some given trajectories, the state space term is deleted in the
quadratic form and the responses are obtained by
minimizing the quadratic function of control force only with
respect to the control force. The control force that the
dynamic responses are controlled by given trajectories is
interpreted as the constraint force to provide the structure for
satisfying the given paths. The constraint forces act on the

structure by control systems like passive devices or actuators.

However, it is not easy to determine the constraint forces.
There have been many attempts to explicitly describe the
constrained responses of structures after Lagrange in 1797.
Gibbs (1879) and Appell (1911) provided an analytical
method through a felicitous choice of quasi-coordinates.
This approach is usually amenable to problem-specific
situations and is likewise difficult to use, when dealing with
systems having several tens of freedom. Kane (1983)
introduced a method for constrained systems based on the
development of Lagrange equations from D’Alembert’s

Principle.

Based on Gauss's principle (Gauss, 1829) and
fundamental linear algebra (Graybill, 1983), Udwadia and
Kalaba (1992) derived the generalized inverse method,
which does not require the numerical determination of
undetermined multipliers like Lagrange
multipliers. Udwadia, Kalaba and Eun (1997) presented an
extended D’ Alembert’s principle and proved the generalized
mnverse method. In spite of such effort, it is necessary that
the validity and uniqueness of the method will be
investigated.

There have been few papers to consider the dynamic
control of structures with constraints. Gurgoze and Muller
(1992) presented a method to determine the optimal
positioning of the dampers, actuators and sensors for a linear
conservative mechanical system on the basis of an energy
criterion.  Boutin, Misra and Modi (1999) presented a
method to obtain the equations goveming the constrained
dynamics of the entire systems from equations of motion for
individual sub-structures by eliminating the non-working
constraint forces.

Starting from a function of the variation in kinetic energy
at unconstrained and constrained states, and minimizing it
with respect to the velocity variation, this study derives the
equation of constrained motion. The constraints must
satisfy within and beyond the linearly elastic range. The
constrained control beyond the linearly elastic range requires
the displacement control as well as the force control to
satisfy the elastic and inelastic load-displacement relation.
In order to verify the applicability of the generalized inverse
method for inelastic nonlinear systems, this study considers
the constrained dynamic behavior of inelastic systems based
on the generalized inverse method and illustrated its
applicability.
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2. DYNAMIC CONTROL

The control system based on a quadratic performance
index may be defined by

q=Dq+Ef )

where q: nx1 state vector
f: rx1 control vector, r <n
D: nxn constant matrix
E: nxr constant matrix
The performance index is given by

J=12lq"Qq+ £ Re)ir @)

where Q is a positive-definite Hermitian or real symmetric
matrix, R is a positive-definite Hermitian or real
symmetric matrix, and f is unconstrained.

Based on the second method of Liapunov, the optimal
control system is derived by minimizing the performance
index, and the control forces are determined. The control
algorithm yields the minimum values of the state vector and
the control forces at the unconstrained state.

If the dynamic responses of the system are restricted by
constraints, the optimal control algorithm given by equation
(2) should be modified because the constrained paths
themselves follow the dynamic responses to minimize the
performance index. Replacing the control vector f by
the constraint force vector F°, the performance index can
be written as

J = lFRE €)

Minimizing the performance index given by equation
(3), the constraint force vector may be derived. This
formulation is exactly the same as Gauss’s principle. The
Gauss’s prnciple 1s as follows.  Assuming that the
configuration, q(¢) = [q q, qn]T , and the velocity,
q@) = [ql g, - q',,]]T , of a constrained system at time ¢
are prescribed, the acceleration of the unconstrained systems,
a(q,q, t) ,isknown. Then the Gauss’s principle informs us
that the accelerations, §(¢), are such that the Gaussian
function, G, defined as

G =[i-af M[j-a] @

is minimized over all ¢ which satisfy the constraints.
The equation of motion at time ¢ of the constrained
system can be expressed as

Mq = F(q’qat) + Fc (q1qat) (5)

where M is an nxn mass matrix.  Substituting
equation (5) into equation (4), the Gaussian function is
modified as

G=F" MF* ©)

It can be observed that the Gaussian function G is
utilized as the same meaning as the performance index of
equation (3). However, comparing two equations (3) and
(6), it 1s indicated that the weighting matrix R in equation (3)
must be the matrix M ™' based on the Gauss’s principle.
Thus, determining the constraint forces based on the
minimization of the performance index of equation (3) or the
Gaussian function (6), the constrained dynamic responses
and control forces can be explicitly calculated.

3. EQUATIONS OF MOTION FOR CONSTRAINED
SYSTEMS

The description of constrained responses depends on
the determination of the constraint forces. Minimizing a
function of the variation in kinetic energy at unconstrained
and constrained states with respect to the velocity variation,
the constraint forces and equation of motion for constrained
structures are derived.

The kinetic energy of unconstrained structure j’g be

described by a velocity vector W= %, --- i,| can
be written as

~ lor o

T=_u'Mu )

where T denotes the kinetic energy of unconstrained
structure and M is the nxn positive definite mass
matrix.

Assume that the - structure is subjected to m
displacement constraints

fiw=r@), i=lL 2, -, m, m<n (8
where u =[u1 Uy un]T denotes  the actual
displacements deviated from unconstrained

state. Differentiating once the constraints with respect to
time ¢, the constraints can be written in matrix form of

Au(t) =b, (1) ®
where A is a real matrix of mxn and b,(¢)is an

mx1 vector. The actual kinetic energy of the structure
due to the existence of the constraints is also expressed by

T= %dTMﬁ (10)

Utilizing the velocity variation, &u , due to the
constraints, the following relation between u and u is
established that

u=1+ou 11)
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Also, let us = R(Sﬁ) , where R 1s a positive
definite matrix. Substituting equation (11) into equations
(7) and (10), and finding the difference of the results, the
varation in the kinetic energy can be expressed as

ST=T-T= %[61'1 +R(3a)[" M[su + R(6u)]- %ﬁTMﬁ
= %[M”’fm + M"ZR(ﬁﬁ)]r [Mmﬁui + MmR(ﬁﬁ)]

—%[MI’ZR(M)]T [M"’R(ﬁﬁ)] 12)

Extremizing equation (12) with respect to the variation u,
the result yields

ﬂ, =M"8u=0 (13)
A
Utilization of equation (11) into equation (9) yields

Al +6u)=b, () (14)

In order to use equation (14) into equation (13),
equation (14) 1s modified as

AM ™M™ § + )= b, (1) (15)

Utilizing the fundamental properties' of generalized
inverse matrix, the general solution of equation (15) can be
derived as

M™i+8i)=Qb, +I-Q'Qy (16

where Q=AM "2, the vector y is an arbitrary vector
and ‘+’ denotes the generalized inverse matrix.

Utilizing equation (13) into equation (16) and the
fundamental relation of QQ*Q = Q, and solving the result
with respect to the vector y, we obtain the equation

v=[-e"ofm"i-qb, )+ [i-QQk a7
where Z is another arbitrary vector.

Substituting equation (17) into equation (16) and
arranging the result, it follows that

M50 = (AM72) (b, — A) (18)

Finally, substituting equation (18) into equation (11) and

! The generalized solution of Ax =b, where A is
mxn matrix, X and b are nx1 and mx1 vectors,
respectively, can be written as

x= A+b+1I—A+A]d,
where I is nxn identity matrixand d is nx1
arbitrary vector.

differentiating the result once with respect to time, the
equation of motion for constrained structure is written as

=+ M2 (aM 2 ) (b - Ai) (19)

where U denotes the acceleration at the unconstrained
stateand b =b,. From equation (19), it is understood that
the variation of acceleration due to the constraints and the
constraint forces are expressed, respectively, by

oii = M2 (AM ) b - Ai) (20a)

F =M™ (aM2) (b - Ai) (20b)

It is shown that the derived equations coincide with the
generalized inverse method proposed by Udwadia and
Kalaba (1992). The dynamic responses of constrained
structures are explicitly described by equation (19) and the
constraint forces are calculated by equation (20b). Thus, it
is expected that the proper selection of constraints will
obtain desirable responses of structures.

4. APPLICATION

The dynamic system subjected to large external loads
would exhibit the responses forloading, unloading and
reloading beyond the linearly elastic range as shown in
Figure 1. The constrained responses for the perfectly
plastic behavior must satisfy the constraints themselves as
well as the load-deformation relation. Assuming the
elastoplastic deformation of Figure 2, the constrained
responses require the determination of the stiffness for
elastic or inelastic systems. The second-order differential
equations for constrained inelastic systems are numerically
solved by numerical methods like central difference method,
Runge-Kutta method, and Newmark’s method, etc., with the
determination of the elastic or inelastic stiffness. Although
the stiffness matrix in the constrained dynamic equation is
not utilized as the weighting matrix in equation (19), the
stiffness matrix should be explicitly determined because it is

¥

Figure 1 Responses for loading, unloading and reloading
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Figure 2 Load-deformation relation:
(a) elastic-perfectly plastic relation, (b) K: >0, (c)
K, <0

deeply related to the displacement constraint. The central
difference method and the Newmark’s method of the
second-order differential equations for constrained nonlinear
system can not be applied because the stiffness matrix is
rank deficiency. Thus, the stiffness beyond the linearly
elastic limit 1s established.

Consider a dynamic system described by a
displacement vector y = [y1 ¥, y3] as shown in
Figure 3. The unconstrained equation of motion for the
inelastic system can be written by

My +Cy +F(y.y) = P(0) @1

IS A

Figure 3 A three degrees of freedom system

where M and C denote the mass and damping matrices,
respectively, F(y,y) is the restoring forces corresponding
to the force-deformation relation, and P(f) represents an
external force vector. For deformation y;(i=12,3) at
time ¢, the restoring force depends on the prior history of
motion of the system and whether the deformation is
currently increasing ( y; > 0 ) or decreasing ( y; < 0).
Assume that the responses are restricted by a constraint

V1 =2y, +y; =3e ¥ sinwt (22)

The constraint must satisfy the dynamic responses within
and beyond the elastic limit. Differentiating Eqn. (36)
twice with respect to time, it can be derived in the form of
Eqn. (24) expressed as

Y1
-2 1]5, =602 cosat 23)
V3
For the numerical application, the following

nondimensional values were utilized.

ky =1500 , ky =1200, ky =1000,

Uy =Uyy =Uy3 =2.0

my=my =30, my=40, ¢, =c, =c3=3.0
@4
Let us assume that the system is excited by the

following external forces and the initial conditions to satisfy
the constraint were selected.

300 cos 3t + 500sin 6¢
P(,) =[250sm 8¢ — 400cos 7¢
450s1in 5¢
nO®=2, »0)=1L »0)=»0)=y,0)=0,
¥,(0) =-1.50 25)

Utilizing equations. (21) and (23) into equation (19),
we can obtain the dynamic equations for the given system
and the dynamic responses can be calculated by any
numerical integration scheme.

Figure 4 compares the constrained responses in the
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Figure 4 Displacement responses: (@) 3;, () y,,(©) y;,
The solid and dashed lines denote elastic and inelastic

responses, respectively.
elastic and inelastic states. Taking the displacements at
yielding as u,; =u,, =u 3 =20, it can be observed that
the system 1s behaved beyond linearly elastic limit. The
dynamic responses beyond linearly elastic limit exhibited
higher than the responses in elastic limit due to the reduced
effective stiffness k, .

Figure 5 shows the constraint forces or control forces to
act on the system for satisfying the constraint. It is
illustrated that the control forces for the perfectly plastic
range are explicitly and easily calculated. Comparing the
constraint forces to act on the elastic and inelastic systems,
their force difference was small because the stiffness as a
function of weighting matrix represents a little difference.

Figure 5 Constraint forces: (a) ;. (b) ¥,, (©) y3
The solid and dashed lines denote elastic and inelastic
responses, respectively

However, if the inelastic effects are neglected, the constraint
control must be improperly taken and the dynamic system
should be damaged by the improper forces. The validity of
the proposed method is evaluated by the satisfying degree of
the constraint.

The numerical results must follow the constrained
trajectory and the validity of the solution depends on the
satisfaction of the constraint. Figure 6 exhibit the error in
the satisfaction of the constraint defined as

errorl =y, =2y, + y3 =3¢~ sin ot
error =y, =2y, + y3 +3ce” ¥ sin ot —3we” ™ cos ot
26)
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Figure 6, Errors in the satisfaction of constraints: (a) errorl,
(b) error2, The solid and dashed lines denote elastic and
inelastic responses, respectively.

The plots represent that the dynamic responses satisfy
the constraint even beyond the linearly elastic range. From
the derivation and applications, it is observed that the
dynamic control of inelastic systems require the satisfaction
of constraints and load-deformation relation. The errors in
the satisfaction of the constraint are caused by the neglect of
the constraint itself and its first derivative with respect to
time in the second-order differential equation (Eun et al,
2004).

5. Conclusions

Based on the generalized inverse method to describe
the constrained responses, this study considered the
constrained dynamic behavior beyond the linearly elastic
range due to large deformation. The effective stiffness
beyond the linearly elastic range should be obtained such
that the constraints as well as the load-deformation by the
displacement and force control are satisfied. In other
words, the effective stiffness needs to define the weighting
matrix for the constrained equilibrium equation and to
satisfy the constraints for the constrained dynamic systems.
Starting from the constrained equilibrium equation and
based on the generalized inverse method with the effective
stiffness, it was illustrated that the static and dynamic
behavior for the nonlinear systems is explicitly described by
applications.
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Abstract: Barriers to the development of suitably-comprehensive and quantitatively-reliable computational tools
include a lack of dense experimental test data, tools for the visualization, analysis, and comparison of data from tests with
computational predictions, and formal methods for the calibration and validation of numerical models. Recent
advancements in instrumentation technology now make it possible to collect an unprecedented level of detailed
information about the response of test structures. New tools and procedures for the visualization, analysis, and use of this
test data for the development of improved computational models are demonstrating great potential. As a research
community, we are entering a new era where the value of our experiments will be judged by the level and organization of
the collected test data, was well as the value of this data for the advancement of numerical models that support design and
analysis practice. Advancements and challenges in instrumentation, data-visualization, and model validation are explored

in this paper.

1. INTRODUCTION

Recent advances in measurement techniques make it
possible to accurately measure the detailed response of test
structures. These measurement systems can provide the
point-wise displacements and strains at thousands of
locations as well as full-field surface damage and
deformation assessments. This is a particularly important
advancement for understanding the behavior of concrete
structures in which there is a highly complex and non-linear
distribution of deformations that is controlled by concrete
cracking, spalling, and local crushing, reinforcement
yielding, buckling, and slip, and many other complex and
poorly understood and modeled phenomena. This level of
detail in experimental measurements is now beginning to
approach the level of detail that finite element methods
predict about structural behavior.

Such volumes of data and the multiplicity of
measurement sources overwhelm traditional methods of data
analysis; spreadsheets and other somewhat more advanced
vector-based analysis tools. A major obstacle for complete
data analysis has been the difficulty and tremendous effort
required to examine all experimental data, to correlate data
from large number of channels and different sources, and to
understand the relevance of measurements in the context of
where they are in the structure and its loading history. A
significant need thereby exists for data analysis
environments in which researchers can visualize, synthesize,
and explore the measured data from multiple arrays of data
and images sources within the coordinate space of the
physical test structure. These types of visualization and

analysis tools enable a greatly improved exploration and
understanding of the measured behavior of the test structure
and the discovery of new phenomena. This allows for the
development, calibration and validation of more
comprehensive and quantifiably-accurate non-linear finite
element analysis tools (Gallagher, 1995).

Structural Engineers are justifiably cautious or reluctant
to use present-day non-linear computation tools in design
and analysis practice due to the uncertainties in the accuracy
(reliability) of these tools for predicting all aspects of
behavior including force and deformation capacity, modes of
failure, and performance under all load levels. If the
profession of structural engineering is to advance beyond its
primary reliance on linear elastic analysis tools and the
relationships and guidance in codes-of-practice, then a path
forward is needed to support the development and use of
suitably reliable non-linear computational models. This path
forward must include archives of dense experimental test
data, methods for model calibration and validation, and
support for the use of non-linear analysis methods in
professional practice.

This paper will present a summary of recent
advancements in instrumentation, data-visualization,
data-analysis, and the validation of computation tools. Two
case studies are used in this discussion to demonstrate the
potential of these advancements. This paper will conclude by
presenting opportunities for the validation and use of
non-linear computational tools in codes-of-practice.
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2. INSTRUMENTATION METHODS

Over the last two decades there have been significant
advancements in instrumentation technologies that now
enable the collection of an unprecedented level and accuracy
of experimental test data. Three of the key advancements
have been in the collection of comprehensive displacements
and strains as well as image analysis methods as
summarized below.

21 Dynamic Coordinate Measurement Machines
(CMMs)

Researchers have principally relied upon the use of
displacement transducers for tracking the overall movements
and relative displacements within test structures. Due to the
cost, effort-requirement, and size of displacement
transducers, it has not been possible to collect dense
information about the response of structures. A more
complete record of structural deformation can now be made
through the use of Dynamic CMMs that can track the
movement of hundreds and thousands of points in three
dimensional space to accuracies down to a hundred of a
millimeter and at up to thousands of readings per second.
The underlying technology for these devices involve the
tracking the movements of Light-Emitting Diodes (LEDs)
along linear Charged Coupling Devices (CCDs), the analysis
of dense high-definition digital images for identifying the
position of reflective or high-contrast targets, and the use of
laser-based technologies. These instruments all provide a
complete X, y, z displacement time histories for all selected
target points. These instruments are now in use in many
structural engineering research laboratories.

2.2 Full-Field Displacement and Strain Measurements

Two methods for collecting comprehensive information
on the surface straining of a structure are Digital Photoelastic
Methods and Digital Image Correlation (DIC). In the former,
a transparent coating is allied to the surface of the structure
that is then subjected to a polarized light source. The
birefringence properties of this coating are used in the
reflected light so to measure the biaxial state of surface
strains to an accuracy of about .5% of the selected range of
measurements. In DIC, a random speckle pattern is sprayed
onto the surface of the structure under study and then
high-definition cameras are used to monitor the moving or
deforming pattern of this speckle pattern. From this, both
full-field strains and deformations can be obtained with
accuracies down to around 100 microstrain and at
measurement rates of up to 50 Hz.

2.3 Customized Image Analysis Technologies

Digital image analysis tools enable users to use
photographic images to detect and characterize regions of
damage including the location, width and slip along cracks,
as well as regions of spalling and any other visual features of

a structures response.
24 Example Implementations

The authors have used many of these technologies in their
research for more fully understanding the behavior of tested
concrete structures. For example, the Metris/Krypton
Coordinate Measurement Machine was used to track the
surface deformations the web faces of large prestressed
concrete girders as shown in Figure 1. As another, the
principles of close-range digital photogrammetry (Mikhail,
2001) were applied to the images from high-resolution
cameras to evaluate the position and development of
cracking throughout the loading history on these same
prestressed girders as shown in Figure 2 (Russ, 1992).

Figure 1  Light-Emitting Diode Targets Spacing on
125-mm Grid on Test Girder

(1) Image Acquisition

(2) Crack Detection

(4) Coordinate Transformation

(3) Camera Calibration

Figure 2 Evaluation of Accurate Crack Maps Using Image
Processing and Photogrammetry Techniques
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3. DATAVISUALIZATION AND ANALYSIS

While powerful tools have been developed for the
visualization and analysis of numerical simulation data,
researchers have principally relied upon the use of simple
plotting tools for exploring the results from tests. While this
approach may be suitable when only dozens of individual
measurements are being examined, it is completely
inadequate when more comprehensive data has been
collected such as of the types described above. What has
been needed is a data-visualization and analysis environment
that can bring together the measured experimental data from
all sources and combine this with the geometry and material
properties of the complete test setup. A prototype program,
named ExVis for Experimental Visualization was developed
for this purpose.

3.1 ExVis Overview

ExVis is an object oriented program (Booch 1991,
1993) that was written for understanding the response of
planar concrete structures whose response was captured by
vector strain and displacement data and high-resolution still
images. The available objects within the ExVis environment
consist of the full geometry of the test structure, material
properties, all instrumentation, and interpreted photographic
data. All objects have as needed both temporal and spacial
data in which two-way linked lists in a relational database
system are used to correlate and use information with other
ExVis functions. Examples of objects that can be
individually identified in ExVis include all sections of the
concrete structure as well as each reinforcing bar, loading
device, support, strain gage, displacement transducer,
Krypton LEDs, and crack. ExVis was written in Visual C++
and uses traditional MS window features for scrolling,
zooming, and selecting objects.

3.2 ExVis Data-Visualization and Exploration

With ExVis, users may select a combination of
measurements to view simultaneously. As an illustration,
consider the ExVis screen shot that is shown in Figure 3 and
in which the user has selected to zoom in on a section of the
girder near the left-hand side support and to display the
measured cracking pattern, location of selected instruments
and strain in a particular strain gage 2-1.

Figure 4 presents a segment of a screen shot that
displays the pattern of straining in a stirrup as measured by
four gages along the length of this stirrup. The length of the
horizontal line at each gage on the selected reinforcing bar is
proportional to its magnitude. The pattern of cracking is also
shown and illustrates that the strains in the stirrup are highest
near the locations at cracking at this point in the loading
history. Through this, ExVis enables the quantification of
bond performance and tension stiffening relationships within
the context of a realistically complex state of stress.
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Figure 3  Screen Shot of ExVis Environment
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Figure 4 Distribution of Strain Along a Stirrup Based on
Four Strain Gages with Crack-Pattern Overlay

3.3 ExVisAdvanced Structural Analysis

In addition to being able to simultaneously view
multiple aspects of structural response, tools such as ExVis
need to enable more complete structural assessments. An an
example of this extended functionality, ExVis enables the
user to create Crack-Based Free Body Diagrams (FBD) in
which the FBD diagram is automatically built and acting
forces are automatically evaluated along all boundaries. See
Figure 5. With this FBD and using the measured strains in
the stirrups that cross the selected crack, the constitutive
properties of the reinforcement, and the forces in the vertical
loading jacks, the contribution of both stirrups and of the
concrete to shear resistance over the loading history can be
automatically calculated as shown in Figure 6 for one girder.
This type of functionality made it possible to evaluate the
load share for more than 300 crack-based FBD in this girder
testing program. This is but one example of the type of
needed advanced functionalities.
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Figure 6 Measured Components of Shear Resistance (1 kip
=4.4482 kN)

4. MODEL VALIDATION

The common means of assessing the accuracy of a
computational tool has been to compare the overall
load-deformation responses by the computational tool with
those measured by selected laboratory test structures. While
this may be an effective approach when a narrow range of
structures is being examined and when the mode of failure is
well understood, it does not provide for a comprehensive
evaluation of the computational tool. With advances in
instrumentation technology, coupled with the development
of data-visualization and analysis environments such as
ExVis, it is now possible to make more complete
assessments of computational tools with respect to their
ability to predict all aspects of performance.

4.1 Developments in Model Validation

With the development and use of computational models

across a spectrum of engineering disciplines and sciences,
there have now been significant efforts in some fields to
develop formal validation procedures (e.g. AIAA 1998;
Department of Defense 2006; Oberkampf et al. 2003). One
of these efforts is through the American Society of
Mechanical Engineering committee on Verification and
Validation in Computational Solid Mechanics (VnVCSM).
This group has published a number of noteworthy white
papers and guidelines that provide a useful framework and
procedures that are applicable to the fields of structural and
earthquake engineering (ASME 2006). They use the Sargent
Circle (Schlesinger et al. 1979) to describe the
interrelationships of the components of the VnV process as
shown in Figure 7. There are three entities in this circle; the
Reality of Interest (Structure or System), the Conceptual
Model (Underlying Behavioral Models and Failure
Theories), and the Computational Model (Computational
Tool/Finite Element Analysis Package). A formal evaluation
of the effectiveness of an analytical tool requires that
verification and validation activities be carried out between
these entities. The selected conceptual model for all portions
of the structure or system under examination must be
appropriate for the types of phenomena and aspects of
performance being investigated. These conceptual models
must be properly implemented within the computational
model such that the sensitivity of the predicted behavior to
all assumptions is well understood and compensated for.
Finally, the predictions of the computational model for all
aspects of the performance under examination must be fully
assessed. Guidelines for the use and validation of linear and
non-linear computational tools for the design and analysis of
concrete structures are being published by the federation
international du beton (fib).

As part of any model validation exercise, it is essential
that the user starts by defining the goals for the use of the
computational model so that the types of comparisons and
sensitivity studies to be made can be properly selected. To
the extent possible, the results of comparisons should be
quantitative and with defined levels of certainty. However,
given limitations in most analytical models and available test
data, in some cases only qualitative comparisons are
possible.
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4.2 Validation Example

A validation exercise was completed for the use of a
particular computational tool for predicting the shear
behavior of 20 large prestressed concrete girder tests that
were conducted at the University of Illinois and that made
use of advanced measurement system and the ExVis
program. The specific computational tool examined was
program VecTor2 (Wong and Vecchio 2002) that employs
the conceptual model of the Modified Compression Field
Theory (Vecchio and Collins 1986). This validation exercise
assessed the ability of the computational tool to predict the
cracking strengths and ultimate capacity, the stiffness of the
overall response, the shear response of the webs, cracking
patterns and widths, and modes of failure. Since qualitative
assessments are less common, two examples are now used to
illustrate their value and current necessity.

In Figure 8, a comparison is made between the
predicted and measured state of cracking in a test girder. As
shown, VecTor2 predicted well the extent, angle, and widths
of the cracking throughout this structure. Note that the lines
within the elements of the VecTor2 prediction indicate
whether or not cracking is expected within the region of
each element rather than showing the location of a discrete
crack. Figure 9 compares the VecTor2 predicted state of
compressive stress in the right end region of a girder in the
last converged load step versus the pictorially observed
condition of the girder just prior to an explosive failure.
Figure 9a provides the ratio of the principal compressive
stress in each element to the principal compressive stress
capacity; the image indicates that the mode of failure is
expected to be due to diagonal crushing above the support.
This mode of failure is visually confirmed in Figure 9b.

The results of this full model validation exercise
provided a quantitative and qualitative assessment of a
computational tool’s predictive capabilities and thereby
illustrated that this tool could be effectively used with
calculable levels of reliability to predict many aspects of the
performance of prestressed concrete girders.
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Figure 8 Predicted and Measured State of Crackingmin
Tested Prestressed Girder

4.3 Ongoing Validation-Focused Projects

As described above, advanced instrumentation devices,
data-visualization and analysis methods, and model
validation procedures were used in a recent girder testing

project. These methods are being used and expanded upon in
an ongoing NEES research project being led by researchers
at the University of Washington, Illinois, and UCLA. The
experimental research program is being conducted in the
Newmark Structural Engineering Laboratory on the design
and behavior of complex structural walls. In this program,
component tests are being conducted on the bottom three
stories of structural walls that are part of high-rise structures.
The actions at this third storey level of axial load, moment,
and shear are based on the performance of the full height
wall and are being imposed on the test structures using the
Loading and Boundary Condition Boxes at the Illinois
NEES facility as shown in Figure 10. Some of the
instrumentation, data-visualization, and model validation
extensions in this testing program are:

= use of close-range photogrammetic system for measuring
point-wise displacements

= development of much-more extensive crack mappings

= using as-built layout of reinforcement and gage locations

= formatting of all data for ingestion in a community (NEES)
repository

These activities are central to the objectives of the NEES
program and overall NSF digital archive initiatives to
archive complete information from conducted research
projects in a form that is more broadly useful to the national
and international communities.
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(a) Predicted Ratio of
Compressive Stress to
Compressive Strength in
Each Element by VecTor2

Figure 9 Comparison of Predicted and Observed Mode of
Failure

(b) Observed Response of
Lower Web Near Right Support

Figure 10 Component Test on Bottom Three Stories of
Structural Wall
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5. CONCLUSIONS AND FUTURE NEEDS

In order for the structural engineering profession to
advance beyond a primary reliance on linear-elastic analysis
methods and empirical codes-of-practice to an integrated
non-linear analysis and design environment, computational
tools are needed that have quantifiable levels of accuracy for
all aspects of performance for which structures need be
designed. This will require that experiments and research
program have well-defined numerical model validation and
development objectives.

Recent advancements in instrumentation technologies
as well as experimental data-visualization and analysis
techniques provide the tools for conducting more complete
model-validation exercises and can produce quantifiably
accurate non-linear computational tools for use in integrated
non-linear design and analysis practice. To achieve this goal,
the following is needed:

1.) More extensive use of advanced instrumentation
methods in experimental research studies.

2.) Improved and more complete assessments of
material properties.

3.) More complete consideration of previous conducted
research in the design of experimental testing programs.

4.) Data-visualization tools for the more comprehensive
examination of experimental test data and for direct
comparison of test data with the predictions of
computational methods.

5.) Improved archival and structuring of test data for its
examination with visualization tools and for use in model
validation activities.

6.) The establishment of formal procedures for
validating models for all aspects of critical structural
performance.

7.) The selection by code-of-practice committees of
benchmark tests to use for model validation activities.

Many of the key ideas expressed throughout this paper are
summarized in the video that is available at:
http://dankuchma.com/ExVis/Ex Vis.avi
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Abstract: In this study, the use of externally bonded fiber-reinforced polymer (FRP) systems in retrofitting reinforced
concrete shear walls, frames and beam-column joints in gravity-load-designed (GLD) buildings to resist lateral forces due
to seismic action is presented. Pushover and cyclic tests were carried out on and 1/5-scale shear walls, 1/2-scale
sub-frames and prototype joints. For the un-retrofitted shear wall, sudden failure was observed at the base of the side
walls due to shear. Failure of the retrofitted wall was however more ductile with FRP debonding, followed by concrete
crushing and FRP rupture at the compressive base of the side wall. The ultimate load capacity and lateral displacement
of the retrofitted wall increased respectively by 45 and 66 percent. For the frames, test results revealed a strong-
column-weak-beam failure mechanism. The retrofitted frame was 30 percent higher in ultimate strength but 12 percent
lesser in ultimate drift ratio compared to the un-retrofitted frame. For the beam-column joints, the ductility was
significantly increased with the application of externally bonded FRP systems although the ultimate load capacity
increased only marginally. In addition, the provision of FRP systems at the joint core regions is effective in enhancing

the performance under reversal cyclic loading.

1. INTRODUCTION

In general, buildings in Singapore are designed
primarily for gravity loads as Singapore is sited on a stable
part of the Eurasian Plate. However, some buildings are
subjected to minor tremors due to earthquakes occurring
some 400 to 700 kilometers away in Sumatra as a result of
the amplifying effect of soft soils on low-frequency,
long-distance waves (Balendra et al. 1990). Studies are
being carried out at the National University of Singapore
(Aripin 2006, Kong 2003, Li 2006, Shao 1999), which focus
on the seismic vulnerability of existing reinforced concrete
(RC) buildings in Singapore, and examine appropriate
retrofitting measures where necessary.

This paper presents some of the experimental studies on
reinforced concrete shear walls, frames and beam-column
joints that are typically found in residential buildings in
Singapore, with focus on the use of fiber-reinforced polymer
(FRP) systems in enhancing the structural performance
under lateral forces due to seismic action.

2. RETROFIT OF SHEAR WALLS

2.1 Test Specimens

Two 1/5-scale models of a shear wall, representing the
lower 2.6 stories of a 25-story building, as shown in Figure 1,
were fabricated.  The I-shaped walls had a height of 1036
mm, with a built-up height of 1314 mm after attaching the
loading beams at the top of the wall. The side wall
components had a length of 657 mm, the center wall
component has a length of 957 mm, and the wall thickness

was 45 mm throughout.

One wall was not retrofitted while the other wall was
retrofitted using glass FRP system. The average concrete
cube compressive strength at 28 days was 31 and 25 MPa
respectively. The internal reinforcement, consisting of ¢6,
¢8 and ¢10 steel bars, had yield strengths of 350, 482 and
525 MPa, respectively.  For the FRP retrofitted wall, a layer
of unidirectional glass FRP fabric (with properties as shown
in Table 1) was used to wrap the I-shaped wall in the
horizontal direction. Fiber bolts were placed at the joint
area between the side and center walls, at an average spacing
of 85 mm, to provide continuity in the FRP reinforcement
around each component wall.

2¢10 + 7¢8 +2¢10
vertical HY bars
< 415 S I

12¢6 vertical

MS bars

$6 horizontal MS bars
@259 mm c/c

3 FRP laminate

All dimensions in mm.

Figure 1 ~ Cross-Section of Shear Wall
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Table 1 Properties of Glass FRP System

Density 915 g/m’
Thickness 0.353 mm/layer
Fibre orientation Uni-directional
Young’s modulus 69.7GPa
Ultimate tensile strength 1670 MPa
Ultimate tensile strain 0.02

An axial load was applied on the wall specimen to
simulate loadings from upper stories. This was done by
using post-tensioning tendons which produced an average
axial compression ratio of 0.24. A lateral point load was
transferred to the wall through the loading beams. The wall
was pushed at a rate of 0.006 mm/s until failure. To
prevent out-of-plane bending of the side wall components
during the tests, lateral supports were placed at two-third
height.

2.2 Testresults and discussion

Figure 2 compares the lateral force versus top lateral
displacement characteristics of the two wall specimens.
Initially, both walls showed approximately the same
response. At a load of 90 kN, the force-displacement curve
of the un-retrofitted wall deviated from that of the retrofitted
wall due to initiation of inclined shear cracks, leading to a
lower wall stiffness. First yielding of steel reinforcement
occurred at about 130 kN.
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Figure 2 Load-Deflection Characteristics of Shear Walls

At the ultimate load of 1484 kN, a 5-mm wide
diagonal shear tension crack was observed to originate from
the compression bottom edge of the side wall to the 2™ story
level in the un-retrofitted wall specimen, as shown in Figure
3(a). The ductility of the wall measured by the ductility
index, defined as the ratio of the displacement at ultimate to
that at first yield of steel reinforcement, was 1.09.

For the FRP-retrofitted wall, failure was more ductile
with FRP debonding, followed by concrete crushing and
FRP rupture at the compressive base of side wall, as shown
in Figure 3(b), at the ultimate load of 214.7 kN. First

yielding in steel reinforcement occurred at a load of about
61 % of the ultimate load, and the ductility index was 1.4.

Thus, although the retrofitted wall did not exhibit
increase in stiffness, the ultimate load capacity was increased
1.45 times while the ultimate lateral displacement was
increased 1.66 times. Correspondingly, the ductility of the
wall was increased 1.28 times.

@) (b)

Figure 3  Failure Characteristics of Shear Walls: (a)
Un-Retrofitted Wall and (b) Retrofitted Wall

3. RETROFIT OF RC FRAMES

3.1 Test frames

Two half-scale, one-and-a-half bay, two-story sub-
frames, representing the critical lower stories of a four-story
frame, were fabricated. One of the frames was
un-retrofitted and the other retrofitted using glass
fiber-reinforced polymer (FRP) system as shown in Figures
4 and 5.

The average cube compressive strength and Young’s
modulus of concrete at the time of testing the frames were
about 20.8 MPa and 18.7 GPa, respectively. Four types of
longitudinal bars were used: 10 mm deformed bars, 8 mm,
and 7 mm round bars, which corresponded to T20 mm, T16
mm and T13 mm bars in the actual structure. These steel
bars had average yield strengths of 500, 527, and 555 MPa
respectively. For the links, 6 mm round bars with a yield
strength of 260 MPa were used. The properties of the glass
FRP system are as shown in Table 1.

The total vertical load on the prototype frame was taken
as the dead load plus 40% of the live load. Unit weight of
reinforced concrete was taken as 25 kN/m3, and the dead
load included those due to partition walls and floor finishes
of 1.0 and 1.2 kN/m” respectively. The live load was 1.5
KN/m?. Pre-stressing load was applied at the top of the
columns in the test frames to simulate the gravity load from
the beams including those from the upper stories. The
prestressing forces, were 60 and 80 kN for the external and
internal columns respectively. They were applied using
two ¢9 mm prestressing wires for each column.

Each test frame was subjected to pushover loading,
with 39% of the total lateral load on the first story and the
remaining on the second story at the beam level, until one of
these following conditions occurred: (a) a collapse
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mechanism due to the formation of sufficient plastic hinges;
(b) a 20% reduction in the base shear capacity of the frame;
or (c) the maximum drift has exceeded 2% of frame height.
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Figure 4 Un-retrofitted RC Frame: (a) Elevation, and (b)
Section Details
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Figure 5 FRP Configuration for Retrofitted Frame

3.2 Test Results and Discussion

Figure 6 shows the pushover curves for the test frames.
The lateral force is the total load on the frame while the drift
ratio is the lateral displacement at the second story level
divided by the height of the frame up to the second story
level. Although the retrofitted frame exhibited a similar
stiffness of about 12600 kN/m in the initial stage as the
un-retrofitted frame, it had an ultimate strength of 101 kN
compared to 79 kN and ultimate drift ratio of 1.75% versus
2% for the un-retrofitted frame. That is, the retrofitted
frame exhibited both a higher yield and ultimate load but a
lower ultimate drift ratio.

The cracking characteristics of the frames are shown in
Figure 7. Flexural cracks first appeared in the retrofitted
frame at location 1 at a later stage than in the un-retrofitted
frame due to the presence of the glass FRP system. These

cracks subsequently developed in an inclined direction, and
were accompanied by shear cracks in the internal column
and in the first floor beam. The order of appearance of
cracks is indicated by the numbers in Figure 7. The cracks
further propagated with increasing loads.
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Figure 7 Cracking Characteristics of Test Frames: (a)
Un-Retrofitted Frame, and (b) Retrofitted Frame
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For the retrofitted frame, the cracks at locations 29, 30,
and 34 became increasingly wider compared to other
locations near the ultimate load. The lateral force reached
the peak value at a displacement of 41 mm. When the
lateral displacement was increased further to 52 mm, the
cracks at location 30 has widened to the extent that the
longitudinal FRP sheets had ruptured, resulting in a dramatic
drop in the applied force.

From the strain gauge readings, the internal steel

reinforcement was first observed to yield at the bottom of the
internal column, at a load of 69.5 kN and a corresponding
lateral displacement of about 11 mm. This was followed
by the yielding of the reinforcing bars at the external column
at a load of 75 kN and a displacement of 12.8 mm. First
yielding of reinforcing steel in the beams was observed at a
load of 85 kN with a displacement of 16.4 mm.
Most of the cracks occurred in the beams and near the base
of the columns, with minor cracks in the joint area and
elsewhere; thus the retrofitted frame remained a strong-
column-weak-beam structure under lateral action.

4. RETROFIT OF BEAM-COLUMN JOINTS

4.1 Test Joints

Six beam-column joints were tested. The dimensions
and the internal steel reinforcement are shown in Figure 8(a).
The concrete had an average cube compressive strength of
between 30 and 43 MPa. The average yield strength of
T10 and T13 steel deformed bars were 490 and 470 MPa
respectively. Two types of FRP systems were used, one
with glass fibre sheets (with a tensile strength, elastic
modulus, and ultimate strain of 580 MPa, 22.5 GPa, and 2%,
respectively) that are pre-saturated in a specially formulated
epoxy and the other consisting of unidirectional carbon fibre
composite sheets (with a tensile strength, elastic modulus,
and ultimate strain of 3550 MPa, 235 GPa, and 1.5%,
respectively) with a two-part epoxy resin.

The specimens, designated CON, GLO, CLO, CLU,
CLX and GLU, had different configuration of external FRP
systems, as shown in Figure 8(b). Specimen CON was not
bonded with external FRP sheets, and served as the
reference specimen. Specimens GLO and GLU were
bonded with glass fibre sheets while CLO, CLU and CLX
with carbon fibre sheets. Specimens GLO and CLO each
had two plies of “L-shaped” fibre sheets placed at each
beam-column interface. CLU and GLU had, in addition to
the “L-shaped™ sheets, two plies of “U-shaped” fibre sheets
at the joint core region. Specimen CLX was bonded with
two plies of “X-shaped” carbon fibre sheets at the core
region in addition to the “L-shaped” sheets. All the fibre
sheets were anchored at their ends using transverse sheets.

Each specimen was mounted in a vertical plane on a
test frame with the column component spanning horizontally
over two steel bracket supports and the beam standing
vertically. A cyclic load was applied using a 20-ton
capacity hydraulic actuator with a £75mm stroke by pushing
and pulling laterally on the top of the beam component.
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Figure 8 Details of Beam-Column Joints: (a) Cross-Section
Properties, and (b) FRP Configurations

The loading history was as follows. First, the beam
component was pulled (negative bending), such that the side
with the heavier steel reinforcement (4T10) was subjected to
tension. The loading cycle was repeated three times in each
direction with the maximum deflection equal to that at
which yielding of tensile reinforcement first occurred in the
beam. This was followed by three cycles each to
deflections equal to twice, thrice, and four times the
deflection at first yield of tensile reinforcement until the
specimen failed or until the actuator reached its stroke

capacity.

4.2 Test Results and Discussion

In the un-retrofitted specimen CON, cracks first
occurred in the beam component under both negative and
positive bending at a load of around 12 kN. After four
loading cycles, the steel reinforcement on both sides of the
beam began to yield.  After another two cycles, the
concrete started to crush and the applied load decreased in
magnitude. The peak loads were 38.0 kN, and 22.3 kN for
negative and positive bending, respectively. In the eighth
cycle under positive bending, the applied load reduced to
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less than 50% of the peak value and the loading process was
stopped as the tensile steel reinforcement ruptured due to
excessive deformation.

For Specimens CON, GLO and CLO, failure occurred
at the interface of the beam and column components. For
the other three specimens, failure occurred beyond the
FRP-retrofitted region in the beam. That is, the presence of
FRP systems at the joint core region in CLU, CLX and GLU
shifted the plastic hinges away from the beam-column
interface to the section beyond the confined region in the
beam component, thus resulting in slightly increased
strength of the specimens. Specimens CON, GLO and
CLO were observed to fail on both faces, while CLU, CLX
and GLU failed at the weak face (with 2T10 as tensile
reinforcement).

The ultimate loads of the six specimens varied within a
narrow range. For the strong face (that is, under negative
bending), the maximum load ranged from 36.4 to 41.1 kN,
while for the weak face (positive bending), the maximum
load ranged between 20.0 to 23.2 kN.

The hysteresis curves for the six specimens are shown
in Figure 9. Specimen CON sustained the least number of
cycles (five cycles), while Specimens CLU and CLX
sustained the most number of cycles (eleven cycles) before
failure. Although the six specimens shared similar ultimate
loads, specimens with FRP systems at the core regions, such
as Specimens CLU, CLX and GLU, had a higher
deformation capacity, that is, greater ductility at the ultimate
state.

Comparing Specimens CLU and CLX, it is noted that
the hysteresis curves of specimen CLU enclose a larger area
than those of specimens CLX and GLU, especially in the
last few cycles. Therefore, it is reasonable to deduce that
the “U-shaped” FRP systems are more effective than the
“X-shaped” systems and the carbon FRP systems are more
effective than their glass counterpart in confining the joint
core region, contributing to the better performance of the
beam-column joints.

To compare the ductility of the specimens, two
parameters were used. First, the displacement ductility
index, 4 is defined as

— AO.Su

A

y
where Ay, is the beam end deflection when the applied load
has dropped to 80% of the peak value, and A, is the beam
end deflection at which the steel reinforcement first yielded.

Second, the cumulative ductility factor, CDF, is defined
as (Kaku and Asakusa 1991)

)]

CDF =Y (ix6,)/4, @)
i=1

where n is the number of cycle to failure, d, is the total lateral
deflection during the i-th cycle, and & is the total lateral
deflection in the first cycle.
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Figure 9 Hysteresis Curves of Joints
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The values of 1 and CDF are shown in Table 2 for the
test specimens. Compared with the un-retrofitted specimen
CON, the retrofitted specimens exhibited higher ductility.
The displacement ductility indices of GLO and CLO were

6.3 and 6.9, with the cumulative ductility factors being 9.0
and 13, respectively. Specimens CLU, CLX and GLU,
with the joint core region confined with the FRP system,
showed even better performance. The ductility indices were
more than 8 while the cumulative ductility factors were
above 20.

Table2 Ductility Indices and Cumulative Ductility Factors

Joint f.'(MPa) )] CDF
CON 43.0 3.7 5
GLO 32.7 6.3 9
CLO 30.4 6.9 13
CLU 312 >8 30
CLX 353 >8 26
GLU 29.5 >8 20

5. CONCLUDING REMARKS

The use of externally bonded glass FRP systems in
retrofitting shear walls, frames and beam-column joints in
gravity-load-designed RC buildings, to resist lateral forces
was examined. Tests carried out on scaled specimens
indicated that the retrofitting method resulted in improved
behavior of shear walls and framed structures, in terms of
delay in first cracking and first yield of steel reinforcement,
as well as in the increase in ultimate strength, ultimate
displacement and ductility of the structure. The failure
characteristics were found to change from a brittle type to a
more ductile type due to the application of the FRP system.

Test results also showed that the performance of
beam-column joints under reversal cyclic loading in terms of
ductility could be improved by bonding FRP systems. The
application of FRP systems at the joint core regions was
found to be effective in further enhancing the structural
performance under reversal cyclic loading.
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Abstract:

To investigate the size effect on reinforced concrete (RC) deep beams with a shear span ratio (a/d) of 1.5, an

experiment was conducted using the effective depth (300~1400mm) of a beam as the parameter. Strains in the specimens
were measured using dummy reinforcements and acryl bars. From the experiment, it was confirmed that the relative shear
strength decreased as the specimen size became larger due to a relative reduction in the strut width.

1. INTRODUCTION

As to the ordinary RC beams with a shear span ratio
(a/d) of 2.5 or more, the size effect which decreases the shear
strength as the member size increases has already been
confirmed. And, the size effect is duly considered in the
shear strength equation based on the loading test results.

As to the RC deep beams with an a/d of less than 2.5,
Walraven et al. (1994) conducted an experiment using
beams with a/d=1.0 and changing their effective depth (d)
from 160mm to 930mm. They found that crack propagation
became faster as the specimen size became larger. However,
they did not treat the internal stress, with no measurement of
it using a strain gage or by other means. Deep beams with
a/d=around 1.5, which is the size frequently used for actual
structures and whose damage pattern varies, has been
studied very little. Therefore, we conducted an experiment
using deep beam specimens with a/d=1.5 and by changing
their effective depth (d) in the range of 300~1,400 mm
(close to a real beam size). Using the measurement results
such as strains of reinforcement and concrete, the size effect
of deep beams was evaluated.

2. EXPERIMENTAL PROGRAM

2.1 Specimens

Table 1 shows the attributes of specimens and the
results of a compression test. In this experiment, a total of 25
specimens with various parameters, such as a/d (0.5, 1.0.
1.5), shear reinforcement ratio Pw (0.0, 0.4, 0.8%), effective
depth d (300~1,400 mm), were tested. However, only 19 of
them with a/d = 1.5 were used for this analysis to evaluate
the size effect.

Fig 1 shows the reinforcement arrangement and the
sectional configuration. The left side of the figure shows a
typical reinforcement arrangement for Pw=0.0% and the
right side for Pw=0.4 and 0.8%. For the specimens of
Pw=0.0% with no arrangement of shear reinforcement,
dummy reinforcement (Pw=less than 0.05%) was arranged
within the shear span to enable measurement of strains in the
vertical direction. The sectional configuration was made
identical in all specimens, as shown in Fig. 1(b). Therefore,
the main reinforcement ratio (about 2.0%) and the maximum
aggregate size (Dmax=20 mm) were the same in all
specimens. Also, to eliminate the effect of loading plate
width and bearing plate width (r), r/d were made to 0.25 in
all specimens.

2.2 Loading Method and Measurement Items

Using a 30,000 kN loading machine installed at the
Public Works Research Institute (PWRI) and a 2000 kN
loading machine installed at the Kyushu Institute of
Technology, monotonic loads were applied at two
symmetrical ~positions on the specimen Typical
measurement items were five: displacement of a specimen
(vertical direction at the bottom of the specimen or at the
loading plate, and horizontal direction), strain of
reinforcement (main reinforcement, shear reinforcement,
dummy reinforcement), strain of an acryl bar, shear
displacement, and crack width measured by image analysis.

Fig. 2 shows typical installation positions of strain
gages and LVTs. Strain gages on the main reinforcement
were used to measure tensile strain in the horizontal
direction caused by flexural deformation. Strain gages on the
shear reinforcement and dummy reinforcement

-179-



Table.1 Attributes of specimens

B-2 0.0 2.02 36.2
B-3 0.5 0.4 2.02 36.2
B-4 0.8 2.02 31.3
B-6 400 0.0 2.02 313
B-7 1.0 0.4 2.02 31.3
B-8 0.8 2.02 37.8
B-10.1 2.02 37.0
B-10.1R 300 2.02 423
B-10 2.02 29.2
B-10R™ 400 2.02 23.0
B-10R2 2.02 37.0
B-10.2 S0 2.02 37.0
B-10.2R 2.02 423
B-10.3 0.0 2.11 3738
B-10.3R* 600 211 312
B-103R2] 15 2.11 37.0
B-13% 2.07 31.6
B-13R* 800 207 24.0
B-14% 1000 1.99 31.0
B-15*% | 1200 1.99 270
B-16X 1400 2.05 273
B-11 400 2.02 23.0
B-17 1000 0.4 1.99 28.7
B-18’ 1400 2.05 235
B-12 400 0.8 2.02 313
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Shear reinforcement _Fe=04
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\

ﬁ displacement measurement
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Position of shcar a Position of main
t

rcinforcement strain measuremen

Fig.2 Positions of strain meters and displacement meters

were used to measure tensile strain in the vertical direction
mainly around the strut area. Also, two LVTs were installed
on the specimen surface at diagonal positions within the
shear span to measure shear deformation.

2.3 Measurement of Diagonal Cracks

The width of diagonal cracks within the shear span
was measured in the 200x300 mm range at the positions of
loading plate, strut center, and bearing plate, using a digital
camera (600M pixels). Using image analysis software, the
crack width was measured at two crack profile-matching
points along the crack line by comparing with a 5x5 mm
mesh placed on the specimen in advance. Sicl

WS VETe 11 at five erval I

p=C

reinforcement strain measurement

Fig.1 Configuration of specimens

3. EXPERIMENTAL RESULTS

3.1 Failure of Specimens (a/d=1.5)

From the loading test of specimens with a/d=1.5, two
failure patterns were found: Pattern 1 — crushing failure
occurred immediately below the loading plate; Pattern 2 —
failure occurred as a result of propagation of a new split
crack which started from below the loading plate.

(1) Failure pattern 1 (Specimen B-10R2)

Fig. 3(a) shows an example of crack propagation of
failure pattern 1. In this specimen, shear cracking began
under loading of 325kN and propagated up to the stop
position shown in the figure. After that, the crack width
widened and dummy reinforcement yielded at the position
shown in the figure at 775kN. The specimen failed by
compression at the position below the loading plate when
the load was 781kN. The crack width widened to 1.70mm.

(2) Failure pattern 2 (Specimen B-10.3)

Fig. 3(b) shows an example of crack propagation of
failure pattern 2. In this specimen, shear cracking started
under loading of 650kN and propagated up to the stop
position shown in the figure, just like failure pattern 1. After
that, the crack width widened. The dummy reinforcement
yielded at the position shown in the figure. Then, split
cracking which started from beneath the loading plate at
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Fig.3 Propagation of cracks

1960kN expanded within the compressive strut and ended in
failure. When it failed, the crack width was as large as 2.50
mm.

3.2 Comparison of Crack Propagation

To find differences in failure pattern by beam size,
crack propagation was compared between a large specimen
with d=1400mm (Specimen B-16) and a small specimen
with d=400 mm (Specimen B-10R2). The results of
comparison are shown in Fig. 4. Comparison was made
under the same mean shear stress which was obtained by
dividing the load by bd (width x depth). The number, length,
and width of cracks were measured within the shear span
indicated by gray color in the figure. As the number of
cracks, those that started from the bottom of a specimen
were counted. To eliminate the effect of specimen size, the
length and width of cracks are expressed using the length
ratio by dividing the length and width by d.

For example, when the two specimens (B-16,
B-10R2) were compared under P/bd=5.1N/mm” which was
the maximum shear stress of B-16, crack length/d was 12.17
and 5.90 and the number of cracks 22 and 7, respectively,
indicating that crack propagation of B-16 is faster. Specimen
B-10R2 (small specimen) failed under the shear stress of
P/bd=8.1N/mm® and the total crack length/d became 11.75,
which was close to that under the maximum loading of B-16
(large specimen). Although the ultimate failure behavior of

|
|
|
|
|
|
|
|
|
|
|

N

(@) B-10R2 (d=400mm)

Fig.4 Comparison of crack propagation

the specimens was identical because their relative crack
length at the ultimate stage was identical, it can be said that
crack propagation of a large specimen is faster than that of a
small specimen.

3.3 Comparison of Strain Propagation

In the case of specimens with a/d=1.5, the position
immediately below the loading plate failed in the end.
Therefore, the distributions of strains below the loading plate
was compared under the same mean shear stress,
P/bd=6.2N/mm?, which was the shear stress when Specimen
B-14 failed.

Fig. 5 shows the distribution of strains below the
loading plate. The average acryl bar strain of a large
specimen was -1050.4p and that of a small specimen
-359.2p. From this, it can be said that propagation of acryl
bar strain is also faster in a large specimen than in a small
specimen, just like the rate of crack propagation.

3.4 Mean Shear Stress

To confirm the presence/absence of the size effect in
deep beams with a/d=1.5, the mean shear stress was
calculated. Fig. 6 shows the comparison of mean shear stress
7’ which was obtained by dividing the maximum load by the
cross section bd (width x depth) of a member.

From the figure, it is known that the failure pattern
differs in some case even though the effective depth is the
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Fig5 Comparison of strain propagations

same. This is because when a force acts locally due to
unevenness of a loading plate or a difference in concrete
strength, the resulting localized failure becomes the pattern 1
type. It is known that the strength of failure pattern 1 type
beams is smaller than that of failure pattern 2 type. If
attention is paid to each failure pattern, it is known that the
size effect of d?*and d"* occurred for failure patterns 1 and
2, respectively. As to the entire specimen, the size effect of
d™ occurred. The comparison of shear strength at P/bd took
into account the effect of the member size, but a difference
in the compressive concrete strength of specimen might still
influence. Therefore, the effect of concrete strength was
corrected using the ratio of the design strength fcd to the
compressive strength f’ck, expressed as Equation (1).

1
'3
T* :P/bd(f_ka

r @

where, T* : mean shear stress with correction for the effect of
compressive strength of concrete.

Fig. 7 shows the plot of corrected mean shear stress T*.

It is known from the plot that, just like 7’ (mean shear stress
without correction), the corrected mean shear stress T*
decreased by d” as the effective depth increased, although
some differences existed. Therefore, it is considered that
when a/d=1.5, the size effect that decreases the shear stress
exists.

4. DISCUSSIONS

It was found in the previous section that when
a/d=1.5, diagonal cracks propagate and end in failure due to
the fracture below the loading plate, and that cracks and
strains propagate faster as the member size becomes larger.
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[ ]
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Fig.6 Comparison of shear strength
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Fig.7 Shear strength with correction for
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Therefore, in this section, discussions will be made on 1)
rate of crack propagation; 2) failure below the loading plate
that occurs eventually.

4.1 Rate of Crack Propagation

The energy consumption during the propagation of
cracks was calculated. It was calculated from the shear
displacement because propagation of shear cracks is largely
dependent on shear deformation. First, shear displacement
was obtained using the method in Fig. 8, and then, energy
consumption was obtained from the relationship of mean
shear stress (P/bd) vs. shear displacement/l. This process is
shown in Fig. 9. For example, energy absorption of
P/bd=6.0N/mm’ of Specimen B-10R2 is the area depicted
by gray color and its area is 0.005N/mm’ In this way,
energy consumption under each shear stress was calculated.

Fig. 10 shows the energy consumption of Specimen

B-10R2 (small specimen) and B-16 (large specimen). It is
known from the figure that energy absorption of B-16 is
always larger than that of B-10R2 at the time of the same
mean shear stress. Because of this, crack propagation is
always faster in large specimens than in small specimens.

4.2 Failure below the Loading Plate

In our separate research (2005), we found that the
vertical component P’ of compressive force acting on the
strut and the applied load P were approximately the same

= A(area of stress) = b(width of member)

Iz

¥ T (average shear stress) = A/Wp

TR
=18 IN/mn?’
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Length from the center of strut / d

(b) Spesimen B-14 (d=1000mm)

Fig.12 Distribution of compressive stress

when a/d=1.5, as shown in Fig. 11. P’ is influenced by the
area of compressive stress distribution (A) shown in the
figure, and A 1s determined by the compressive stress and
the strut width Wp.

Therefore, we focused on the acting stress and Wp.
The strut width which is necessary for the calculation of Ve
(shear force carried by concrete) was obtained from the
shape of compressive strain of an acryl bar at the time of
0.95Pmax which is close to the ultimate state.

To compare the acting stresses at the time of failure,
the acting shear stress t of large and small specimens
wascalculated. As shown in Fig. 11, the stress distribution
area A was divided by Wp to average the stress distribution.
Figures 12(a) and 12(b) show the stress distribution of
Specimen B-10.1R  (d=300mm) and Specimen B-14
(d=1000mm), respectively. To make it dimensionless for
comparison, Wp was divided by the loading width d and
showed as the dimensionless length ratio in the figure. It is
known from the figure that the maximum shear stress (t;91g)
of Specimen B-10.IR was 18.IN/mm’ and that the
maximum shear stress (t;) of Specimen B-14 was
18.9N/mm’. As seen, the acting shear stress was roughly the
same when specimens failed,, indicating that Wp has a
significant influence on the size effect. Figure 13 shows the
results of comparison. It is seen that as the relative depth
become larger, the apparent strut width decreased by d™* for
failure pattern 1, d-** for failure pattern 2 and d for the
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entire specimen. It can be said that failure becomes localized
as the specimen size becomes larger.

4.3 Effect on Shear Resistance

From the above investigation, it was confirmed that the
propagation of cracks is faster and the failure is localized as
the specimen size becomes larger in the case of specimens
with a/d=1.5. To investigate if this nature has an effect on the
shear strength of a deep beam, the authors proposed a shear
resistance model for beams with a/d=1.5, which is shown in
Fig.14. According to this model, the shear resistance during
the propagation of cracks is primarily provided by the
combination of Va (resistance by interlock of aggregates)
and Ve¢. However, in the ultimate state, Va becomes smaller
as the crack width widens and the shear resistance is
primarily provided by Ve.

If this concept is applied, resistance Va of a large
specimen becomes smaller than that of a small specimen
relatively, because crack propagation is faster in the former
specimen, as shown in Fig. 14(b). Similarly, resistance by
Ve is also small in the ultimate state because a failure occurs
locally. Because of a combination of these two phenomena
which decrease the shear resistance, the shear strength of a
specimen with a/d=1.5 becomes relatively small as the
specimen size becomes larger.

5. CONCLUSIONS

The following conclusions were drawn from the study
on the size effect which influences the shear strength of a
deep beam with a/d=1.5.
(1) When the failure behaviors of a large specimen (B-16:
d=400) and a small specimen (B-10R2: d=400mm) were
compared under the same mean shear stress (ex.

Vg resistance by dowel action

V. load carried by concrete under compression
V. load carried by shear reinforcement

V, resistance by interlocking ol aggregates

OSmall (entir¢) @ Large (cntirc)‘ 5

— |ASmall (V,) A Large (V,)

Y . Q !
E 2T Small
=3

3 ......

a

Displacement /1
(b) Estimation of shear resistance

Fig.14 Schematic of shear resistance for the case of a/d = 1.5

P/bd=5.1N/mm?), the crack length /d became 12.17 and 5.90,
respectively, indicating that crack propagation is faster in
large specimens than in small specimens.

(2) From the analysis of the size effect, two types of failure
patterns were found. As a whole, the size effect which
decreased the shear stress by d™ was found.

(3) From the investigation of the strut width of specimens
with d=300~1400mm, it was found that the apparent strut
width decreased by d™* as the member size increased, and
that the relative shear strength decreased due to a resulting
localized failure.
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Abstract:

RC buildings designed by the Japanese codes older than 1971 are in danger of suffering heavy damages or even

collapse during severe earthquakes. To evaluate seismic performance of those buildings, it is necessary to grasp post-peak

behavior of old columns. Half-scale model specimens representing old columns that were designed to fail in shear or

flexural yielding were tested until they came to be unable to sustain gravity load. Based on test results, post-peak behavior

of old columns until gravity load collapse was examined.

1. INTRODUCTION

AS for ductile structures, various methods including the
pushover analysis and nonlinear time history analysis are
available and obtained results are also deemed reliable.
However, as for brittle structures such as those constructed
before 1971, these analyses, even if applied, are not expected
to produce reliable results, because post-peak behavior of
brittle columns is not well known. Therefore, the Standard
for Seismic Evaluation of Existing RC Buildings
(Evaluation Standard, 2001) is currently the only way that
can be used to evaluate the seismic performance of old
structures.

Under such a situation, it is intended in this study to
experimentally examine post-peak behavior of old columns
until gravity load collapse. Discussions are focused on the
evaluation of lateral drift vs. lateral load relations and lateral
drift vs. axial deformation relations until collapse.

2. COLLAPSE BEHAVIOR

2.1 Outline of Tests

Old columns, although in most cases fail in shear, may
occasionally fail in flexure when their height is long.
Therefore, half-scale model specimens with both failure
types, twenty six in total number, were fabricated and tested
(Yoshimura et al. 2005). Hereafter, shear-failing type is
referred to as S-mode while flexural-yielding type as
F-mode. However, note all specimens including the F-mode
were designed to be classified as “Shear Column” in the
Evaluation Standard (classified so when computed shear
strength was smaller than computed flexural strength). Test
variables were, transverse bar ratio (py,), axial stress ratio (1),
longitudinal bar ratio (p,) and clear height ratio (hy/D).

Test apparatus is shown in Fig. 1, where the pantograph

was placed so that the loading beam at the column top might
not rotate (double curvature deformation might be realized).
A loading method was as follows. The specimens were
loaded to the lateral direction under constant axial load. The
vertical actuator was controlled by load while the lateral
actuator was by displacement. And the test was terminated
by the limuter of the vertical actuator that was set to operate
just when collapse occurred and column axial shortening
reached 50mm.

A ratio of computed shear strength to computed flexural
strength, strength ratio, is often used as an index to assess
column deformability. The relations between strength ratio
and observed collapse drift (lateral drift at collapse) are
shown in Fig.2. The border of the two modes lies near the
strength ratio of 0.7, considerably smaller than unity. It is
because of the safety factor included in the computed shear
strength. One can see the amplitudes of collapse drift range
very widely for both modes.

| D]
Pantograph Roller
Vertical actuator =
Pin
Lateral actuator -
N
j—

10 Pin Pin JJ

Fig.1 Test apparatus
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2.2 Collapse of S-mode Specimens

The results of an S-mode specimen are shown in Fig 3.
The occurrence of collapse was not soon later than shear
failure but was when the main shear crack widened and
lateral load decreased to nearly zero. The collapse
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accompanied the buckling of longitudinal bars. All S-mode
specimens exhibited similar collapse behavior. The reason of
bar buckling was, 1) the increase of axial compression
carried by longitudinal bars resulting from the widening of
the main shear crack, and 2) the decrease of compression
capacity of these bars due to the local flexural deformation
near the crack. In short, the reason of collapse for S-mode
specimens was the failure of longitudinal bars.

2.3 Collapse of F-mode Specimens

The results of an F-mode specimen are shown in Fig 4.
The collapse that occurred very suddenly without any
symptom, accompanied the severe crushing of concrete at
the column bottom. All F-mode specimens exhibited similar
collapse behavior. The reason of collapse for F-mode
specimens was the failure of concrete.

3. Evaluation of Collapse Drift and Drift vs. Load
Relations
It was attempted to evaluate collapse drift based on the
test results. The strength ratio is often used to evaluate

column deformability, for example, lateral drift associated

Damaged concrete

Widening of
crack

Local flex.
deformation

%?& ,

Increase of comp. demand and
decrease of comp. capacity

6Before collapse  After collapse
Fig.3 Collapse of S-mode specimen (Specimen No.3)

|

Comp. demand on
concrete

Crushing o
concrete

Before collapse ~ After collapse

Fig.4 Collapse of F-mode specimen (Specimen Y28L)
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with maximum load. However, one can not read from Fig 2
the trend that collapse drift becomes larger as the strength
ratio is greater, indicating this ratio is not proper to evaluate
collapse drift.

Thus, the effect of main test variables, transverse bar
ratio, axial stress ratio and longitudinal bar ratio on collapse
drift was studied. As for transverse bar ratio and axial stress
ratio, collapse drift became larger as the former was larger
and as the latter was smaller. It held true for both modes.
These results were natural.

However, as for longitudinal bar ratio, collapse drift of
the S-mode became larger as it was larger while that of the
F-mode did larger as it was smaller (Fig.5). In other words,
the effect of longitudinal bar ratio was opposite for both
modes. It is apparent that such results are related to the
above- mentioned reason of collapse. For the S-mode large
amount of longitudinal bars is advantageous because
collapse is controlled by longitudinal bars while for the
F-mode small amount of them is advantageous because
collapse is controlled by concrete. See Fig. 2 again. One can
read the trend that for the S-mode collapse drift became
larger except for two plots with drift more than 12% (only
both cases showed bond-splitting failure after shear failure)
as the strength ratio was smaller, or flexural strength was
larger, or amount of longitudinal bars was larger, and the
opposite trend for the F-mode.
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Fig.5 Longitudinal bar ratio vs. collapse drift relations

Moehle et al. proposed based on their tests the equation
to predict collapse drift using shear-friction model, and
reported the good agreement with the tests (Moehle et al.
2002). Note their specimens were mostly of the F-mode
according to our defimition. However, considering there are
two types of collapse that are different depending on the
failure mode, it is deemed difficult to express collapse by a
single model. Then, it was attempted to form an empirical
equation for each mode. The amplitude of collapse drift was
assumed to be expressed as a linear combination of the
amplitudes of the three main variables, and coefficients were
determined by the least square method. The best fitted
equations giving collapse drift (R,) are as follows, where R,,
Pw and p, are in %.

For the S-mode,
Ry=622°py—51.9- n+6.07-p,—-9.91215 (1)

And for the F-mode,
R,=280°p,—42.3- n-860'p, +206=15 (2)

Note the coefficients on longitudinal bar ratio are positive
and negative, respectively for the S-mode and F-mode (the
reason of this was stated earlier). The observed and
evaluated values are compared in Fig.6.

Skeleton curves of drift vs. load relations, idealized as
quadrilinear system, were proposed based on the evaluated
collapse drift. Examples of evaluated skeleton curves are
shown in Fig.7. It was assumed that strength decay was large
for the S-mode (zero load at collapse) while small for the
F-mode.
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Fig.6 Comparison of collapse drift

4. Evaluation of Axial Deformation for S-Mode

Lateral drift vs. axial deformation relations for an
S-mode specimen are shown in Fig.8. And the slope of these
relations, defined as a ratio of axial deformation increment to
lateral drift increment, is shown in Fig.9. In both figures,
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Fig.7 Lateral drift vs. lateral load relations

“Approximated” denotes the case where lateral drift vs. axial
deformation relations were smoothed by using a cubic
equation. The Slope after shear failure tends to increase with
the increase of lateral drift, or the decrease of lateral load.
The reason why the Slope increases as the loading
proceeds is discussed below (Nakamura et al. 2002). Figure
10(b) shows a conceptual sketch of lateral load — axial load
interaction curve (failure surface). The initial failure surface
that corresponds to the state of maximum load, is assumed
as represented by a quadratic equation. Note the points of
initial axial compression strength and initial axial tension
strength lie on it. The failure progress that occurs after the
maximum load is believed to accompany the deterioration of
concrete, resulting in the reduction of axial compression
strength as well as lateral (shear) strength. But axial tension
strength 1s considered to keep an initial value because it is
not affected by the deterioration of concrete. The contracted
failure surface in the figure is determined by considering the
above and assuming its shape is similar to that of the initial
failure surface. By the way, one knows from the flow rule in
plastic theory that the direction of incremental plastic
deformation, n is normal to the failure surface. And the
Slope coincides with this direction. Though exactly speaking
the Slope has to be evaluated using plastic deformation

(actually evaluated using total deformation), it is not a
problem because elastic deformation is very small. As is
shown in the figure, the Slope, n increases as the loading
proceeds (failure surface is contracted), which agrees with
the observations (Fig.9).

Based on the above discussions, lateral drift vs. axial
deformation relations were formulated (Fig.10). The
procedures are as follows. Firstly lateral drift, R vs. lateral
load, P relations are determined from the idealized skeleton
curve (Fig.7). Accordingly, P 1s expressed as a function of R.
Secondly the Slope, n is expressed by a function of P
Therefore, the Slope, n is expressed by a function of R. Then
by integrating n with respect to R, one can get lateral drift vs.
axial deformation relations. An example of the evaluation is
shown in Fig.11. The agreement with the observations is
fairly good.
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Fig.8 Lateral drift vs. axial deformation relations
(Specimen N18M)
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Fig.9 Lateral drift vs. slope relations
(Specimen N18M)
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5. Conclusions

It was attempted to expenimentally examine post-peak
behavior of old columns until gravity load collapse. The
major findings from the study are as follows.

(1) For the S-mode, collapse occurs when lateral load
decreases to nearly zero. The reason of collapse is the
failure of longitudinal bars, resulting collapse drift
becomes larger as longitudinal bar ratio is greater.

(2) For the M-mode, collapse occurs very suddenly
without showing significant strength decay. The reason
of collapse 1s the failure of concrete, resulting collapse

drift becomes larger as longitudinal bar ratio is smaller.
(3) The equation giving the skeleton of load-deflection
relations until collapse was proposed for each mode.
(4) The method to evaluate axial deformation for the
S-mode was proposed, where the contraction of failure
surface and flow rule were used.
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Abstract:

This study investigates the influences of shear-mode partial walls on the performance of RC rigid-frames. To

express shear-axial coupled motion occurred with shear failure of walls, shear-axial softening behavior was modeled using
the theory of plasticity and the concept of failure surface contraction. Push-over analysis was then conducted to RC
frames that have various combinations of column over-design factors and wall breadths to simulate response to the
seismic load and collapse mechanism. Some frames with low column over-design factor showed story collapse after shear
failure of walls, while others showed more ductile mechanism. The results revealed how shear-mode partial walls can
affect the performance of RC frames with different configurations.

1. INTRODUCTION

“Partial walls” in this paper are the walls connected to
the upper and the lower beams, however, apart from the
both side columns. In multi-story buildings, those walls are
generally installed continuously at every story, and very
popular as exterior walls in apartment houses in Japan.
Generally they have not been regarded as structural
elements because of a lack of requirement for bearing walls,
and their presence has been ignored in structural calculation
in Japanese Building Code. However, more accurate and
sophisticated modeling of structures becomes important in
recent years under performance based design, and it is
necessary to grasp accurate behavior of structural systems
including non-structural elements such as the walls dealt in
this paper.

In the previous papers presented in the first and the
third international conference conducted by CUEE(Hotta,
2004, 2006), we reported the influence of the flexural yield
type partial walls and shear failure type ones on seismic
behavior of the structural system examined empirically, and
indicated that there is some probability of story collapse due
to brittle failure of a wall at a certain story.

The objective of this paper is to grasp how shear failing
of the walls affect seismic behavior of multi-story structural
system through some numerical analyses.

2. ANALYTICAL MODERING OF RC FREMES
AND PARTIAL WALLS

As shown in Fig.1, an RC frame consist of columns
and beams with partial walls is modeled to several series

springs as members and joints having a rigid region to a
face of members. The beams are modeled to an elastic
member with elasto-plastic end rotation springs at both the
ends. In the elastic member, flexural and axial deformations
are considered, however, shear one is not in consideration.
Hysteretic rules for the end rotation springs is degrading
stiffness tri-linear model proposed by Takeda(1970.) The
columns are modeled to an elastic member with fiber
springs at both the ends in which axial and flexural
interaction is considered. The elastic member is similar to
the one above mentioned. In the fiber spring, elasto-plastic
moment and axial force versus end rotation and axial
elongation interacting relationship is obtained by means of a
hinge length equivalent to depth of the member and moment
vs. curvature, axial force vs. axial strain, and their
interacting relationship obtained by traditional section
analysis. As for a model for the partial walls, a shear spring

@ clastic-plastic end % [
spring
+—® ’/ < S ® ©~—4 beam
elastic
[ member L
¢ [
+—e ® S < 4 beam
4 R 8. @ regid region
. fiber spring shear spring
elastic considering considering
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in which shear softening behavior with axial and shear
interaction can be considered is added to the model for the
columns.

The property of the shear spring in the model for the
partial walls is assumed to obey a flow rule and softening
rule in the plastic theory. Initial failure surface is assumed an
ellipse determined by Nc: compressive strength, Nt: tensile
strength, and Qo: shear strength when N=0 as shown in
Fig.2(a.) Increase of plastic deformation of the spring can be
written as

ool

by the flow rule, where (ng, ny)is normal vector of the
failure surface. Increase of internal force of the spring can
be expressed using stiffness matrix [Ke] as

fpaffo ol o
and substituting eq.(1) into eq.(2), we get
{ZS} =[] [{j:} - dﬂ.{::}] ....... 3)

Isotropic softening is assumed in this model, therefore
undetermined non-negative scholar dA can be written
using softening parameter h as

W{Z:}[K]{jj} Cee @

The softening parameter h is determined by assuming
bi-linear shear force versus shear deformation relationship
as shown in Fig2(b). Member angle due to shear
deformation at complete collapse point Ru is from the
previous research (Yoshimura 2005) as follows.

R, =622-p, ~519-n+6.07-p, -991215  + +(5)

where p, : ratio of web reinforcement, 7 : ratio of axial
force, and p g | ratio of longitudinal reinforcement,
respectively. Substituting eq.(4) into eq.(3), eventually we
get the following stiffness matrix in which the shear and
axial interaction is taken in account.

s e,
S ﬁé%kﬁ g

* (6)

initial failure surface f; N

2 2
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-~ N¢ : compressive strength

normal vector
e of
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Nt : tensile strength e

subsequent failure surface

(a) Failure Surface
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Shear Force
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Member Angle due to Shear Deformation

(b) Shear Force-Shear Deformation Relationship

Figure 2 Axial-Shear Interacton and
Softening Characteristic of Shear Spring

In the softening region, where h becomes negative, the
stiffness matrix in eq.(6) is not applicable for a static
analysis because of numerical stability. In the case h<0,
provisional balanced point is once solved as assuming the
shear spring has perfect plastic property (h=0), and
unbalanced force between the provisional and the true
restoring force of the spring at the balanced point is reduced
by traditional iterative routine.

3. COMPARISON OF NUMERICAL SIMULATION
FOR 2 STORY RC FRAME WITH THE ONE DEALT
IN THE PREVIOUS EMPIRICAL INVESTIGATION

A specimen provided for a static test in the previous
study (Hotta 2006) is illustrated in Fig.3. That is about 1/8
scale model of actual frames and it has span length of 80cm
and story height of 40cm. It has also 12 cm wide and 3 cm
thick partial wall at mid-span at every story. As for the detail
of other dimensions, properties of the material used and so
on, refer to our previous paper (Hotta 2006.) In the static test,
cyclic lateral force was applied at th