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PREFACE

The provision of earthquake resistant structures and facilities is one ofthe main concerns of
Civil and Earthquake Engineering Profession. As such, the main objective of seismic
instrumentation program for civil engineering structural systems is to improve our
understanding of the behavior and potential for damage of structures under the dynamic
loads of earthquakes. As a result of this understanding, design and construction practices
can be modified so that future earthquake damage is minimized. Therefore, there are
significant implications in (a) hazard reduction, (b) improvement of codes, (c) identification
of seismic response characteristics of structural system that may be used in determination of
strategies for improvement of their performances.

There are two main approaches to evaluate seismic behavior and performance of structural
systems. One requires a laboratory in which subsystems, components, or (if the facility is
large enough) prototypes or large, scaled models of complete systems are tested under
static, quasi-static , or dynamic loading. This approach does not necessarily demand a time
dependent testing scheme, such as a shaking table or hydraulically powered and
electronically controlled loading systems; however, testing of structural systems under
controlled simulated environments is desirable. Since the early 1950's such laboratory
research has increased both in quantity and quality, with engineering colleges in the United
States and private and governmental laboratories in Japan playing a key role. Laboratory
testing has also contributed substantially to our understanding of dynamic soil properties
and the interaction phenomenon between the soil and structure.

The second approach to evaluate behavior and performance of structural systems is to use
the natural laboratory of the Earth, by observing and studying damage to structures from
earthquakes. By determining why specific designs lack earthquake resistance and then by
using extensive laboratory testing of modified designs, significant progress in improved
designs can be achieved. The validity of the models of analysis used in the assessment of
the earthquake behavior of structures can only be checked by way of comparison with
relevant field observations. For such design studies, a natural laboratory would be a
seismically prone area that offers a variety of structural systems. Integral to the "natural
laboratory" approach is the advance instrumentation of selected structures so that their
responses can be recorded during future earthquakes. Thus, it is essential that integrated
arrays of instrumentation be planned and installed to assess thoroughly the relation of
ground motion that starts at a source and is transmitted through various soils to a
substructure and finally to a superstructure. The direction for seismologists and engineers
working together is clear; to develop integrated networks which measure the seismic
source, the transmittal of ground motion, and the structural response processes.

IX
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Strong motion instrumentation of structures has been utilized since 1940's. Throughout the
world, strong motion instrumentation networks have been installed on buildings,
monumental and historic structures, bridges, dams, tunnels, pipelines and power plants.
Recent strong earthquakes, Mexico City (1985), Loma Prieta (1989), Landers (1992) ,
Northridge (1994), and Kobe (1995) have yielded a wealth of structural response data from
instrumented structures. These data have contributed to the evolution and enhancement of
seismic analysis and design methodologies, seismic building codes and practices. In the last
decade, there have been significant advances in the development of digital seismic
monitoring systems, data retrieval, processing, storage and dissemination capabilities. The
new strong motion recording instruments with advanced technologies allow for: High
dynamic range (24-bit with micro-g acceleration resolution); Large memory capacity (few
hours) ; On-board real-time processing of data and; Extensive communication options.
These developments have reduced the initial and the maintenance cost of the strong motion
instrumentation and paved the path for their increased utilization.

Recent changes in instrumentation technology and the need by public officials as well as
the public for early damage assessment and disaster response have added a new dimension
to these efforts. The ideal venue for obtaining strong-motion response data is now being
considered in terms of real-time acquisition and processing. Monitoring the dynamic
behavior of structures for quick damage assessment and early warning are new and active
areas of research. Although still in development stage, several developments in the
structural health monitoring technology is slowly taking place within several strong-motion
programs, for research and on "as needed and feasible basis" . Developments for real-time
(or near-real-time) serviceability assessment for important lifelines (bridges, dams and
pipelines) are also being implemented .

It should be noted that, most of the existing strong motion instrumentation on civil
engineering structures are installed and operated as federal, state, university, industry or
private applications. In many cases, there is very little or no coordination between them .
Some of them are managed as closed systems. Limited co-operation programs and data
exchange arrangements hinder difficulties and delays in acquisition of strong motion and
structural data, even within the same country, by engineers and researchers external to the
system. As a result of this lack of coordination and information, the strong-motion data
obtained from the instrumented structures are not fully utilized by the engineering
profession.

In the on-going globalization movement there exist a strong desire and need for co
operation in strong motion instrumentation programs and enhanced data exchange
programs. Similarly, there exist a strong need to inform practicing engineers on the use of
existing strong-motion data and to improve the worldwide accessibility of data . The NATO
ARW held and this publication is an attempt to answer this need through dissemination of
the developments on strong motion instrumentation of civil engineering structures.

The editors wish to express their deep appreciation to NATO, other sponsoring
organizations and several individuals whose personal efforts made the workshop and,
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therefore, this book possible. NATO has provided the opportunity, encouragement and the
bulk of the funding towards the realization of the workshop and this publication.
Dr.F.Pedrazzini, Program Director, of the NATO-Scientific and Environmental Affairs
Division patiently guided us throughout the entire process of support application to the
publication of this book. Bogazici University and General Directorate of Turkish Highways
acted as the host organizations. U.S.National Science Foundation (through COSMOS),
Akashi Co., Kinemetrics Inc. and Leica Inc. have generously provided support to host
several participants and social functions. MS.GUIUm Birgoren, Dr.Oguz Ozel, Dr.Kemal
Beyen, Mr.Muzaffer GUl, Mr.Cem Ozbey, Mr.Hakan Akman, Mr Aydm Mert were of great
assistance during the planning and conduct of the workshop. Finally special thanks are due
to Ms.Nurdan Apaydin who was instrumental in all efforts of this undertaking. She has
personally supervised all of the workshop activities and almost singe handedly prepared all
the papers for this publication.

MUSTAFA ERDiK,
ISTANBUL, December, 2000
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STATE-OF-THE-ART TECHNOLOGY FOR DATA STORAGE AND
DISSEMINATION

TIMOTHY K. AHERN
IRIS Data Management Center
1408 NE 45th Street #201
Seattle, WA 98105 USA
e-mail: tim@iris.washington .edu

Abstract

Seismology presents unique challenges in data storage requirements and the need to
rapidly access data and disseminate information. This paper will briefly summarize some
current technological trends in each of these areas.

In general, seismological data sets can vary in size from minute to massive. Seismology is
somewhat unique in that, not only can the data volumes be large, there still exists a
requirement to recover and manipulate data at the level of individual samples. These
competing requirements make data storage solutions more complicated. This paper will
review some of the current technologies that exist and how they can be applied to
seismological data archives.

There exists a need to access data from remote seismological data recorders in real time.
Often the telecommunications infrastructure at these remote sites does not exist and this
presents unique challenges to operators of seismic networks. This paper will discuss
several communication techniques including use of telephone circuits, Internet Service
Providers (lSPs), and satellite systems that can be exploited to benefit seismology on local,
regional and global scales.

New opportunities have emerged that allow easy dissemination of data and information to
outside users. This paper will also discuss some of the efforts taking place within the
Comprehensive Test Ban Treaty Organization and the Federation of Digital Broadband
Seismographic Networks in this area.

KEYWORDS: seismology, data storage, broadband, strong-motion, data dissemination,
data communication, satellite data transmission

M. Erdik et al. [eds.), Strong Motion Instrumentation/or Civil Engineering Structures , 1-15.
© 2001 Kluwer Academic Publishers.
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1. Introduction

The oil exploration industry, the national security agencies, the aerospace industry and
remote sensing initiatives are examples of disciplines that generate massive amounts of
data. However, seismology is somewhat unique in that, not only are the data volumes
large, but there still exists a requirement to recover and manipulate data at the level of
individual samples.

Not only is the volume of data generated by seismologists large, the need to have real time
access to the data is somewhat unique. Earthquake hazard applications require that the
seismic event be characterized within tens of seconds to a few minutes in order to
minimize societal impact. The stopping of trains, orderly shut down of utilities, and
similar proactive behavior requires near real time data transfer from distributed seismic
recorders as well as the dissemination of this information to a large number of
organizations quickly. For this reason the issue of data telemetry to remote and distributed
locations is also a seismological problem. Nevertheless solutions are beginning to
immerge that will provide computer connectivity to locations throughout the world.

Seismological events, earthquakes, are of general interest to the worldwide earth science
community as well as the general public. It is becoming increasingly more important for
data generating organizations to make these data available to a wide audience. The
widespread proliferation of the Internet and the World Wide Web (WWW) now offer
opportunities for information from all branches of seismology to be made available to
scientific users and the general public as well.

2. Mass Storage Systems for Scientific Data Sets

Although seismic data sets can be massive, many uses call for rapidly accessing individual
samples inside a large archive. Driven by such activities as the EOSDIS and the
requirements of the national security organizations, the computer industry and specifically
the mass storage industry have been able to produce systems that can now store petabytes
(l x 1015 bytes) of information in a cost effective manner. There now exist systems that
can store several petabytes of data in a single system. Systems vary from the complex to
the relatively simple but in general all large systems utilize magnetic tape media and all
petabyte storage systems fall in this class. Mid-range systems can sometimes exist as both
disk based and optical disk based systems and capacities can reach the few terabyte
(lxIO I2 bytes) in a relatively cost effective manner. Smaller systems can be either disk
based or tape based systems that store tens to hundreds of gigabytes for a few tens of
thousands of dollars.
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Experience has shown that the requirement to store large amounts of information in on
line or near-line (robotically accessible) systems is basically solved. Even small to mid
sized organizations can afford to purchase multi-terabyte mass storage systems with the
storage capacities and input/output bandwidth meeting their needs. Table I shows
estimates of data generating rates for a variety of data types, including several seismic data
sources. Figure 1 shows how the capacity of disk drives has increased and the costs per
gigabyte of disk space have decreased with time.

The Kyoshin net in Japan is one of the largest deployments of strong motion
accelerometers in existence. Since it generates only 125 megabytes of data per year ,
clearly all of the data can be stored in on-line disk systems. In general strong motion
networks do not have a data storage problem that can not be solved with limited
resources. Seismological networks such as the system being deployed by the United
Nations to monitor the Comprehensive Test Ban Treaty (CTBT) do require higher
capacity systems . When the data volume increases beyond a few terabytes , mass storage
systems that use magnetic tape are generally used. These systems are normally found at
NASA data centers, National Security Agency installations and at medium sized data
centers such as the IRIS DMC. Table 2 provides some rough estimates of the cost per
terabyte for a variety of different storage technologies. The IRIS DMC selected
StorageTek Redwood/Wolfcreek mass storage system to meet its needs for data archiving
and storage . Figure 2 presents a picture of this system. At the present time IRIS manages
approximately 9 terabytes of seismic waveform data in a total of more than 2,500,000 files .
We anticipate that we will be managing about 50 terabytes of information by the year
2002 .

IRIS has found that the more difficult problem is that of correctly specifying the
characteristics of the various recording systems that digiti ze the ground motion data .
These metadata (data that describes the primary observational data) are now routinely
being stored in commercial relational database management systems. In general the data
management problem experienced by seismic data centers is not really the ability to handle
the numbers of bytes of data . It is instead managing the metadata correctly . Primary
observational data are of little use if the necessary metadata that scientists and engineers
need to interpret the time series data are incorrect. We have found Oracle to provide a
very effective platform for the relational database system that IRIS needs . IRIS decouples
the time series data from the metadata by simply inserting the name of the mass storage
system file in one field of one of the Oracle tables .

To a certain extent. the IRIS Data Management Center located at the University of
Washington pioneered the concept of combining the metadata in a commercial database
management system with a pointer to waveform files that reside in a mass storage system.
The concept of data localization has also been exploited to its fullest. Data localization, as
its name implies, means that data are organized in the tape based mass storage system in a
manner such that when one file is recovered the probability of needing another file on the
same piece of media is much higher. The need for efficiency in servicing requests for
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waveform data in seismology can lead one to the conclusion that data should be stored in
both a time based sort order as well as a station based sort order.

Ingenious software allows the small to large mass storage systems to attach to simple
UNIX based computers that are affordable to most scientists. Additionally NT has made
inroads into the enterprise class of storage systems primarily in the area of large disk
RAID systems. Several ports of file managers are also being made to computers running
NT but it still appears that the richest suite of software for managing mass storage systems
exists in the MVS and UNIX environments.

3. Technological Trends in Computer Communications to Remote Sensors

Inherently , seismic data must come from geographically distributed sensors. This presents
unique communication requirements. Many different technologies to transfer information
from remote sensors to data processing centers now exist. One of the more common
methods of transmitting data from remote recording systems to a data center is standard
telephone lines. Phone circuits are supplemented by spread spectrum radio modems,
frame relay data transmission circuits, public Internet, as well as complex systems
involving satellite circuits. All of these methods have been applied to the problem of
transmitting seismic data in near real time to seismological data centers. For instance,
Caltech uses commercially available frame relay circuits to recover data from seismic
stations throughout southern California. IRIS now transfers all seismological data
generated by US stations that are part of the International Monitoring System (IMS) for
the Comprehensive Test Ban Treaty (CTBT) from Patrick Air Force Base in Florida to the
IRIS DMC using a commercial frame relay circuit. This will allow seismic data from a
global network to arrive at the IRIS DMC in real time. Spread spectrum radio modems
are used to recover data from regional networks in the United States and throughout the
world. Some of the more ambitious communication systems presently being developed
involve Low Earth Orbiting Satellites (LEO) that will provide fiber like delays for globally
distributed computer information systems.

For many years, IRIS has been developing a system called SPYDER(R) (System to Provide
You with Data from Earthquakes Rapidly). Figure 3 shows the locations of the 132
globally distributed seismic stations that can be accessed by SPYDER@).

Communication systems generally do not need to be developed by operators of
seismological networks. In general operators of seismic networks just need to contact a
local telecommunications services provider, identify the specific data communication
problem, and these companies will propose solutions that meet or exceed your
requirements. On a global basis the situation is a bit more complex and at times operators
of seismic networks must develop the infrastructure in the remote location to transfer the
data to a central collection point with connectivity to the Internet. For instance the
Kyrgystan Telemetered Network uses a system of spread spectrum modems to transmit
data from individual stations, to relay stations and finally into the capital city of Bishkek.
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In Bishkek, a leased circuit transmits the data to Obninsk, the national center for
earthquake information in Russia . Leased circuits then transfer the data to Moscow where
it is placed on the commercial Internet. Data from Kyrgystan arrive in the United States
in basically real time . Transfer of information in this network fully utilizes TCP/IP
protocols from station to final data center and where possible leverages the commercial
Internet.

The amount of effort required in establishing networks such as the one in Kyrgystan is
significant. The near future holds a variety of exciting possibilities in the area of global
data communication systems. One of the more exciting possibilities is the development of
the Internet in the Sky as proposed by Teledesic . The Teledesic Network will consist of
288 operational satellites, divided into 12 planes, each with 24 satellites. As the satellite
planes orbit north-to-south and south-to-north, the Earth rotates underneath. This
provides global coverage . Figure 4 shows a graphic of the proposed Teledesic
constellation. The Teledesic satellites will orbit at less than 1,400 kilometers and as such
will offer very low latency. In fact the time it will take for a byte of information to reach
half way around the globe will be less than the time it would take for a byte to transfer
across an optical fiber. We feel that when the availability of the Internet-in-the-sky system
being developed by Teledesic becomes available in the year 2003, it will have obvious
relevance to operators of seismic networks. Not only does such a system have global
coverage they might be less prone to damage and failure than terrestrial systems.

4. Dissemination of Data

In addition to the telemetry problem of sending data from the data recording systems in
the field to data centers , the dissemination of data to government agencies and the public
is becoming more important. Most notable among the new methods of data dissemination
is the Internet. Government funded projects have developed powerful and novel methods
of using the Internet to transfer information from data centers to end users. There exists
an increasingly well known World Wide Web link at

URL= http ://www.geophys.washington.edu/seismosurfing.html
that lists some of the better known WWW sites that provide access to seismological
information. WWW sites are very effective in disseminating visually appealing
information about a variety of seismological topics. Unfortunately, the WWW is not well
suited for the distribution of voluminous information such as seismic waveforms .

In the Comprehensive Test Ban Treaty Organization (CTBTO) and The Federation of
Digital Broadband Seismographic Networks (FDSN) communities a great deal of effort
has been expended in developing standardized data request mechanisms and standard data
exchange formats . Both of these organizations work in the global seismological arena and
some of their choices may have been influenced by this fact.
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4.1 DATA REQUEST MECHANISMS

4.1.1 AutoDRM Requests

Although a variety of FDSN data centers have implemented several different methods of
requesting data, there are two that are gaining very wide spread acceptance . The first is
the autoDRM request mechanism developed, by the Swiss, for the United Nations , for use
in the area of non-proliferation of nuclear weapons . This email based system standardizes
the request format as shown in Figure 5. The request is interpreted by the receiving
computer system, data extracted from the data center 's archive , reformatted into a
compressed ASCII format , and the results are normally emailed back to the email address
specified in the request. A more complete description of the autoDRM format and data
centers supporting this format can be found at

URL= http ://orfeus.knmi .nl/autodrmlautodrm_help .html

4.1.2 Networked Data Centers

The FDSN has recently begun implementing a truly distributed data center system. This
system was developed primarily at the IRIS DMC but has been implemented at the IRIS
DMC, the University of California, Berkeley, the GEOSCOPE data Center in Paris , and
the ORFEUS Data Center in de Bilt, The Netherlands. This system is called the
Networked Data Center System or NetDC.

Some of the more difficult activities in the area of dissemination of seismic data between
data centers involve concepts that eliminate the traditional centralized data center in favor
of distributed centers. In the distributed model, data are held at geographically dispersed
data centers. The distributed model has a variety of distinct advantages ,
• data are held at the center that best understands the data set,
• the resource available to the entire system equals the sum of the parts and helps

balance the load across the distributed network,
• multiple sources of funding are available to support the networked data centers ,
• distributed data centers are politically more viable as funding agencies can see the

need to fund a local center more easily than an international center , and
• data are as accessible to the users in the same manner as from a centralized data

center.

Figure 6 shows a model now being developed within the FDSN for the development of a
network data center model. From a user 's perspective the system appears to be one
homogenous data center. In reality the Internet is used to service a user 's request at many
different participating data centers . This model might prove to be quite useful to the
strong motion community as it allows each data generating facility to retain control of the
data they record while still providing easy access to the general community of
seismologists.
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Although the NetDC system is being used within the FDSN , for primarily broadband,
weak motion seismology, it can easily be extended to other seismological data types, such
as strong motion data. In fact , most FDSN stations installed in areas with strong ground
motion potential are already recording strong motion data, and those time series are
available through the NetDC system .

Figure 7 provides a brief example of a NetDC reques t.

4.2 DATA FORMATS

The need for standardization in request methods, data formats, and format of
disseminated information is essential. Previous sections have briefl y discussed some
concepts in standardization of request mechanisms. Just as crucial is the need to
standardize the format of data being supplied by seismological data centers.

The FDSN has formed a working group on data formats that is sanctioned by IASPEI. It
is possible to place strong motion time series data in this format and this is routinely done
by members of the FDSN . The format is the Standard for Exchange of Earthquake Data
(SEED). More information about the SEED format can be found from the IRIS DMC or
through the WWW at

URL= http ://www .iris .washington.edu/NEW/HTIvl/manuals.htm
If the strong motion community adopts such a standard format, the members of the FDSN
would be prepared to work with the strong motion community to make any necessary
changes to the SEED format as required.

5. Conclusions

This article attempted to provide an overview of many of the initiatives presently taking
place in the seismological community. A brief overview of storage systems including:
• small to large disk RAID technology,
• medium sized tape based solutions, and
• large multi-terabyte tape based mass storage systems

was presented.

In general there appear to be no real problems with data storage for the strong motion
community. For under $4000 , fully redundant RAID disks with a capacity of to
gigabytes could be acquired. This seems to exceed the storage capacity needed. For larger
data centers such as the IRIS DMC , large multiterabyte tape based storage solutions are
available that can store several tens of terabytes of data and still return data in reasonable
times . These larger tape based solutions are provided by companies such as Storage Tek
and IBM.
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Data communication options including :
2. telephone based telemetry systems,
• Internet based systems,
• frame relay based systems, and
• satellite based systems,
both geo-synchronous and low earth orbit were discussed.

The standard telephone is in most cases a good solution for data telemetry. In the case
where Internet exists close to a station then the flexibility gained by using Internet
communication protocols warrant its use. For very remote installations, where access to
the data in a timely fashion is important, companies such as Teledesic and Motorola are
developing low earth orbiting satellite solutions that can provide very high bandwidths to
any location on the earth, and in general at affordable costs. Data Centers such as the
Southern California Data Center and the IRIS DMC, have begun to exploit Frame Relay
technology to move very large amounts of data around the United States. This technology
is available directly from long distance data communication companies such as Sprint,
MCI and AIT with relatively easy integration within a system.

Finally dissemination of information to end users and government agencies was discussed
in areas such as:

• WWW,
• Networked Data Centers

It is obvious that the WWW is one of the best ways to present data and information to
outside parties. The strong motion community might provide a useful service by trying to
coordinate the appearance of how strong motion data are provided.

The Strong Motion Community could develop a Networked Data Center model for
providing access to data by the outside community. These developments are now taking
place within the global broadband seismological community through the FDSN as well as
the Council of the National Seismic System that operate the various short period networks
around the United States.
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Table J. Volume of Data Generated by a Variety of Geophysical and Scientific Applications. The
amount of data being generated for a variety of different scientific data acquisition activities. Seismic
sources produce tens of terabytes of data per year but the mass storage industry are driven more by
EOSDlS and particle accelerator experiments where the data volumes are measured in terms of
hundreds of terabytes up to a few petabytes.

DATA SOURCE per terabytes
Seismic Exploration Industry
Marine Seismic Vessel year 31
Vibroseis® Crew year 42
IRIS Global Seismic Network year 0.8
International Monitoring System of
CTBTO

1999 year 3
2002 year 15

Strong Motion Seismic Networks
Kvoshin Net year 0.000125

Particle Accelerator
1994 experiment 1
2000 experiment 1000

NASA EOSDIS year 350

9
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Figure 1, A Graph Showing the Size in Gigabytes of Large Disk Drives and their Cost per Gigabyte by Year, The
ability to store large quantities of data in computer systems has become very affordable over the past decade, This
figure shows that as disk capacities have gone from 1 gigabyte per disk in 1987 to 18 gigabytes per disk in 1998, the
costs per byte have dropped by more than a factor of 55, In fact in 1987 1 gigabyte of disk cost about $ I0,500,
whereas in 1998 the cost for one gigabyte of disk dropped to $190, These values were calculated from actual
purchases made by the IRIS Data Management Center over the past 1°years,

Table 2, Representative Prices for Multi-terabyte Mass Storage Systems. This table provides recent
prices that have been quoted for a variety of mass storage solutions. The IRIS Data Management
Center selected the Storage Tek DS3 solution and has been using this system for one and one-half
years.

TECHNOLOGY $ ner tbvte Capacitv
RAID Disk $150,000 any
DLT Tape 7000 $20,000 3.5 tbyte
IBM Maastar/Grau Robot $17,578 38.4 tbvte
Storage Tek DS3 Redwood/Wolfcreek $14,000 50 tbyte
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Figure 2. The StorageTek Wolfcreek Mass Storage System in Operation at the IRIS DMC. This
system is roughly 72" tall and covers a 10 feet square floor area. It has a capacity of 50 terabytes of
storage and an aggregate input/output rate of about 45 megabytes/second. At the right of the picture are
three racks that contain 1.5 terabytes of RAID that is used as a temporary buffer to the larger tape based

mass storage system.

II
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Figure 3. Stations Accessed by the IRIS SPYDER® System.
Thi s diagram shows the locations of stations that are accessed by the IRIS SPYDER® system. As you can see, in
today's climate it takes resourcefulness and flexibility to connect to stations on a global basis . 46 stations are
accessible over the Internet, 3 using Inmarsat satellites, 41 by telephone connections from cooperating data centers,

19 via VSAT Satellite circuits, 21 from phone calls made by the IRIS DMC, and 2 are available over Frame Relay

circuits.

Figure 4. Th e Teledesic Satellite Constellation. Thi s diagram shows the Teledesic constellation of satellites . Each
satellite will be capable of transmitting data at 64 megabits per second from over 95% of the world ' s landmass.

Taken from the Teledesic WWW site found at \\w\\.teledesic.colII,
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GSE2.0
MSG_TYPE
MSG ID
TIME

Begin of message
request This is a request
your_specific_ID DEU_NDC Your ID

1994/12/1822:54:4.0 TO 1994/12/1822:56:12.0

13

Define Times
STA LIST
CHAN LIST
WAVEFORM
STATION
CHANNEL
RESPONSE
OUTAGE
E-MAIL
STOP

APL
SHZ,SLZ
GSE2.0
GSE2.0
GSE2.0
GSE2.0
GSE2.0
fish@sdac .bgr.hannover.de

Define station(s)
Define channe1(s)

You want waveforms
Station-info needed
Channel-info needed
Send calibration-info
Send outage info

Your e-mail address
End of request

Figure 5. AutoDRM Request Format. This is an example of the autoDRM formatted request message. It is used to
request small waveform segments from Data Centers that support this format. This format was developed by Urs
Kradolfer at ETH in Zurich, Switzerland.
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Figure 6. The Networked Data Center Model Developed by tbe FDSN. This system allows for a truly distributed data
center model to be implemented. The NetDC software is a layer of software tbat exists around the outside of the
existing operational software at a data center. It is software tbat receives information requests, routes portions of
requests to otber appropriate data centers, and reformats information responses into a standard response formal.
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<machine assigned request label>
<name of user requesting data>
<name of institution>
<return mailing address>
<return email address>
<phone number>
<fax number>
<user-assigned label for request>
<primary media selection>
.' alternate media selection -
<what format to receive waveform traces in>
<what format to receive response information >
<YES or NO and waiting time>
<instructions for data transfer through network>

.NETDC_REQUEST

.HUB ID

.NAME

.INST

.MAIL

.EMAIL

.PHONE

.FAX

.LABEL

.MEDIA

.ALTERNATE MEDIA

.FORMAT WAVEFORM

.FORMAT RESPONSE

.MERGE DATA

.DISPOSITION

.END

,---------------------------- ----- - - l
i

.DATA * AA ORCA * "BHE LH? E*" " 1995 06 22 04 00 23.4522" " 1995 06 22 05 30
00"
.RESP * AA ORCA * "BHE LH? E*" " 1995 06 22 04 00 23.4522" " 1995 06 22 05 30
00"
.INV * IV * * * " 1994 09 0 1 02 00 00" " 1994 09 30 23 59 59.9999"

FIgure 7. An Example NetDC Request. The above example shows both the header stru cture and inform ation request
structure that has been implemented within the NetDC system. Fundamentally requests can be made in a standard
manner. for data or informa tion existing in any coopera ting data center. At the present time three types of requ ests
have been defined, 1) a requ est for waveforms, 2) a request for response of the recordin g channel to ground motion.
and 3) inventory information about what networks. stations. seismic channels. and time periods exist.
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STRUCTURE INSTRUMENTATION IN THE CALIFORNIA STRONG MOTION
INSTRUMENTATION PROGRAM

MOR1.HUANG, ANTHONY F. SHAKAL
California StrongMotion Instrumentation Program
DivisionofMines andGeology
California Department ofConservation
801 K Street, MS 13-35Sacramento, California 95814, U.S.A
e-mail:mhuang@consrv.ca.gov

Abstract

In the last 27 years the California Strong Motion Instrumentation Program (CSMIP) in the
California Department of Conservation, Division of Mines and Geology has instrumented over
240 structures, including 160 buildings, 58 bridges, and 20 dams. In addition to these
structures, CSMIP has installed over 500 ground response stations. Many of these stations
have been installed since the 1994 Northridge earthquake. These modern stations have
modem digital recording and communication systems that can transmit the recorded data to a
central facility in Sacramento within a few minutes after the shaking occurs. The recorded
data are automatically processed in the central facility and then disseminated rapidly to the
users. These near-real-time data include acceleration, velocity, and displacement time series
and response spectra.

The near-real-time strong-motion data provide information on ground shaking and response of
instrumented structures, and are useful not only for improving seismic design practices but
also for post-earthquake damage evaluation of structures. This paper describes the current
status and future plan of CSMIP structure instrumentation projects, and discusses quick
application of strong-motion data to post-earthquake response and damage evaluation of
structures.

Introduction

The California Strong Motion Instrumentation Program (CSMIP) was established following
the destructive 1971 San Fernando earthquake to increase data on strong earthquake shaking.
The program installs and maintains strong-motion instruments in representative structures and
geological environments throughout California. Strong-motion data recovered from the
instruments are processed and made available to engineers and seismologists involved in

17

M. ErdiJc et aL {eds.), Strong Motion Instrumentation for Civil Engineering Structures, 17-3 I.
iO2001 Kluwer Academic Publishers.
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designing for earthquake shaking and assessing seismic hazards. The goal of the program is
to provide the data necessary to improve seismic design codes and increase seismic safety.

Since the inception of the program over 700 stations of various types have been completed.
Ground-response sites and structures are selected for instrumentation on the basis of the
recommendation of an advisory committee which is part of the California Seismic Safety
Commission. The committee is made up of leading engineers and seismologists from
universities, government, and private industry. Various organizations and professional groups
also provide input to the advisory committee. Current program funding is provided by an
assessment on construction costs for building permits issued by cities and counties in
California, with additional funding from the California Department of Transportation
(Caltrans), the California Office of Statewide Health Planning and Development (OSHPD),
and the California Department of Water Resources.

New stations include modern digital recording and utilize a communication system which can
transmit the records to a central facility in Sacramento within a few minutes after the shaking
occurs. The recorded data are automatically processed in the central facility and then
disseminated rapidly to the users.

In January 1997, a joint project,TriNet, between CDMG/CSMIP, Caltech and the U.S.
Geological Survey, was funded by the U.S. Federal Emergency Management Agency (FEMA)
through the California Office of Emergency Services (OES). The TriNet project win install or
upgrade over 600 stations in southern California by the year 2002. In the event of moderate to
large earthquakes, TriNet win produce a map, called "ShakeMap", of ground motion
distribution within minutes. This map shows contoured and colored presentations of ground
shaking parameters for the affected areas so that areas that experienced potentially damaging
ground shaking can be quickly determined .

In general, structures located in the areas that experienced damaged ground shaking win not
have been instrumented. In addition to the "ShakeMap", one can also interpret a particular
ground motion record obtained in the vicinity of the structure to determine whether inspection
of these structures in the area is needed. Quick interpretation of near-real-time ground motion
records win provide a very useful tool for post-earthquake evaluation of critical structures,
such as major buildings, hospitals, bridges and dams. For a particular structure that is
instrumented, the recorded response data win help engineers determine whether the structure
was damaged, although it may not tell which parts of the structure were damaged.
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Building Instrumentation

More than 160 buildings have been instrumented by CSMIP. Typically, 12 to 20 sensors are
installed in a building. The sensors are positioned in the building so that important modes of
vibration of each specific building will be recorded and specific measurement objectives will
be achieved. An example is given in Figure 1 for a 52-story office building in downtown Los
Angeles.

In 1989, the California Office of Statewide Health Planning and Development (OSHPD)
initiated a program providing funding for instrumentation of selected hospitals by CSMIP. In
addition, base-isolated hospital buildings are required by OSHPD to be instrumented by the
owner and maintained by CSMIP. A total of 24 hospital buildings are now part of the CSMIP
network.
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Los Angeles - 52-story Office Bldg.
ICSMIP Stalion No. 246021
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Figure 1. Locations ofsensors installed in a 52-story offi':e building in LosAngeles.

The primary goals of CSMIP building instrumentation are to obtain data to improve
engineering design practices and to assess and mitigate the hazards posed by existing
buildings. Buildings are selected for instrumentation on the basis of recommendations of an
advisory committee. It is planned that a total of 400 buildings will eventually be instrumented
by CSMIP. All representative building types (frames, shear walls and base isolation),
construction techniques and materials (steel, concrete, masonry and wood) are instrumented.
These buildings are selected at locations where significant ground shaking is likely to occur.
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Instrumentation of a building involves the installation of small sensors (accelerometers in most
cases) distributed throughout the structure, all connected to a central recorder by low-voltage
electrical cabling. Optimal locations for sensors installed in a building are developed by
CSMIP engineering staff by studying lateral force resisting systems from the drawings.
Sensors are installed at several key locations so the important modes of building will be
recorded and specific instrumentation objectives can be achieved. CSMIP instrumentation of
buildings always includes installation of sensors at the base and the roof of the building. The
instrumentation includes as many intermediate levels as appropriate for a particular building
and a reference free-field site if possible.

Records have been obtained in several buildings damaged by earthquakes (Huang et al., 1996)
and they have provided important information on the response of buildings to damaging levels
of motion. For example, a hotel in Van Nuys, a 7-stol)' concrete frame structure, suffered
structural damage during the 1994 Northridge earthquake. The building was instrumented
and suffered minor structural damage in the 1971 San Fernando earthquake and was later
instrumented more extensively with 16 sensors by CSMIP. Figure 2 shows the accelerations
recorded at the roof, the 6th

, the 3rd and the ground floors in the longitudinal direction.
Analyses of the records indicate that the fundamental period of the building was lengthened
from about 1.5 seconds in the first 10 seconds of the record to about 2 seconds later.
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Figure 2. Acceleration in the longitudinal direction recorded at a 7-story concrete building during the 1994
Northridge Earthquake. The building had column failure between the 4'" and 5'" floors,

Lifeline Structure Instrumentation

Lifeline structures instrumented by CSMIP include regular highway bridges, large toll bridges ,
dams, power plants, wharves, and airport control towers. As of January 1999, CSMIP has
instrumented 58 bridges, 20 dams, 2 power plans, 1 wharf and 1 airport control tower. Most
lifeline structures in California were designed according to specific criteria that are quite
different from those for buildings. In general, the purposes of instrumentation are to record
response data of lifeline structures for better understanding of their seismic response and for
improving seismic design and analysis procedures.
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After the 1989 Lorna Prieta earthquake, a comprehensive program was initiated by the
Department of Transportation (Caltrans) and CSMIP to instrument more Caltrans bridges
throughout the State. This bridge strong motion instrumentation program was in response to
recommendations by the Governor's Board of Inquiry that Caltrans implement a
comprehensive program of seismic instrumentation to provide measurements of the excitation
and response of transportation structures during earthquakes (Housner, 1990). As of January
1999, a total of 58 bridges have been instrumented. The number of sensors installed at these
bridges ranges from 6 (lightly instrumented) to 42 sensors (extensively instrumented) per
bridge (Hipley et al., 1998). The locations of instrumented bridges are shown in Figure 3.

Figure 3. Locations of Caltrans bridges instrumented by CSMIP in California, U.S.A

Currently, the bridge instrumentation project includes light and extensive instrumentation of
representative regular highway bridges. (There are about 12,000 Caltrans bridges in California
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and it is not practical to instrument every bridge) Under this project, various types of bridges
located near major faults have been instrumented. These bridges range from the straight 2
span bridge illustrated in Figure 4 to multi-span curved bridges. Some are newly constructed
and some have been strengthened.

Lake Crowley - Hwy 395 Bridge
Caltrnn. Bridge No. 47·48 (09-MNQ.395.13.9J
CSMIP Station No. 54730
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Figure 4. Locations of sensors installed on a Highway 395 bridge near Lake Crowley in eastern California (1he
arrows and dots denotethe measuring directionof1hesensors),

In addition to regular highway bridges, the bridge instrumentation project will extensively
instrument 7 toll bridges and 2 underground tubes. Caltrans has been designing the retrofit
and strengthening of the toll bridges. CSMIPstaffhave beenworking with Caltrans engineers
and their consulting engineers in developing instrumentationplans so that the instrumentation
can be incorporated as part of the retrofit work. As many as 120 sensors will be installed on
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some bridges to measure the bedrock motions, free-field ground motions, substructure and
superstructure responses in future earthquakes .

Funded by the Golden Gate Bridge Transportation District, the Golden Gate Bridge, including
the suspension structure , the north and south approach structures, was instrumented in 1995
with a total of75 sensors. Locations of sensors installed on the suspension structure are shown
in Figure 5. Additional sensors will be installed after the bridge is strengthened.

San Franc isco - Golden Gate Bridge
ICSMIP Station No. 587001

Sensor Locat ions et Suspension Bridge
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Figure 5. Locations of sensors installed on the suspension structure of the Golden Gale Bridge in San Franc isco,
Ca lifornia.
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Near-Real-TimeData

Developments in accelerographic instnunents and communication technology have made
possible significant advances in the monitoring and reporting of earthquake strong motion.
Since 1995 CSMIP has developed and implemented a system for near-real-time data recovery
from strong-motion stations (Shakal et al., 1995 and Shakal et al., 1997). The data recovered
are automatically processed to produce the ground motion parameters that are most useful for
engineering assessment of the earthquake impact. As an example of the near-real-time data,
Figures 6 and 7 show the record recovered from the Mammoth Lakes station, approximately 8
km west of the epicenter of a magnitude 3.6 earthquake that occurred on January 3, 1998.
Three components of band-passed acceleration, velocity and displacement, and the
acceleration response spectra were automatically calculated and plotted after the event.

The TriNet project will rapidly produce maps of potentially damaging ground shaking witlun
minutes of a damaging earthquake, called "ShakeMap." By year 2002, there will be 670
stations in southern California that record the ground motions. The "ShakeMap" will use
these stations to produce contoured maps of ground shaking parameters for the affected areas
so that the heavily impacted areas can be determined from these maps. For example, TriNet
will generate a map such as the one shown in Figure 8 for the 1994 Northridge earthquake .
The ground motion parameters include peak ground acceleration, velocity, and spectral
acceleration at 0.3, 1 and 3 seconds. The maps are still under development to meet a variety of
needs. Current maps are now available on the Worldwide Web at http://www.trinet.org after
an event. ShakeMaps for previous events are also available there. Details on the early
development of these maps are presented in a paper by Wald et al. (1998).
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Figure 6. Near- real-time data - 3 components of band-passed acceleration, velocity and displacement at Mamm oth
Lakes from the magnitude 3.6 earthquake of January 3, 1998.
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Figure 8. TriNet "ShaleeMap" (peak. ground acceleration) for the 1994 Northridge Earthquake . The ShakeMaps
are available on the Web site http://www.trinet.org

The TriNet ShakeMap will be useful for quick determinat ion of which areas experienced
damaging ground shaking. In addition, the ground motion records in those areas affected can
be quickly studied and compared with design spectra and other design parameters to determine
whether inspection of the bridges in the area is needed. For those structures that are
instrumented, the recorded response data can be quickly interpreted without complex analyses
to facilitate the determination,
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Post-Earthquake Application

In California and Nevada, locations and magnitudes of recent earthquakes are available on the
Worldwide Web at http://quake.wr.usgs.govright after the event. Response personnel can also
receive the information via e-mail and from paging systems. Generally, earthquakes smaller
than 5 do not cause damage to engineering structures. Therefore, the response personnel will
not need to proceed further for earthquakes smaller than 5.

Many of the instrumented structures have a recording system from which the recorded data
can be recovered via phone lines and processed immediately after an event as discussed above,
and the data can be used by engineers to quickly assess the integrity of that individual
structure. However, for the structures that are not instnunented, engineers can utilize the
near-real-time data recorded at free-field sites in the area. From the ground motion
information and the characteristics of that structure, the earthquake force experienced by the
structure can be estimated. Based on the design information and the experience from past
earthquakes, the engineer can then determine whether inspection of that structure should be
performed.

For highway bridges, Caltrans currently has a post-earthquake investigation team procedure.
In this procedure, the team coordinator will determine the area of damage and develop a list of
bridges to be investigated based on the magnitude and location of the earthquake. A GIS
based software package and the database of bridges are used to create the map and the list.
This procedure can be expanded to include the ground shaking information produced by
TriNet. Depending on the year of design. design forces and the characteristics of each bridge,
Caltrans engineers can determine whether the earthquake forces are larger than the design
forces for each bridge.

For the near-real-time data to be fully useful for post-earthquake response and damage
evaluation of structures, the data need to be interpreted quickly. Performance of structures
depends on the characteristics of the ground shaking as well as the characteristics of the
structures. In general, important parameters of the ground shaking are peak amplitudes,
frequency content and duration of strong shaking. Material and quality of construction, design
criteria, strueturaI system, and non-structural components also affect the building performance
during earthquakes. Case studies of 25 buildings by the California Seismic Safety
Commission (1996) attempted to correlate the damage predicted by the analyses with the
actual observed performance of the buildings in the 1994 Northridge earthquake. However,
more studies are needed to correlate the building performance with the ground motion.
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Summary

The California Strong Motion Instnunentation Program continues to instnunent more
structures to measure the ground motion and the response of the structure to these motions.
The strong-motion data recorded at these structures provide valuable information for
understanding the seismic response of the structures and for improving seismic design and
analysis procedures. In addition to these long-term objectives, the near-real-time recovery and
processing of the recorded data is useful for post-earthquake evaluation of structures.
Continued efforts towards utilizing the near-real-time data for post-earthquake response and
structural integrity assessments will be ongoing and expanding.
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LEARNING FROM SEISMIC RESPONSE OF INSTRUMENTED BUILDINGS
DURING THE 1994 NORTHRIDGE EARTHQUAKE

FARZAD NAEIM
John A. MartinandAssociates, Inc.
e-mail.jarzad@johnmarfin.com

Abstract

In the aftermath of the January 17, 1994 Northridge earthquake hundreds of strong ground
motion and building response accelerograms were retrieved from stations throughout the
greater Los Angeles basin. Particularly important among the building response records were
the data obtained from instrumented buildings which experienced relatively large ground
motions. This paper provides a summary of the results obtained from an elaborate two-year
project which included inspection of the buildings, damage assessment, performance
evaluations . The forces, displacements, and dynamic characteristics interpreted from recorded
data are contrasted with those suggested by building codes. Key response parameters and
characteristics of each building are studied and where necessary observations are provided
which may beused to improve future editions of the building codes.

1. Introduction

According to Nehru every theory must be tempered with reality. The January 17, 1994
Northridge earthquake (ML = 6.4, MW = 6.7, MS = 6.8) provided ample opportunity for

earthquake engineers to test their theories and practices of structural design and seismic
performance against the realities of strong ground shakings. Hundreds of strong ground
motion and building response accelerograms were recorded by and retrieved from instruments
installed by California Division of Mines and Geology, Strong Motion Instrumentation
Program (Shakal and others, 1994; CSMIP 1994-95), United States Geological Survey (USGS,
1994) and other agencies throughout the greater Los Angeles basin.

Particularly important among the building response records were the data obtained from 17
instrumented buildings distributed throughout the Los Angeles area which experienced peak
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base accelerations greater than 0.25 g, two instrmnented downtown skyscrapers which
experienced ground level accelerations of about 0.18g, and a two-story base isolated Fire
Command Control building which experienced a peak base acceleration of about 0.22g.

As a part of this investigation, the above buildings were inspected to the extent possible and
their performance were evaluated relative to various aspects of recorded ground motion and
building configuration. Building superintends and structural engineers who had examined the
buildings were consulted and their observations were summarized. Detailed information on
building structural systems, nonstructural systems, contents, construction history, extent and
location of damage, and loss estimates were gathered.

For each building the code specified values for natural periods design base shears and drift
indices were calculated. Two sets of code values were developed: one corresponding ·to the
edition of the building code used in the actual design of each building , and the other based on
the 1994 edition of the Uniform Building Code (ICBO, 1994). These values were compared
with natural periods and maximum base shears interpreted from the earthquake records.

A unique feature of this project is development of a CD-ROM based interactive information
system which contains all text, photos, sketches, earthquake records and most importantly all of
the analytical tools which were developed and utilized for this study (Naeim, 1996). The
companion SMIP Information System is a Microsoft Windows based system and is built around
an open-architecture relational database system which can be modified and expanded by the
users.

2. Description Of The Buildings

The following buildings were studied as a part of this investigation. The acronyms used for
identification of these buildings in the rest of the paper are given in parenthesis:

Burbank 100story residential building with 16 sensors (BURBANK 10) This building was
designed and constructed in 1974. Its vertical load carrying system consists of precast and
poured-in-place concrete floor slabs supported by precast concrete bearing walls. The lateral
load resisting system consists of precast concrete shear walls in both direction. The foundation
system includes concrete caissons which are 25 to 35 feet deep. The largest peak horizontal
accelerations recorded at the base and at the roof are 0.34g and 0.77g, respectively. The peak
velocity at the roof is about 63 em/sec.

Burbank. 6-story commercial building with 13 sensors (BURBANK 6) This steel moment
frame building was designed in 1976 and constructed in 1977. The vertical load carrying
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system consists of 3" concrete slab over metal deck supported by steel frames. The lateral load
resisting moment frames are located at the perimeter of the building. The foundation system
includes concrete caissons approximately 32 feet deep. The largest peak horizontal
acceleration recorded at the base and at the roof are 0.36g and 0.47g, respectively. The peak
velocity at the roofis about 48 em/sec.

Los Angeles. 17-story residential building with 14 sensors (LARES 17) This building was
designed in 1980 and constructed in 1982. Its vertical load carrying system consists of 4" or 8"
precast, pretensioned concrete slabs supported by precast concrete walls. The lateral load
resisting system consists of distributed precast concrete shear walls in both direction. The
foundation system includes 44" diameter and 54 feet long drilled piles. The largest peak
horizontal acceleration recorded at the base and at the roof are 0.26g and 0.58g, respectively.
The peak velocity at the roof is about 48 em/sec,

Los Angeles. 19-story office building with 15 sensors (LAOFFI 19) This office building has
19 stories above the ground and 4 stories of parking structure below the ground. It was
designed in 1966-67 and constructed in 1967. The vertical load carrying system consists of
4.5" reinforced concrete slabs supported on steel frames. The lateral load resisting system
consists of moment resisting steel frames in the longitudinal and X-braced steel frames in the
transverse direction. The foundation system consists of 72 feet long, driven, steel I-beam piles.
The largest peak horizontal acceleration recorded at the base, ground floor and roof are 0.32g,
0.53g and 0.65g, respectively. The peak velocity at the roof is about 65 em/sec.

Los Angeles. 2-story Fire Command Control building with 16 sensors (LACC 2) This is a 2
story seismic isolated building. The isolation system is composed of elastomeric bearings. The
vertical load carrying system is steel vented roof decking and steel decking with 3 to 4 inches
of concrete fill at the first and second floors. The floor system is supported by steel frames and
rubber bearings. The lateral load resisting system is perimeter chevron braced frames above
the isolation interface. The foundation system is composed of spread footings. The building
was designed in 1988 and constructed in 1989-90. In the E-W direction, the largest peak
horizontal accelerations recorded below the isolation plane, at the floor directly above the
isolation plane, and the roof are 0.22g, 0.35g and O.77g, respectively. In the N-S direction, the
largest peak horizontal accelerations vary from 0.18g at the base to O.07g directly above the
isolation system and O.09g at the roof.

Los Angeles. 3-story commercial building with 15 sensors (LACOMM 3) This department
store building has three stories above and two parking levels below the ground. The building
was designed in 1974and constructed in 1975-76. The vertical load carrying system consist of
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3.25 inches of light-weight concrete slab over metal deck in upper three floors and 18 inches
thick waffle slabs in the basement floors. The lateral load resisting system is steel braced
frames in the upper three stories and concrete shear walls in parking floors. The foundation
system consists of spread footings and drilled bell caissons. The largest peak horizontal
accelerations recorded at the base is 0.33g. At the roof peak horizontal acceleration of O.97g
and peak velocity of 57 em/sec were recorded.

Los Angeles. 5-storv Warehouse with13 sensors (LAWH 5) This is a 5-story reinforced
concrete building was constructed in 1970 with perimeter ductile concrete frames acting as its
lateral system. The largest peak horizontal accelerations recorded at the base and at the roof are
0.25g and 0.28g, respectively . The peak velocity at the roof is about 34 em/sec.

Los Angeles. 52-story office building with 20 sensors (LAOFFI 52) This office building bas
52 stories above and 5 levels below the ground. It was designed in 1988 and constructed in
1988-90. The vertical load carrying system consists of 3 to 7 inches of concrete slabs on steel
deck supported by steel frames. The lateral force resisting system consists of concentrically
braced steel frames at the core with moment resisting connections and outrigger moment
frames in both directions . The foundation is composed of spread footings of 9 to 11 feet
thickness. The largest peak horizontal accelerations recorded at the basement and at the roof are
0.15g and O.4lg , respectively. The peak velocity at the roof is about 40 em/sec.

Los Angeles. 54-story office building with 20 sensors (LAOFFI 54) This office building bas
54 stories above and 4 levels below the ground. It was designed in 1988 and constructed in
1988-90. The vertical load carrying system consists of 2.5 inches of concrete slabs on a 2inche
metal deck supported by steel frames. The lateral force resisting system consists of perimeter
tubular moment resisting frames which step in twice in elevation.. The foundation system
consists of a 9 feet deep mat foundation. The largest peak horizontal accelerations recorded at
the basement and at the roof are 0.14g and 0.19g, respectively. The peak velocity at the roof is
about 34 em/sec.

Los Angeles, 6-story office building with 14 sensors (LAOFFI §) This office building has five
stories above and one level below the ground. It was designed in 1988 and constructed in
1989. The vertical load carrying system consists of composite construction of concrete slabs
over metal decks supported by steel frames . The lateral load resisting system is a combination
of Chevron braced and moment resisting steel frames. Mat foundations are utilized beneath
the four towers and spread footings are used elsewhere . The largest peak horizontal
accelerations recorded at the base and at the roof are 0.24g and O.48g, respectively. The peak
velocity at the roof is about 70 em/sec.
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Los Angeles. 6-story parking structure with 14 sensors CLAPARK 6) The first three stories of
this concrete parking structure were constructed in 1fJ77 . The upper three floors were added in
IfJ79 based on designs dated 1975 and IfJ78. The vertical load carrying system consists of 5.75
in. concrete slabs and 5 in. post-tensioned concrete slabs supported by precast concrete beams
and columns (see the Information System photos). The lateral force resisting system consists of
six cast-in-place reinforced concrete shear walls in the North-South direction and two in the E
W direction. The foundation system is made of drilled concrete caissons. The largest peak
horizontal acceleration recorded at the base. near the north-east shear is 0.29g. Channel I at the
base of the North shear wall recorded a peak vertical acceleration of 0.22g. At the roof, the
sensor placed on the mid-span of a girder recorded a peak vertical acceleration of 0.52g .
Elsewhere on the roof, a sensor attached to a parapet on the North side recorded peak
horizontal and vertical accelerations of 1.21g and 0.52g, respectively.

Los Angeles. UCLA Math-Science building with 18 sensors (UCLA7) This Math-Science
addition to the engineering school building at UCLA is a 7 story building with no basement. It
is separated by seismic joints from adjacent wings of the building. The vertical load carrying
system for the upper floors (third and higher) consists of 2.5 inches of concrete slab over metal
deck supported by steel frames. At the third floor a thick concrete slab supported by concrete
walls make up the gravity system. The lateral load resisting system consists of concrete shear
walls between the base and the third floor and moment resisting steel frames from the third
floor to the roof. The largest peak horizontal accelerations recorded at the base and roof are
0.29g and 0.76g , respectively. The maximum velocity recorded at the roof is about 73 em/sec .

Los Angeles. 7-story hospital building in with 24 sensors CLAHOSP 7) This structure is the
first base isolated hospital building in the United States. It was designed in 1988 and
constructed between 1989 to 1991. The vertical load carrying system consists of concrete slabs
on metal decks supported by steel frames and rubber isolators. The lateral force resisting
system consists of diagonally braced perimeter steel frames isolated by lead-rubber and
elastomeric isolator units. Foundation system consists of continuous and isolated spread
footings.. The largest free-field peak horizontal acceleration recorded adjacent to the building
is 0.49g in the N-S direction. The largest horizontal peak acceleration recorded at the
foundation, immediately above the isolation plane, and at the roof of the building are 0.37g (N
S), 0.14g (E-W), and 0.21g (N-S).

Los Angeles. 9-storv office building with 18 sensors (LAOFFI 9) This office building was
designed and constructed in 1923. It consists of concrete frames with unreinforced masonry
infill walls. It consists of one level of basement and 9 floors above the ground. The largest
peak horizontal accelerations recorded at the basement and roof are 0.18g and 0.34g ,
respectively . The maximum velocity recorded at the roof is about 45 em/sec.
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Los Angeles, Hollywood Storage Building with 12 sensors (HWSTOR) This building has 14
stories above and one level below the ground. It was designed in 1925. The vertical load
carrying system consists of 8 in. thick concrete slabs supported by concrete frames. The lateral
load resisting system, consists of reinforced concrete frames in both directions. The deep
foundation system consists of concrete piles. The "free-field" station adjacent to the building
recorded peak accelerations of 0.41g in the N-S direction, 0.19g in the E-W direction, and
0.19g in the vertical direction. The maximum peak horizontal accelerations recorded at the
base and at the roof are 0.28g and 0.49g, respectively. The uncorrected trace of Channel 11 at
the roof shows a peak acceleration of 1.61g. However, at the time of publishing this paper the
corrected version of this record was not available. It is possible that this sensor was not
properly calibrated at the time of the earthquake since it has high frequency content which is
not corroborated by other instruments. The peak velocity at the roof is about 38 em/sec.

North Hollywood, 20-story hotel with 16 sensors (NHHOTEL 20) This hotel has 20 stories
above and one level below the ground. It was designed in 1967 and constructed in 1968. The
vertical load carrying system consists of 4.5 to 6 inches thick concrete slabs supported by
concrete beams and columns. The lateral load resisting system consists of ductile moment
resisting concrete frames in the upper stories and concrete shear walls in the basement. The
exterior frames in the transverse direction are infilled between the second and the 19lb floors.
The building rests on spread footings. The largest peak horizontal accelerations recorded at the
basement and at the roof are 0.33g and O.66g, respectively. The largest velocity recorded at
the roof is about 77 em/sec.

Sherman Oaks, 13-story commercial building with 15 sensors (SHERMAN 13) This office
building has 13 stories above and two floors below the ground. It was designed in 1964. The
vertical load carrying system consists of 4.5 inches thick one-way concrete slabs supported by
concrete beams, girders and columns. The lateral load resisting system consists of moment
resisting concrete frames in the upper stories and concrete shear walls in the basements. The
foundation system consists of concrete piles. The first floor spandrel girders were modified by
post-tensioning after the 1971 San Fernando earthquake. The largest peak horizontal
accelerations recorded at the basement and at the roof are O.46g and 0.65g, respectively. The
middle floors experienced large acceleration in the neighborhood of 0.6g. The largest velocity
recorded at the roof is about 68 em/sec.

Sylmar. 6-story hospital building with 13 sensors (SYLMAR) The Sylmar County Hospital
Building is a unique building built on the site of the old Olive View hospital building which
suffered major and irreparable damage during the 1979 San Fernando earthquake. This six
story cruciform shaped building has 00 basements. It was designed in 1976 and was
constructed during the period of 1977 to 1986. Its vertical load carrying system consists of
concrete slabs over metal deck supported by steel frames. The lateral load resisting system
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consists of concrete shear walls in lower two floors and steel shear walls encased in concrete at
the perimeter of the upper four floors. The building rests on spread footings. The "free-field"
station located at the parking lot adjacent to the building recorded 0.91g, 0.61g, and O.60g in
the N-S, E-W, and vertical directions, respectively. The largest peak horizontal accelerations
recorded at the ground floor and at the roof of the building are unprecedented at 0.80g and
1.71g, respectively. The largest velocity recorded at the roof was as large as 140 em/sec.

Van Nuys. 7-story hotel with 16 sensors (VAN NUYS 7) This reinforced concrete structure
with no basements was designed in 1965 and constructed in 1966. Its vertical load carrying
system consists of 8 in. and 10 in. concrete slabs supported by concrete columns, and spandrel
beams at the perimeter. The lateral load resisting system consists of interior column-slab
frames and exterior column-spandrel beam frames. The foundations consist of 38 inch deep
pile caps, supported by groups of two to four poured-in-place 24 inch diameter reinforced
concrete friction piles. The largest peak horizontal accelerations recorded at the basement and
at the roof are 0.45g and 0.58g, respectively. The largest velocity recorded at the roof is about
77 em/sec.

3. Results Obtained

The 20 instrumented buildings exhibited structural and oonstructural damages ranging from
None to High based on the ATC-38 post-earthquake evaluation procedure. Hundreds of photos
exhibiting various types of damage to these buildings and a wide variety of analytical tools
developed as a part of this project are available on the CD-ROM based information system
which was developed as a part of this investigation (Naeim, 1996). A few sample
representatives are reproduced in Figures I to II.

Interpreted maximum direct (N-S or E-W) and differential (torsional) base shears and drift
indices are presented in Table I where interpreted base shears are compared with recommended
code strength design values. Overall levels of structural and oonstructural damage are also
indicated on this table.

Interpreted vibration periods of these buildings are compared to code recommended period
estimates in Table 2 where predominant periods -if significantly different from fundamental
periods- are identified. This table also shows the shifts in building periods during and after the
earthquake . In light of the results of this investigation the following observations are
made:BuiIding code estimates of building periods are consistently less than both the initial and
final fundamental periods obtained from interpretation of recorded data. OOC-94 estimates,
however, are much better than the estimates provided by the older editions of the code. It may
be necessary to further calibrate code period estimation formulas to reduce this inconsistency.
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1. Except for the two base isolated buildings and the two downtown skyscrapers, the building

2. base shears obtained from interpretation of recorded data are larger , sometimes
substantially, than the base shears they have been apparently designed for. With the
exception of the Van Nuys 7-story hotel, however, these buildings behaved remarkably
well given the magnitude of forces they were subjected to. One could suggest that all these
buildings performed much better than what would have been expected by routine design
analysis techniques. Design procedures need to be modified to take advantage of this
excess capacity which is not ordinarily addressed in design analysis schemes.

3. The ratio of the base shears experienced to design code base shears does not correlate very
well with the extent of damage observed. The overall drift ratio, however, does correlate
rather well. This statement, however, needs further clarification through system
identification studies since it is not clear at this time whether the large drifts are
contributing to damage or are caused by it.

4. Given the level of forces the building experienced, the overall drift ratios experienced are
significantly less than what would have been expected from ordinary design analysis
techniques.

5. While structural damage was generally less than what would have been expected, the
content damage was generally extensive and usually the dollar value of the content damage
and loss of occupancy far out-weighed the cost of structural repair.

6. In seismic response of majority of the buildings, different modes became predominant at
different times during the response. In many cases, particularly for taller buildings such as
the downtown skyscrapers, the Sherman Oaks 13-story office building, and the North
Hollywood 20-story hotel, 201 and or 3rd modes had more contribution to the overall
response than the fundamental mode. In such cases application of the lateral story force
profiles as suggested by static lateral force procedures may grossly underestimate the
demand on the middle floors of the building. This can be further illustrated by examining
the story force diagrams at the time of maximum base shear which indicate that except for
the shorter buildings, the story force profile at the instant of maximum base shear is
radically different from that recommended by static lateral force procedures. Lateral force
distribution over the height of the building as suggested by static lateral force procedures is
generally based on the static deflected shape of the building. Evaluation of the deformed
shape at the time of maximum lateral displacement shows that the lateral deformation at
this instant almost always follows a shape similar to the first mode of vibration.
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7. Our studies indicate, however, that in most cases maximum forces and maximum
displacements are not concurrent. In most cases the maximum force response occurs first
and the maximum displacement response occurs many seconds later. Current edition of
the UBC code requires dynamic (i.e., response spectrum) distribution of forces for
irregular structures. In light of observations presented here it might be prudent to require
dynamic distribution of forces for buildings exceeding a certain height (65 feet for
example) and limiting the application of static lateral force distribution to the regular
buildings of less height.

8. Except for the case of the 6-story Sylmar County hospital, behavior of mounted
mechanical equipment was not a strong function of the severity of the ground motions but
rather the quality of design and construction. (see for example photos of equipment
mounted at the roof of the 3-story commercial building or the Van Nuys 7-story hotel in
the Information System developed as a part of this project).

9. Except for buildings with observed structural damage, the period of the building as
interpreted from the recorded data did not elongate significantly and when elongation
occurred the period came back to the vicinity of the initial value towards the end of the
groundmotion. The periodof damaged buildings however did decidedly elongate.

10. For several buildings, torsioncontributed significantly to the seismic response. In one of
these cases ( Van Nuys 7-story hotel) the building experienced major damage.

4. Conclusions

An interactive information system was developed which contains all of the gathered
information, inspection results, recorded data, performance analysis results, and analytical tools
utilized for evaluation of twenty extensively-instrumented buildings which were subjected to
significant ground shaking during the January 17, 1994 Northridge earthquake (see Naeim,
1996). This CD-ROM based interactive information system can be a very valuable tool in
teaching and learning earthquake engineering and seismic response principles as well as a tool
for further research on response of buildings to strong earthquake ground motions. A brief
overview of the information generated regarding the seismic performance of these buildings
were presented. The interested reader is referred to Naeim (1996) report to California Strong
Motion Instrumentation Program and its companion CD-ROM based information system for
more details.
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Table 1. BaseShear, Driftand OverallDamageSummary

BuiId.iDc Maximam Muimam DesiCl' UBC-1l4 Muimam o-aD ()yenJJ

Acronym DirutBise Dilt'eraIlial Code StrmetJa 0ra'aIl Drift SInIClIIraI Noa-strueatraJ
Sbear BlseSbear StrmetJa Len! lacks Damage" aod/or

laterpreud lalft'prded LeYei BIse BIse laterpnud Equipmeot
('A\Total ('A\ Total SlIear Sbear (1D.JlD.) ' Daosage"
WC&btr Weicbt)" ('A\ Total ('A\ Total

Weigbt)" Weicbtl"

BURBANK 10 34 14 14 20 0.0023 lnsigJifican Insignificant
I

BURBANK 6 22 7 10 7 0.0039 InsigJi6can Modcnte
I

LARES 17 17 16 18 18 0.0022 Insignificao Insignificant
I

LAOFFI 19 34 22 8 12 0.0039 Moderate Insignificaol

LACC2 7 \I .» .» - None Modcnte

LACOMM3 49 27 18 27 0.0 1\ 1 None Insignificanl

LAWH5 17 10 8 17 0.0020 Insignificao lnsigDificaDl
I

LAOFFI52 9 4 .:» .» 0.0011 None None

LAOFFI54 4 4 .» -' 0.0008 None None

LAOFFI6 .s -' -' -' - None None

LAPARK 6 27 13 12.5 18 0.0016 lnsignifican Insignificant
I

UCLA7 27 21 -' -' 0.0047 Moderate Insiguificant

LAHOSP7 J J - ' .» - None Nooc
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Buildinr; Maximum Muimum Desir;n UBC-M Muimum o.eran Overan
Ac:rmym Dlrec:t Base DitferootW Code StnDp;th o.eran Stru<:tural NOD-

Sbear Base Shear Stroop;lh Level Drift IDdex Damage strurolnl
Intel'pl'<ted IDlerpreled Level Base Base IDterpreled aDd/or

('lI>Total ('lI> Total Shear Shear (an.IIn.) a Equipment
Weicbt)l Weir;b1)l ('lI> Total ('lI> Toeal Damage

Weip;bt)2 Weight)3

LAOFFI 9 20 18 -' -' 0.0018 Insignifican Insignifican
t I

HWSTOR 10 10 -
, .s 0.0013 Insignifican Insignifican

t t

NHHOTEL20 12 9 6 6 0.0036 Insignifican Moderate
t

SHERMAN 13 13 3 6 6 0.0067 Moderate Insignitican
t

SYLMAR 97 63 -. - 0.0022 Insignifican High
I

VAN NUYS 7 33 41 7 21 0.0117 High Moderate

NOTES:

a) For analytical assumptions see (Naeim, 1996).

b) Estimate of the code WSD value times 1.4 at the time of building design.

c) Estimate of the UBC-94 code WSD value times 1.4.

d) ATC-38 Definitions of overall damage states are used.

e) Design was not based on code static lateral force procedures.

t) Sufficient information not available for compiling this value.

g) Approximate methods used are not applicable to thiscase.
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Took2. VibrationPeriods (seconds)

Building Interpreted Interpreted Significant Design UBC-94
Acronym N-S &E-W Predominao Period Code Period Period

Fundament t Response Elongation? Estimates" Estimates"
al Periods ' Periods" .

BURBANK 10 0.57 - 0.62 Same No 0.30 0.58
BURBANK 6 1.28 - 1.28 Same No 0.60 0.95
LARES 17 0.80 - 1.20 Same Moderate - ~ - ~

LAOFFI 19 2.60 - 3.41 Same No 0.76- 1.90 1.24 - 2.33
LACC 2 1.28 - 0.2 to Same Yes in E-W - ~ - ~

1.14 Dir.
LACOMM3 0.55 - 0.51 Same No 0.16 0.40
LAWH5 1.46 - 1.37 Same No 0.60 0.73 .
LAOFFl52 6.0 - 6.0 1.6 to 2.0 No - ~ - ~

LAOFFl54 6.0 - 6.0 1.0 to 2.0 No -~ --~
LAOFFl6 0.85 - 0.85 Same No 0.56 0.56
LAPARK6 0.35 - 0.40 Same No 0.18 0.44
UCLA 7 0.66 - 1.02 Same No -~ -~

LAHOSP 7 0.64 to 1.5 - Same Yes - ~ - ~

0.79 to 1.5
LAOFFl9 1.21 - 1.71 Same No - r _J

HWSTOR - ~ - ~ - ~ - ~ - ~

NHHOTEL 20 2.20 - 2.50 Same & Moderate 1.20 1.60
0.70

SHERMAN 13 2.6 - 2.9 Same & 1.0 Yes 1.27 1.60

SYLMAR 0.46 - 0.46 Same No - ~ - ~

VANNUYS 7 1.1 to 1.8 - Same Yes 0.70 0.70

t02.2

a) for analytical assumptions , methods and procedures see (Naeim, 1996)

b) Either sufficient information not available for compiling this value or value
not applicable.
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Figure I. The Information System mainfolder LAOFFI 19 building.

Figure 2. Buckled brace at the pershouse of the LAOFFl 19 building.
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Figure 3. Moving windows FFf analysis for the NoS response of the LARES 17 bldg.

Figure 4. TIles over isolation pit of the LACe 2 bldg. after the earthlplllke
(photo courtesy of Robert Bachman).
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(a) time = 0 to 15 seconds

(b) time = 15 to 25 seconds
Figure 5. Fast FourierTransform of E-W response of LACe 2 building showsthat the pit separationshown in
Figure4 has permitted the building to behave as an isolated systemafter 15 seconds into the ground motion.
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Figure 6. Mechanical equipmcttdamageat the roofof BURBANK 6 building.

1~i#fQ~h;';'~ .6 "~"'yr""":<'...I ~~:
•. ,-.•..•..• -.,. ,".". 1). •..0 .. ' · ,n x.,·, ·.·.··.·

Figure 7. FFf analysisdepicting fundal1lClUl NoS period of BURBANK 6 building.
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Figure 8. Fourier spectrum indicating a fundamental period of 6.0 sec. For LAOFFI 52 building. Notice that the

predominant period however is slightly below 2 seconds.

Figure 9. Fourier spectrum indicating a fuodamelUl period of about 6.0 sec. For LAOFFI 54 building. Notice
that the predominant period bowever is at about 2 seconds.
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Figure 10. Shear failureof column at the fourthfloor of the VAN NUYS 7 building
(viewsof the same columnfromoutsideand inside).

Figure 11. Moving windows FFT analysisshowing significantsoftening of the
VAN NUYS 7 building largely due to damageat the fourthfloor.
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NEW DEVELOPMENTS IN HEALTH MONITORING FOR CIVIL STRUCTURES

ROBERT NIGBOR', JOHN FORT2

I University a/Southern California, Los Angeles. California
]Kinemetrics Inc., Pasadena . California
e-mail :rnigbor@agbabian.com

Abstract

Practical examples of health monitoring of civil structures now exist, and recent or coming
improvements in technology will likely add more examples. This paper discusses several
health monitoring projects, both commercial and research. Some new technologies in
instrumentation, communications, and analysis are then briefly listed. However, technology
alone cannot improve the "market" for structural health monitoring. The decision process for
monitoring must be studied. and developers of monitoring technology must realistically
compare the costs and benefits. Barriers to wider adoption and implementation are discussed
and some needs expressed.

1. Introduction

A vision for structural health monitoring, as applied to civil structures, is one in which a
structure can sense its condition, express the information both internally and externally, and
possibly use that information as the basis for some corrective action. The time scale for this
monitoring can vary from immediate (for extreme events such as earthquake) or on a scale of
years for long-term degradation due to corrosion or fatigue.

At the present time, technologies are available to perform real-time monitoring of various
physical quantities such as acceleration, displacement, strain, force, temperature, etc.
Technologies are also available to perform rapid, even real-time analysis on the measured data
and to communicate both data and analysis results to a remote location. Many research
examples, and several practical examples, exist Three examples are discussed below: the
Rarna IX Bridge, the Kingston Bridge, and Winooski One Dam. An attempt at standardization,
the Remote Bridge Monitoring System (RBMS), is also discussed.

The difficulty with such monitoring projects, when applied to practical situations, is that the
analysis technology is not yet ready to robustly tackJe the damage detection problem. This is a
difficult problem that may never be completely solved. Until somewhat reliable and robust
condition assessment technology is available, the cost-benefit relationship for structural health
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monitoring will be weighted toward the cost side, preventing practical implementation in all but
a few extreme cases.

2. Health Monitoring Examples

In the following section, three examples of practical structural health monitoring systems are
briefly described. A commercial monitoring system specification, RBMS, is also discussed.

Rama IX Bridge

The Rama IX Bridge in Bangkok, Thailand is a large single-plane cable-stayed bridge crossing
the Chao Phraya River. It measures 782 meters in total length including the 450m main span
and two 166m back spans. Concrete approach viaducts extend the span to three kilometers .
This is a single-plane symmetric cable-stayed bridge with steel deck and two support pylons
rising 78m from the bridge deck.

Wind tunnel tests during design forecasted unacceptable vibration of the bridge deck due to
wind-induced oscillations, so eight tuned-mass dampers were installed near the bridge deck
center. However, soon after construction in 1987 perceptible vibrations were and are observed
in the bridge deck. These vibrations are traffic-induced, with a peak acceleration (measured
later) of about O.lg.

Concerns about possible long-term effects of the deck vibration prompted installation of a
simple monitoring system immediately after construction. In June, 1995, a more complex
monitoring system was installed. This was an OASIS (Online Alerting of Structural Integrity
and Safety) system developed by Agbabian Associates and Kinemetrics (Nigbor, 1996).

This monitoring system consists initially of 12 accelerometers (high dynamic range) plus 3D
wind and temperature sensors, an on-bridge data acquisition and recording system, a real-time
data link (initially hardwired), and a monitoring computer at the bridge headquarters about 3km
from the bridge. Data are continuously monitored both by the on-bridge triggered recorder and
the remote real-time monitoring computer. Data are distilled into a graphical display, with
green/yellow/red alarms when threshold levels are exceeded. The primary focus of the real
time monitoring system is occupant safety (environmental and vibration). Structural health is
monitored through periodic recordings of ambient vibrations. Figure 1 shows an example of
these data.

In the near future this health monitoring system will be expanded and used as an integral part of
a thorough structural inspectionof the Rama IX Bridge.
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Kingston Bridge

The Kingston Bridge in Glasgow, Scotland is a twin three-span structure carrying traffic over
the River Clyde. Built in 1970, the continuous superstructures are cast-in-place post-tensioned
concrete three-cell box girders constructed segmentally as balanced cantilevers. In 1990, an
assessment of the bridge revealed serious problems with the decks and piers. Safety was a
concern in several extreme traffic loadin scenarios.

RAMA IXBRIDGE HEALTH MONITORING DATA
TRANSVERSE SPECTRA FROM 6/22/95 AND 11/6/95
10.5p--------------------.
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Figure I : Sample data from the Rama IX Bridge OASIS System

To solve this structural problem, traffic control was implemented and repairs were started.
During the multiple-year repair program the bridge could not be shut down. So, an extensive
bridge monitoring system was installed to assist engineers in preventing collapse (Robison,
1996). This extensive monitoring system consisted of displacement, stress, strain, temperature,
wind, and meteorological sensors. Quasi-static data from the sensors were collected on the
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bridge and transmitted off-site for analysis. One feature of the monitoring system was real-time
alarms available to alert users to abnormal or critical conditions.

Winooski One Dam

The previous two examples of structural monitoring were both based upon practical, safety
related problems. There are numerous examples of monitoring systems installed for research
purposes to advance the development of monitoring technology. One such example is the
Winooski One Dam in Vermont. During construction, this concrete dam was extensively
instrumented with fiber optic strain sensors and the data made available in real-time through the
internet (Fuhr et al, 1998).

Physical placement of the fiber optic sensors was based upon a detailed structural analysis, Key
structural areas were chosen for structural health monitoring. At some locations, crack
detection was of prime importance. At others, vibration analysis or intrusion detection were
important. The resultant sensor "web" embedded into the powerhouse was composed of 47
sensors.

Radio telemetry was used to collect all data at one location, where these data were made
available through the internet.

This research project, typical of many, demonstrated the available technologies and provided
data for development of analysis technologies.

Remote Bridge Monitoring System

Each of the above three examples is unique, and the monitoring systems are unique. Some
standardization of monitoring systems is perhaps desirable for future developments.

An attempt at standardization has been made by the New York Department of Transportation.
A Remote Bridge Monitoring System (RBMS) has been developed based upon commercial off
the-shelf (COTS) components by Alampalli et al (1994). This system uses dynamic
measurements and modal-parameter-based analysis to look for long-term degredation or
damage. A standardized commercial specification was developed for a generic RBMS and is in
use by the State of New York.

3. New Developments

Through both commercial developments and academic research, there continue to be new
developments which improve the structural health monitoring capabilities for civil structures .
Often, these developments are in other fields, such as electronics or aerospace. This brief paper
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is not a venue for detailed discussion of this subject. FoUowing is a list of significant new
developments in instrumentation, communications, and analysis:

Instrumentation:
ii High dynamic range (> 16 bits) digitizers which aUow both ambient vibration and

extreme event monitoring without gain change.
ii High dynamic range accelerometers which allow measurement of the full amplitude

range of structural vibrations.
ii Intelligent dataloggers, which contain microprocessors or digital signal processors.

These can perform some of the requiredcalculations in the field, providing distributed
intelligence within a monitoring system.

Communications:
ii Fiber optic data communications allows fast, noise-free communication both within a

structure and from the structure to an externalcomputer.
ii Internet communications (such as in the Winooski One system) hold promise for

remote communications.
ii Wireless digital point-to-point communications now provide relatively fast data

transfer over intermediate distances.
ii Low Earth Orbit satellite communications systems may offer future improvements in

the robustness of monitoring system communications.

Analysis:
ii New probabilistic analysis approaches based upon statistical patteru recognition show

promise at answering the question "is there damage?".
ii Real-time analysis and information display is simplified with the faster computers now

available.

4. Barriers To Wider Implementation

There are very few practical examples of structural health monitoring. This is because there
exist both technical and economic barriers to wider implementation.

Technical Barriers

In the laboratory it is relatively easy to infer structural damage or degradation using structural
monitoring. However, in the field things are not so simple. One reason is that changing
environmental conditions, including structural loading, produce a variability in a structure's
behavior. Figure I shows two spectra from the RAMA IX Bridge taken at two different times.
Other than the first two modes, frequencies are different, probable due to different loading



www.manaraa.com

58

conditions (traffic). Figure 2 shows similar data from another large bridge, the Vincent Thomas
Bridge in Los Angeles. Here, data are from three different times in the same day.

Figure 2: Ambient Vibration Data from the Vincent Thomas Bridge (Nigbor, 1995)
This variability in modal and other parameters calculated from real structural data make the
detection of all but large damage difficult.

There are other technical barriers, including:
• Data transmission limitations
• Sensor dynamic range and frequency response limitations
• Issues due to high background noise for forced vibration
• Issues due to multiple inputs for ambient vibrations
• SmaIl effect of local damage on global response of the structure

Economic Barriers

Cost is always an issue. Installation of a structural monitoring system on a large civil structure
is not cheap because of the large distances and numerous sensor locations. Hardware costs
range from US$2000-10000 per channel, and typical large structural monitoring systems cost
several US$lOOk. In addition, there are training, maintenance, and operating costs; about 10%
of the initial cost per year is required for maintenance and operation of a typical monitoring
system.
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Health monitoring of a civil structure can have benefits to the structure 's management, can
assist in the diagnos is or characterization of structural problems, can enhance the safety of
occupants or contents, and can provide data for research. However, none of these benefits are
easily quantifiable. This is a significant barrier for the future of structural health monitoring.
Unless a problem is known (as in the case for the Rama IX and Kingston Bridges) , it is doubly
difficult to argue that monitoring has a direct benefit to the structure and its owners or
occupants .

So, we have an expensive technology with mostly indirect benefits. When the costs and
benefits are weighed by management, it is often difficult to justify implementation of a
structural health monitoring system.

5. Needs

In light of the comments in the last section, it is the author 's opinion that we must address and
quantify the benefits of structural health monitoring in order to encourage wider
implementation. This can be done technically by developing more reliable and robust damage
detection algorithms and procedures that can be used with relatively sparse sensor distributions.
New instrumentation concepts that reduce cost will help also, but the major problem with the
economics is on the benefit side.

Finally, most practical monitoring systems have been implemented on large structures where a
problem is suspected or known. To expand structural health monitoring beyond these few
pathological instances , we must develop simple , robust health monitoring schemes for
"ordinary" civil structures such as mid-rise buildings or mediumOsize bridges , with costs low
enough to be comparable to frequent visual inspection.
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l.Introduction

The earthquake effect on monumental heritage is a critical issue in areas of ancient
civilisation. Monumental buildings require specific strengthening techniques, related to a
clear understanding of all factors affecting its vulnerability.
Moreover, it is important to outline the singularity of the environmental built in Italy: the
originality of historical centres (in each village as well as in the most important cities) and
the peculiarity of the urban planning, suggests to involve in the matter, scientists specialised
on topics like history of the art and architectures, to take advantage of collection of reliable
historic information about the building and the constructive techniques. The evaluation of
the seismic vulnerability is the evaluation of the degree of damage that a structure with a
specified typology would suffer, when subjected to a seismic action with specified
characteristics. The evaluation of seismic vulnerability is linked to the knowledge of the
dynamic behaviour of buildings during seismic events .

2.The Methodology

There are two main approaches to evaluate , experimentally, evaluate seismic behaviour and
performance of structural systems. One requires a laboratory in which subsystems,
components, or (if the facility is large enough) prototypes or large, scaled models of
complete systems are tested under static, quasistatic, or dynamic loading. This approach
does not necessarily demand a time-dependent testing scheme, such as a shaking table ;
however , testing of structural systems under controlled simulated dynamic environments is
required if a mathematical model (generally numerical) of the structures is required. The
second approach, to evaluate behaviour and performance of structural, by observing and
studying damage to structures from earthquakes. By determining why specific designs lack
earthquake resistance and then by using extensive laboratory testing of modified designs, if
significant progress in improved designs can be achieved . Nevertheless, the historical
environmental built, might not wait for a future seismic event to be rehabilitate as the recent
Umbria-Marche earthquake effects clearly stated . Thus is essential that, to characterise the
dynamic behaviour of monumental buildings, a campaign of ambient-vibration tests is
performed. Generally speaking, the importance of ambient-vibration analysis is that it gives
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the elastic properties of the structure: during strong earthquakes the structure may
experience non-linear behaviour; thus, if the parameters of linear behaviour are known
beforehand, it is easier to analyse the non-linearbehaviour. Speakingabout, old, slightly or
greatly damaged, masonryor monumental buildings, is quite difficult to study their elastic
properties: even for very small excitation a non-linear behaviour is experienced by the
structure: we can approximate their behaviour to a pseudo-linear trend. To evaluate its
dynamic behaviour an experimental approach is necessary by means of deploying
velocimeter (ambient vibrations) and accelerometers (earthquakes) in optimal
configurations[1-3].

3.Case-History

Researchers at ENEA Laboratories, studied during the last decade the dynamic behaviour
of monumental buildings in Rome (such as «Tempio della Minerva Medica», Colosseo,
Traiana and Antonina Columns, «Tempio Rotondo al Foro Boario», etc.) and in others
Italian cities (such as the bell-tower of San Giorgio church in Trignano, near by Reggio
Emilia or the Duomo of Orvieto). Test and data analysis of the last two structures is
presented in this paper[4-14).

3.1.THE BELL TOWER OF S. GIORGIO CHURCH IN TRIGNANO

The bell tower of San Giorgio church in Trignano, damaged by the 15 October 1996
Novellara (RE) earthquake (Epicentre 44° 48' OO"N 10° 42' OO "E MI=4.8), has been
surveyed to characterise its dynamic properties by ambient noise measurements and by
temporaryinstallationof strong motionaccelerometers suited to record aftershocks.
A preliminary analysis of the records (noise and earthquakes), plots of the time histories
and of the Fourier amplitude spectra, made possible the following consideration:
1. both ambient noise and earthquakes enhance resonance of the bell tower close to 3 Hz

and between 7 and 10 Hz;
2. the bell tower shows the main resonanceclose each to the other and close to 3 Hz in the

two main directions;
3. significant frequency content in the range 1+5 Hz for the earthquakes records at the

basement of the tower suggesta possibleeffect of the local soil condition on the seismic
wavefield;

Examples of noise and earthquakerecordingsare illustratedin the followingfigure (fig. 1).
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Figure J Noise and earthquake recordings

3. l. l .Description ofthe structure.

The medieval Bell Tower of S. Giorgio Church in Trignano is 18.5 m tall and 3.35*3.00 m
at the basement. The original structure withstood several changes and additions in the past
centuries. Four masonry pillars compose the main structure, about 40 cm thick, at the
corners. Very poor masonry walls , whose connections with the pillars are not effective, fill
the spaces between the pillars . The first three floors are made of timber , the forth one was
substituted by a two brick little vault floor, supported by a central steel I beam. The stairs
were composed by wooden and steel flights. The tower is connected to the structure of the
church and to other buildings on three sides, up to the height between 6 and 7 m. AIl the
others are masonry structures too.

The effects of the October 15, 1996 earthquake was the opening of a near horizontal crack
in the freely rising part, above the roofs of the adjacent buildings, which interests three of
the four sides of the tower. A 3-cm offset was also apparent between the upper and lower
part of east wall , due to a clockwise rotation of the upper part with respect to the lower one.
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3.J.2.The ambient-vibration tests.

3.J.2.J.Conjiguration and tests

Nineteen tests lasting 32 sec were performed, deploying the seismometers in two
configurations, shown in figure 2. These differ only for the position of sensor Ch3. In the 1
st configuration ChI , Ch2and Ch3 were on the ground level; CM and ChS were just under
the cracks; Ch6, Ch7 and Ch8were at the top.In the 2-nd configuration sensor Ch3 was
moved to the same level of CM and CbS. Both ambient and forced vibrations were
considered, by recording the vibrations due to the noise only and to the effect of a mass
dropped on the ground near the tower.

3. J.2.2.Data analyses

The recorded data were studied in the frequency domain by means of cross-spectral
analysis. For each sensor location, the records obtained from each test in the same
configuration were considered as subsets of a longer record, so that the analysis was
actually performed over very long record. Of course, before doing that, each record was
half cosine tapered. In this way we obtained the average cross spectrum estimate, with the
corresponding phase factor and the coherence function . The spectral window used was
Hanning passed twice. The motion in terms of modal shapes was examined by means of the
PSD amplitudes.

3.1.2.3.Results

In figure 3 the power spectral densities of records relative to the l-st configuration are
shown. A resonant frequency of 2.7 Hz is apparent in the spectra relative to sensors in the
N-S direction (CH3, CHS, CH7, and CH8) if exception is made of the sensor CH2,
probably due to a poor basement-structure connection reducing the signal as in free-field
situation. Peaks at 2.9 Hz are instead evident in the spectra of records in the W-E direction
(CHI , CH4, and CH6). The cross analysis allowed to point out that two modal shapes, with
predominant displacements in the N-S and W-E directions, are associated to the above
mentioned frequencies (sensors in the same direction always in phase at these frequencies) .
Analysis of the cross CH6-CH7 and CH6-CH8 do not evidence torsional modes associated
to those frequencies . A peak at 6.9 Hz is evident in all the PSD. The cross analysis between
records at CH7 and CH8 indicated that it is associated to a torsional mode shape.
The most significant cross-spectral densities are shown in figure 4 with the relative phase
factor and coherence function .

The records of sensor CH5 show a smaller contribute of the frequency components in the
range[O, 4[ Hz, while the spectral amplitudes are much higher in the range [6, 8] Hz, if
comparison is made with records from other channels. Therefore location CH5 does not
take part in the first and second vibration modes, but it has a very important contribution in
the torsional mode. This particular behaviour is related to the presence of the other
structures , which influence the dynamic characteristics of the tower very much.
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The records of the 2-nd configuration allowed analysing in more detail the movements of
the floor under the crack. The cross-spectral densities of the couples Ch3-Ch4, Ch4-Ch5
and Ch3-CbS are shown in figure 5. The presence of the already mentioned resonant
frequencies is confirmed. At the frequencies 2.7 and 2.9 Hz the phase factors of the cross
spectrum of records at Ch3 and Ch5 are not always significant. The same happens for the
spectrum of records Ch3 and Ch4.

3. I. 3.Earthquake Measurem ents.

The 6 accelerometers of the mentioned configuration recorded 67 aftershocks in a period of
two months (October-December 1996). The events were classified on the basis of an
estimate of the energy content (Arias Intensity) r13J. A frequency domain analysis was
performed for all the events and the main three resonance frequencies obtained. From the
frequency analysis versus the earthquake event is evident the changes of the resonant
frequency values [13J. Plotting the Arias Intensity for each of the recorded event versus the
obtained resonant frequencies, gave the following results [13J:
• The energy range can be subdivided into two intervals: in the first one resonant

frequency are randomly distributed to the energy increase; in the second one a linear
regression between frequencies and the Log(E) seems to fit the data.

• This is valid for all the 3 resonant frequencies.
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Fig 2. Velocimet ers and accel erometers sensors layout

The coherence is always quite good. This occurrence could be related not only to the
presence of the cracks, which determine the non linear behaviour of the structure, but also
to the very low contribute of Ch5 at these frequencies. The phase between records Ch3 and
Ch5 is not significant in the range [4,81 Hz and so is the phase between Ch4 and ChS.
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3.2.THE CORPORAL'S CHAPEL OF THE DUOMO OF ORVIETO

TIle monumental heritage of the Central Italy suffered very much because of the Umbro
Marchigiano Earthquake of September-October 1997. The first shock happened in
September 26th at 2.33 a.m .. Italian time, with magnitude ML=5.5. The epicentre was
localised in Colfiorito (Lat. 43.0oN. Lon. l2 .9°E). Two shocks. with magnitude 5.8 and 4.7
respectively, happened at 11.40 and 11.46 a.m.. Several shocks followed the first ones.
most of them characterised by a magnitude higher than 3.0 [15).

TIle seismic motion had effects also in Orvieto , a small town 70 Km far the epicentre area ,
where the first shocks caused the opening of cracks in the structures of the very famous
Duomo, especially in the vaults of the Corporale ' s Chapel.

The Environment Department of ENEA was involved in the experimental dynamic analysis
of the structural behaviour, in order to evaluate the health status of the building and to
locate any damage . The vaults of the Corporale 's Chapel were particularly studied.

3.2.1.Description of the structure.

The Duomo ofOrvieto is a Gothic-Romanesque style church, built between 1290 and 1320.
Its very famous facade is a mix of marble and mosaics . It has a 17-m wide nave and two
8.5-m wide aisles. A wooden truss roof, support ed by masonry walls covers the nave.
whose length is 59 m. Each wall is supported by six arches whose springing start from
circular masonry pillars, which separated the nave from each aisle (Fig. 6).

The roof of the transept is composed by three cross vaults , the central one larger than the
other two. From the transept you can get to the Corporale 's Chapel and to the S. Brizio 's
Chapel. The covering of both them is composed by two cross vaults .

A square shaped choir substituted the original apse. Also the Corporale 's Chapel and to the
S. Brizio's Chapel were built later in correspondence of existing flying buttresses . The
basement of the transept and the choir is formed by an old masonry structure.
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Figure 6 Plan of the Duomo of Orvieto ,

3.2.2. Corprale 'sChapel Configurations

Preserving notation of the site-tests report [14] configurations L to P were relative to the
two vaults of the Corporale's Chapel. In the first one (Configuration L) three sensors (Sl,
S3 and S7) were on the ground level, the other five were on the vaults. Configurations M
and N were relative to the left vault, while Configuration 0 and P were relative to the right
vault. In all these configuration, seven sensors were deployed on the vaults, while S1 was
on the ground level in the vertical direction.
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3.2.3.Results

The analysis of data shows that peaks at 1.8 and 2.5 Hz are present in the spectra of the
records of the Corporale 's Chapel (fig. 8), in which also resonance frequencies between 3.0
and 3.5 Hz are apparent. Those are associated to local modes, in which the Corporale 's
Chapel moves in the longitudinal direction. Cross-spectra of records obtained during
ambient vibration tests of the external vault of the Corporal Chapel (configuration M of
figure) are plotted in fig. 9. The 11.5 Hz sharp peak is probably related to a modal shape of
the vault. The phase factor is not always significant because of the non-linear behaviour of
the vault, which shows relevant cracks induced (or may be just evidenced) by the Umbria
Marchc earthquake. The spectra shown on figure 10 are from records obtained in the
configuration O. The peaks at low frequencies are associated to Chapel modes already
described in the spectra of fig. 8. A higher resonance frequency at 12.5 Hz is evident, which
seems to be associated to a mode of the vault. The phase factor is, again, often not
significant as well as the coherence function, denoting non-linearity in the structural
behaviour, confirmed by comparison with forced vibrations, showing different features .
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4.Conclusions

The bell tower of the S. Giorgio in Trignano church, stroke by an earthquake, showed
damages consisting in near horizontal cracks, just above the roof level of the connected
buildings. The experimental analysis allowed to identify the influenceof the damage on the
structural behaviour and to state the absence of other important cracks. The dynamic
interaction between the bell tower and the connected buildings certainly played a
fundamental role in the crack formationand so did the bad static conditionsof the structure.

The results of the dynamic test of the Duomo.of Orvieto showed a good performanceof the
structure both under ambient vibration and forcecttests . The structure behaves almost
linearly in the tested range. The analysis of the recorded data relative to ambient vibration
tests allowed identifyingthe resonancefrequencies of the structureand of the vaults too.
The main structure of the nave shows a good performance, even though there is no rigid
connection between the longitudinal walls. In fact horizontal constrains between the
wooden roof and the masonry walls are missed. Several structural resonance frequencies
related to different modal shapes were pointed out.

Forced tests of the vaults showed resonance frequencies only slightIy different from those
pointed out by ambient vibration tests. More significant differences were observed in the
records obtained on the vaults of the choir and that of the transept during earthquakes. This
occurrence was due to tile mechanical non-linearity of masonry. The presence of some
cracks in the vaults could also played an important role. Even vibration of small amplitude
could determine the deterioration of tile mortar and its detachmentfrom the stones.

Numerical modellingof tile structure, associatedwith another experimental campaign based
on a higher number of sensors, would be advisable in order to perform tile system
identification.

Due to the great importance of such a monument, a monitoring system should be installed
or the testing of the structureat specific time intervalduring its life should be carried out, to
analyse any changes in either the static and the dynamic behaviour and therefore in its
integrityand service performance.
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1. Abstract

When a potentially damaging earthquake occurs, utilities (electricity, gas, water, and
telecommunications) have an urgent need for information about the effects of the event so that
they can make optimal decisions regarding safety and maintaining and restoring utility
functionality. Modem earthquake instrumentation systems, including strong-motion recorders
and regional seismic networks, can collect data and provide information products that can
greatly improve this decision-making and action-taking process. Four areas of utility response
to earthquakes illustrate the utilization of these data: (I) Rapidly available network and
strong-motion data can provide an earthquake alert that will make utility personnel aware that
an earthquake is occurring, what area of the utility's service territory is affected, and the likely
extent of damaging ground motions. This alert will focus the earthquake response attention of
the utility and may permit quick operational and life-safety actions. (2) Within 10 to 30
minutes after the earthquake, analysis of strong-motion data from key utility sites can provide
assessments of the likelihood of damage that can be used to prioritize deployment of field
personnel and guide the initial operational control and recovery plans. (3) In the same time
frame, similar strong-motion-based damage assessments of transportation routes (e. g.
freeways, bridges, and overpasses) along with reported damage and disruption can help the
utilities plan how to get inspection and repair crews to key facilities. In addition, damage
likelihood assessments of commercial, industrial, and residential buildings can indicate where
utility service connections may need rapid responses to safety and secondary damage threats.
(4) Within a few hours of the earthquake, pre-arranged building inspectors can use building
response strong-motion measurements to help evaluate the safety of continued occupancy of
structures housing critical post-earthquake response functions.
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2. Introduction

Modern society is increasingly dependent on safe and reliable servicesprovided by the utility
industries, including electric power, natural gas, telecommunications, and water and waste
water. The utilities consist of networks of transportation conduits (primarily pipelines,
conductors, and telecommunication cables) and myriad ancillary facilities that connect the
sources and destinations of utility products. Significant earthquakes in recent years have
demonstrated that seismic vulnerabilities in utility networks can lead to interruptions in
customer service that are dangerous to life and property, disruptive and costly to commercial
enterprises, and producelong-term hardships on affected communities and people. While such
long-term measures as improved seismic design practices and seismic retrofit programs can
reduce the likelihood of damage, many utilities systems contain older components that are
morevulnerable than their modern versions. Thus, in the comingyears, utility system damage
and service disruptions need to be anticipated, and utilities need to prepare for effective
responses.

Accompanying the increaseddependence on utility servicesin the InformationAge havecome
major new developments in earthquake data acquisition, data analysis and processing, and
communication of data and resultant information products (Kanamori and others, 1997).
Digital strong-motion recorders, broadbandseismometers with digital data loggers, high-speed
and reliable telecommunications, and powerful computers and user-friendly software combine
to make possible the rapid notification of earthquake occurrence and effects to emergency
responders. This paper focuses on the increasingly important role that modernstrong-motion
data, along with other earthquake data, can play in effective and rapid earthquakeresponse by
utilities.

3. What Utilities Need

Whena potentially damaging earthquake occurs, personnel in a utility who are responsible for
operations, maintenance, and emergency response want to know:

• What happened: Was it an earthquake, an explosion, a plane crash? In a large
utility,key personnel maybe too far awayfrom the earthquake to feel it, yet they
still needto knowwhat has happened.

• Where is the affected area: The locality affected is critical information to start
the response process.

How much damage and disruption is there: This is the most important information to utility
personnel. The level of damage not only affects their response effort, but may have personal
impactbecauseof potentialthreats to their familiesand homes.



www.manaraa.com

83

Utility personnel are practiced in gathering this emergency response information from such
traditional sources as fire and police reports, field reports from utility personnel and
customers, and media announcements. But the utility response can be significantly improved
by additional rapidly provided data and information to speed up the decision-making processes
of utilities (and other emergency responders) . What is now possible is to use modem scientific
and engineering information based on real-time and near-real-time earthquake data to rapidly
develop an accurate description of the likely state of damage of utility facilities, and other
structures of interest such as transportation corridors and customer buildings. From this
knowledge, utility decision-makers can take optimal action to address the damage conditions
their organization is facing.

Basic earthquake data (such as recordings of strong ground shaking and of regional and
broadband seismographic networks) are used to derive earthquake information such as location
coordinates, focal depth, local magnitude, focal mechanism, moment tensor and moment
magnitude, aftershock locations and rates, tectonic association, and others . Strong-motion
data analysis adds peak acceleration, velocity, and displacement and response spectral
ordinates at each instrument site; contour maps of ground motion parameters; event-specific
attenuation, and others. These information products can be directly used or transformed into
additional products that directly address what the earthquake did to utility facilities and other
parts of the built environment. Figure 1 illustrates the relationship between earthquake data
and information products and the sequence of utility responses that will be discussed in the
next section.

Earthqu e Alert

tility recipients alerted to
for and initial scopeof

earthquake response

SeismicNetwork and
Strong Motion Data

Damage Ass sment

Analysisofbuilding and
~p~ntgtenxnrdingsto

assess likelihoodofdamage

Transportation status for crew
dispatch, assess building occupancy

Figure l. Rapid earthquake data used in earthquake responsesequenceby utilitydecision-makers.
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4. Rapid Data Utilization By Utilities

4.1 EARTHQUAKE ALERT

In a modem-instrumented urban region, as the Los Angeles basin or the San Francisco Bay
Areaare becoming, an alert that an earthquake is occurring and information about its location
(geographic coordinates) and size (magnitude) can be provided to utility recipients in a minute
or two. This notification has immediate value to the recipients:

• Utility personnel know that an earthquake has just happened, rather than some
other kind of disruptive or damaging event.

• The region affected by the earthquake is known. Current systems incorporate
paged or e-mailed notification information into utility computers or GIS map
servers, and distribute the combined earthquake and facilities location
information within the utility via its intranet. This provides a vivid picture of
where the earthquake occurred with respect to utility facilities.

• From the earthquake location and magnitude, computations using attenuation
relations can give an initial map of the areal distribution and severity of ground
shaking. The utility personnel can gain a graphic understanding of the extent of
the region affected by the earthquake.

The initial rapid notification information serves to immediately initiate the utility
organization's response to the consequences of the event. The CUBE and USGSIUC Berkeley
notification systems are excellent examples of providing increasingly rapid information.
Because the utility response is people- and decision-intensive, the faster they know the area
within which a serious event has taken place, the more accurate their response can be.

It is desirable from the utility perspective to have faster initial information made available on
earthquake location and size, instead of delaying while getting highly accurate values. A
quick location that is accurate within 5 miles is close enough for the initial utility response to
begin. It is particularly important to quickly distinguish between earthquakes with significant
damage potential (M6Y2+) and those that may be locally damaging but that are not large
enough to affect a widespread area (M5Y2 to 6Y2). It would be useful to develop a fast,
approximate measure of earthquake size, even if the size were described by words (e.g.
"moderate, big, very big") or magnitude ranges (e.g. M5±, M6±, or M5Y2 to M6Y2).
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If the earthquake alert is prepared and distributed sufficiently quickly, it becomes an early
warning of strong earthquake shaking for locations relatively far from large earthquakes.
Possible benefits of such early warnings are enabling employees to get out of potentially
dangerous working situations, or alerting remote backup operational facilities to take over for
possibly threatened primary facilities . However, utilities need to practice receiving earthquake
alerts, and to gain experience and confidence in using such information before the
implementation of substantial early warning actions will be acceptable. Utility operators are
reluctant to take significant preemptive operational actions that result in customer services
being interrupted. There are likely to be major liability issues if electric power is cut off in a
region that is threatened by strong shaking, for example. In general, any responsive actions
taken as a result of receipt of an earthquake early warning will need to be preceded by
extensive training and practice by employees, and the benefits of such actions will need to be
clearly established.

4.2 RAPID DAMAGE LIKELlliOOD ASSESSMENT FORFACILITIES

As noted previously, the information that utility personnel want to have immediately after an
earthquake is the state of damage of utility equipment (substations, pump facilities, etc.) and of
office buildings and buildings housing repair equipment and spare parts. Since many facilities
and buildings are not routinely occupied, particularly at night or on weekends, on-site
personnel may not be available to conduct immediate inspections. If personnel are on-site,
they may be initially occupied with injuries or other immediate safety matters. Strong-motion
instruments located at the facilities and buildings provide a means to perform a remote
damage likelihood assessment. Using a free-field recording taken at the facility, the ground
motion can be compared with previously determined fragility curves for the equipment and
structures at a site. The comparison would take about 15 minutes after the earthquake begins,
allowing time for data transmission from 10 or so key sites in the affected region . The
fragility curves indicate probability of damage as a function of ground motion parameter for
specified damage states (e.g., porcelain break for a transformer, limited entry for a building).
While this is presently an approximate procedure due to the uncertainties in available fragility
curves, it is a useful first assessment of what the damage is at a utility site, prior to conducting
field inspections, which may occur several hours later .

Detailed contoured ground shaking maps can be constructed that include strong-motion data
provided by many public and private sources, including utilities. For utility sites that do not
have strong-motion instruments, ground motion estimates can be obtained from these maps .
These estimates can them be used in fragility comparisons to assess likely damage. This
approach depends upon having maps with sufficient input ground-motion observations to
provide a reasonably accurate estimate of site ground shaking.
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Installation of strong-motion instruments at utility facilities provides a valuable additional
benefit in that ground-motion data from earthquakes can be used to refine the fragility
functions for the equipment and buildings exposed to strong shaking from future earthquakes.
Along with the site ground-motion recording, it is critical to accurately compile characteristics
of the facility or equipment damage that occurs along with the lack of damage.

4.3 DAMAGE LIKELllIOOD ASSESSMENT OF TRANSPORTATION SYSTEM AND
CUSTOMER BUILDINGS

The response of a utility to a damaging earthquake is also dependent upon the utility having
information about the status of other parts of the built environment. Of particular importance
is the operational status of the freeways, roads, and streets in the earthquake-affected area
immediately after the event. Emergency access is needed to shut off downed power lines, or
shut in leaking gas lines or water mains. The California Department of Transportation has
instrumented a number of bridges and overpasses; just as for utility facilities, rapid analysis of
these data can result in remote assessments of the likely damage to the structures and the
prudence of continuing to use them or not. When combined with on-site reports of damage,
useful early information about traffic access can be provided to utilities.

It is also valuable information for the initial utility response effort to have a preliminary
picture of the localities in the earthquake-affected area where there are concentrations of
building damage . These are places where there is likely to be extensive damage to customer
utility connections , threatening life and property, and requiring immediate utility attention .

4.4 POST-EARTHQUAKE BUILDING INSPECTION FOR OCCUPANCY

Utilities, medical providers, and other organizations with critical post-earthquake emergency
response functions have recognized that certain occupied buildings or buildings containing
vital information or equipment may be closed by authorized building inspectors, or may be
evacuated by frightened employees, some of who have critical post-earthquake response roles.
To address this problem, some organizations have established Post-Earthquake Inspection
Programs to facilitate the access to and use of essential buildings (Matsuda and others, 1995).
Qualified engineers are contracted by the owner and pre-assigned to automatically inspect key
facilities given certain earthquake location and magnitude criteria. They will have the benefit
of pre-earthquake evaluations and post-earthquake inspection manuals, and will be able to tag
the facilities regarding occupancy (redlyellow/green) under authorization from the local
jurisdiction.

To assist the inspecting engineers, certain buildings can be instrumented to provide time
history and response spectral data on the actual behavior of the building. The engineer can
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thus assess the potential for concealed structural damage that may make the building too
dangerous for further occupancy, or that may be sufficiently minor to permit necessary
emergency access or even full normal occupancy. The data could be available in the same
time frame that the inspector arrives at the facility, within an hour after the earthquake.

5. AdditionaJ Comments

5.1 FALSE ALARMS

The providers of rapid earthquake information are sincerely concerned about the occurrence of
false alarms-issuing an announcement of a large earthquake that has not occurred-c-or
failing to report the occurrence of a large event. For the foreseeable future, utilities will most
likely rely on their practical experience with their own status and information notification
systems, and expect occasional problems and errors coming from the earthquake notifiers . It
is simply not prudent for a utility to initiate aggressive or expensive initial response efforts on
the basis of an earthquake alert that is not consistent with or verified by other available
information. It is incumbent on the organizations issuing rapid notifications to have in place
reasonable systems to detect false alarms and to rapidly correct them.

The problem of not issuing an accurate rapid report for a major damaging event that actuall y
occurs has been the case for the 1989, 1992, and 1994 events in California. Recognizing this
unfortunate history, the various seismological organizations have taken extensive efforts to
build "earthquake-proof ' systems. While these efforts are commendable, it is still possible for
failures to occur. As the current notification systems continue to be installed and operated,
additional opportunities to improve their reliability will no doubt be found and instituted. It
should be the responsibility of the utilities and other recipients of rapid earthquake information
to continue to use the notifications to gain experience in how to best apply them, and to let
reliance on notifications grow with that experience.

5.2 RAPID EARTHQUAKE INFORMATION AS A SERVICE

Rapid earthquake information capabilities have been largely developed in the research
seismology community. For some years, these capabilities have been provided to a limited
number of recipients on a somewhat experimental basis. These arrangements have been
helpful in learning how to improve essentially all aspects of the notification systems. With the
development of the FEMA-supported TriNet project in Southern California, it is time to begin
to view the provision of rapid earthquake information, from initial alerts, to shake maps and
site-specific ground motions, to final archived data sets, as a public service, not an add-on to a
research program. Instituting this distinction will clarify many of the uncertainties that
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currently exist in definingthe responsibilities of the issuersand the recipients of information,
in determining the sources of financial support for the service versus related research, and
other issues. Shifting to a service-oriented perspective should result in a more professional
and customer-oriented relationship between issuers and recipients. Federal/state agency
partnerships with research/educational organizations appears to be developing into a good
model for establishing an "earthquake service" that draws on the best of both academic and
agency capabilities.

5.3UTILITY RESPONSIBILITIES

Utility users of earthquake information must take responsibility for effectively understanding
and applying the data and infonnation they receive. This includes training and exercises in
simulating the use of the rapid notification and damage likelihood assessments. The more
frequentoccurrence of small events help keep both the notification providers and notification
userspracticed.

6. Conclusions

Utilities and the communities they serve are at the dawn of a new era in earthquake response,
as they begin to use the earthquake infonnation products from modem seismic
instrumentation. Through the application of such key technologies as digital strong-motion
instruments, alternative reliable telecommunication pathways, powerful computers and
software, and digital mapsfor displaying earthquake information, utilitypersonnel will receive
faster and more accurate information on earthquake occurrence and damage to be used for
improved utility decision-making. This new capability is consistent with the increasing
societal valueplacedon utilitysafetyand reliability.
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Abstract

The paper presents an overview of the methods that are available to analyze seismic records
from structures . A typical analysis involves data processing, system identification, and
damage detection. Data processing aims to minimize the ambient and instrument noise in
the data, as well as possible low-frequency drifts, outliers, and other unwanted signals.
System identification deals with determining the dynamic characteristics of a structure from
its recorded response. There are a large number of methods available in the literature for
system identification, varying from simple Fourier analysis to stochastic adaptive filtering .
Unless data require otherwise, simple methods should be preferred for identification ,
because they are more robust and results are easier to interpret. Modal identification is the
most widely used form of system identification. An alternative is the discrete-time filters,
which provide a convenient model for identification of linear as well as nonlinear
structures. Special techniques can be developed to identify a particular component of
response, such as torsion, soil-structure interaction, and inter-story drift. Damage detection
is a subject that is closely related to nonlinear system identification. Since a damaged
structure almost always behaves in a nonlinear fashion, the problem of damage detection
becomes equivalent to identification of the nonlinear behavior in the structure. The standard
method for damage detection has been to observe the changes in the frequencies of the
structure, However, unless it is a major damage, frequencies are not very sensitive to
damage, particularly to localized damage. More reliable methods for damage detection can
be developed by using time-frequency analyses and wave propagation techniques.

1. Introduction

Rapid developments in instrumentation and computer technologies have resulted in a large
number of seismic monitoring systems installed in structures. Consequently, the amount of
earthquake response data from structures has increased enormously in recent years . Data
analyses, however, have not kept up with data accumulation, and a large number of
structural data sets are yet to be analyzed properly Data analysis requires utilization of
digital signal processing and system identification techniques. Structural and earthquake
engineers are generally not trained on such subjects.

In this paper, we present an overview of the methods that are available to analyze seismic
records from structures . The analysis involves three basic steps: data processing , system
identification, and damage detection. These steps are discussed in the following paragraphs .
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2. Data Processing

In general, recordings in their original (i.e., raw) form do not provide a good identification
of the structure because of the ambient and instrument noise in the data, as well as possible
low-frequency drifts , outliers (i.e., erroneous isolated peaks), and other flaws in the sensors,
installations , and recordings . To minimize the adverse effects of such factors on the
identification, we should first process the data. Processing involves the removal of mean,
low-frequency drifts, outliers, and other unwanted frequencies by filtering , base-line
corrections, instrument corrections , and decimation. For filtering, we use band-pass filters
to eliminate the components of the record below and above a specified frequency band .
Typically, we chose a low-frequency corner that will remove the mean (i.e., DC or static
component) and other low-frequency errors, and a high-frequency corner that will remove
the high frequencies that are dominated by noise.The filter bandwidth should be selected
such that all the significant modes of the structure are within the bandwidth . It is important
that we do not distort the phase of the signal during filtering. To ensure this, we either use
band-pass filters with zero phase (e.g., Ormsby filter), or apply the filter twice (e,g.,
Butterworth filters) , first forward and then backward . The band-pass filtering might not
completely remove the low-frequency errors in the record. Low-frequency errors will show
in the form of linear trends in the calculated velocity and displacement time histories . To
eliminate linear trends we first fit a straight line to the accelerations and velocities , and
then subtract this line from tile records (for detail, see Hudson, 1979).

If somehow we can estimate tile Fourier spectrum of the noise in tile records, a more
efficient filtering of the noise can be done by using Wiener (i.e., optimal) filters. Wiener
filters remove tile noise optimally over the entire frequency band, whereas the band-pass
filters remove not the noise but tile components of tile record dominated by noise. The
detail on Wiener filters can be found in Press et al. (1992).

The natural frequency of a typical strong-motion accelerometer is around 25 Hz, which
records tile true accelerations up to about 20 Hz. Beyond that tile recorded accelerations
gradually become smaller than the true accelerations because the amplitudes of the
accelerometer's frequency response function are no longer one, but less than one. If we are
interested in data at frequencies higher than the instrument's frequency, we should apply an
instnunent correction to tile record. Instrument correction involves dividing the Fourier
spectrum of the record with tile frequency response function of the instrument, and can be
implemented either in the time-domain, or in the frequency-domain, by using various
algorithms available in tile literature (e.g., Hudson, 1979; Press et al., 1992).

In a record, tile highest frequency that we can extract information on is 1/(2~) Hz, where ~

is tile sampling interval. This frequency is called the Nyquist frequency. In most cases, the
maximwn frequency that we are interested is much smaller than the Nyquist frequency. If
this is tile case, we re-sample tile record at a lower sampling rate such that tile new Nyquist
frequency is only slightly higher than tile highest frequency in which we are interested . This
is known as decimation . The procedure for decimation involves first low-pass filtering tile
record below tile new Nyquist frequency, and then resampling the signal by skipping
appropriate number of data points. Commercial signal processing software packages, such
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as the Signal Processing Toolbox of MATLAB (Math Works, 1999a), all provide tools for
decimation. Increasing sampling interval helps to improve the accuracy and the
convergence of system identification algorithms. However, if the records are to be used in
numerical analysis (e.g., input to a finite element model) , we require sampling intervals that
are much smaller than those needed for identification in order to prevent numerical
instability. A rough guide is to have at least 10 sampling points for the shortest period that
we want to consider in the analysis.

3. System Identification

System identification involves determining the dynamic characteristics of a structure from
its recorded response. For earthquakes, the recorded response is typically the accelerations
at various locations of the structure. System identification involves three major steps : (l)
selection of a mathematical model for the structure, (2) identification of model parameters
from the recorded response, and (3) evaluation of the match of the model's response to the
recorded response. There are two general approaches to identify model parameters. The
first approach is a deterministic one, in which we determine model parameters by
minimizing the difference between the model output and the recorded output. This is know
as the prediction-error approach, and is based on the least-squares method for error
minimization. The second approach is a probabilistic one, where we determine the model
parameters by maximizing the probability that the model output will take the values of the
recorded output. This is known as the maximum likelihood, or Bayesian identification. The
advantage of the deterministic approach is its simplicity, whereas the advantage of the
probabilistic approach is its independence from the model type. It can be shown that for
records with Gaussian properties, the two approaches are identical (Ljung and SOderstrom,
1983). In general, the more complex the model is the better the match becomes. However,
there is a trade off between the model complexity and the model reliability Complex
models tend to match the noise as well as the structure. The goal is to determine the
simplest model that gives the best match .

System identification is a subject that has applications in a wide range of fields, varying
from biology to econometrics. Consequently, there are literally hundreds of methods and
ad-hoc techniques available in the literature.

The fact that we can always develop another variation of an existing system identification
method to solve our problem makes the subject of system identification an art as well as
science . There are a large number of excellent textbooks on system identification for
beginners (e.g., Mendel, 1973; Sinha and Kuszta , 1983; Graupe , 1984; Ljung, 1987; Bendat
and Piersol, 1993). The texts by Pilkey and Cohen (1972), Newland (1989), and Norton
(1989) are specifically on vibration analysis . More theoretically oriented treatments are
given in Jaswinski (1970) , Eykoff (1974) , Goodwin and Payne (1977) , Ljung and
SOderstrom (1983), Young (1984) , and SOderstrom and Stoica (1987) . The text by
Schoukens and Pintelon (1991) presents the frequency-domain methods for system
identification. Publications that present applications in structural dynamics and earthquake
engineering include Beck (1978) , Natke (1982), Safak (1988) , and Ghanem et al. (1991) .
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There are also a large number of papers (too many to list here) appeared in structural
dynamics and earthquake engineering journals.

In what follows, we will present an overview of the basic techniques available for system
identification of structures from their measured seismic response. Parts of the paper are
taken from the state of the art report in structural identification that is being prepared by the
ASCE Technical Committee on System Identification and Health Monitoring of
Constructed Facilities (ASCE, 2000). The author is a member of that committee and one of
the co-authors of the report.

3.1. SIMPLE IDENTIFICATION TECHNIQUES

It is always a good practice to start with simple system identification techniques before
applying complex identification methods to data. Simple techniques provide a quick
assessment of the expected ranges of structural parameters, as well as giving insight which
may help in interpreting results from more sophisticated methods. The tools for simple
system identification are standard Fourier transforms, correlation analyses, and band-pass
filtering techniques.

Fourier amplitude spectra (FAS) provide the simplest means to see the dominant
frequencies of a signal. For records with large signal-to-noise ratios, such as those from the
upper stories of a building, FAS can usually detect the fundamental frequency (the
resonance frequency of the first mode) of the structure. Once the fundamental frequency is
determined , we can approximate some of the key response values (e.g., maximum
displacement, base shear, inter-story drift) from a single record. As an example we will
present the results for a building that has the roof acceleration records only (Jennings,
1997). If the peak roof acceleration of a building is 0max, the peak roof displacement in the
same direction is approximately

(1)

where 10 is the fundamental frequency of the building. The base shear is the sum of the
mass times accelerations of the floors:

(2)

where mj and OJ denote the mass and the acceleration of the i'th floor, and n is the number of
floors. IfM is the total mass of the building and the floor masses are approximately equal,
then m :::: Min. Also, if g (x) is the fundamental mode shape with a unit amplitude at the
top, we have OJ= 0max g(xJ These lead to
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(3)

The sum on the right-hand side gives the average ordinate of the mode shape. If the
fundamental mode shape is assumed to be a straight line, Eq. 3 results in V = O.5M Q max If
the mode shape is equal to that of a shear beam, the base shear becomes V = 2ht M Qmax

The expressions for the inter-story drifts can be derived by using similar assumptions. They
are given in Jennings (1997) .

The response time histories at the resonance frequencies are obtained by simply band-pass
filtering the records around a narrow-band filter centered at the resonance frequency. As
mentioned earlier, to ensure that the phase spectrum of the signal is not distorted during
filtering, we either use zero-phase filters or filter the signal twice, first forward and then
backward. The filtered records are all sinusoidal-like, corresponding to the motion of the
structure at that resonance frequency. We determine the mode shapes by plotting the
resonance displacements for one cycle of vibration, and observing the relative directions
and amplitudes of the displacements at each of the observed degrees of freedom .

Modal damping values are calculated from the rate of decay of resonance displacement
amplitudes towards the end of the record , which represents the free vibration part of the
response after the earthquake has ended (Clough and Penzien, 1975). Modal displacement
time histories can be used to check if the energy dissipation is well-modeled as classical
linear viscous damping (for example, the damping distribution in the structure is
proportional to the mass and/or stiffness distribution). This is an assumption regularly made
in structural analysis and design . If the damping has a classical form (see Caughey and
O'Kelly, 1965), then the modal displacements from all sensors should reach their maxima
and minima at the same time . It is observed in practice that this often does not happen (e.g.,
Safak, 1993). Indeed, experience with system identification applied to seismic response
records shows that the linear viscous damping model is not a very good model of the
energy dissipation in structures at strong-motion amplitude levels.

If a structure is subjected to 5SI (soil-structure interaction), its resonance frequency
represents not the frequency of the fixed-based structure but the frequency of the soil
structure system . The resonance frequency with SSI is always smaller than the fixed-based
frequency. For buildings, the presence of SSI and the fixed-based frequency are determined
from the foundation-to-roof transfer function . The peak of the foundation-to-roof transfer
function gives the fixed-based (i.e., no 5SI) resonance frequency of the building (Safak,
1995). If this frequency is identical to the dominant frequency of the records from the upper
stories (e.g., the root) we conclude that there is no SSI. If the transfer function frequency is
larger, the building is subjected to SSI. The foundation-to-roof transfer function can be
estimated by using one of the following two equations:
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or

2.1:+1
E W(j) ·IY(f - k -1 +j)1

H(!) = ;;:i"7-1:-- _
2.1:+1
E W(j)· IXU - Ie - 1 + j)1
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(4.a)

(4.b)

where X (f) and Y(f) are the complex Fourier transforms offoundation and roof records,
respectively, W (J) is the symmetric smoothing window with 2k + I points, f is the cyclic
frequency, and the superscript * denotes the complex conjugate. The smoothing aims to
reduce the effects of noise that is always present in the records. The ratio of the FAS of two
noisy records is very sensitive to noise and would have unrealistically high amplitudes if no
smoothing were performed on the FAS prior to taking the ratio. It can be shown that for
noisy records, the second definition gives a more accurate estimate of the transfer function
(Safak, 1997a). There are no clear-cut rules for the selection of smoothing windows.
However, once the shape of the window is selected (e.g., Hanning, Gaussian, triangular,
etc.), its optimal length can be determined by observing the decay of FAS amplitudes with
increasing window length (Safak, 1997a). More on the detection and identification of SSI
can be found in Safak (1995).

There are simple tecImiques to identify a specific response component, such as torsional
and rocking motions, and inter-story drifts. The time histories for torsional vibrations are
calculated by taking the differences of horizontal records. The FAS of the difference
highlights the torsional mode frequencies, at least for the lower modes. We can separate the
torsional and translational components of the motion by band-pass filtering the recorded
horizontal motions around the torsional and horizontal natural frequencies, provided these
are reasonably well separated. Similarly, we can identify the modes with significant rocking
motions by taking the differences of two vertical records from the foundation. The FAS of
the difference signal highlights the frequency of the modes with significant rocking. The
rocking component of these motions is separated by band-pass filtering the records around
each rocking mode frequency. For noisy records, taking the differences of the signals can
amplify the noise to unacceptable levels, making the identification of torsion and rocking
difficult. In such cases, more advanced tecImiques (e.g., cross-spectrum tecImiques,
adaptive noise canceling filters, or multi-input, multi-output modal identification) might be
needed. Identifications of torsion by using cross-spectrum tecImiques and adaptive noise
canceling filters are given in Safak and Celebi (1990a, I990b).
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In general , instrumented buildings do not have sensors at every floor. Therefore, we cannot
determine inter-story drifts accurately for all the stories. Mau and Arona (1994) give a
methodology to estimate inter-story drift in buildings from a limited number of records.
The method is based on the assumption that the displaced configuration of a building is a
combination of those of a shear beam and a bending beam.

The simple teclmiques outlined above give fairly accurate identification of the modal
properties if the modes have well-separated frequencies so that modal interference is not
severe. In some cases structures exhibit coupled modes where the mode involves translation
as well as torsion . The presence of coupled modes can be detected by plotting the displaced
configuration of the structure (or a section of the structure , e.g., a floor slab) for one full
cycle of vibration at that model frequency . In other cases, structures might exhibit closely
spaced modes such as a torsional mode with a frequency close to a translational mode (e.g.
separated by less than the half-power bandwidth of each mode), or two closely-spaced
translational modes. Such modes can appear to be a single mode with a mode shape which
is some combination of the contributing modes. In this case, the multi-input, multi-output
modal identification method described in the next section can help to resolve the properties
of the closely-spaced modes.

3.2. MODAL IDENTIFICATION

Modal identification is the most popular form of system identification in structural
dynamics where modal parameters of a structure are estimated from its vibration records .
There are various teclmiques for modal identification, such as direct identification (e.g..
Beck, 1978; Beck and Jennings , 1980), frequency domain identification (e.g., Schoukens
and Pintelon , 199I), and subspace-based identification (e.g., Overschee and Moor, 1996).
We will briefly outline the direct identification method, which was introduced by Beck
(1978) and widely used to analyze earthquake data from structures .

For a n-DOF (n degrees-of-freedom) linear structure subjected to seismic loads, the relative
displacement y ;(f) of node i can be written as a superposition of n modal responses :

~

Y. (t) = L ::c,:/ (t)
:/_1

(5)

where Xi} (f) denotes the amplitude Ofj'tll modal response at node i. The equation for Xy{f) is

(6)

where w} and ~. are the modal frequency (in radians) and damping ratio for thej'th mode, Pi}
is the participation factor of the j'th mode at node i, and xll) is the ground acceleration. We
can determine Xi/tJ by solving Eq. 7 in terms of wi' 1;; ,Pi}and the initxal conditions xiltJ
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and x;iO) . They are the unknowns that we like to identify. If we denote the unknowns for
thej'th mode by 0:

(7)

we can write

(8)

where F/OJ is a nonlinearfunction of Of By calculatingF for all the modes, i.e., j = 1,... , n,
and inserting in Eq. 5, we obtainy;(t) in terms of modal unknowns; that is

n

y,(t) = L F:J«(};j)
j-l

(9)

We determine OJ by minimizing the difference between the recorded and calculated
accelerationsat node i. If recordedacceleration at node i isYr/f). the difference is defined
as

~d

J = I [Yn(t) - ila(t)]2 dt
t=o

(10)

where fd denotes the duration of earthquake. Since J is a nonlinear function of modal
parameters, its minimization is done numerically by applying iterative optimization
algorithms. It can be shown that J has a global minimum, such that modal parameters can
be identified uniquely (Beck, 1978). The detail on the minimization of J, as well as its
convergence and uniqueness propertiesare given in Beck (1978).

The formulation given above is for single-input and single-output only. The procedure can
be extended to multi- input, multi-output cases, where all the records from the structure are
considered simultaneously for identification (e.g., Werner et al, 1987). The same
methodology can also be implemented in the frequency domain by matching the complex
Fourier transformsof the recordedand model outputs (McVerry, 1980).

3.3. IDENTIFICATION USING DISCRETE-TIME FILTERS

The response of a structure during an earthquake is similar to that of a filter. The structure
filters the ground motionsentering through the foundation (the input of the filter) into those
appearing in the superstructure (the output of the filter). Therefore, we can model the
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structure as a filter, and the identification of the structure becomes equivalent to
determining the parameters of that filter . Since the response is recorded at discrete times , it
is natural to use discrete-time (or digital) filters to model the structure. For linear behavior,
these filters are expressed in terms of linear difference equations, where the present output
of the filter is a linear combination of past outputs, and the present and past inputs. The
following equation represents a linear filter

yet) + QIy(t - t1) + .. .+amy(t - mt1) = boz(t) + bIZ(t - ~) + ... +bnz(t - n~) (11)

where x(t) and y (t) are the input and the output of the filter , respectively, ~ denotes the
sampling interval , and aj and b, are the parameters of the filter By using the delay operator
«', defined as q:Jx(t) = x(t -j~) , we can write the same equation in a more compact form as

B(q)
yet) = A(q) . x(t)

where A (q) and B(q) are polynomials in the delay operator q'}

(12)

and (13)

In its most general form , the relationship between the input, x(t) , and the output, y(t), of a
structure is represented by the following equation:

A(q)y(t) = ;~:~ x(t - nd) + ~~:~ e(t) (14)

where A(q),..... , Ftq) are all polynomials in the delay operator q'} , nd is the number of
delays from input to output , and e(t) denotes a white-noise sequence which models
uncertainties in the input-output relationship. This general form is known as the (linear)
Black-Box model. In a typical application, we do not need all the polynomials in the Black
Box model. The special forms of the Black-Box model obtained by eliminating some of the
polynomials in Eq. (14) are summarized in Table 1.

For SISO system identification, a popular model is the ARX model (see Table 1), which is

v(t) +aIy(t - 6.)+ .. ,+Qmv(t - m6.) = box(t) + bIz(t- 6.)+ ... + bnz(t- ntl) + e(t) (15)

The system identification of an ARX model involves determining the coefficients of aj,bk,
where j = l ......m and k = 0, ..... , n, for given x(t) and y(t). To accomplish this, we first
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write the expected value, y(t) , ofy(t). Since e(t) is a zero-mean white noise process (i.e., its
expected value is zero), we have

By defining the following colum vectors

4>(t) = [-lI(t -1),···, -yet - m),x(t),x(t -1)" " ,x(t - n)!T

we can write the expected value of the output as

y(t) :;;; 4>(tf 8

Total error between the model output y(t) and the recorded outputy,(t) is

N

V ;; E[Yr(t) - ¢>(tf 81 2

t-l

(l7.a)

(17.b)

(18)

(19)

To determine the unknown coefficient vector e, we minimize V with respect to e, which
gives

N 1 N
(1 - [E ,pet) ,p(t)T] - [E ,p(t)y(t)]

e_t t-1
(20)

Note that the first term on the right-hand side is a (m + n + J) x (m + n + J ) matrix ,
whereas the second term is a m + n + I dimensional column vector.

There is a one-to-one correspondence between the filter coefficients and the modal
parameters that were discussed in the previous section. To show the relationship, we apply
the partial fraction expansion to the filter transfer function Htq), which becomes

(21)
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where rk and P« are called the residues and poles, respectively , of the transfer function . The
poles are the complex roots of the denominator polynomial A (q) = 0. The theory of the
partial fractions expansion can be found elsewhere (e.g., Press et al., 1992). For stable
systems (e.g., structures with no negative damping) tile poles are all in complex conjugate
pairs with modulus less than one. By combining the pairs of terms corresponding to
complex-conjugate poles, we obtain

Tn/2

H(q) = E H;(q) ,
;=1

where (22)

where R denotes the real part. Each H, (q) is equivalent to a SDOF damped oscillator, and
represents a modal transfer function of the structure. Note that a m' til order A(q)
polynomial results in m / 2 modes. The modal requency /; and tile damping ratio s,. are
calculated from tile coefficients of H;{q) by the following equations:

f . - In(l/lp;D
] - 21r~;A

and (23)

where § deriotes tile imaginary part . The derivations of above equations are given in Safak
(1988 ,1991) .

For multi-input, multi-output structures, the form of discrete-time filter models is similar to
that given by equation (14), except xtt) and y tt) now represent column vectors with each
element corresponding to a different input and output. Atq), , Ftq) are matrices witil
appropriate dimensions, where each element in tile matrices is a polynomial in tile delay
operator q'l . For an nx-input, ny-output ARX model , for example, A(q) is a ny x ny matrix .
The polynomial corresponding to element), k of matrix Atq) describes how the old values
of output) ifluences tile present value of output k. Similarly, Btq) is a ny x nx matrix, whose
elementj, k describes hew the present and past values of input) influences tile present value
of output k.

The methodology outlined above can also be used for the output-only identification, where
we do not know the input signal. Identification from ambient vibration data is a typical
example of output-only identification. In the case of unknown input, the ARX model
becomes an AR model. The equations for output-only identification are obtained by simpl y
deleting all x (or, bJ ) tenus in the above formulation, and assuming that the input has a
wide-band spectrum such that it can excite all the modes of the structure (i.e., tile input is
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similar to a white-noise sequence). The frequencies and damping ratios are calculated from
the same equation, Eq. 23, since they are not influenced by the input. An example of
identification from ambient vibration data can be found in Safak (1988).

An important advantage of the discrete-time identification over the modal identification is
that there are well- established algorithms and software tools to identify discrete-time
filters. Detailed discussions of these algorithms or different model structures , including
rigorous stability and convergence analysis, can be found in Ljung and SOderstrom (1983)
and SOderstrom and Stoica (1989). The System Identification Toolbox of the numerical
analysis Software package MATLAB (MathWorks, 1999b) includes most of the
algorithms. The manual of the Toolbox is also a good introduction to system identification
using discrete-time filters. The MATLAB-based software package MACEC (Branden et aI.,
1999) provides interactive tools for output-only identification. An overview of the methods
and their applications in structural and earthquake engineering are presented in Safak
(1988). Examples for the applications to real structural data are given in Safak and Celebi
(1991. 1992) and in Safak (1991,1993).

4. Nonlinear Identification And Damage Detection

During large earthquakes, deformations and stresses in the structure and the foundation soil
might exceed elastic limits causing nonlinear vibrations of the structure. Also, any structure
that suffered damage during an earthquake will have experienced nonlinear vibrations.
Nonlinear system identification is a subject with a wide range of tools and techniques , some
of which are still being developed. In this section, we will briefly outline the basics and
provide some references, where more detail can be found.

Any nonlinear model can be represented as a linear model with time-varying characteristics
(Young, 1984). Therefore, nonlinear behavior can be investigated by applying system
identification techniques to linear models in a time-varying fashion . For simple
identification and modal identification, this involves dividing the records into segments
where the dynamic behavior is approximately time-invariant, and applying the linear model
techniques to each segment separately. For discrete-time filters, the time variations of the
model can be captured by allowing the filter parameters to change with time. This is known
as recursive, adaptive, or time-varying system identification. The two most widely used
recursive identification techniques are the Extended Kalman filters (Kalman and Bucy,
1961) and the recursive prediction-error filters. The theory of Kalman filters and recursive
identification are given in texts available in the literature (e.g., Jaswinski , 1970; Kailath ,
1981; Ljung and SOderstrom, 1981; and Gelb, 1992). An application of Extended Kalman
filters in structural identification can be found in Hoshiya and Saito (1984), Whereas the
applications of recursive prediction-error filters are given in Safak (1989). Several other
methods were also used to track time variations in vibration signals. They include those that
utilize neural networks (Wu et al, 1992; Masri et al, 1993; Chen et al., 1995), orthogonal
decomposition (Udwadia and Jerath, 1980; Benedettini, 1995; Zeldin and Spanos, 1998),
and wavelets (Kitada, 1998).
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Another approach to nonlinear system identification is to assume an appropriate nonlinear
model for the expected behavior of the structure, and determine the parameters of the model
by matching the model output with the recorded output. This approach is feasible only if we
have a very good idea on the type of nonlinear behavior that is likely to occur , and a
nonlinear model that is flexible enough to account for all the variations of the expected
nonlinearity. The identification is achieved numerically by using iterative minimization
teclmiques . The examples of model-based nonlinear identification in structural dynamics
are given in Cifuentes (1984) , Sues at al. (1988) , and Kunnath et al. ( 1997).

A subject closely related to nonlinear system identification is damage detection. Since a
damaged structure almost always behaves in a nonlinear fashion , the problem of damage
detection becomes equivalent to identification of the nonlinear behavior in the structure .
The simplest and most straightforward technique to detect damage is to search for the time
variations in the frequency content of the structure's vibrations. Any significant change in
the modal firequencies is a strong indication for damage . The subject of studying time
varying characteristics of signals is known as time-frequency analysis (Cohen, 1995). The
methods that have been used for time-frequency analysis include the spectrogram
(Oppenheim and Schafer, 1989), wavelet analysis (Strang and Nguyen, 1996), singular
value decomposition (Cohen, 1995), and evolutionary spectrum (Priestley, 1981). A new
method, called Hilbert-Huang transforms (HHT), has been shown to have better frequency
tracking abilities than the other methods (Huang et al., 1998). Recently, Safak (l997b) and
Pines (1997) have shown that for some structures the wave propagation analysis provides a
superior alternative to the time-frequency analysis for damage detection . In the wave
propagation analysis , the damage is detected by observing the changes in the wave travel
times, and the wave reflection and transmission coefficients, instead of frequencies . More
specialized techniques for damage detection in civil engineering structures are also
available in the literature (e.g., Nielsen et al., 1995: Koyluoglu et al., 1998).

5, Summary And Conclusions

Analyses of earthquake data from structures involve data processing, system identification,
and damage detection. Data processing aims to minimize the effects of noise and other
unwanted signals on the records , and is performed by utilizing band-pass filters , base-line
and instrument corrections, and decimation. System identification deals with the estimation
of dynamic characteristics of a structure from its recorded response. There are a large
number of methods available in the literature for system identification, varying from
standard Fourier analysis to stochastic adaptive filtering . If they work, simple identification
teclmiques should be preferred to more complex methods . The tools for simple
identification include Fourier transforms, correlation analyses, and band-pass filters. Modal
identification is the most widely used form of system identification. An alternative to modal
identification is the identification using discrete-time filters . Discrete-time filters provide a
convenient model for the identification of linear as well as nonlinear structures. Special
teclmiques are available to identify a particular component of response, such as torsion,
soil-structure interaction, and inter-story drift . Damage detection requires the applications
of nonlinear system identification techniques . Since a damaged structure almost always
behaves in a nonlinear fashion, the problem of damage detection is equivalent to
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identification of the beginning of a nonlinear behavior in the structure. The standard
method for damage detection has been to search for the changes in the frequencies of the
structure. However, unless it is a major damage, frequencies are not very sensitive to
damage, particularly to localized damage. More reliable methods for damage detection can
be developed by using the tools of time-frequency analyses and wave propagation
techniques.

TABLE 1. Special fonns of Black-Box model

Abbreviations:

AR- Autoregressive. MA- Moving average. X- Auxiliary input, FIR- Finite impulse response.

1. Black-Box Model A'II=¥'X+t

2. Box-Jenkins Model y=J.x+t· e

3. Output-Error Model y=~ .x+e

4. ARARMAX Model A.y=B.x+t· e

5. ARARX Model A·y=B ,x+1J . e

6. ARMAX Model A ·y=B ·x+C ·e

7. ARMA Model A·lI=C·e

8. ARX Model A 'lI=B'x+e

9. AR Model A'II=e

10. FIR Model lI=B'x+e
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STRUCTURAL MONITORING OF BRIDGES - AN OVERVIEW

R.T. SEVERN
Earthquake Engineering Research Centre
University ofBristol. Bristol, BS8ITR, UK

Abstract
The author's experience is used to describe two kinds of monitoring of suspension and
cable-stayed bridges. These include the Humber and Bosporus suspension bridges and the
Second Severn cable-stayed bridge. Special attention is paid to a very detailed study at
Humber of correlation between wind speed/direction and response. Use of a new video
vision system for measuring dynamic displacement is described. '( he importance of wind
speed/direction and rain is noted for cable-stayed bridges, as well as cable/deck interaction.
Mention is made of monitoring studies on highway bridges.

1. Introduction

In the design process of structures for static loads , it can be argued that analysis does not
now need the support of observed behaviour, either of prototypes or models . Methods are
well established, and proven software allows parameters to be modified so easily that the
best solution can be selected from a large number of options . The situation becomes quit e
different when dynamic loads are involved . Here, there continues to be a mutual
dependency between calculation and measurem ent In fact. dynamic respons e calculations
cannot proceed without knowledge of the damping characteristics of the structure, and these
can only be obtained by measurement. It is also useful to have experimentally obtained
values of natural frequencies and modal shapes to compare with computed values, because
it is dynamic material properties which are being used to obtain the calculated values, and
these are usually found by small samples tests on individual structural components. not on
the as-built structure.

In the ideal case of dynami c design, calculation and measurement would go forward
together. and this is possible in several fields of engineering (eg: aircraft , automobiles.
switchgear) where early versions of the product can be designed, tested and modified in an
iterative way, before the fmal version is manufactured in quantity . But this is not so for the
great majority of civil engineering structures. Here, the contribution from measurement has
been achieved previously by tests on similar structures and careful interpretation of the
results for the dynami c design of the new structure. The importance of such interpretation
cannot be over-emphasised. If the experiments are made at full-scale , it is unlikely that the
necessary input forces can be applied having the correct distribution, whereas if models are
to be used. scaling laws relating to material properties and other parameters cannot be fully
satisfied, and here again the correct pattern of input forces can rarely be applied. Thi s last
problem becomes even more uncertain when the behaviour of the model becomes non
linear - a usual requirement in earthquake engineering. In collecting and processing data

109

M. Erdik et al. (eds.), Strong Motion Instrumentation for Civil Engineering Structures, 109-1 30.
© 2001 Kluwer Academic Publishers.



www.manaraa.com

110

from dynamic tests there are many opporturuues for procedures leading to false
conclusions, even when the more obvious of them are avoided.

This paper is concerned with structural monitoring of the dynamic response of bridges of
various types , and the valuable lessons which can be learned from such monitoring.
Because wind and traffic are more reliable exciting agencies than earthquakes , they are
used as input in many studies, but the natural frequencies, modal shapes and damping
which can be obtained , are, of course, essential ingredients in any seismic design process.
In addition to these structural characteristics, the paper describes new methods of
measuring displacement response of structures, which becomes of increasing value now
that displacement-based approaches to design are being actively promoted . To a large
extent the illustrations used are taken from the author's own experience but many references
are given of similar studies made by other researchers.

2. Suspension Bridges

2.1 INTRODUCTION

During the last 20 years increase in computer power has made possible theoretical studies
in earthquake engineering for asynchronous and multiple-support ground input (I) , and it is
likely that this is the reason why Eurocode8 now requires asynchronous ground input to be
considered for highway bridges greater than 200m in length where there are discontinuities
in the ground, and for all bridges over 600m notwithstanding ground conditions . The term
asynchronous is properly reserved for structural ground support points receiving the same
input - but with a time difference, whereas multiple support input refers to completely
different inputs at the ground support points. This is the more usual practical occurrence
since earthquake motion is modified by the ground through which it passes. It is clear that
long-span bridges are structures in which the effects could be important, because at a speed
of 250 mis, say, the input would take almost 6 sec. to travel the 1410m distance between
the two towers of the Humber bridge (Fig. I), which must be considered in relation to its
fundamental natural period in the vertical direction which is about 9 sec.

Increased computer power has also made possible studies aimed at producing stochastic
parameters for long-span bridges (2), but both these and multiple-support studies require
not only a very large number of degrees of freedom in the finite element modelling, but also
require several major assumptions to be made, particularly in the modelling of the box
deck. To validate such calculations scale model studies are not feasible for such complex
structures, and recourse must be had to full-scale testing, which brings with it knowledge of
real damping values, even though these may not be completely valid for actual seismic
input forces.

2.2 HUMBER BRIDGE : ACCELERATION MEASUREMENTS (3)

At the time of testing (1986) Humber had the longest main-span length of all suspension
bridges (141Om) and two unequal side-spans of 530m and 280m. It has a steel box deck,
concrete towers and inclined hangers which are articulated about the lateral (x) axis in all
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spans; additionally, for a considerable distance either side of the mid-point, there is
articulation about the longitudinal (z) axis. Response to forces produced by a set of 4
eccentric-mass exciters was considered, but these produced too little force at the low
frequencies being studied (O.I-O.3Hz), and so the ambient forces of wind and traffic were
used.
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Figure J. Humber Bridge.showing measurement station

It is relevant to note that three different finite element models were produced. First, one in
the vertical (yz) plane having y and z modal displacement and rotation about the x- axis.
Second, one in the horizontal (zx) plane having z and x nodal displacements and rotation
about the y-axis. Neither of these models is able to produce torsional modes. and for this
purpose a third. fully 3-dimensional , model was produced having 6 nodal variables . Two
results of importance came out of the many calculations . First, convergence tests indicated
that at least 40 modes must be considered because tower and deck frequencies are well
spaced. Second, modes in both the vertical and horizontal planes have an appreciable
longitudinal component.

The measurement stations at which accelerometers were placed are shown in Fig.I ,
enabling full mode-shape mapping to be obtained for main span, side-span decks. and
towers. Stationary reference accelerometers were located at Rl and R2, whilst at other
stations a number of accelerometers were located in tum. a sufficient number to measure all
translational motions and principal rotation. For example. in the deck. if vertical
acceleration was being measured. the average from two accelerometers at the extreme
edges gave vertical acceleration, whilst the difference gave torsion. The measurement
period at each station was around 2 hours, the whole monitoring programme taking 10
days. requiring many months of data processing. It was possible to isolate a large number of
modes (3); for example, in the main span 25 predominantly vertical, and 23 lateral modes
were found, 7 in each case having a substantial torsional component. Fig. 2 gives the first 8
predominantly vertical modes. both measured and calculated. together with modal damping
valves. The design conditions allow movement in the longitudinal direction at the deck
bearings, and if the calculations permit this, the first vertical mode is antisymmetrical in
shape, with a frequency of O.I08Hz. compared to the first measured mode which is
symmetrical at 0.1165 Hz.
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Figure 2. Humber Bridge:First 8 measured and predicted vertical modes

However, if the longitudinal movement at one bearing is restrained in tile calculation,
leading to a hinged condition there, the first vertical mode becomes symmetrical at 0.115
Hz, which is in excellent agreement with measurements. These are the end conditions
assumed in Fig.2, it being assummed that tile light loading during the test conditions was
insufficient to overcome stiction at one bearing. Regarding damping, 1- 4% covered the 26
vertical models, 1-9% the lateral modes and all torsional modes had a value close to 1%.
damping, 1-4% covered the 26 vertical models, 1-9% tile lateral modes and all torsional
modes had a value close to 1%.
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2.3 BOSPORUS BRIDGE: ACCELERATION MEASUREMENTS (4)

This was chosen as the second bridge to test because although also of ' modem' design , it is
different from Humber in several respects . Humber has concrete towers, a relatively narrow
but deep box deck of high torsional stiffness; both side spans are carried by the cable but
one is twice as long as the other ; near centre span the hangers are doubly articulated.
Bosporus has steel towers , a wide shallow deck, side spans nearly equal in length but which
are supported on columns rather than by the cables, and singly articulated hangers
throughout. A further, non-structural, but important , difference from the testing aspect is
that whereas traffic at Humber is very modest, Bosporus was saturated by more than
140,000 vehicles per day, many being heavy lorries, resulting in the live load being a not
insignificant proportion of the dead load.

These Bosporus tests throw further light on the dependence of the fundamental vertical
mode on the precise deck support conditions. III calculation it is antisymmetrical if both
ends are free to slide, but symmetric if one end is hinged. This difference appears to result
from inclined hangers , because it disappears if vertical hangers are used. At Bosporus, the
first measured vertical mode was antisymmetric, indicating sliding bearings at both ends,
caused physically by the very heavy traffic loading . During testing, both bearings could be
seen to be in frequent jarring motion of around 50mm in amplitude. Regarding damping, at
Bosporus there was an increase with frequency, an opposite observation to that at Humber .

2.4 SECOND BOSPORUS BRIDGE (FATiH SULTAN MEHMET): ACCELERATION
MEASUREMENTS (5).

The interesting features of this bridge, compared to the previous two, is that it has vertical
hangers, no side spans and a wide shallow deck carrying 8 traffic lanes . An unusual
arrangement of rocker and expansion bearings at the check-tower connection is intended to
permit longitudinal motion of the deck, and rotation about a lateral axis, but to restrict other
translations and rotations .

The objectives of the tests, as for Humber and Bosporus, was to build up a picture of
vertical and lateral mode shapes of the deck, and the longitudinal and lateral mode shapes
of the towers, as well as damping ratios. From a lO-day period of measurement it was
concluded that the vertical modes matched those predicted in a model in which the deck
was fixed at one end and sliding at the other. This was so at Humber , but not at Bosporus, a
possible cause being lack of traffic at Fatih during the tests. The vertical modes of the deck
are clearly defined: the extreme width of the deck is a possible cause of this . It is noted that
Brownjohn (23) has used the results from Humber and tile two Bosporus bridges to
investigate non-linear dynamic characteristics of such bridges.

Most of the published studies of measurements on actual suspension bridges have been
those of the more ' classical' type, reference to which is made in Ref. 5 of this paper.
Somewhat different in nature is the study by Higashihara et al (6) concerning the use of
microtremors in ambient vibration tests of a suspension bridge anchorage, so slender as to
offer the possibility of resonance between it and the neighbouring tower . One valuable
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outcome of these tests was that the elastic modulus appeared to be 5 times that obtained
from loading tests in boreholes. It is noted that recently completed long-span suspension
bridges in Hong Kong (Ising Ma) and Kobe are fully instrumented and should produce
valuable information in the near future.

3. Computer Vision System For Prototype Displacement Measurements.

3.1 INTRODUCTION

The direct measurement of displacements of long span bridges presents practical
difficulties, particular at centre span where vertical and lateral displacements are large ,
often more than 1m. Such movements are a combination of dynamic modal response and
quasi static , or sub-modal response due to slowly varying loads of traffic and wind. The lack
of suitable stable locations for use as datum precludes the use of contacting displacement
transducers, such as pull-wire potentiometric devises. But a knowledge of response
displacements is crucial for many aspects of the design process, and this is certain to
increase in the near future as displacement-based, rather than force-based, methods of
design are introduced.

A limited amount of displacement information can be derived from acceleration
measurements as indicated in Fig . 17. Vertical (y) and lateral (x) displacements can be
obtained by double integration of time or frequency domain information, tlle latter being
equivalent to simply dividing amplitude spectral valves by the square of the angular
frequ ency (w). For thar part of the signal corresponding to low frequencies (w-o) this can
result in unrealistically large values. For time histories, digital high-pass filtering is
necessary to remove low frequency information and prevent instabilities occurring in the
baseline correction algorithm. This is a particular problem for lateral motion, which has
significant components at very low frequencies.

Conventional surveying teclmiques do of course provide a method of displacement
measurement, but only for sparsely distributed static valves. For dynamic measurements
alternative approaches are necessary, and a number have been tried. For example, at the
Tagus Suspension bridge (7) telescopes controlled by servo-motors were used to track
infra-red lamps on the main span of the bridge, while at the CN tower in Toronto (8) a
servo-controlled tracking carriage at an upper level was used to track a laser beam pointing
vertically upwards from ground level. A system used at the Forth bridge (9) located the
brightest part of a video image which was arranged to be a light source. At Humber, a
global positioning system (GPS) employing navigational satellites has been used (10) . In
principle the system has an accuracy of ± lmm horizontally and ± 3 mm vertically, but in
the reported study the GPS sensor was placed at the top of a pole, the wind -induced
vibration of which was itself of the order 1-2 mm, so that the overall accuracy was reduced
to this level. All these systems are specific in their application, requiring separate
instruments for each object being tracked, whereas a system (11) developed by ISMES
(Bergamo, Italy) uses a telescope sighted on a linear image of high contrast (Fig. 3)
together with image intensity
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Figure 3. Humber BridgeVision sysrtem targets for ISMES and EERC instruments

thresholding software to determine a single displacement coordinate . Laser vibrometers are
commercially available but they have safety considerations, are restricted in range, and
work in the longitudinal axis only, making them of limited use for vertical and lateral
movements of bridges .

3.2 THE EERC BRISTOL COMPUTER VISION SYSTEM (12,13,14)

The EERC vision system (Fig.4) uses a UK standard video camera to produce pictures at
the rate of 25 per sec., digitising each one into a rectangular grid of picture clements
(pixels) . Each pixel carries a digital value of its greyness, from 0 for black and 255 for
white . A specific object in the frame will exhibit its own particular pattern of pixel values.
and if this pattern has been pre-set in the system, computer algoritluns can be used to locate
where it is in the frame; that is, the two-dimensional coordinates of its centre can be
obtained. An advantage of the EERC system is that several targets can have their pixel
pattern pre-set and their displacements monitored so long as they appear in the field of
view. The focal length of the lens used in the video camera depends on the application; for
measurements on long-span bridges it is typically 1.6m, but in the laboratory measurement
of models, lenses of 6 mm and 75 mm have been used.
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Figure 4. The EERCvision system

The system allows selection from a variety of algorithms for the various tasks which it
performs ; in general, tilere is a trade-off between speed and accuracy . With a limited time
to perform calculations between frames, complex calculations may take too long and will
result in the following frame being missed. This gives a reduced frequency of samples or
possibly loss of tracking. Simpler calculations will reduce accuracy, but will cause fewer
frames to be missed and reduce tile chance of losing track. If tracking is lost. tile system
stops giving an output and starts a search from the last location of the target. spiralling
outwards at increasingly coarse intervals until tile target is re-Iocated. Because the whole
frame occupies 256 x 256 pixels and is refreshed every 0.04 sec, the precise manner and
speed with which the target template is located is a key issue. It clearly does not make sense
to scan the whole frame each time because tile motion being tracked can be expected to
follow a reasonably smooth trajectory, and having been initially located, its succeedin g
positions are capable of some measure of prediction . For long-span bridges. polynomial
prediction based upon tile previous few locations has been found satisfactory .

Figure 5. TIle EERC vision system: a selection of possible targets
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For the targets, circular patterns have been used, with contrasting black and white rings as
indicated in Fig. 5. The accuracy of measurement depends on the number of pixels on
boundaries because they are sensitive to small displacements, whereas pixels within large
uniform areas are not. But if too many rings are used, black and white areas can become
confused with each other. In practice a single ring has normally been used, but for higher
velocities a solid circle has been found more reliable.

Current research development of the EERC vision systems includes stereoscopic viewing
of a target by two cameras, tracking of several targets in each view, sub-pixel interpolation
of target positions, and re-Iocation of lost targets.
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gives a sample of the data obtained at the mid-span of the deck. (a) and (b) being lateral and
vertical displacements. respectively, whilst (c) is the normal component of wind at mid
span. It is seen that the displacement of the deck has a major oscillatory component
superimposed on a low frequency drift. and from such data it is possible to abstract the
lateral and vertical natural frequencies given in Table 1 and to compare them with
corresponding values obtained from the modal survey using accelerometers. Because of the
predictable. low-frequency nature of the recorded motion it was possible to reduce the
tracking and computational tasks by working only on every sixth frame, which means a
sampling rate of 4.17 Hz and a corresponding Nyquist frequency of 2.08 Hz which. being
much higher than any of the relevant frequencies of the bridge. causes no aliasing
problems.

Table 1. Humber bridge deck vibration modes: comparison of values obtained from the vision system and the
modal survey.

vertical

F=,equencv from dilplacment apectrum tvil~n 5Vllu,ml
(HZI

0 .0!'>4
0 .247
0.309

0.1 I!'>
0 .158
0' 76
0 .309

Vibration mode Ifrom modal survey ",
IHzt

Ll 0 .056
L60.260
TI 0 .311

VI 0 .116
\/20. 154
V;3 0 .177
V60.310
T1 0 .311

All displacement measurements were made at centre-span and Fig. 7a gives the variation
of the vertical component as a single heavy vehicle crosses the bridge whilst the wind was
very light. By definition, an influence line is a deflection at a point in a structure as a unit
load passes across it. and Fig. 7b is such for the Humber bridge: the correspondence with
the measured influence line is pleasing, even though the latter does contain some
contributions from the wind . Fig. 8 presents information which has a very important design
significance since it can be used to provide measuced lift (Cc) and drag (CD) coefficients
for comparison with those used in design or from wind-tunnel model studies . Presented
there are lateral and vertical displacements plotted against wind velocity normal to the span .
The coefficients are defined by

where B is the deck width, p the air density . and K, and Kx are stiffness coefficients
obtained from the finite element model of the bridge . The bracketed terms are obtained
from curves fitted to the data of Fig. 8. From this combination of calculated and measured
values CL = 0.35 and CD = 0.067, which can be compared witn corresponding wind-tunnel
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values of 0.26 and 0.078, respectivel y. The rotation about the x-axis at mid-span can also
be plotted against VcosO (15) . and again using the finite element model to obtain the
rotational stiffness (Ks), the aerodynamic moment coefficient can be obtained as CM = 0.6.
For these displacement measurements at Humber the vision system used a 1.6m focal
length lens. measuring from the rigid base of the Hessle pier to mid-space. a distance of
705m. A comparative analysis of similar measurements using the ISMES system indicated
that an accuracy of around 2mm was obtained by the EERC system over this distance using
sub-pixel interpolation .
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The practical value of the Humber displacement measurements was taken a stage further by
Larose et al (16). not only for corroboration of wind tunnel tests but also as a means of
validating the design procedure known as Assumption (QSA). The actual deck cross
section used was not that of Humber but was sufficiently similar to make the comparisons
the Humber data. in which r.m.s. response. normalised by Bw2

j is shown to be proportional
to the reduced velocity to the power 2 in vertical direction and 2.36 laterally . In Fig. 10 the
Humber vertical measurements are compared with wind-tunnel studies for four different
turbulence intensity (I) values .Going a stage further.the QSA predicts that if the
normalising factor include I, the scatter of fig. I0 will be removed: Fig. 11 shows that this is
so. Equally good corroboration is obtained for the lateral direction.
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3.3 HUMBER BRIDGE: STRETTO DI MESSINA STUDIES

The EERC programme just described attracted the attention of Stretto di Messina Spa, who
employed ISMES and the Politecnico di Milano to collaborate with EERC in a detailed and
extensive measurement programme aimed at supporting design and laboratory studies for
the proposed Straits of Messina crossing. Fig. 12 shows that more than 70 transducers of
various types were deployed, including 13 anemometers to measure spatial , as well as
temporal , distribution of wind . The total programme covered 4400 hours of monitoring and
a data segment length of 512s was chosen for analysis . This is longer than any period of
oscillation, or the time taken for a vehicle to cross the bridge, and long enough to provide
good resolution in the frequency domain.
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Figure / 2.Humber Bridge :instrumentation used by EERC and Politecnico di Milano

Many results of great practical value were obtained (15), only two of which will be
discussed here. First, is the effect of temperature on mid-span deflection. Fig. 13a is a
scatter diagram of mid-span lateral deck deflection and E. main cable mid-span temperature
for a period of 24 days. The relationship is not clear because of the variable effect of the
wind, but if the data is confined only to those for a wind speed of3-5 m/s, Fig. 13b results ,
showing a clear linear relationship most likely due to unequal solar heating of the two sides
of the deck. A linear temperature/displacement coefficient was derived from this plot.
similarly for vertical and longitudinal responses.
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Fig. 14a shows the mid-span lateral deflection and normal wind component (VC0sG) for the
same 24-day period. Using the coefficient from Fig. 13b, and knowing the temperature
corresponding to data points in Fig. 14a the plotted data can be adjusted to a common
(datum) temperature ; this is shown in Fig. 14b. The second sample of results derived from
this very extensive monitoring programme is shown in Fig. 15. For The test procedure used
at sse followed that established at Humber, having a combination of accelerometers and
the video computer displacement tracking system, the latter embodying the results of
research since 1991, particularly the multiplexing of alternate image fields from two
cameras, stereoscopic three-dimensional tracking and full synchronisation with the rest of
the acquisition system (Fig. 16). The cameras used lenses of 800 mm focal length, giving
an accuracy of 0.5 mm at a distance of 220m. Regarding modal characteristics. modes up to
5 Hz could be measured and identified, but only those below 1Hz contributed significantly
to displacements. The frequency of the first mode was always within 25% of 0.3Hz during
construction, due to mass and stiffness increasing at much the same rates. Table 2 gives a
summary of these measurements. Fig. 17 indicates the kind of agreement obtainable
between direct displacement measurements and those obtained by integration of
acceleration with suitable baseline correction. At the sse good agreement could be
obtained for periods up to 10 sec.
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dynamic response the correlation of modal rrns, frequency and amplitude with wind are
derived from the FFT of the acceleration response, whilst damping and resonance
frequency are estimated by fitting a single degree of freedom oscillator response curve to
the data. In Fig. 15a the amplitude of the first vertical mode is plotted against normal wind
speed, and Fig. 15b shows the corresponding damping. Fig. 15c gives the first torsional
frequency against normal wind speed.

10.00 Q 3•.00 ...--...
· ·00 x

)0( 00
100 .)U60 00

.... -..h,r ... ,

3 .00
'.00 V ._ o-~

1 .00 • °0 .. ~-~
"'·-9 4.00 0 X

0
1,00 I) 0 I. to-••

2 .00 lOC . 0
0 ¢ . - o-aoc

0 .00 0.00 J04
0 .00 20.00 0.00 20.00 0 .00 20.00
lJc..e<tneto)/... .NC

4 \lco.c_lo)/___ "<4 UI:o-<,""le}/......c ··
0) V1 Dl"T"pil..... ~••r.., b) V1~t "'. 'IJIt"ind c) ", t,.__w _ _ .-:_

FIg ure. 15.Humber bridge : modal parameters versus wind speed for the lowest vertical (vi) and torsional modes.

.t:.~
""OJTMit)P..w

~

HJJ1

<:'tW!'>'l'c."!"Wf't'..'"
~C-I~Y'~",

t:~'t)L,.oI..~

- - +

Figure 16.Second Severn crossing: arrangement of instrumentation on English side cantilever



www.manaraa.com

124

I, I , .
l1mo:. • • '0

Figure J7. Second Severn Crossing: Vertical deck displacement from computer vision system
and from inteerated acceleration

Table 2.Second Severn crossing:comparison of natural frequencies obtained by the different approaches
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4. Cable Stayed Bridges

4.1 SECOND SEVERN CROSSING (13)

The Second Severn Crossing (SSC) near Bristol UK comprises two viaducts. each more
than 2 km in length, and a central cable-stayed bridge of 948m. with a main span of 456m .
The construction sequence was governed by time to construct the viaducts. and so the
bridge was constructed in two halves sequentially. The English half (Fig. 16) therefore
existed as a lone cantilever for several months in 1995, giving an unusual opportunity for
monitoring a cable-stayed structure in this potentiatly more vulnerable state, but monitoring
was also carried out on the completed bridge, and is, in fact. an ongoing activity for tile
next few years.
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It was observed that large amplitude (1m) vibrations in the vertical plane occurred in many
of the cables for wind speeds above 13mls at a direction approximately 45° to the bridge
normal, but only when wind was combined with rain. Similar behaviour has been observed
at several other cable-stayed bridges (Fig.I? ). The natural frequencies of these individual
cables and of the complete structure are in the same range, so that interaction between them
is significant, and it was concluded that the principal excitation of the deck arose from this
interaction, rather than from direct wind excitation of tile deck. Figs 18(.1) and (b) indicate
tile dependence of response on wind speed and direction (combined with rain), tile former
record ing speed and tile latter direction , for both the North (approximately) and SOUtIl sides
of the deck. It is important to note that although wind-tunnel tests gave adequate predictions
for responses of the deck and pylons alone, the interactive responses between these and the
cables could not be obtained because of the impossibility of satisfying all similitude
requirements. The large cable displacements was a consequence of lower than expected
damping values in the cables, measured both without and with the corrosion prevention
wax; secondary cables, approximately at right-angles to the main cables have therefore
been introduced connecting the main cables together. In two respects therefore, the
monitoring studies on the SSC have been an example of where design has been modified
during construction as a result of tile measurements made, and a second phased wind tunnel
tests were made to corroborate prototype findings.

4.2 KESSOCK BRIDGE (18)

The 240 m main span of this cable-stayed bridge, near Inverness, Scotland, experienced
large oscillations in 1982, shortly after opening, in wind speeds of 22 m/s. Tuned mass
dampers were installed, but further large oscillations occurred in 1988, and inspection
showed that the dampers had experienced vibration beyond their capacity . The large
oscillations had been predicted by wind tunnel tests as being due to vortex shedding.

The EERC became involved in 199I, installing accelerometers and anemometers for
telemetric monitoring from Bristol over a period of 8 months . The results were not
unexpected. Ttiere were several periods when tile wind speed reacted 22 mIs, but on only 3
occasions did large amplitude responses occur. In the first, in an E wind (I == 6%) tile
response was concentrated in the first vertical mode (O.5Hz), but it was so large as to be
outside the range of the accelerometers and the peak-to-peak displacement of the deck
could only be estimated at 200 mm. The second and third periods of large response
occurred in a W. wind, the former (I = 10%) was again largely in tile first vertical mode, but
the latter (I = 14%) was mainly the first torsional mode but with a significant contribution
from the second vertical mode. This severe coupled motion caused traffic restrictions to be
enforced . Vortex excitation of the first torsional mode would occur at about 33 m/s, and this
speed was certainly reached but occurred for only a short time. However, classical flutter
seems unlikely because the two natural frequencies are well separated and wind tunnel tests
predicted flutter at 61.5 mis, a wind speed far higher than any measured. In view of the
importance of rain accompanying wind, discovered later at the Second Severn Crossing. it
was unfortunate that tile incidence of rain was not recorded at Kessock.
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4.3 OTHER CABLE-STAYED BRIDGE STUDIES

Valuable results relating to the Higashi-Kobe bridge have been reported by Ganev et al
(19). This 485m main span cable-stayed bridge was instnunented by 3 accelerometers at
different heights in the towers and 2 more buried in the ground close to the tower at depths
of 1.5m and 35m; all were activated by the Kobe (1995) earthquake . It was found that the
response of the soil-structure system was strongl y influenced by pore pressure increase in
the saturated surface layers . Non-linear effective stress analysis combining the Rarnberg
Osgood stress-strain relation with a pore pressure model produced excellent agreement with
observed behaviour.

Other recent measurements on cable stayed bridges have been carried out by Casas (20) on
the very unusual Alarnllo bridge in Seville, Spain; by Gentile and Cabrera (21) on a
repaired bridge in Italy, and by Wilson and Lui (22) on the Quincy Bayview bridge in
Illinois .

5. Highway Bridges

5.1 INTRODUCTION

There can be no dispute that the most valuable form of dynamic monitoring occurs when an
instrumented structure is subjected to strong winds or earthquakes. For suspension and
cable-stayed bridges there have until recently been very few that have experienced on
earthquake and so wind has produced the bulk of our information. For highway bridges,
however , instrumentation programmes have been commonplace during the last 30 years in
seismic regions and many valuable results have already been obtained. It is argued that
bridges built prior to the middle of this century suffered damage in earthquakes due to sub
structure failure , but in the 1971 San Fernando earthquake, for example, where 62 bridges
in the epicentral region were damaged, structural vibration was the principal cause of
failure , and that veltical motion was an important factor .

As far as this paper is concerned, the monitoring of highway bridges introduces no new
methods or principles. The aim is to obtain natural frequency and damping values together
with modal shapes . Where displacements are required, they are usually relative , rather than
absolute, values , as, for example, between a bridge beam and its seating, and these can be
measured with many simple devices . The literature contains many reports of measured
seismic response characteristics being correlated with damage, and also with predictions at
the design stage . A useful general summary of the overall problem is by Paultre et al (24) .

5.2 OBSERVED SEISMIC RESPONSE

Modern developments probably start with the paper by Wilson (25) describing the observed
seismic response of an irregular 6-span highway bridge in California which was designed
with minimal seismic resistance, but which experienced the moderate 1979 coyote Lake
earthquake without damage, probably because it responded with locked expansion joints.
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Higher intensity motion would probably haye released the joints. resulting in larger
response and damage.

During the 1979 Imperial Valley earthquake it was fortunate that an array of strong- motion
accelerometers produced records in the Meloland Road Overpass. a 2-span RC bridge
located only 0.5 km from the fault. These records were used by Werner et al (26) with a
system identification methodology to obtain the response characteristics of the bridge.
Three valuable results came from this study. First, linear models provided an excellent fit to
tile measured motions, despite the O.5g maximum measured acceleration. Second, tile
transverse response is controlled by abutment motions, with no significant amplification in
the deck. Third, the vertical response of the bridge deck at the two mid-spans is dominated
by a single vertical mode, whereas above the central pier the vertical response is governed
by the vertical response of the base of the pier coupled with deck torsion. The effect of the
same bridge abutments on the overall response was also considered by Wilson and Tan
(27).

The use of recorded motions, coupled with system identification methodology. to obtain
seismic response characteristics is the basis of a more recent paper by Loh and Lee (29). It
refers to the New-Lian River Bridge in Taiwan, a 5-span continuous prestressed box-girder
box, 700m in length which is almost symmetrical (regular). Records were obtained for both
a weak motion earthquake having maximum acceleration of 0.083g, and a strong motion
event where tile corresponding value was 0.689g. It is particularly noted that records were
obtained by a total of 24 accelerometers disposed at pier bases and pier heads. the former
allowing multiple- support system identification procedures to be used. Three significant
conclusions were made from this study. First, agreeing with the Meloland Overpass (26)
results. linear models provide an excellent fit to tile measured motions for both seismic
events, even though the two events produce significant differences in response. Second. tile
rigid- body rocking of the bridge pier during strong shaking is significant and cannot be
ignored during system identification. Third, the transverse motion at mid-span is controlled
by the quasi-static response induced by the boundary system, which is quite significant
during strong motion. TIllS last conclusion gives support to the Eurocode8 requirement that
bridges over 600m in length should consider the effects of multiple- support input. It is an
important conclusion arising, as it does, from a field monitoring study. Laboratory studies
(30) have so far proved inconclusive, and theoretical research (31) has claimed to show that
in the special case of non-synchronous (ie: inputs differing only in time) inputs. there is
little effect in comparison with tile single input case at all support points.

A large volume of valuable measurements were of course made during the 1994 Northridge
earthquake, and again during the 1995 Kobe event. For the former, many reports were
written immediately after the earthquake, but a more valuable study has recently (1998)
been published by Basoz and Kirernidjian (32), in which observed damage is correlated
with local ground motions and bridge structural characteristics.
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5.3 OTHER STUDIES

Artificial excitation of large bridges is possibly by the use of hydraulic actuators, but their
low fundamental frequencies mean that the generated input forces at resonance are small.
Richardson and Douglas (33) solved the problem by using 5 hydraulic rams, applying
forces at 45°to the vertical at chosen points on the Dominion Road overpass bridge in New
Zealand . A quick-release mechanism resulted in free vibration of the bridge, from which
well-defined lateral, longitudinal , vertical and torsional modes were identified for
comparison with computed values for this curved box-girder (277m) bridge .

lt is often suggested that dynamic response measurements on structures can be used to
assess deterioration and/or damage if they are repeated at suitable intervals . Work by the
author's group on full-size bridge beams (34) suggested that serious damage was necessary
before appreciable changes in natural frequency occurred . A more recent contribution to
this issue has been made by Sohn et al (35) who studied the effect of temperature on the
modal parameters of the Alamosa Canyon bridge, a highway bridge of 7 independent spans
carried by steel beams and a concrete deck. They observe that changes in frequency are
linearly correlated with changes in temperature, but definitive conclusions were marred by
heavy rain which considerably increased the mass of the bridge . In summary,
environmental effects can mask changes caused by deterioration and damage,
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Abstract

Earthquake resistant design (or retrofit)of structures requires realistic and accurate physical
and theoretical models. Validation and further improvement of these models can be done
only by comparison with full-scale, in situ measurements of the response to earthquake
excitation. This paper presents (a) a review of the principles this validation process is based
on, (b) discussion of selected examples of past contributions to modeling of structures, and
(c) an outline of some of the current research needs. It is concluded that, in the education of
future engineers, the art of modeling full-scale structures, and breadth of knowledge in
classical mechanics have been neglected, and that this trend should be reversed.

1. Introduction

To proceed with design of earthquake resistant structures. or to analyze the existing
structures, the engineer begins by creating a model representation of the prototype. This
model will form the basis for all subsequentanalyses. It will be used to write the governing
equations, to describe the structure by discrete or continuous parameters, and to compute
the quantities required for design. Thus, this model must have the properties which will
describe the response of the prototype as completely and as accurately as possible. The
search for a good model is therefore the irst and the most important step preceding the
analysis and design processes. After the model has been specified, the engineer will
analyze, design and test only that part of the real world which the adopted model is capable
of representing.

The difficult task of selecting the model is compounded by the lack of attention the
modeling process receives in our educational system. Too often we approach the modeling
task backwards, choosing the model configuration and its properties so that we can
accommodate the methods of analysis. We then complete the loop of appearances by
experimental verification procedures which involve measurement of the most elementary
(often incomplete) aspects of the response. Having accepted the simplified experimental
program. which usually does not produce adequate constraints, we finally ignore the
nonuniquenessof our solution. Of course, the critique will arrive eventually in the form of a
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careful and detailed analysis of a full-scale experiment, but often too late to correct the
original design.

Is detailed modeling necessary for many engineering design tasks? After all, many design
methods continue to rely on empirical and ad hoc procedures, many of which have been
shown to be practical and adequate. The answers to these questions require considerations
of the criteria defining the occupant safety and economic consequences, which both change
with time. For example, thirty to forty years ago, analyses of earthquake losses focussed
mainly on the replacement value of structures [43]. Today, and more so in future, with the
growth and intricate inter-dependence of technologically advanced societies, which will
live in dense metropolitan areas, reduction of indirect losses will govern in the selection of
the required levels of safety [24, 25). These new priorities will require development of
advanced design principles and criteria which will be aimed towards reducing losses from
business interruptions, and will provide answers to the above questions. To prepare for the
required changes in the design codes, we must initiate systematic development of advanced
modeling techniques. This is feasible only through the use of the full-scale experimental
measurements, which will guide us on how to single out the important phenomena and how
to develop representative modeling and analyses.

The availability of representative dynamic models, and of carefully tested methods of
analysis, will set the stage for realistic consideration of base-isolation methods, and of
passive control techniques. Structural health monitoring will also become feasible, because
the availability of representative models will enable selection of proper variables for real
time monitoring. To implement the current and future advanced analyses, design, and
control techniques, we must first solve the modeling problem, and to do that we must learn
how to interpret better and document the actual response of structures to strong
earthquakes. This can be accomplished by analyses of past recordings, and by continued but
more advanced and detailed monitoring of response during future strong shaking.

The first key step towards creation of representative dynamic models of structures is to
include the effects of soil-structure interaction. Soil-structure interaction has a profound
inlluence on the form and on the solution of the governing equations of motion, and on the
wealth of physical phenomena that accompany transfer of energy &om the ground to the
structure, and back to the ground. It offers advantages in the form of absorption and
scattering of incident wave energy, before this energy enters the structure. These
advantages must be brought to the attention of designers, and exploited fully before other
more expensive and complex layers of protection, such as base-isolation or passive control
are considered. Neither base-isolation, nor various ideas on structural control can be
designed or implemented without including the soil-structure interaction effects in the
controlling motions [46,52-54).

In the following, we discuss the iteration steps in the learning process for development of
representative models of structures. We illustrate these steps by examples from our past
and current work on full-scale experimental studies. Finally, we summarize our view of
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priorities for future work. The mentioned full-scale experimental studies are only for
illustration purposes, and do not represent a general and comprehensive review of literature
on this subject.

2. Selected Modeling Considerations

The steps of the learning process (with the feed-back loops) which describe how to select
representative models of engineering structures for dynamic response analyses are
summarized in Fig. 1. The forward analyses include only the first three steps : ( I )
idealization of real structures , (2) mathematical representation and modeling and (3)
analysis of response . The iterative learning process involves two additional tasks : (4) full
scale experimental verification and (5) revision of the previously adopted models . In the
following, we discuss selected aspects of these steps and illustrate their role by reviewing
examples from our previous work.

2.1 IDEALIZATION OF REAL STRUCTURES

This step constitutes the most important and tile most difficult first step in any dynamic
response analysis. Here the aim is not to overlook the importance of maintaining clarity
and simplicity, while developing tile model on tile basis of deep understanding of the
physical problem (4).

2.2 SIMPLE VERSUS DETAILED MODELS.

A tall structure, responding to fong period (long wave) dynamic loads mainly in its first
mode of vibration, could be represented by a single-degree-of freedom (SDOF) system
(Fig. 2a). The same structure , excited by high frequency (short wave) dynamic loads, will
have to be represented by a detailed (continuous or discrete, two- or three-dimensional)
model which is capable of representing relative deformations and the associated forces
within the structure (Fig. 2b). A structure supported on "rigid" base (which deforms due to
passage of earthquake waves, but does not deform due to forces caused by the structure),
can be represented by a one-, two- or three-dimensional continuous shear beam model (Fig.
3a,b). Such representation can describe relative deformations within the structure and the
way these depend on the internal distribution of rigidities [47-50). In another example, the
NS motions of a nine-storey reinforced concrete building , vibrating in its first mode during
forced vibration tests (the effects of soil-structure interaction were included) , could be
represented by a bending beam model (Fig. 4a). Forced vibration response of the same
building in EW direction leads to large deformations of the foundation and floor slabs, and
must be modeled in detail by the fmite element method [31 ). Structures witil rigid floor
slabs and flexible columns can be modeled via lumped mass models, where the mass of the
floor structure and bottom half of the columns above, and top half of the columns below,
are lumped at each floor level. The lateral shear stiffness can be represented by massless
springs representing the total stiffness of all columns between adjacent floors (e.g. Fig. 3c)
[69]. Such models are very common in both theoretical [ IS, 16) and forward engineering
analyses [27].



www.manaraa.com

I
T

/~
r Start '
\ .....-----.-..,..

I,.

134

I
---'---.. 1. Idealizat ion of Real Structures i

i

, i i
, ~ 2. Mathematical Representation and Mode ling :

I

FORWARD
MODELING

,-----'~-----,
I Preserve ~', 13. Analysis of Response I ~ : Results I~) '

l , , '

~
' - - - :- - - - - - - - - - - - - - - - -~ - - - - - - - - - - - - - - - -:- - - - - - - - - - - - - - - - - - - - -'

: 4 . Full-Scale Experimental Verification of :
~ Assumed Mathematical Model

I :

Experimenta l
Results

Agree with
Modelinq

Assumptions?

No

Yes Preserve : ~'.H End /:Results ! ~.

5. Revise as Required :
Models, Mathematical Assumptions,
Methids of Analys is and
Methods of Experimental Verification

Figure I. Steps in the learning process of selecting representative models of engineering
structures for dynamic response analy ses.



www.manaraa.com

135

In the example shown in Figure 4a, the deformation of the model (structure) can be
specified by only one coordinate and can be described by one-dimensional wave equation.
For structures with smaller height-to-width ratio, and with nonuniform distribution of
stiffness (e.g. Fig. 3a and b), the use of two- or three-dimensional models and wave
propagation analysis may offer advantages over vibrational description of the response
[551 ·

2.3 REDUCTION OF THE DEGREES-OF FREEDOM.

The nwnber of the degrees of freedom, which must be considered in the analysis. will
depend on the type of the model (e.g. model in Fig. 2a versus model in Fig. 2b), and on the
band-widths of the excitation. For a given model (e.g. in Fig. 3c), it may be desirable to
further reduce the number of degrees-of freedom. For example, two adjacent iloors could
be lumped into oae mass, thus reducing the order of the linear system of differential
equations by a factor of two. Such condensation of the degrees of freedom will lead to a
reduction of computer time and may give adequate results as long as the outcome depends
only on the low order modes of vibration (long wave lengths). Relative to the original
model, the intermediate modes of vibration will have only approximate frequencies and
mode shapes, while the higher modes and frequencies will be absent (9).

2.4 LINEAR VERSUS NONLINEAR ANALYSES

In addition to the geometrical description of the model, the specification of the maximum
amplitudes of response, and of material properties, the following needs to be defined:

(i)Force displacement rslationships. These can be modeled, e.g. as linear elastic (Force, F,
and dis lacement, x, are related by F = k.x, where ko is a constant), nonlinear elastic (e.g. F
= k,7 + k.x' . where k, is a positive or negative constant, this leads to Duffing equation).
nonlinear hysteretic (e.g. F is defined by bi-linear hysteric spring) and so on.

(ii) Amplitudes of response. For large deflections, differential equations of dynamic
equilibrium will involve nonlinear transcendental functions (e.g. sines and cosines).

(u) Stability. For large amplitudes of response, simultaneous action of vertical and of
horizontal inertial forces, in the presence of gravity, will lead to dynamic equilibrium
equations which will result in time dependent excitation term influencing the stiffness term
in the differential equations. The effective stiffness then may oscillate between positive and
negative values, and for response amplitudes beyond the static stable deflections, the
structure will enter the dynamic instability region and may collapse. This feature of the
models is rarely considered in earthquake engineering studies [19), but should be included
in every analysis dealing with large deflections and nonlinear response. The contribution of
the soil-structure interaction to this dynamic instability is rarely investigated. even though it
may be very important for "stiff structures on "soft" soils.
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(a) (b)

Figure 2. (a) Equivalent SDOF system (with damping C.. rotational stiffness I<. , equivalent mass rns, equivalent
height 1<.. on a rigid foundation with mass m.) supported by flexible soil. (b) Multi-degree of-freedom system

(e.g.• moment resistant frame) supported by independent spread footings on elastic soil.

(a)

v central
/ core

(b)
shear
wall

(c)
mn I-tB n

Kn
! mn. !

n-1
Kn•1 :

I

(d)

- ~

II ill m n
Figure 3. (a) Continuous model representation ofa tall building with a stiffcentral core [55]. (b) Continuous model
representation of a building with a soft first storey. on flexible soil [55]. (c) Discrete MDOF system of an n-storey

building with rigid floors (rn- floor mass, Ki-floor stiffness, A. Band C-strong motion instruments ).
(d) A section through a six-storey reinforced concrete structure supported by a foundation on piles [27].
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Figure 4. Deformation of a nine-storey reinforced concrete building excited at the roofby a shaker with two
counter rotating masses [II] (a) along the west shear wall , and (b) along a section through the elevator core.
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Figure 5. Contribution of foundation translation and rocking to the roof motion for N-S shaking of the
nine-storey reinforced concrete building .
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2.5 VARIOUS FORMS OF DYNAMICCOUPLING.

Many models of structures are symmetric and, for linear response, this makes the
superposition principle applicable, and excitation in two orthogonal horizontal directions
can be analyzed separately. For nonlinear response, the yielding members will cause
sudden migration of the centers of stiffness, this will lead to strong coupling of the two
horizontal translations with the torsional response, and the superposition principle does not
hold. For nonlinear response of foundations, it is also usually assumed that the nonlinear
response of symmetrically arranged . piles , for example, does not lead to significant
migration of the center of rigidity of the soil- structure interface. When this does occur, it
can cause strong coupling of the torsional and the translational components of excitation
(66).

2.6 SOIL-STRUCTURE INTERACTION

This describes a complex family of phenomena which are caused by the flexibility of the
foundation soils. Analysis of soil-structure interaction requires consideration of additional
degrees-of freedom and, depending on the model , it may call for methods of solutions
based on wave propagation. In general terms , the soil-structure interaction will lengthen
the apparent period of the system, will increase the relative contribution of rocking
excitation of ground motion to the total response, and will usually reduce the maximum
base shear [53). The advantages of including soil-structure interaction in the design of
structural systems result from the scattering of incident waves from the foundation, and
from additional radiation of structural vibration energy into the soil. When the soil
surrounding the foundation experiences small to modest levels of nonlinear response, the
soil-structure interaction will lead to signi icant loss of the available input energy . Since this
energy loss occurs outside the structure, if will be one of the important challenges for future
design of safe structures to quantify this loss and to exploit it in design.

The simplest way to consider soil-structure interaction effects is to assume that the building
is supported by a rigid foundation. This results in minimum number of additional degrees
of freedom (three translations and three rotations), but may lead to restrictive and too
simple representation. Studies which model flexible foundations are rare [21, 30) and
difficult to evaluate in absence of strong motion records . As far as we know, there exists no
strong motion program to document distortions and warping of foundations of structures
during passage of seismic waves (66) .

The extent to which soil-structure interaction alters the apparent frequencies of the system
response and changes the nature of the time functions of absolute and relative
displacements, rotations, shear forces and bending moments in the structure ranges from
negligible to profound, and depends mainly on the relative stiffness of the soil and the
structure [53). Recordings of strong motion in structures show that destructive shaking is
usually accompanied by nonlinear response of the foundation soils [31, 64, 66], and that the
time dependent changes of the apparent frequencies of response are usually accompanied
by significant contribution of soil structure interaction (68). Since the success of base
isolation systems, control of structural response, and of health monitoring depends on
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accurate representation of the anticipated and of recorded motions, it is clear that the
nonlinear soil-structure interaction phenomena must be included in the analysis.

Experimantel studies of soil-structure interaction are best conducted in full-scale, in actuel
buildings during microtennos [57-59) , forced vibrations [5-18), and earthquake excitation
(32) . It is difficult to coduct soil-structure interaction tests in laboratories, not only because
of the constraints imposed by the need to satisfy to similarity laws, but mainly because it is
almost impossible to model the half space boundary conditions for the soils .

2.7 DISSIPATION MECHANISMS

Modeling the dissipation of energy of a vibrating structure is constrained by the
mathematical methods of analysis, and by the lack of comprehensive measurements which
would show the physical nature of this dissipation (36). Many linear response analyses use
normal mode representation and, to maintain the advantages of working with
decoupled equations, approximate the damping matrix by a linear combination a[ m)+6[k1
of the mass and stiffness matrices , [m) and [k), where a and 6 are constants. For an n
degree-of freedom system, this allows one to choose the damping only for two modal

frequencies, Wi; and U1 , and the remaining n-2 modes then have equivalent damping ratios

<;k=O.5(a /(4+(6(4), which are not realistic . A common practice is to use constant

damping ratios for all mode-shapes in the response analyses . This , of course, ignores the
fact that the solution then violates the original differential equation.

In the presence of soil-structure interaction, the system damping depends on the damp ing in
the building and in the soil, and on the scattering of wave energy from and through the
foundation [31 ). Design of foundations to scatter efficiently high frequenc y (short) waves
can increase the apparent system damping and can reduce the amplification of the system
response near the first mode of vibration [531 .

In nonlinear response , the energy dissipation (damage) results from the work required to
break structural components, to create plastic hinges and in nonlinear deformation of the
soil supporting the foundation . For each structure and excitation, this energy can be
quantified by computing the work dissipated by the equivalent hysteretic forces , but it will
be different for each case .

3. Mathematical Representation And Modeling

Mathematical modeling of full-scale structures, for the purpose of performing response
analyses, aims to find those representations which will satisfy all the modeling
requirements and the constraints of the available analytical tools. For analytical
representation of the incident waves , and for linear response analyses, the foundation soil
(or rock) has to be geometrically simple. With the analytical approach, it is practical to
consider only simple topographic irregularities [28, 29) and simple soil and alluvium layers
[33,34). More complicated surface topography and layering must be represented by finite
element or unite difference models.
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Simple symmetric structures can be modeled by analytical methods and can be analyzed via
wave propagation approach. Geometrically irregular structures and those which are
expected to experience nonlinear response must be modeled by lumped masses, mite
elements or by other discrete representations [72]. Simple surface or embedded foundations
can be approximated by rigid slabs, when the soil is relatively soft and when the foundation
and the structure are expected to experience only small relative deformations. However, it
is difficult to predict intuitively how realistic is such an assumption and the decision should
be guided by data and experience &om full-scale tests on similar structures. Soft (flexible)
foundations can be represented by discrete lumped mass interconnected foundations [74],
and this can be combined with finite element representation of the structure.

4. Analysis Of Response

The method which will be used for estimation of response will depend on whether the
response will be linear or nonlinear. For linear response, the analysis can be formulated in
terms of transfer functions, which express the quantity of interest (e.g. displacement of a
point, bending moment, stress) in the frequency space. When response time functions are
required, inverse transforms can be used to obtain the results, and when only the estimates
of the peaks of response are required, spectrum superposition methods, coupled with
probabilistic estimation of peak values, will give the final results [ 14-161.

For nonlinear response, numerical integration of the system of governing equations must be
carried out. This used to lead to lengthy calculations, but with modem computers it is
becoming easier and faster [75].

5. Full-Scale Experimental Verification

For forward modeling, the above described three steps will produce the end result (Fig. I ).
To verify the accuracy of this modeling, fiill-scale experiments can be carried out. The
type of these experiments, the scope of measurements and the analysis of measured data
will depend on the available sources of excitation, instrumentation and the specific purpose
of the experiment. Components of full-scale structures may be tested in the laboratory, but
evaluation of complete structures should be performed in full-scale. This limits the
experiments to completed or to similar existing structures, and cannot be performed before
the structure is built. However, systematic testing of the existing full-scale structures
and careful interpretation and documentation of the results can go a long way towards
creating a body of intuitive understanding, deep physical insight, and experience on how to
extrapolate, and which essential steps to take leading to the core of complex new problems .

It should be noted that the laboratory tests can be very useful, but can never be as complete
as full-scale experiments. Even the most carefully and completely planned laboratory work
will represent only those aspects of the problem which the experiment designer chose to
study and had incorporated into the model. That is, the best and the most complete
laboratory tests can be used to verify and quantify mainly those aspects of the problem
which the investigator knows. Except when fortunate accidents occur, we do not know how
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to model what we are not aware of and what we do not understand. The full-scale tests
present a completely different set of practical problems, and the as built environment
contains all the physical properties of reality. We only have to find ingenuous ways to
discover, record and interpret the reality .

Another point to be made is that the physical completeness and the reality of the full-scale
structures is necessary but not suffcient to guarantee correct end results. The discovery and
understanding of the true nature of response tend to be born by the difficult labor involving
reconciliation between our imperfect theories, modeling and analyses , with often
incomplete data from measurements. Experienced experimentalists know that the fITSt test
rarely produces results, as we inevitably forget to measure something, or what we measure
does not turn out to be useful. Thus. iterations are almost a rule. in both experiments and in
the analyses.

Often . the difficulty lies in nonunique features of our starting models and assumptions. For
example. the transfer functions of horizontal roof displacement of a fixed-base building,
and of the same building on llexible soil . have very similar appearance near the peak of the
first fixed- base frequency. or near the apparent frequency of the soil -structure system .
Using a simple identification teclmique, it is easy to estimate the "frequency" and the
associated "fraction of critical damping" from full-scale measurements during an
earthquake, but it is not easy to identify the factors which contribute to the formation of
these peaks. Separation of the fixed- base frequency of the structure from the rocking and
translation &equencies associated with soil-structure interaction is less straight forward and
can be performed only if special purpose instnunentation and records are available. The
list of investigators who overlook this nonuniqueness is so long that it seems that this
problem is ignored in most published work. Along the same lines, it is common to find
papers presenting analyses of nonlinear response of structural components with discussions
of structural ductility and how it relates to the observed changes in the response period.
without including in their analyses the fact that , shortly after the earthquake, the apparent
period of the soil-structure system was back at or ncar its pre- earthquake value. indicating
that the main source of nonlinearity was not in the structure. but in the soil supporting it.

Most of the above mentioned nonuniqueness can be eliminated by placing additional
instnunents to measure the rotation of the building foundation [31. 36], but so far this is not
possible with most of the data recorded in the buildings in California. It is interesting to
note that in spite of the fact that transducers which recorded rotational acceleration and
velocity have been constructed and tested [39, 42, 73], essentially no buildings are
equipped with such instruments, and so far the earthquake engineers do not seem to request
such data .

Rotation of the foundation about a horizontal axis (rocking) can be calculated from the
difference of recorded vertical motions at two points on a line perpendicular to the axis of
rotation. The result represents the average rotations between the two points. To evaluate
the actual point rotations, it is necessary to map the pattern of deformations of the building
foundation, associated with the apparent frequency of the system prior to and following the
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earthquake (provided no damage occurred), using forced vibration tests, for example . This
requires detailed full-scale testing and is not available for most buildings.

The experience shows that full-scale testing of structures, before and after significant
earthquake shaking, must be very detailed if one is to find the location and the extent of
changes (failures) in the material properties, and to identify differences with respect to the
previous models, assumptions and analyses. The next generation of improved models and
theory will be developed through reconciliation of differences with the current experimental
results. This is clearly a difficult and time consuming work, and it is therefore not
surprising that it is rarely carried out. Nevertheless, this is the only way we can learn how to
measure what, where and how much to record. Before this work is completed, it is difficult
( 1 ) to see how to improve the full-scale observational programs, and (2) impossible to
implement (correctly) various new ideas involving base-isolation, structural control, and
structural health monitoring.

6. Examples Of Full -Scale Testing And Analyses

In the following, by way of examples, we illustrate the nonuniqueness associated with
forward modeling, and some results on measurements of ilexibility of foundations and
iterations in modeling.

6.1 FORWARD MODELING WITHOUT MODEL REVISION

Empirical evaluation of fundamental vibration periods of buildings is used in building
codes to calculate lateral earthquake design loads. For a building on flexible ground, the
period of vibration of the soil-structure system [23] is

T=[ T/ + T,.z + Tj~] I (1)

where T, is the period of horizontal translatory vibration of the rigid building, T; is the
period of rocking motion of the rigid building, and Tis the period of the first mode of
vibration of an elastic building fixed at its base. Thus, the fundamental period of the
system, T, compared to the period of the same structure on rigid base, Tfs, is longer.

Many empirical studies of T analyze the functional form of the dependence of Tjs, in terms
of the type oflateral resisting system (e.g. moment resistant frames, shear walls), but ignore
the contributions of T; and Tt . For example Housner and Brady [ 17] refer to "foundation
yielding" as a "second order effect", while Goel and Chopra (13] ignore it (61).

An experimental study of the effects of soil-structure interaction in 1966 and 1967
concluded that the rigid body motion of the superstructure due to compliance of the soil
contributed less than 1 percent to the total roof motion [20]. Repeated tests in the same
building, in 1973 and in 1974 [11, 32), found that the rigid body motion contributes about
30 percent to the total roof motion (Fig. 5). While errors in data reduction cannot be ruled
out [32}, it has been argued [10] that this change is real and that it corresponds to
degradation of the foundation system as a result of San Fernando Earthquake in 1971. That
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apparent periods of response, T, can change by factors approaching 2, during shaking by
strong earthquakes, has been reported by Udwadia and Trifunac [68J, but further systematic
studies identifying the primary sources of these changes have not been carried out. Papers
have been written describing these changes, and often ascribing them to the nonlinear
response of structural components (20), but field evidence and later tests suggest that these
changes are associated mainly with nonlinear soil response .

The above illustrates that verification and revision of the models of analysis followed by
improvement of the original models and governing equations are more of an exception
rather than customary in comprehensive and complete analyses. The consequences for the
future research are serious . With so many past studies opting for simplified and only
forward modeling, it will be increasingly difftcult in future to convince researchers who
work with base- isolation, identification, control and health monitoring that to test these
ideas and to make them work in real buildings, all aspects of soil-structure interaction must
be included in the analysis .

6.2 NONUNIQUE REPRESENTATION

A weakness of many past and present instrumentation programs , which contribute data on
actual earthquake response of full-scale structures, has to do with lack of adequate munber
of transducers, and lack of minimum data required to describe motion and deformation of
foundations of buildings. Even in most carefully instrumented structures, the transducers
have been installed on the basis of intuitive expectation rather than detailed measurements
and analysis . A classical example of counter intuitive outcome is provided by the problem
of optimal placing of two horizontal transducers into a one-dimensional lumped mass
model of a tall building with n stories, on fixed ground and deforming in shear (Fig. 3c).
Intuitively , with only two recording instruments, one would choose ground level (A) and
roof (8) to record future shaking, as we have done to instrument many tall buildings during
the past 65 years. This however leads to n! possible models which would be consistent with
recorded motions at A as input and at 8 as output. A unique solution (i.e. one unique set of
masses and springs) is possible. but the second instrument must be on the first floor (C). not
on the n-th 167) .

The lack of ideal physical access in buildings to the centers of mass, rigidity. and torsion
results in placement of the recording instrwnents at some distance from these "ideal"
locations . This results in recording a mixture of the desired components of motion . From
the point of view of performing simplified identification analyses, such "contaminated"
data may rule out the possibility for any meaningful interpretation. It is possible, however .
to incorporate actual recording eccentricities for each position of the transducers into a
linear representation of the

recorded time series [361. and in this way separate translations from rocking and from
torsion . Unfortunately, the recorded data is usually not accompanied by information on the
exact location of the instruments (e.g. within the plan of each floor of the building).
Information on the centers of rigidity and of mass requires analyses and interpretation, but
could be verified via full-scale experiments prior to strong motion instrumentation in a
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building. The lack of reports with such information forces researchers to work with simpli
led models and assumptions. This limits the quality and quantity of possible inferences and
often results in problems associated with nonuniquerepresentation.

The above incomplete information is further complicated by the lack of documentation on
the accuracy of the transducer orientations, accuracy of relative timing of digitized data
from individual transducers, and on transducer characteristics. It is, of course, difficult and
may not be practical to place the sensitivity vectors of all transducers exactly along
specified directions. It is possible, however, to describe their relative orientations with
sufficient accuracy and to perform the required corrections (45, 56). Data can be processed
with very accurate relative time for different components (65). Sufficient detail on
measured transducer constants (sensitivity, damping, natural frequency, and electrical
frequency and damping parameters for force balance accelerometers, for example) could be
provided, so that advanced instrument correction algorithms can be used. Most modeling
and identification analyses will benefit immensely from data which incorporates all these
corrections and instrumentparameters (37,38) .

At present, the digitized data is distributed without information on how the origin time of
the traces has been identified, and it is not known how accurate the time coordinates are,
and whether corrections for nonuniform film speed have been performed, It is further not
clear what transducer corrections have been used. All this creates obstacles for
knowledgeable investigators and limits the scope of possible inferences which otherwise
they could extract from the recorded data.

Organizational efforts associated with maintenance of instrumentarrays, data retrieval, data
archiving, digitization, processing and dissemination are considerable. Therefore, it is
difficult to suggest that instnunents should be recalibrated at certain time intervals (and
certainly following every strong shaking), and that important data should be digitized and
processed again using advanced methods, followed by rigorous quality control 165),
especially when unknown, but abundant recorded data has never been digitized and
processed. The Strong Motion Instrumentation Program of the California Division of
Mines and Geology (CDMG), the United States Geological Survey (USGS) and several
private organizations have large volumes of excellent data which has not been processed
(particularly data recorded in buildings). T'hese data already contains invaluable
information for improvementand modificationof the earthquake design codes, and can be
used to teach us how and what to instrumentand record in the future.

6.3 AN EXAMPLE OF ENGINEERING(FORWARD) MODELING ANALYSES

The Imperial County Services Building in El Centro (Fig. 3d) almost collapsed during the
1979 earthquake in Imperial Valley, California. We have studied this building and the data
recorded in it to find how successful a typical engineering analysis would be in predicting
such response (27). We found that, in the first iteration, we were not able to predict the
actual response, and that the reasons for this were complex and in some instances beyond
the state of the art at that time. Perusal of more recent attempts to do the same today, will
show that we would probably have the same difficulties at present. It is still difficult to
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model foundations on piles, and to describe realistic distribution of stiffness in the soil-pile
foundation-structure systems. Almost 20 years later, little has changed. It is still an art to
model structures by simplified commercially available computer programs, and we still do
not have adequate number of such studies to have gained good understanding of how to
improve our ability to model.

6.4 RIGID VERSUS FLEXIBLE FOUNDATION MODEL

When soil-structure interaction is considered in the dynamic analysis of soil-structure
systems, it is convenient to assume that the foundation is rigid. This assumption simplifies
the analysis and reduces the required number of additional degrees-of freedom to model
soil-structure interaction, and thereby the number of simultaneous equations which must be
solved. Whether such assumption can be made must be carefully investigated, and the
outcome does not depend only on the relative rigidity of the foundation and of the soil, but
can be influenced also by the overall rigidity of the structure, its lateral load resisting
system and its orientation. As we already noted, tins can be illustrated by comparison of
NS versus EW vibrations of a nine-storey reinforced concrete structure which was studies
by Luco et al. [31). Even though the foundation system of that building is relatively
flexible, for NS vibrations, two symmetric shear walls at each end (east and west) of the
building act to stiffen tile foundation slab, and this allows one to proceed with "rigid"
foundation representation (Fig. 4a). For EW vibrations, tile building carries lateral loads by
an elevator core, which deforms the foundation slab in tile middle, while the shear walls act
as membranes providing axial constraints, but little bending stiffness (Fig. 4b). For EW
vibrations, the foundation slab cannot be approximated by a "rigid" foundation model.
These three-dimensional deformation shapes, which showed how this structure defonus
while vibrating in NS and EW fundamental modes of vibration, were measured during
forced vibration tests, and were essential for this interpretation.

Recent ambient vibration tests in a seven storey, reinforced concrete, moment resistant
frame building have shown that the foundation supported by piles deforms during passage
of microtremor waves. It was then inferred that the same happens during passage of much
larger strong motion waves. Detailed ambient vibration survey of this symmetric structure.
on symmetric pile foundations. showed that the center of torsion for this structure is outside
the building plan, close to its south-eastern corner. Subsequent reexamination of the strong
motion records in this building has shown that this eccentricity may have been present in all
post 1971 excitations and that it is associated with some asymmetry in the soil-pile system.
since tile date of its construction. in 1966, or that it was caused by some partial damage
during tile 1971 San Fernando earthquake [66) .

Differential motion of building foundations [60) may reduce tile translational response at
the upper floors. but leads to large additional shear forces and bending moments in tile
columns of the first floor. The response spectrum method can be modified to include tile
consequences of such differential motions [62), but it is necessary to document tins via full
scale measurements during future strong earthquakes, and to correlate the theory with
observations.
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The assumption that foundations can be represented by rigid slabs seems to be implicit in
most full-scale instrumentation programs for the buildings where strong motion was
recorded so far. Technically, it should be easy to supplement the existing instrumentation to
provide data on differential motion of building foundations . Ideally this should be done
first in instrumented buildings where strong motion has already been recorded during many
past earthquakes, so that additional value can be added to the existing data, interpretation
and analyses.

6.5 AN EXAMPLE OF ITERATION IN MODELING SOIL-STRUCTURE INTERACTION

Following many ambient, forced vibration, and earthquake recording experiments in a nine
storey reinforced concrete building, and apparent inconsistencies in the data and its
interpretation, we decided in mid 1970's to develop a comprehensive model, which includes
soil-structure interaction, so that we could use it in interpretation of all the recorded data
(31). When tins model was completed, comparison of the theoretical predictions with the
recorded motions showed that the theory for computation of compliances available at that
time (for rigid surface foundations) was not adequate to interpret tile results. Our analysis
and writing of the report were interrupted, and we started to work on refmement of
compliance functions , so that the embedment could be considered explicitly . After new
compliance equations were developed and tested, the original full-scale tests of the building
could be explained, now resulting in excellent agreement between the theory and tile
measurements. Finally, tile report could be finished. almost ten years after it was started.

Not every iteration of an experiment verification will take ten years to complete . With
more focus and effort, our work could have been completed earlier, but it should be
understood that complicated subjects take more time to understand and to master. The
nature is fiill of fascinating examples showing that tile time from conception to
complete delivery is proportional to tile complexity of the product. Clearly, there exists an
upper bound on the time rate of creation and realization of technologically advanced ideas.

Finally it must be remembered that many valuable discoveries tend to be accidentaL and so
their production rate can be measured only in probabilistic terms. We may approach more
advanced levels sooner by designing more ingenious experiments, processing and analyzing
more recorded data in many different full-scale structures. all these over a longer period of
time and focussing our attention on how to explain even innocent and small inconsistencies
between the data and tile theory. Focused initiatives and organized five or ten year
programs may be counter productive, because the education of new experts and tile time
they need to produce significant new results are increasing with the complexity of the new
challenges , and the time to delivery may be significantly longer than five to ten years.
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7. Summary, General Comments And Selected Priorities For Future Research

Successful and lasting contributions to advanced modeling require: (1) comprehensive
gathering and preparation of representative databases, (2) education of young generations in
modeling and analysis, and (3) development of general nonlinear theory to guide future
data gathering, interpretation, modeling and education . The following discussion and
presentation of selected priorities for future work may help initiate some efforts towards
these goals .

7.1 DIGITIZATION, PROCESSING AND DISSEMINATION OF RESPONSE DATA IN
BUILDINGS AND OTHER STRUCTURES

The ultimate tests of earthquake resistant design provisions came from recorded response
and from observation of the performance of full-scale structures during severe earthquake
shaking. Following the introduction of the first strong motion accelerographs to record
ground motion in early 1930's, gradually instruments were placed also in buildings, dams
and bridges to record their response . Following many organizational changes, today many
cities in California still have local provisions requiring one or three accelerographs to be
installed in buildings over six stories high (when the floor area is greater than 60,000 feetz)
or over 10 stories high. At least several hundred buildings in the Los Angeles metropolitan
area are believed to have recorded the 1994 Northridge earthquake. A &action of these
records is processed and distributed to researchers, but most of these data eventually end up
in various archives , never to be seen or used in engineering analyses . Also, the United
States Geological Survey (USGS), the California Division of Mines and Geology (CDMG),
and several private and public organizations maintain recording stations in selected
buildings. Following the Northridge earthquake, USGS collected records from over 30
high-rise buildings, 7 hospitals, 12 dams, 6 fire stations and 7 water and power distribution
facilities (40). CDMG recorded motion in 77 structures, including 57 buildings, 12 dams, 5
freeway interchanges, a toll bridge, an airport tower and a power plant [41 I.

In the former Soviet Union, various strong motion transducers and recorders were
developed , mainly by the laboratories associated with the Institute of Physics of the Earth ,
in Moscow [ 12). The lack of modern digitization systems for processing of analog records.
and the emphasis on direct recording rather than computing the derived quantities (e.g..
computing velocity and displacement from recorded acceleration) resulted in a series of
transducer-galvanometer combinations which could be paired to measure directly
acceleration, velocity and displacement [ 12, 37). Buildings were instrumented
systematically and in detail with many channels of simultaneous acceleration, velocity and
displacement recorders (e.g. [3D. Most of the recorded data is still archived in various
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laboratories of the newly formed independent countries (Armenia, Uzbekistan, Tajikistan,
Kazakhstan), has never been processed, and soon may be lost due to the lack of support or
local wars.

Our goal should be to digitize and process these data, and then to analyze it so that we can
be guided by the results, in formulationof future instrumentation and recordingneeds.

7.2 ANALYSIS OF DATA RECORDED IN BUILDINGS AND OTHER STRUCTURES

All the data recorded so far should be analyzed and interpreted, so that systematic work on
linear and nonlinear response and modeling can be initiated without delay. This analysis
will also provide sound basis for future selection of recording techniques and for better
coverage of recorded motions through design of more advanced recordingsystems. Finally,
it will help by leading towardswiser deployment of the available transducers.

For many years, typical building instrumentation consisted of two (basement and root) or
three (basement, roof and an intermediate level) self contained tri-axial accelerographs
interconnected for simultaneous triggering. The early studies of recorded motion [31 ]
noted that such instrumentation cannot provide information on rocking of building
foundations, and that this information is essential for identification of the degree to which
soil-structure interaction contributes to the total response. Beginning in the late 1970's,
new instrumentation was introduced, based on central recording of individual, one
component transducers (usually force balance accelerometers). This instrumentation
provided greater ilexibility to adapt the recording systems to the needs of different
structures, but budget limitations and lack of understanding of how different structures
would deform during earthquake response, often resulted in recording incomplete
information (27). The outcome is that the recorded data is used rarely in advanced
engineering research, and usuallyonly to provide general reference for the analyses.

7.3 FULL-SCALE TESTINGAND UPGRADING OF THE EXISTING INSTRUMENTATION

In addition to the analyses of earthquake records in buildings, it will be necessary to
document further the three-dimensional deformations accompanying the principal modes of
vibration of instrumented buildings. This will facilitate the work on advanced modeling
tasks.

Full-scale forced vibration and ambient vibration tests will help demonstrate how important
it is to consider soil-structure interaction. Simplified soil-structure interaction provisions
are included in NEHRP (6) and Applied Teclmology Council [2) codes, but these
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provisions are voluntary and are often neglected in design . At present, there is a common
perception that ignoring soil-structure interaction results in conservative design. The
factors which have contributed to this situation could be related, in part, to a common
belief, prevailing up to the early 1970's, that the contribution of soil-structure interaction to
the observed response is small. By late 1970's, it became clear that soil-structure interaction
effects cannot be ignored, but neither code design provisions nor the principles governing
the decisions on how to instnunent the buildings seem to have recognized this. A simple
and useful "standard" approach would have first performed detailed three-dimensional
ambient vibration tests in the buildings [22, 31, 57-59] . Next, based on the three
dimensional defonuatio- and mode shapes from these tests, a knowledgeable committee
could have selected the optimum number , location and orientation of sensors for future
recordings. Wuen necessary , subsequent repetition of ambient vibration surveys could
have compared the results with the previous "finger-print" of the structural system, thus
documenting the state of the structure preceding the earttiquake and the subsequent
changes. This approach would have created numerous possibilities for new studies and
better understanding of the response of actual structures, and would have acted in a positive
way towards quality control for all forward calculations of response [27].

The Northridge earthquake of 1994 provided, so far, the most valuable and abundant data
on strong ground motion and on response of structures. However, it seems that little will
change, in spite of the fact that many experts have started to recognize the discrepancies
between what we perceive and what the nature does. In contrast, looking back more than 60
years ago, it is remarkable with how much foresight and how energetically the researchers
of that time set out to measure and understand the phenomena associated with the response
of full-scale structures. In the introduction to a report entitled "Vibration Observations" (by
Carder [7]), referring to instrumentation and testing of full-scale structures, L. Jacobsen
wrote : "The work .... done by .... the United States Coast and Geodetic Survey is of such
fundamental importance to the engineering profession that it makes a distinct milestone in
our quest for better knowledge of how to build earthquake resistant structures." Then he
continues to say that "without these and similar tasks, we should be in the dark as to
whether or not certain proposed theories have experimental confmnation." In the same
issue of "Earthquake Investigations in California, 1934-1935," after introducing another
article (by Blume [5]) which describes an early model of a "centrifugal force agitator,"
Jacobsen states : "An experimental study of periods of vibration of buildings may be made
by observing free transitory vibrations set up in the structures by impulsive external
agencies, as for instance, wind gusts . Under these conditions a building will vibrate in a
number of its natural modes ...." It will take forty years for this idea to be revived and fully
affirmed as a useful tool for full-scale in situ testing of engineering structures [8. 59. 711.
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7.4 INSTRUMENTATION DEVELOPMENT ANDDEPLOYMENT

Transducers which measure rotation have been developed and used to record the response
of soils and structures to strong shaking, but the measurements of angular accelerations and
velocities did not gain popularity so far. Except for a few isolated cases, such
instrumentation is generally not available and there are no significant databases to study
strong motion rotations [39, 42, 73].

The traditional view has been that strong motion instruments should be designed to have
high dynamic range, proper sensitivity and recording accuracy in as broad frequency band
as possible. What we tend to overlook is that many problems in engineering can be
understood and interpreted only by capturing the spatial variations of response, and that this
calls for dense army type measurements, with small inter-station separation, to be able to
record "short" wave lengths. Simple estimates call for deployment of many small aperture
arrays, with each array containing hundreds to thousands of transducers, all working
together. In the framework of the currently available instrumentation costs and the budgets
which can be expected for such projects, the initial purchase and maintenance costs,
immediately rule out such experiments. We must take advantage of the new technology to
develop such systems, deploy such dense arrays, and maintain them in operation for 30-50
years. understanding of the response of actual structures, and would have acted in a positive
way towards quality control for all forward calculations of response [27].

7.5 EDUCATION

It seems that, at present, the earthquake engineers are not properly trained in mechanics.
Paraphrasing Biot [4), both scientists and engineers working in the field may have "become
victims of narrow specialization... Many are almost totally ignorant in classical mechanics
and are not able to understand the formulation of even simple problems unless it can be
reduced to the solution o£.." a differential equation of single-degree-of freedom viscously
damped oscillator.

Perhaps it is dif ICUlt to find another topic in earthquake engineering which has grown and
matured so well, and for which so much has been accomplished as has been tile case for
soil- structure-interaction. Furthermore, there is hardly any other topic which is more
central and fundamental to the response analysis, and which offers so many powerful
possibilities for implementation of passive energy dissipation, and which is at tile same
time less used, less understood and less considered in engineering design. There is no
doubt that the principal reasons for this lie in our educational programs. Most universities
just do not offer adequate number of lectures on soil-structure interaction, and so cannot
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build up the students understanding to the required mathematical level, which would allow
professors to teach the intricacies of the physical nature of this problem. Timoshenko wrote
"...a student should be taught. of course . how to use the method. but this is not enough . He
should also understand why it works..." (44). Since all advanced concepts of response
control. such as base-isolation. active and passive control. and use of smart materials, all
depend on our ability to write correct and representative differential equations describing
the response. it is essential to initiate systematic and rigorous education of the future
researchers and engineers in soil-structure interaction .

7.6 FULL-SCALE TESTS AND MODELING STUDIES

Following a brief and productive period. from about 1965 to 1975. when many useful force
vibration and ambient vibration experiments were conducted. the earthquake profession
seems to have converged toward small-scale laboratory experiments. From 1984 to 1992.
perusal of papers published in the proceedings of World Conferences on Earthquake
Engineering, will reveal about 100 to 150 papers (per conference) describing various
experimental investigations. Only -6 percent of these papers in 1984 (8WCEE, San
Francisco) , - 8 percent in 1988 (9WCEE, Tokyo-Kyoto) and - 3 percent in 1992 (10 WCEE.
Madrid) were related to experiments with full-scale structures . In 1996, "Earthquake
Spectra" [1] published a theme issue entitled "Experimental Methods" which contains nine
papers. These papers neither discuss nor reference full-scale tests of structures. An
uninitiated reader might conclude that we are dealing with an anachronic subject. but the
time will show that systematic gathering and processing of strong motion data recorded in
buildings. combined with comprehensive full-scale tests of the same structures . is the best
and the only real laboratory where scaling and similarity laws do not pose problems . and
where the boundary cond itions are never approximated. By contrasting and combining the
full-scale ambient vibration tests of a building with what the available records of
earthquake response can show. we may iniluence those who decide where and how many
transducers to use in instrumenting the full-scale structures , and what and how many
records to digitize for engineering research applications. With this paper. we wish to
contribut e towards initiating a new phase of rational full-scale measurements for future
earthquake engineering research and design .

Analyses and interpretation of experimental measurements are difficult because the
recording resolution may not be adequate or the location or type of the instruments are not
suitable for the structure being tested. Most successful experiments require a series of tests
where the preceding tests and their interpretation serve as a guide on how to perform the
next test. This may require far more work than what is feasible for most commercial
analyses. but the results are always invaluable and always teach us how to model the
structure for computer simulation [22, 26, 35, 70].
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Abstract

The U.S. Army Corps of Engineers (USACE) currently operates a seismic Strong-Motion
Instnunentation Program (SMIP) throughout the United States to provide a measure of project
performance, provide insight into the safety of USACE projects, and establish a data base for
earthquake research. Strong-motion instruments used for SMIP consist of digital and analog
accelerographs, peak acceleration recorders, and seismic alarm devices. These instruments
have been placed at earth, rock, earth and rock, arch, and gravity dams owned and operated by
the USACE. At present, 123 projects located in 32 states and Puerto Rico are monitored with
more than 500 strong-motion instruments. The USACE network is second in size to that
operated by the California Division, of Mines and Geology.

The purpose of this paper is to present various aspects of the USACE SMIP including criteria
for design of installations, recording equipment, operation, maintenance, performance to date,
upgrades, future goals and the importance of interagency cooperation. Particular attention is
focused on economics and advantages associated with ultimate conversion to remotely
accessed digital instrumentation.

1. Evolution Of Smip

1.1 PURPOSE

During the 1970s, the U.S. Army Corps of Engineers (USACE) embarked upon an undertaking
which has since been termed the Strong-Motion Instrumentation Program (SMIP). SMIP was
designed to allow observation and analysis of seismic waves produced by earthquakes and
explosions to examine the effect of these motions on USACE projects. The objectives of SMIP
are threefold:
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(a) to provide insight into the safety of and to act as inspection guide for
existing USACE projects,

(b) to provide a measure of project performance, and
(c) to act as a data base for performance predictions and earthquake research.

The existence of performance data in the engineering profession is unequivocally beneficial.
For instance, D'Appolonia (1990) describes the value of field performance data for
geotechnical engineering. He summarizes:

"Data from long-term monitoring should be integrated into the design process [to] provide a
basis for future decisions and maintain a facility in a functional state consistent with its
intended purpose. A planned approach to decision making over time that draws on long-term
field measurements for input, with planned analysis of the measurements and appropriate
contingent actions, is sought A monitored-decision process provides a means to gam
knowledge, be innovative, and mitigate adverse relationships between parties involved in . the
ownership, construction, and operation of a facility."

l.2 .BACKGROUND

As described by Ballard et al. (1990), the SMIP was formalized in 1973 by issuance of
Engineer Regulation (ER) 1110-2-103 (Department of the Army, 1973) which essentially
required instrumentation of all USACE dams that exist within seismic risk zones 2, 3, and 4
(after Algermissen, 1969). After careful planning and deliberation with experts in the field of
earthquake measurements and analysis, a revised Engineering Manual (EM) 1110-2-1908
(Department of the Army, 1976) was published for use by USACE district offices. This EM
provides guidance and information concerning the selection of instruments for measuring
movements and earth pressures in earth and rock-fill dams and describes techniques for
collecting and analyzing data

In 1973, the USACE also entered into agreements with the U.S. Geological Survey (USGS) to
assist in SMIP. Specifically, the US GS was to:

(a) provide guidance in the selection of instruments,
(b) review installations for conformance with network specifications and provide

suggestions for proper mounting from weather and other elements,
(c) act as recipient (thus assuring adherence to specifications) for new instruments

and to calibrate them for installation, and
(d) install and maintain those instruments at regular intervals throughout the federal

fiscal year (October through September).
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At that time, estimatesof less than 200 installedinstnunents were provided to the USGS as the
number that would ultimately make up the USACE strong -motion network. Since a large
number of these installationswouldbe east of the Rocky Mountains, the USGS viewed them as
a necessary extension of an envisioned national network which at that time had most recording
stations located in the state of California.

In 1977, the USGS was assigned additional missions and funding without commensurate
increases in personnel allotments. The U.S. Army Engineer Waterways Experiment Station
(WES) subsequently proposed alternative plans for programs which would enable the USACE
to absorb these additional requirements. After a very thorough investigation of alternatives, it
was decided that the US GS would continue to provide installation, service, and data collection
for instruments in the Western U.S. WES was to phase itself into installation and maintenance
of approximately one-half of the USACEinstruments located in the central and eastern part of
the U.S. Additionally, on a reciprocal arrangement, WES was to service certain USGS"and
Veterans Administration (VA) instruments. This transition occurred over a two-year period.
Since 1978, WES Instrumentation Services Division (ISD) has assumed responsibility for
in-house maintenance of more than fifty percent of the USACE instruments with USGS
providing service for the remainder. Personnel of WES Earthquake Engineering and
Geosciences Division (EEGD), Geotechnical Laboratory (GL), provide overall project
managementof SMIP and analyze recorded data.

Functionally, the SMIP has been structured so that a USACE agency can design its own
program for strong-motion instrumentation with guidance from the Engineering Manual. Upon
completion of a plan for instrumenting a specificstructure, the individual agency then forwards
its plan to WES for approval. Once it is determined that all criteria have been taken into
considerationfor that particularproject, WESthen approves the installation. By directive, WES
is also responsiblefor:

(a) maintainingrecordsof instrument servicing and location,
(b) reviewinginstrumentlocations and type to assure conformance with USACE policy,
(c) processingand analyzingrecordsobtained,
(d) furnishingcopies of obtainedrecordsto the USACEdistrictofficesconcerned,
(e) coordinatingwith USGS and the USACEdistrictoffices to establish schedules for

inspection visits,
(f) billing USACEdistrictofficesfor services provided,
(g) reimbursing USGSfor expenses incurred,
(h) providingpersonnel for installation and maintenance of USACE instrumentsnot

servicedby USGS,
(i) preparingan EngineerCircularon the statusof the programfor Corps-wide

distribution.
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In addition to its heavy involvement with the USGS, the USACE has established a working
arrangement whereby data are exchanged and coordination established with the state of
California strong-motion network and with the U.S. Department of the Interior , Bureau of
Reclamation (BuRec) In actuality, the state of California operates the largest network of
strong-motion instrumentation. The strong-motion instnunentation program instituted by the
BuRec is rapidly expanding. It is intended that close ties remain in effect between all of these
agencies.

l.3.USACE MANDATE FOR STRONG-MOTION INSTRUMENTATION

According to an updated ER 1110-2-103 (Department of the Army, 1981) issued by USACE,
all dams in seismic risk zones 2, 3, and 4 of the seismic risk maps should be instrumented for
strong-motion earthquake measurement. As previously mentioned, guidance on details
concerning instrumentation, location, and selection is currently given in EM 11102-1908. These
documents are adequate for most situations; however, numerous questions have since been
raised regarding instrumentation of dams in seismic risk zone 2. A popular viewpoint was that
the low probability of obtaining meaningful data does not offset the cost of installing and
maintaining instruments. In an effort to supplement the above documents (particularly for zone
2) so that sound decisions can be made regarding dams with uncertainties about the need for
instrumentation, additional guidance was advocated. Considerations below are listed in order of
relative importance.

1. Nature of Foundation. If foundation materials underlying the dam are composed of
sands or silty sands that might be subject to liquefaction, the dam should be
instrumented. If the foundation materials are rock or other materials that are not
subject to liquefaction, the remaining factors below should be taken into account.

2. Type of Construction. Regardless of seismic risk zone, all hydraulic fill dams should be
instrumented. Rolled earth fill or rock fill (being less susceptible to liquefaction)
should be considered for instnunentation by other influencing factors .

3. Height of Dam. Most dams more than 33 m high should be instrumented.

4. Presence of Known Capable Faults . If the dam is located nearer than 40 km to a known
capable fault, it should be instrumented.

5. History of Seismic Activity at the Site. If acceleration levels greater than 0.2 g have
been recorded in the vicinity of the dam, it should be instrumented.

6. Distance from Higher Risk Zone Boundaries. If the dam is located less than 160 km
from a higher risk zone boundary, it should be instnunented.
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2. Locations Of Strong-Motion Instruments

As of September 1992, the USACE SMIP consisted of the following: 123 instnunented projects
located in 32 states and 1 commonwealth. The locations of these projects are shown on a map
which also incorporates seismic zoning boundaries.

3. Descriptions Of Strong-Motion Instruments

The instnunents used for SMIP range from seismic alarm devices to digital accelerographs . In
all, 424 accelerographs, 45 peak acceleration recorders, and 35 seismic alarm devices are
presently used for SMIP. Seismoscopes were eliminated from the network during Fiscal Year
92 because the value of seismoscopes as reliable devices for documenting sites subjected to
earthquakes has been subject to question.

Accelerographs are the most versatile and widely used instnunents by SMIP for recording
strong motions. Accelerographs may be analog or digital devices. For new SMIP installations
and upgrades of existing sites, WES is currently installing digital accelerographs manufactured
by Kinemetrics Inc., of Pasadena, California (Model SSA-l , SSA-2 or Etna).

The Kinemetrics Model SMA-I is an analog triaxial strong-motion accelerograph that
photographically records strong motions on 70 mm film. It employs three flexure-type
accelerometers (longitudinal, vertical and transverse) in a orthogonal arrangement and has a
maximum recordable peak acceleration of a standard 1.0 g. A vertical acceleration-sensitive
starter (pre-set at a level of 0.0 I g for all instruments) senses the initial ground motion
(P-wave), and actuates the SMA-l in less than 50 msec (0.05 sec). The device continues to
operate for a duration of 10 seconds after the vertical starter no longer senses motions above the
preset trigger level. The film is recovered during semi-annual service trips or shortly after a
known strong-motion event. An attached event counter provides the number of times the
instrument was activated. This count is very important to service personnel. Although it is
possible to develop film in the field, photographic laboratory developing is preferred. The
Kinemetrics SMA-l is the most widely used analog accelerograph for the SMIP (these are,
however, being replaced as rapidly as possible with digital units).

The Kinemetrics Model SSA-l is a solid-state. digital strong-motion accelerograph that records
seismic events at 200 samples per second per channel. The SSA-l is configured to record four
external channels of data from Kinemetrics FBA-ll and FBA-13 force-balance accelerometers .
SSA-l trigger thresholds are determined by a software-based algorithm with a bandwidth of 0.1
to 12 Hz, preset for each (If the three data channels. When signal amplitude exceeds a preset
trigger threshold (normally O.Olg), the SSA-. records and stores acceleration data in CMOS
RAM. On-site data retrieval involves downloading to an IBM-eompatible laptop personal
computer by copying data files to a floppy diskette or hard disk. The Kinemetrics SSA-l can be
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interrogated remotely via telephone modem and is considered one of the most technically
advanced accelerographs available today.

Addressing the market need for a more economical digital accelerograph, Kinemetrics
introduced the model SSA-2 which borrows heavily from the SSA-l. This unit retains all of the
"necessary" features of the SSA-I minus a few convenience items to appreciably reduce cost.
The SSA-2is currently under evaluation by WES to determine its position within the SMIP.

Peak Acceleration Recorders (PAR) provide a low-cost method for detecting a strong-motion
event. Terra Technology of Redmond, Washington , and Engdahl Enterprises of Costa Mesa .
California, manufacture peak acceleration devices installed and maintained by the SMIP. The
Terra Technology PRA-103 employs a spring-mass magnetic stylus on a magnetic tape and
records a peak acceleration of 2.0 g. The tape is returned to the laboratory where it is dusted
with ferric powder and analyzed. The PAR-650L from Engdahl records a peak acceleration
level of up to 2.5 g. A diamond stylus rests on a soft metal plate that is etched when strong
motions are detected. The metal plates are returned to the manufacturer for resurfacing after the
recorded event is analyzed. The PAR-650L can have a local or remote annunciator for preset
accelerations. Approximately 75 percent of peak acceleration devices serviced by WES are the
model PRA-103 from Terra Technology.

Due to non-availability on the commercial market, the Seismic Alarm Device (SAD) was
designed and is produced by WES. This alarm package contains a vertical accelerometer with
ten individual threshold level relays. The latching relay bank stores accelerations greater than
the preset threshold. A light-emitting diode (LED) indicates peak acceleration .on the main
control board. The standard SAD is calibrated to display peak accelerations in steps of 0.05 g
from 0.05 to 0.50 g. Accelerations at or greater than the threshold cause the LED to illuminate
and sound an alarm indicating the instrument has triggered and should be inspected. This device
has also been adapted to activate an automatic telephone dialer and remote annunciator.

4. Operation And Maintenance

ISD personnel, an electronics engineer and two electronic technicians, service SMIP
instruments under the jurisdiction of VIES. Typically one electronics technician is involved in
servicing that includes four routes looping through all project sites twice a year. Plenty of spare
parts are at hand to make the service teams autonomous. A detailed inspection record for each
device is completed on location and accompanies recorded data to WES for interpretation and
cataloguing in a computer data base.

Once accelerometer recording media are delivered to WES, it is processed and baseline and
instrument corrections are made. Kinemetrics developed (pC-compatible) software is used to
process data received at VIES. For analog records , the traces are first optically digitized at a
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rate of 600 points per second of record. Computer algorithms written by US GS are used to
integrate the variation of acceleration with time to obtain velocity and displacement records.
Further processing includes plots of response spectra. Once all data reduction is completed, a
WES seismologist analyzes results to determine natural periods and various amplification
factors. Reports are published for larger events under sponsorship of the respective USACE
district office (e.g., Chang, 1985).

In an effort to keep operating costs at a minimum while increasing reliability and overall
effectiveness of the SMIP, it is periodically necessary to modify and/or upgrade various
instruments as maintenance records dictate and technological advances are made. On an annual
basis, WES prepares an Engineering Circular which serves as a status report for the USACE.
Included therein are current estimated costs for installation and servicing instruments and a
tabulation of strong-motion instrumentation both operational and planned. Charges for services
are adjusted annually on the basis of actual cost experience.

5. Earthquake Data Retrieval

The National Earthquake Information Center (NEIC),located in Golden, Colorado, dispenses
factual information about an earthquake within minutes of its occurrence. Such factors as
location, magnitude, damage. casualties, and history of previous seismic events are sent to
interested parties throughout the world. Access to the NEIC data base is available to anyone via
computer and telephone modem. The system is called "Quick Epicenter Determinations" (QED)
and there is no charge for logging onto the NEIC system. More information may be obtained by
calling the USGS.

WES is linked to NEIC via teletype located in a USACE communications center in Vicksburg,
Mississippi. When an earthquake occurs anywhere in the world, NEIC information is received
at the communications center and relayed to designated WES personnel. If the earthquake
exceeds magnitude 4.5 and its epicenter is located within 80 krn of an instrumented USACE
structure, WES contacts the responsible USACE district office to determine whether' or not
instruments have triggered. If personnel on the site confirm instrument activation, special
arrangements are made to service the instrurnent(s).

6. Significant Earthquakes Recorded To Date

Since inception of the SMIP, a number of significant earthquake records have been acquired.
One of the most important recent events was an earthquake that occurred near Franklin Falls,
New Hampshire, on 18 January 1982. This event was rated at 4.8 on the Richter Scale and
triggered some 13 instruments in the New England area These data are the most significant
strong motions recorded in the New England area in over 40 years. Detailed analyses indicated
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that preconceived notions about attenuation factors, frequencies, and amplitudes should be
revised for the New England area .

Other high quality records have been obtained at Coyote Dam, California, in March 1978, Mt.
Borah, Idaho,in October 1983 (Chang 1985), and Whittier Narrows, California, in October 1987
and in March 1988. The Mt. Borah earthquake (Ms = 7.3; USGS, 1983) was recorded at
Dworshak Darn (330 km from epicenter), Lucky Peak Dam (180 km from epicenter), and at
Ririe Darn (179 km from epicenter) which was constructed and instrumented by USACE but is
presentl y owned and operated by the BuRec. The 1987 Whittier Narrows earthquake was
recorded at Brea, Carbon Canyon, Prado, San Antonio. Sepulveda, and Whittier Narrows Darns .
No SMIP instruments were triggered during the October 1989 Lorna Prieta, California,
earthquake (M = 7.1) . The nearest USACE project (New Hogan Dam, California) was located
more than 130 km from the epicenter. More recently, the magnitude 5.8 "Sierra Madre"
earthquake of 28 June 1991 in the Los Angeles area was recorded by USACE instruments at
seven sites. On 22 April 1992, a magnitude 6.1 quake epicentered near Desert Hot Springs,
California, was recorded by six USACE instruments. Numerous other less significant
earthquakes were also recorded.

7. Future Goals

In the beginning, the SMIP was designed to provide insight into the safety of, and to act as an
inspection guide for existing and future structures. It was devised to provide a measure of
project performance and design performance comparisons, and to act as a data base for
performance predictions and earthquake research. These goals are being achieved. Because of
the relati ve short recorded history of seismic events in the United States, seismic risk maps are
being continually updated but still can only give an approximation of the long-term hazard.

As more information is gained and technological advances made. both in terms of
instrumentation and analytical seismic analysis techniques, more reliable assessments of
USACE projects will be made. As confidence is gained, many of the very conservative,
assumptions now being used to assess structure stability will undoubtedly be revised to more
realisticall y approach the problem. By so doing, it is reasonable to assume that many structures
which are thought to be borderline by today's standards can be conclusively assessed as safe by
future standards thus eliminating or drastically modifying expensive remedial actions. These
measures will invariably result in reduced costs .

A second goal, minimizing on-site inspections after earthquakes, has already proven feasible in
areas of high earthquake activity through the development and installation of seismic alarm
devices on USACE projects. Following an event, site personnel can readily determine if any of
the preset threshold levels were reached. After enough data are obtained through the SMIP, an
acceptable threshold level of acceleration can be safely established for each individual structure.
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Inspections would then be required only if that threshold level is exceeded- thereby saving
numerous operational man-hours. As an additional feature which is highly desirable for
unmanned structures, an automatic telephone dialer can be incorporated to relay information to
district or division offices.

In the normal course of technological improvements in instrumentation, it is expected that
digital accelerographs will ultimately replace analog instruments. Performance and reliability
evaluation of digital devices is an ongoing goal of the SMIP. As performance evaluations show
more and more positive signs of reliability, recommendations will be made to incorporate
specific models which meet SMIP criteria. A prime objective of the strong-motion
instrumentation program is to automate data acquisition and instrument status, via computer
modem or FM radio telemetry remote capability, for better response and control of the network.
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1. Abstract
An integrated set of four borehole arraysand ten surface installations is installed in the city ofSan
Francisco, California to measure the response of soft-soil deposits to strong earthquake ground
motions. The borehole arraysextend through thick layers of softwater-saturated soils of Holocene
ageand older moreconsolidated soilsof Pleistocene age intobedrock at depths up to 100 m. The
surface installations are configured in pairs to provide simultaneous comparative surface
measurements of soft soils and nearby rock. The rock locations also permit comparative
measurements of rock as observed at the surface and in nearby boreholes. Complementary
structural response arrays alsoare installed neareacharray.
The arrays are designed to address a wide variety of scientific and engineering issues, and
especially the issue of anelastic and nonlinear soil response at high strain levels. Exact anelastic
models have been developed to account for contrasts in anelastic properties at boundaries and the
resultant inhomogeneity of propagating wave fields. These models predict that significant amounts
of energy may be trapped in soil basins with resultant larger amplifications than can be predicted
using conventional homogeneous wave-field models with damping. Results of these models are
discussed.

2. Introduction

Structural damage and consequent loss of life from earthquakes is often concentrated in areas
underlain by soft soils. Damage from modem earthquakes such as those affecting Mexico City
(1985), Leninakan, Armenia (1988), San Francisco, California (Loma Prieta 1989), and Kobe,
Japan (1995) imply that a major portion of the damage occurred in areas underlain by soft soils.
These increased amounts of damage are due to amplification effects of soft soil deposits on certain
frequencies of groundshakingand in somecases associated soil failures. Nevertheless, relatively
scarce empirical information existsconcerning the in-situ response of suchdeposits. Fewstrong-
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motion recordings have been obtained in boreholes necessary to define the actual amplification
characteristics asa functionof inputgroundshaking.

In the city of San Francisco, damage from both the great California earthquakeof 1906 and the
Loma Prieta earthquakeof 1989was concentrated in areas underlain by soft soil deposits. Many of
theseareasare along the margins of San Francisco Bay and aredensely urbanized. However, no in
situ borehole measurementsof the response of these deposits have yet been obtainedat damaging
levels of motion. Such measurements of the next large damaging earthquake will be of special
importancefor mitigationof futureearthquake losses.

Several important questionsexist concerning the in-situ response of soft soil depositsat damaging
levels of shaking. A question of particularinterestconcernsthe role of non-linearity in modifying
the in-situamplificationcharacteristics of soft soildepositsasa function of shaking amplitude. TIlls
is a major issue yet to be resolved with in-situ evidence. Other questions concerning changes in
constitutive properties with duration, ground motion characteristics necessary for the onset of
liquefaction, and the influence of basin geometry also areof considerable interest.

TIlls paper describes a set of integrated boreholearrays and surface installations in the city of San
Franciscodesigned to addressthesequestions. It describes the design objectives of the arrays, their
location,geologic setting,seismicand geologic information, and instrumentation configuration.

3. General Design Objectives

The integrated strong-motion soil response arrays in San Francisco operatedby the US Geological
Surveyare designed to providecomprehensive data on the response of "soft soils" at four different
locations in the city underlain by soft water saturated clays, sands, and silts. Major concentrations
of damage occurred in these areas during both the 1906 and 1989 earthquakes. Evidence for
liquefaction during the earthquakes exists at three of the four sites. Locations of the arrays are
shown in Figure la, The arraysare locatedin the vicinityof Embarcadero Plaza (EMB) near lower
market street, in Levi StraussPlaza near the base of TelegraphHill (LP), at WinfieldScott School
in the Marina district (WSS),and at BessieCharmichael School (BCS) in an area south of Market
street Surface installations with three-component velocity and three-component force-balance
accelerometers are installedat toadditional sites (see Figure la).

Measurements in these areas areparticularly relevantfor purposes of hazard mitigation, because a
number of important facilities including high-rise buildings, apartment buildings, rapid transit
facilities, bridges, and underground utilities are located in these areas. The arrays are designed to
provide new in-situ data on the constitutive behavior of soilsas a function of strain amplitude and
liquefaction-induced failure. They are designed to complement strong-motion data recorded on
nearbywell-instrumentedbuildings togetherwith data recorded at surfaceinstallations (see Figure
Ib).

The arrays are designed to providean integrated set of data pertinentto addressinga wide variety of
scientificand engineering issues. Each array includes sensors located at depths ranging from the
surface to below the bedrock interface. Sensors at three of the borehole locations(BCS, LP, EMB)
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are at four different levels. Sensorsat the WSS locationare at three different depths. The surface
installations permitcomparativestudies of soil and and rockmotionsas observedat pairs of closely
spaced soil-rock locations. The surface rock locations also permitcomparative studies of motions
as observed both at the surface and in nearby boreholes at the soil-rock interface. Surface and
borehole motions will provide an improved definition of input ground motions for understanding
the response of nearby high-risebuildings, bridges, harbor facilities, and a variety of other types of
well instrumentedstructuresin San Francisco.

The borehole instrumentation at three of the locations includes pairs of pore-pressure and force
balanced accelerometers (FBA) collocated at two depths. These pairs of sensors provide in-situ
measurements of the temporal and spatial variations in pressure and ground displacements. Such
collocated measurements using FBAs and dilatometers at other locations in California have been
shown (Borcherdt, et al. 1988and 1989) to provide important new information on in-situ material
behavior as a fimction of time not provided by either measurement alone. These studies have
shown that simultaneous collocated measurements provide in-situ constitutive properties of the
surrounding medium as a fimction of strain amplitudeand number of cycles. The extent to which
these concepts can be used to help resolve important issues regarding non-linear dynamic soil
behavior and its role in influencing ground and structural response is an importantdesign objective
of the arrays at three of the locations (BCS, LP, EMB). Each of these arrays also includes two
additional FBAs at greater depths includingone in bedrock. Installation of an additional velocity
transduceris being plannedfor each site.

One of the arrays is designed with collocatedsets of FBAs and velocity transducers (WSS). This
array is intended to provide high resolution recordings ranging in amplitude from seismic
background noise levels to damaging levels of shaking up to 2g. The array, initially installedwith
velocitytransducers, has providedan extensivedata set interpretedby Liu, et al. (1992).

4. Geologic Setting

The San Francisco Bay basin is a northwest-trending graben bounded on the northeast and
southwestby the active Hayward and San Andreasfaults. San Francisco Bay, located in the center
of this graben, is boundedby marshlands, alluvialplains, and hills at distancesof 1-15km from the
Coast Ranges. A wide variety of geologic units exist in close proximity throughout the region.
They range from Mesozoic sedimentaryand plutonic rocks in the hills, to Holocene alluviwn and
estuarine mud near the marginsof the bay. Mesozoic and Tertiary rock units form the floor of the
graben. This surface is overlain by a sedimentary sequence of which the lower part was initially
designated Older bay sediments and the upper part Younger bay mud. Geologic characteristics,
physical properties, and seismic shear-wave velocities for the various surficial units in the San
FranciscoBay regionare sununarized in detail by Borcherdtand Glassmoyer(1994).

The Younger bay mud unit is of particular interest, because it yields the largest amplifications of
ground motion (Borcherdt 1972, Borcherdt and Gibbs 1976). Thick sections of this unit exist at
each of the borehole sites. In general, it is Holocene in age. It is composed of unconsolidated,
water-saturated, dark plastic clay and silty clay rich in organic material with local lenses of well-
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sorted silt and sand and some beds of peat It attains thickness of 37 meters beneath the bay and
thins to vanishing thickness along the margins of the bay. It generally contains more than 50
percent water. It is overlain at each of the borehole array locations by fill, comprised of
hydraulically emplaced sands and clays or earth and rock with varying degrees of compaction.
Measurementsof shear-wave velocityrange from 55 to 100 mls in the depth interval0 to 10 m and
from 100 to 115 mls in the depthinterval 10to 20 m (Fumal, 1978).

The Older bay sediment unit is ingeneral comprisedof Pleistocene deposits ranging in composition
from weakly to moderatelyconsolidated, deeply weathered, poorlysorted., irregularlyinterbedded
clay, silt, sand, and gravel to loose, well-sorted., fine- to medium-grained sand with subordinatesilt
(Helleyand Lajoie 1979). This OlderBay Sedimentunit reaches overallthicknessgenerallyless
than 200 m in the northernbay region. Shear-wavevelocitiesrangefrom 150to 219 mls for dune
sands near the surface to 418 to 749 mls for coarse-grained, sandygravelsoflate Pleistoceneage.

The semi-consolidated and consolidated units in the hills of the San Francisco Bay region include
plutonic,volcanic, and a wide rangeof sedimentary rocks. Shear-wave velocities in the top 30 m of
theseunits range from about 425 mls for soft sandstoneto about 1,650mls for hard greenstoneand
fresh granite.

The depths for sensors were chosen to monitor behavior of potentially liquefiable granular layers
near the surface, the underlyingHolocene bay mud, the underlying Older bay sediment layer, and
the underlying bedrock.

5. Geologic and seismic Logs

During the initial drilling a relatively complete set of geologic and seismic logs were obtained at
each of the sites (Gibbs, 1994, Kayan, et al., 1990). A summary of the logs for each of the sites is
shown in Figures 2, 3, 4, and 5. In addition, undisturbed sampleswere obtained and tested at the
WSS site by Kayan et al. (1990).

The logs at each of the sites shows evidence of a thin compacted layer of fill at the surface
overlying deposits of soft clay, silty clay, and silts with the lowestshear wave velocities in the top
20 meters being slightly greater than 100 mls. In general, the shear velocitiesincrease with depth to
values near 350 to 400 mls then show a significant increase to values from 780 to slightly more
than 800 mls for the underlyingbedrock.

6. Instrumentation

The sensors deployed for direct measurement of acceleration are three component borehole force
balance accelerometerswith full scale at ± 1 or ±2 g (± 5 volts), and frequency response from de
to 100 Hz, models FBA 13 and FBA 23 DH produced by Kinemetrics, Inc. The velocity
transducerswith a natural :frequency of 2 Hz have been developed for boreholedeployment (Liu, et
al.,1991). The pore-pressure transducers are wide dynamic range (-140 dB) transducers with
digital output proportionalto pressureapplied to a quartz crystal resonator, model8DP depth sensor
producedby Parascientific, Inc.
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Signals from each of the sensors at each location are recorded on site using broadband digital
recorders (General Earthquake Observation Systems, GEOS, Borcherdt, et al.• 1985) with event
derived parameters transmitted and recorded in near real timevia GOES satellite (Mueller et al.
1993). Signalsfrom the various sensors are recorded at various gain levels depending on the depth
and typeof sensor. Gains up to 84dB selectable in 6dB stepsare available to permit signalsovera
dynamic range near 180dB at frequencies near 1 Hz to be resolved froma variety of sensor types.
In general. gains for similar sensors in a single borehole arrayvarybetween 6 and 18dB.

Events are recorded in eventtriggered mode at 200samples per second per channel using linear 16
bit linearanalogto digital conversion. Absolute time and eachof the various recording parameters
are recorded simultaneously. Event and instrument parameters are transmitted at a selectable time
interval usually chosen to be less than 10 minutes via GOES satellite. Parameters such as trigger
time, peak amplitude. time of peak amplitude and duration together with a variety of instrument
status parameters are transmitted. The satellite transmissions permit the retrieval of critical event
and instrument data in near real time. These data are especially useful in maintaining the arrayand
initialevaluations following a major event
Sensorand recording system calibrations are recorded before and aftereach storage mediachange.
Since installation of the array no earthquakes in the area have generated signals of sufficient
strength to be recorded on the FBAs above the relatively high seismic background noise levels.
Signals recorded on the velocity transducer arrayat the WSS site have been analyzed in detail by
Liu, et al. (1992).

7. Exact Anelastic Models ofSoilResponse

Damping playsan important role in determining the response of soils. In general, it increases with
frequency of shaking. Exact anelastic 2 and 3 dimensional wave- propagation models, which
account for damping, showthatwave fields, which propagate across anelastic boundaries, must., in
general be inhomogeneous. In other words, as energy propagates across soil and soil-rock
boundaries, contrasts in damping at the boundaries cause amplitudes to vary along surfaces of
constantphase. that is the direction of phase propagation differs from that of maximum attenuation
of the wavefield An example showing thedirections of propagation and maximum attenuation for
an inhomogeneous wavefieldincident on a soilbasin is illustrated in Figure6.
Inhomogeneity of the wavefields in a soil basingives rise to a set of physical characteristics for the
wavefielddistinctfrom thosethatwould be predicted by incorrectly assuming homogeneous wave
fields. In particular. exact inhomogeneous models imply two types of inhomogeneous S waves,
one with linear particle motions and one with elliptical particle motions. They predict the wave
speeds, damping, and other physical characteristics change as the angle of incidence changes.
(Borcherdt, 1973.Borcherdt and Wennerberg, 1985,Boreherdt et al.• 1986).

Numerical results have been derived using Mathematica for a single layer over a half space based
on exact theoretical solutions. The material parameters used to characterize the constitutive
characteristics of the material are the velocity ratio (v0 and damping characterized by twice the
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reciprocal quality factor (Q.I) for homogeneous waves. Inhomogeneity of the wave fields is
denotedby gamma, the anglebetween the direction of propagation and maximwnattenuation. The
amplitude response of the layer is shown in Figure 7 for a homogeneous wave as a fimction of
angle of incidence and normalized period. (The period of the wave is normalized by the
fimdamental period.) Figure 7 shows that as the angle of incidence increases, the amplitude
response of the surface layer decreases. This result predicts that for conventional homogeneous
wave fields propagating nearly parallel to the surface little or no energy is trapped by the soft
surfacelayer,and henceno amplification occurs.

Resultsalso are calculated for an inhomogeneous wavefield incidenton a surface layer (Figure 8).
These results show that as the angleof incidence increases, the amplitude response of the surface
layer may increase significantly. In particular this result predicts that for inhomogeneous wave
fieldspropagating nearly parallel to the surfacea significant amountof energymay be trappedby a
soft surface layer,and hencegive rise to a significant amountof amplification. The propagation of
such a wave would correspond to a pseudo surface wave being generated at the margin of asoil
basin. This theoretical prediction may help explain significant amplification sometimes observed
nearbasin margins.

8. Conclusions

The borehole arrays are designed to provide in-situdata not previously available on the non-linear
response of "soft soils" as a function of strain amplitude with and without liquefaction-induced
failure. Each borehole array includes four three-component forced-balance accelerometers (FBA),
two co-locatedwidedynamic-range pore-pressure transducers, and at leastone velocity transducer.
The co-located in-situ measurements of acceleration and pore pressure are designed to provide
estimates of the constitutive properties as a fimction of time and strain amplitude that cannot be
inferred from either measurement alone. A separate borehole array of velocity transducers
collocated with FBAsinstalled at oneof the sites (WSS) permitswide dynamicrangesignalsuseful
for studiesof non-linearity to be acquired. Complementary surface bedrock and structural response
installations at several nearby sites permit a wide variety of additional scientific and engineering
issuesto be addressed. Sensor signals are recorded using broadband., wide dynamic range, on-site
digital recorders (GEOS). Parameter information for each instnunent and each recorded event is
transmitted in near-real timevia GOESsatellite.

Exact theoretical models of anelastic soil response predict that significant amounts of body wave
energybeing converted to surface waves may be trappedby a layer of soil near the surface giving
rise to significant amounts of amplification not predicted by conventional homogeneous wave
propagation models. Measurements of strong earthquake ground motions on the integrated arrays
will provideempirical evidence to evaluatetheseand othertheoretical modelpredictions.
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Figure lb. Map showing location of boreholearrays and nearby structural responsearrays
superimposed on an areal view of San Francisco, California.
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Figure6. illustration showing typical configuration for P and S waves in an anelastic soil-rock
basin
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Configuration illustrates direction of propagation (P) and maximum attenuation (A) forP, SV, and
SHwaves.

Figure7 Anelastic responseof a soft-soil layerover soft-rockto an incidenthomogeneous SH waveas a function of angle of
incidence.

Figure8. Anelasticresponse of a soft-soillaycroversoft-rodc. to an incident

inhomogeneeous SH waveasa function of angleofincidencc.
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CURRENT AND NEW TRENDS IN UTILIZATION OF DATA FROM
INSTRUMENTED STRUCTURES

MEHMET <;ELEBI
u.s. Geological Survey,
345 Middlefield Rd. (MS977),
Menlo Park, CA 94025
e-mail.celebitipsamoa.wr.usgs.gov

Abstract

The many uses of seismic response data from instrumented structures include assessment of
design and analysis procedures, improvement of code provisions, and correlation of system
response with damage. A preliminary list of applications of response data with sample
references is provided. Three examples of recorded data and summary analyses are provided to
illustrate uses of response data.

KEYWORDS: monitoring, instrumentation, utilization, strong-motion, building, structural
response, frequency, displacement, acceleration

1. Introduction

Seismic monitoring of structural systems constitutes an integral part of the National Earthquake
Hazard Reduction Program in the United States and similar programs in other countries.
Recordings of the acceleration response of structures have served the scientific and engineering
community well and have been useful in assessing design/analysis procedures, improving code
provisions and in correlating the system response with damage. Table 1 summarizes some of
the uses for the data from instrumented structures. Unfortunately, only a few damaged
structures have been instrumented in advance to perform studies of the initation and
progression of damage during strong shaking (e.g. Imperial County Services Building during
the 1979 Imperial Valley earthquake, [Rojahn and Mork, 1981]). In the future, instrumentation
programs should consider this deficiency. Jennings (1997) summarizes this view as follows:
"As more records become available and understood, it seems inevitable that the process of
earthquake resistant design will be increasingly, and quite appropriately, based more and more
upon records and measured properties of materials, and less and less upon empiricism and
qualitative assessments of earthquake performance. This process is well along now in the
design of special structures".

179

M. Erdik et al. (eds.), Strong Motion Instrumentation for Civil Engineering Structures, 179--194.
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The methods used in studying structural response records are quite diverse : (a) mathematical
modeling (fmite element models varying from crude to very detailed, subjected to time-history,
response spectrum or modal analyses) . The procedure requires the blueprints of the structures
which may not be readily accessible; (b) system identification techniques: single input/single
output or multi input/multi output. In these procedures, the parameters of a model are adjusted
for consistency with input and output data (Ljung, 1987); (c) spectral analyses : response
spectra, Fourier amplitude spectra, autospectra, Sx or Sy, cross-spectral amplitudes Sxy, and

coherence functions (n [using the equation: ;2 xy (j) = S2xy (j) / Sx (j)Sy (j) ] and associated
phase angles (Bendat and Piersol, 1980); and (d) simple procedures based on principles of
structural dynamics (e.g. recently Jennings (1997) analyzed data from two buildings within
close proximity «20 Ian) to the Northridge epicenter, calculated the base shear from the
records as 8 and 17 % of the weights of the buildings, drift ratios as 0.8 and 1.6 % (exceeding
code limitations) . Jennings (1997) states: "A difference between code design values and
measured earthquake responses of this magnitude - approaching a factor of ten - is not a
tenable situation."

Until recently, in general, only accelerometers (single, biaxial or triaxial) were used to
instrument structures. However, observations of damages during the 1994 Northridge and 1995
Kobe earthquakes, have forced engineers and scientists to focus on performance based seismic
design methods and to fmd new techniques to control drift and displacements. To verify these
developments, sensors directly measuring displacements or relative displacements (transducers,
laser devices and GPS units) are now being considered. A recent development in u~e of global
positionaning systems (GPS) in dynamic monitoring of long-period structures is described by
Celebi and others (1999).

In general, accelerometer deployments, as depicted in Figure 1, fall into three categories: (a)
minimal [a triaxial accelerograph only at the roof of a building or three triaxial accelerographs
deployed at the roof, mid-floor and gound (or basement) levels - the later better known as the
UBC recommended instrumentation] ; (b) extensive [combinations of uniax ial, biaxial and
triaxial accelerometers to record translational, torsional and rocking motions] ; (c & d) special
cases [additional accelerometers to detect deformations of in-plane motions of flexible
diaphragms or relative vertical displacements of isolators of a base-isolated structure].
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2. Case Studies

2.1. PACIFIC PARK PLAZA (EMERYVILLE, CA.)

The set of records from the 30-story Pacific Park Plaza (PPP) building is possibly the most
studied building response data recorded during the M,=7.l Lorna Prieta earthquake of October
17, 1989. The building is an equally spaced three-winged, cast-in-place, ductile , moment
resistant framed structure. Constructed in 1983 and instrumented in 1985, it is the tallest
reinforced concrete building in northern California. A general view, a plan view, a three
dimensional schematic, and its instrumentation is shown in figure 2 (Celebi, 1992, 1996).
Twenty-one channels of synchronized uniaxial accelerometers are deployed throughout this
structure . Three channels of accelerometers are located at the north free-field outside the
building . All are connected to central recording systems . In addition, a triaxial strong-motion
accelerograph is deployed at a free-field site on the south side of the building (SFF or EMV '·

2
) .

The foundation of PPP is a 5-foot-thick concrete mat supported by 828 (14-inch-square)
prestressed concrete friction piles, each 20-25 m in length, in a primarily soft-soil environment,
with an average shear-wave velocity between 250 and 300 m/s and a depth of approximately 150
m to harder soil. The building, at 100 km from the epicenter of the earthquake, had considerably
amplified input motions but was not damaged during the earthquake. The east-west components
of acceleration recorded at the roof and the ground floor of the structure, at the associated free
field station (SFF in fig. 2) and, for comparison, the motion at Yerba Buena Island (YBI), the
closest rock site with a peak acceleration of 0.06 g, are shown in figure 3. The response spectra
also shown in figure 3 clearly demonstrate that the motions at EMV were amplified by as much
as five times when compared with YBI. Amplification is also indicated by the amplitude of the
peak accelerations (0.26 g for EMV and 0.06 g for YBI). The differences in peak acceleration at
the free-field station (0.26 g) and at the ground floor of the building (0.21 g) (fig. 2a) suggest that
there was soil-structure interaction (SSI).

In the design of the building, site-specific design response spectra (based on three probabilistic
earthquakes based on expected levels of performance) were used: (a) the maximum probable
earthquake (50 % probability of being exceeded in 50 years with 5 % damping) anchored at zero
period acceleration (ZPA) of 0.32g., and two maximum credible earthquakes both with 10 %
damping but 10 % probability ofbeing exceeded in (b) 50 years [ZPA of 0.53 g] and (c) 100 years
[ZPA of 0.63 g]. The design response spectra and the spectrum of the EW component of recorded
motion at the SFF is shown in Figure 4. The ZPA of the recorded EW acceleration at SFF (0.26 g)

I In most studies , the site of south free-field (SFF) is referred to as the Emeryville site (EMV).
2 In 1997, the analog recording instruments at Emeryville were upgrade to digital. A downhole
accelerograph was installed at the same location as the surface free-field station, SFF.



www.manaraa.com

182

(at 100 km from the epicenter) is close to that of the postulated maximum probable earthquake
(0.32 g). Furthermore, the spectral accelerations of the EW component of SFF is considerably
higher than the maximum probable earthquake for periods >0.6 seconds - that is, practically for
the first three modes of the building. Therefore, one important conclusion derived from the records
is that improvements are necessary in establishing site-specific design response spectra to account
for realistic shaking at a specific site taking into account expected future closer earthquakes likely
to produce larger peak accelerations.

Using different methods, the building has been studied in detail by Anderson and Bertero
(1994) , Anderson and others (1991), Kagawa and others (1993), Kagawa and Al-Khatib
(1993) , Aktan and others (1992), Kambhatla and others (1992) and Celebi and Safak (1992).
All investigators agree that the predominant three response modes of the building and the
associated frequencies (periods) are 0.38 Hz (2.63 s), 0.95 Hz (1.05 s), and 1.95 Hz (0.5.1 s).
These three modes of the building are torsionally-translationally coupled (Celebi, 1996) and are
depicted in the cross-spectra (Sxy) of the orthogonal records obtained from the roof, ground floor
and SFF (the south free-field site) (figure 5) and the normalized 'cross-spectra of the orthogonal
records (bottom right in figure 5). The frequency at 0.7 Hz (1.43 s) observed in the spectra is this
site frequency (Celebi, 1996).

System identification techniques, when applied to the records of this building, yielded unusually
large damping ratios corresponding to the 0.38-Hz first-mode frequency [11.6 % (NS) and 15.5 %
(EW)] [Table 2] (Celebi, 1996a). Such unusually high damping ratios attributed to a
conventionally designed/constructed building with its large mat foundation in a relatively soft
geotechnical environment is due to radiation (or foundation) or material damping. This is one of
two cases where large damping percentages implied by the recorded responses of buildings have
been attributed to radiation damping; the other case is from the Olive View Hospital in Sylmar,
Ca. - data from the Northridge earthquake (<;:elebi,1997).

The dynamic characteristics determined from Lorna Prieta response records of Pacific Park
Plaza as well as those determined from modal analyses (Stephen and others, 1985) are
summarized in Table 2. Also, it is noted in table 2 that although flexibility of the foundation was
considered in the 1985 analyses, the structural frequency remained the same as the frequency
determined with fixed base assumption. Clearly, the mathematical models developed at that time
needed improvements. This conclusion could only be reached because we have recorded on scale
motions . Most recent studies indicate that the frequencies from recorded motions can be matched
when soil-structure interaction (SSI) is incorporated into the mathematical models (Kagawa and
others, 1993 ; Aktan and others, 1992; Kambhatla and others, 1992). Furthermore, a study of the
building for dynamic-pile-group interaction by (Kagawa and AI-Khatib, 1993; Kagawa and
others , 1993) indicates that there is significant interaction. Their studies show that computed
responses of the building using state -of-the-art techniques for dynamic-pile-group interaction
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compares well with the recorded responses. On the other hand, Anderson and others (1991) and
Anderson and Bertero (1994) concluded that soil-structure interaction was insignificant for
Pacific Park Plaza during the earthquake. They compared the design criteria, code
requirements, and the elastic and nonlinear dynamic response of this building due to the
earthquake using both simplified and detailed analytical models.

2.2 . TRANSAMERICA BUILDING ROCKS

In Figure 6, the instrumentation scheme of the 48-story Transamerica Building in San
Francisco, California and the accelerations, recorded during the 1989 Lorna Prieta earthquake,
(and disploacements calculated from accelerations) are shown. The most unique behavior of
this building (with a 2.75 m thick basemat without piles) is rocking as determined from the
coherency and phase angle calculations using the horizontal accelerations from the 21'< floor
and the vertical accelerations from the basemat (Figure 7). The figure shows that at 2 Hz, the
pair of horizontal and vertical motions are coherent and are in phase. The fundamental
frequency (period) of the building including the rocking mode of soil-structure interaction is
0.28 Hz ( 3.57). During the design/analyses process of this building, such interaction effects
were not accounted for (Celebi, 1998).

2.3. FLEXIBLE DIAPHRAGMS

Buildings with flexible diaphragms may exhibit an important performance defect during strong
shaking that requires particular attention. In Figure 8, a schematic of West Valley College
Gymnasium in Saratoga, California is shown. This building has a very flexible diaphragm. The
acceleration records ontained during the 1984 Morgan Hill and 1989 Lorna Prieta earthquakes
(summarized in Table 3) from the building roof center are approximately three times that of the
roof edges (Figure 9). The records from the building was studied in detail by Celebi et al (1989)
and by Bouwkamp, Hamburger, and Gillengerten (1991). From the recorded accelerations, the
fundamental frequencies throughout the structure_ are calculated as 3.8 and 3.9 Hz in the NS
and EW directions, respectively. All records, even those retrieved from the ground floor are
affected by the shaking frequency of the flexible diaphragm. Therefore, the flexibility of the
diaphragms should be accounted for in the design process. As a result of studies performed on
these records, the SEAOC Blue Book and later Uniform Building Code provisions were
changed.

The West Valley College Gymnasium was studied in detail by Celebi et al (1989) using the
1984 MHE records and by Bouwkamp, Hamburger, and Gillengerten (1991). A schematic of
the gymnasium and its instrumentation scheme is shown in figure 52 (Celebi et al, 1989).
Essentially, the records of the building are greatly influenced by the diaphragm frequency at
approximately 4 Hz. Significant peak accelerations of this gymnasium are summarized in Table
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Essentially, the records of the building are greatly influenced by the diaphragm frequency at
approximately 4 Hz. Significant peak accelerations of this gymnasium are summarized in
Table 3 for the two earthquakes (Celebi 1998). The calculated or the recorded displacements
do not compare well with those from either the ATC-7 recommended formulas or by
calculations based on UBC seismic forces. In addition, the recorded or calculated first mode of
the structure is that of the diaphragm only and the frequencies, recorded or calculated, do not
match with the frequencies determined from standard period formulas for structures . This is
recognized, since, in the design-analysis process, the standard code formulas for building
periods are not used to predict the periods of buildings with large-span diaphragms or to
predict forces and displacements . On the other hand, the calculation of the static displacement
in the design process depends upon rational evaluation of the stiffness of the structure and not
that of the diaphragm.

As a result of these studies, the design requirements for the restraints at the edges of the roof
diaphragm were increased in UBC (1991) by 50 %.

3. Conclusmns

In this paper, various uses of data from instrumented structures are summarized. A
preliminary listing and classification of the different uses of data is provided with some sample
references. A data set from an instrumented building is used to demonstrate extraction of
dynamic characterises (modal frequencies) and other features (radiation damping) . It is shown
for this case that during future earthquakes that are closer to the building, the design response
spectra will be significantly exceeded. On a generic note, it is noted that development of
design response spectra particularly for longer periods should be improved and soil-structure
interaction should be considered in design/analyses procedures.
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Table I . A Preliminary List of Data Utilization & Sample References
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GENERIC UTILIZATION
Verification of mathematical models (usually routinely performed ) (e.g.Boroschek et al,
1990)
Comparison of design criteria vs. actual response (usually routinely performed )
Verification of new guidelines and code provisions (e.g.Hamburger, 1997)
Identification of structural characteristics (Period. Damping , Mode Shapes)
Verification of maximum drift ratio (e.g. Astaneh, 1991, Celebi, 1993)
Torsional response/Accidental torsional response (e.g. Chopra , 1991, DeLalera, 1995)
Identification of repair & retrofit needs & techniques (Crosby , 1994)
SPECIFIC UTILIZATION
Identification of damage and/or inelastic behavior (e.g. Rojahn & Mork, 1981)
Soil-Structure Interaction Including Rocking and Radiation Damping (Celebi, 1996, 1997)
Response of Unsymmetric Structures to Directivity of Ground Motions (e.g. Porter, 1996)
Responses of Structures with Emerging Technologies (base-isolation, visco-elastic
Dampers, and combination (Kelly and Aiken , 1991, Kelly, 1993, <;:elebi, 1995)
Structure specific behavior (e.g. diaphragm effects, Boroschek and Mahin,1991, Celebi, 1994)
Development of new methods ofinstrumentation/hardware (Celebi, 1997, Straser, 1997)
Improvement of site-specific design response spectra
Associated free-field records (if available ) to assess site amplification, SSI and attenuation
curves
Verification of Repair/Retrofit Methods (Crosby et al, 1994, Celebi and Liu, 1997)
Identification of Site Frequency from Building Records (more work needed)
RECENT TRENDS TO ADVANCE UTILIZATION

Studies of response of structures to long period motions (e.g. Hall et al, 1996)
Need for new techniques to acquire/disseminate data (Straser, 1997, Celebi, 1997, 1998)
Verification ofPerfonnance Based Design Criteria (future essential instrumentation work)
Near Fault Factor (more free-field stations associated with structures needed)
Comparison of strong vs weak response (Marshall, Long and Celebi, 1992)
Functionality (Needs additional specific instrumentation planning)
Health Monitoring and other Special Purpose Verification (Heo et al, 1997)
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Table 2. Summary of dynamic characteristics for PacificPark Plaza

Frequencies (Hz) Damping (%)
Mode Mode

1 2 3 1 2 3
1989 (LPE) STRONG-MOTION DATA (from Celebi, 1996)

N-S 0.38 0.95 1.95 11.6

E-W 0.38 0.95 1.95 15.5

MODAL ANALYSES (from Stephen and others, 1985)
N-S 0.60 1.67 3.10

E-W 0.60 1.67 3.10

TORSION 0.57 1.70 3.25

Table 3. Comparison of Peak Acceleration Responses fromWeist Valley College (Saratoga) Gymnasium

Earthquake
Morgan Hill M, =6.1 Lorna Prieta M, -7.1
April 24, 1984 October 17, 1989

Location Direction Acce1 (g) Acce1. (g)

Ground NS 0.10 0.26
EW 0.04 0.33

Roof Edge NS 0.14 0.36
EW 0.065 0.43

Roof Center NS 0.42 0.77
EW 0.20 0.87
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Figure I . Schematic of commonly applied instrumentationschemes.

Figure 2. Plan layout and three-dimensional schematic and instrumentation scheme of Pacific Park Plaza (PPP),
Emeryville, Ca.
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Figure 3. Recorded (EW components) of accelerations and corresponding response spectra at the free-field, ground
floor and roof of Pacific Park Plaza (PPP), and at Verba Buena Island (VBI), at approximately the same distance as
PPP, depict the level of amplification.
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Figure 4. Design response spectra and response spectra of recorded motions at the ground floor and SFF of Pacific
Park Plaza. Also shown is the 1979 UBC response spectrum for comparison.
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Figure8. Schematic of West Valley College Gymnasium (Saratoga, Ca.)and its instrumentation
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INSTRUMENTATION OF DAM STRUCTURES IN SWITZERLAND

G.R.DARBRE
Federal Office for Water Management
Dam Safety
P.Q.Box 957
CH-2501 Bienne , Switzerland
e-mail:Georges.darbre@bww.admin.ch

Abstract

A dam network was created in 1992 and 1993 in Switzerland. It encompasses 29 accelerographs
placed in the dams of Mauvoisin (250.5 meter high arch dam, 12 instruments), Punt-dal-Gall
(130 meter high arch dam , 7 instruments), Grande-Dixence (285 meter high gravity dam, 6
instruments) and Mattmark (120 meter high embankment dam, 4 instruments). The aim is to
observe the free-field motions at the dam sites, the motions at the abutments and the dams '
dynamic responses and characteristics. Array configurations and instrument specifications were
developed based on the stated objectives. Earthquake events have been recorded at the dams.

1. Introduction

The validity of the excitations and of the models used in the earthquake analysis of structures
can only bechecked by way of comparison with relevant field observations. The latter are at the
present incomplete and there is a need for field measurements during earthquakes in general
and for strong-motion instnunentation in particular. The measurements needed relate to the
free-field motions from which information on the earthquake recurrence and characteristics
(including wave-propagation aspects) at specific sites can be obtained, and to the structural
motions from which selected aspects of the earthquake behavior of different types of structures
can be studied (high-rise buildings, industrial facilities, nuclear power plants, bridges, dams).
The instrumentation of 4 large dams in Switzerland acknowledges this need [1].
The objectives of strong-motion instrumentation of dams and the corresponding array
configurations and instrument specifications are reviewed in Section 2. The installations
performed are presented in Section 3 and the records obtained are introduced in Section 4.
Further details on this instrumentation are found in [2] to [5].
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M. Erdik et al. (eds.), Strong Motion Instrumemation for Civil Engineering Structures, 195-208.
e 2001 Kluwer Academic Publishers.
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2. Review of instrumentation schemes

2.1 Observational needs

Free-fie/d motions. The prediction of the behavior of large dams during future earthquakes
requires the use of analytical and numerical techniques that utilize a temporal description of a
design earthquake (synthetic accelerogram obtained directly or compatible with a design
spectrum) . The observational basis needed to characterize such earthquakes (amplitudes of
motions, strong-motion duration, influence of local geological and soil conditions, attenuation
laws and coefficients of wave propagation) is still insufficient. Such observations made in the
free field also feed the data bases used when determining the seismic hazard at a site and permit
to calibrate the design spectra used during preliminary studies, comparison studies and analyses
of smaller dams.

Abutment motions. From the shape and the dimensions of the dam-foundation interface, various
aspects of soil-structure interaction can contribute significantly to the earthquake response of a
dam. First, the topography of the canyon and the inertial and energy dissipation properties of
the foundation rock lead to a non-uniform motion at the interface (Figure la) . This also holds
true when it is assumed that the dam is not yet present and that the waves come from a single
direction in a synchronized fashion. Second, assuming for a moment that the dam is massless,
the motion along the interface is affected by the static resistance offered by the dam to any
deformation of its support (kinematic interaction, Figure lb) . Third, the seismic excitation
originates from waves arriving from several directions (incoherent excitation, Figure lc) . Four,
the motions at the abutments are affected by the inertial, vibratory response of the dam (inertial
interaction, Figure Id) . All these effects combine into the total effective input motion along the
interface, whose observation is still largely missing. Its observation would contribute to gaining
a better understanding of all the phenomena involved, permit calibration of the existing
analytical models and the development of new models, and help in specifying design
excitations.
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Figure I. Foundation-structure
interaction for arch dams:

a. Canyon effects;

b. Kinematic interaction;

c. Incoherent excitation;

d. Inertial interaction.

Dynamic response and characteristics ofdams. The synthesis of the response of the individual
modes of vibration ofa dam to an earthquake determines its global response (linear range) . TIle
resonance frequencies and the associated modes of vibration and levels of energy dissipation
can be established relatively easily by way of shaker tests. However, such tests are limited to
very low levels of excitation and of response that are not representative of those encountered
during large earthquakes. While the mode shapes and the resonance frequencies are not
expected to vary much with the level of shaking (provided there is no major incursion in the
inelastic range), this is not the case of the energy dissipation that needs to be better
apprehended.

2.2 Array Configurations

General. The following array configurations for arch, gravity and embankment dams have been
developed to address these observation needs . The use of three-component accelerometers is
assumed. In the figures, a circle identifies an accelerograph station and the letter inside the
circle refers to the instrumentation scheme .

Arch dams. The free-field instrument must be located far enough from the dam and from the
appurtenant structures so as not to be affected by their presence and vibrations. At the same
time, it must be close enough to measure the motions that are representative of those at the site.
Considering the studies of [6], a distance equal to twice the dam height is appropriate for
concrete dams. It can be reduced to once when the modulus of elasticity of the foundation is
equal to or larger than the modulus of the dam concrete.
The total effective input motion at the abutments is measured by instruments located along the
dam-foundation interface. The deformation of the interface can be observed in addition to the
rigid-body motions (translations and rotations) when they are placed in sufficient number.
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Wave propagation in the foundation can be apprehended by instruments installed in exploratory
and grouting galleries.
The response of the dam can be assessedgloballyby taking advantageof modal decomposition
(linear range). The instruments at the crest of the dam are located at points of maximal modal
deflections (middle and quarter points for a dam that is essentially symmetrical). In this way,
the responses of the lower modes of vibrationare well captured.
The resulting instrumentationschemes are shown in Figure 2a A minimum observation of the
excitation and of the response is made through scheme A, complemented by schemes B and E
for a more detailed observation. The effective input motion is captured by schemes D and G
(complementary to schemes A and B). Galleries in the foundation may allow observation of
wave propagation (scheme F) while scheme C provides for the free-field motion. The
instruments are positioned with respect to a fictitious rectangular grid (dashed lines in the
figure), thus allowing easier correlation betweenthe recordingsmade at differentstations.

Gravity dams. Gravity darns are generally designed and analyzed by assuming that the blocks
(monoliths) behave independently from one another (bidimensional behavior). The
instrumentation is consequently concentrated to the middlelhighest block. The observational
objectives of base input motion, tridimensional response and independent behavior of blocks
are more particularly relevant to gravitydams, in addition to those of free-field and in-structure
responses identifiedfor arch dams.
The variation of the motion across the base can possibly be substantial in a large dam (base
thickness comparable to a predominant wave length). The associated effective base input
motion should be observed. A tridimensional response is expected due to longitudinal
excitations, when the dam is built in a narrowcanyon and due to transverse excitations in a dam
with shear keys. The extent to which the blocks have an independent behavior can be
appreciated from the comparisonof their individualmotions.
A minimal observation of the excitation and of the response of the dam is obtained through
scheme A of Figure 2b, complemented by scheme G for a more detailed observation. The
independent behavior of neighboringblocks is investigated through schemes C, D and F while
the variation of the motion across the canyon is addressed by scheme E. The tridimensional
response of the dam is captured by scheme H (crest instruments at the quarter points) while
scheme B providesfor the free-fieldmotion.

I
I

I
I

®-
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Figure 2. Accclcrograph arrays:

a. Arch dams;

b. Gravit y dams;

c. Embankment darns.

Embankment dams. Embankment dams are generally designed and analyzed assuming a
bidimensional behavior, as in gravity dams . A similar instrumentation concept thus applies
(instruments for free-field motion, effective base input motion and tridimensional response).
The instrumentation schemes for embankment dams, Figure 2c, are adapted in part from [7]. An
absolutely minimal instrumentation consists in placing instruments at one abutment and atthe
middle of the dam (crest level), thus obtaining information on the excitation and on the dam
response (scheme A) . The development of settlements can also be followed by the instrument at
the crest This instrumentation can be complemented by the one of scheme B to observe the
variation of the excitation from one abutment to the other and the tridimensional response
(instrument at a quarter point) . A more detailed information on the excitation and on the
response is obtained through schemes D and E, respectively , and on the effective base input
motion through scheme F (middle section). Scheme C provides for the free-field motion, at a
distance of 3 to 4 times the dam height (a distance equal to the period of the first mode of
vibration of the dam multiplied by the shear wave velocity of the foundation is also suggested
in (7]). This instrumentation can be complemented by bore-hole instruments in the dam, in
priority at the middle section .

Remark. A more basic instrumentation can be performed when economical or other constraints
prevent the installation of the arrays shown in Figure 2. It includes the observation of the free
field motions (one free-field instrument), of the total motions at the dam-foundation interface
(one instrument at the base or at an abutment) and of the dam response (one instrument at the
crest of the crown section) (8). Further considerations on strong-motion instrumentation of
dams are found in (9) and (10).

2.3 Specifications

The following main specifications were developed in the course of the instrumentation project
considering the technology available in the early nineties. Most important is the requirement of
a reliable functioning of the instruments under the prevailing environmental conditions.
Instruments of simple design and construction that have been thoroughly tested under field
conditions are thus recommended. The accelerographs should be digital with pre- and post
event recording and have a resolution of at least 0.00 I g with 12 data bits . The lowest frequency
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recorded should be less than 10 per cent of the first resonance frequency of the dam, and less
than the predominant frequencies of the earthquake motion (preferably 0 Hz) . The highest
frequency recorded should be larger than the frequency of the highest mode contributing to the
dynamic dam response and also higher than the predominant frequencies of the earthquake
motions (at least 30 Hz). The maximum recordable acceleration should be set according to a
target observational return period (of the order of 100 years), accounting for the position of the
accelerographs at or near the dam (amplification of the motions). All electronic and sensor
components should have stable short-term characteristics, such as peak total recording noise of
less than one least significant bit or, ideally, less than one half.
Appropriate measures should be taken against possible disturbances as a result of power surges
and electrical ground loops, and the electromagnetic compatibility of the instruments should be
adequate.
Common trigger and common sampling should be enforced within an array. If common
sampling cannot be enforced, the records should have precise time marks. Local recording is
preferred to central recording as this reduces the probability of malfunctioning.

3. Swiss National Dam Network

The Swiss national dam network was created in 1992 and 1993 for research purposes
(installation of accelerographs in dams is not compulsory in Switzerland). It encompasses 4
dams and 29 accelerographs as summarized below. The instrumentation complies with the
specifications given above (l2-bit 3-component digital accelerographs, L\g = 0.00025 g,
recording bandwidth 0 - 50 Hz, sampling rate of 200 per second). Particular attention was paid
to the electromagnetic requirements as regular monitoring equipment installed in the dams was
known to be prone to problems of this type.
A standard station is sketched in Figure 3. The recorder and the external accelerometer are
mounted on the gallery walls (easy installation and instruments being "out of the way"). They
are supported by electrically isolated plates. The power cable is connected to a power-surge
protection and the cable segment between the protection and the accelerograph does not touch
the wall nor cross other electric cables. All components are thus grounded to the same point
what prevents ground loops from occurring. A space of a few millimeters is left between the
mounting plates and the wall to allow for condensation water to nul freely behind the
instruments.
A protective roof is placed above the accelerometer to prevent the occurrence of saturated
analog signals when water drops or small stones fallon the accelerometer (the sensors have a
very high natural frequency and thus react to light shocks).
All the stations of an array are connected to a central unit by two optical fibers (this eliminates
electric disturbances due to power surges in relation with lightning for example and due to
differences in electric potentials). The central unit manages common trigger and common
sampling of all the accelerographs and synchronizes their internal clock. It is connected to a
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public telephone line thus enabling remote corrununication with the central unit itself and,
through it, with all the accelerographs.

Figure 3. Standard
accelerograph station (top:
front view, bottom: cross
sections)
I : accelerometer; 2: recorder;
3: power-surge protection ;
4: electrically isolated
supports ; 5: metallic support;
6: grounding cables ;
7: interconnection cable
(optical fibers) ; 8: protecting
roof; 9: accelerometer/recorder
cable; 10: protected power
supply; II : unprotected power
supply; 12: grounding .
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3.1 Arch Dam Of Mauvoisin

The arch dam of Mauvoisin is the 4th highest concrete dam in the world. It has a height of 250.5
m, a crest length of 520 m, a base thickness of 54 m and a crest thickness of 12 m (Figure 4). It
has been instnunented with 12 accelerographs . The main objective is the observation of the
total effective input motions (including wave propagation) with 5 instnunents installed at the
abutments and two in the foundation rock (in exploratory galleries) . Other objectives are the
observation of the global dam responses (3 instnunents in the upper gallery placed at location of
maximum modal deflections and I in an intermediate gallery), and of the free-field motions
with an accelerograph placed at the entry of a winter gallery 600 m downstream from the dam.
The accelerographs are connected to the central unit located in a cavern at the right abutment
(crest level) through a total of6'494 m of fiber-optic cables.

009.
I

250.5

o 11•I

H 12m

I--l
54 m

Figure 4. Sketch of the darnof Mauvoisin
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3.2 Arch Dam Of Punt-Dal-Gall

An array of seven accelerographs (5 at crest level, 1 at the base and 1 in the free field) has been
installed in the 130 m high arch darn of Punt dal Gall (540 m crest length, 10 to 12 m crest
thickness and 24.5 m base thickness). Emphasis is put on the observation of the dam excitation
and response. The free-field instrument is located 325 m away from the dam.

3.3 Dam Of Grande Dixence

The world 's highest concrete darn of Grande Dixence (gravity dam of 285 m, base thickness of
198 m, crest length of 695 m) has been instrumented with an array of six accelerographs for
minimal observation of dam excitation and response as well as of independent block behavior,
Figure 6. 3 accelerographs are located at the crown section (I at the crest and 2 on either side of
the base) and 2 additional ones at the crest one block away from the central block (on either
side) . The free-field station is located in an access tunnel 290 meters downstream from the dam.

3.4 Dam Of Mattmark

The embankment dam of Mattmark is 120 meters high, 780 meters long, 9 meters wide at the
crest and 373 meters wide at the base. An array of four accelerographs has been installed to
obtain a minimum observation of damexcitation and response (I at the right abutment and I in
the middle of the crest, 1 in the middle of the base, and I in the free field) . The free-field
instrument, located 775 m downstream from the dam, is connected to the central unit by a fiber
optic cable of 2 '170 m in length installed as a single segment (without signal
amplification).Dam Records

3.5 Overview

The events listed in Table I, none of which induced any damages to the dams , have been
recorded.
The Domodossola quake occurred shortly after the accelerographs had been installed and before
the network was commissioned. Instruments installed at Grande Dixence, Mauvoisin and
Mattmark registered motions of up to 1.5 % g (Mattmark) . The records were used to assess the
functionality of the arrays . Shortcomings in the instrumentation were identified [11] and
subsequently corrected.
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Table I. Events recorded at the dams up to early 1998.

Date Name of Magnitude Focal Depth Dam affected Epicentral
Quake MI fkm] Distance [krn]

lune 14, 1993 Domodossola 4.4 19 Grande Dixence 67
Mauvoisin 71
Mattmark 24

Nov . 1,1994 Mauvoisin Unknown Unknown Mauvo isin - 0
March 31, Valpelline 4.2 2 Grande Dixence 18
1996

Mauvoisin 13
Mattmark 40

Julv 15, 1996 Mevthet 5.2 5 Mauvoisin 100
Dec. 7, 1997 Mattmark 2.0 9 Mattmark 6

An event of unknown magnitude occurred in the close vicinity of Mauvoisin on November 1,
1994. 3 accelerographs were disconnected at that time for maintenance reasons. TllUS, only 9
stations out of the 12 installed at the dam recorded the event.
The Valpelline quake triggered all stations at Grande Dixence and at Mauvoisin as well as the
station at the crest of the crown section at Mattmark.
The Meythet quake triggered only the station at the crest of the crown section at Mauvoisin.
The corresponding station at Mattmark was also the only one to register a motion due to an
earthquake that occurred in the vicinity of that dam.

3.6 Identification Of Resonance Frequencies

Resonance frequencies have been identified from the power spectral density functions (PSD's)
and from transfer functions (TF's) . The resonance frequencies identified from the PSD's are
those of the dam-foundation-reservoir system. Those identified from TFs are to some extent
influenced by the resonance frequencies of the dam-reservoir system without foundation.

3.7 Dam Of Mauvoisin

The peak accelerations recorded during the local event of November 1, 1994, and during the
Valpelline quake are reported in Figures 5a and 5b, respectively (x = stream direction, y =
cross-stream direction and z = vertical direction). In the first case no amplification of motion in
the dam is observed. Inspection of the records and of the PSD's reveal that the motions are of
high frequency content, larger than the resonance frequencies of the dam (it is in fact not certain
that the event is an earthquake; although unlikely, an explosion or rock fall near the site is not
excluded). On the other hand, an amplification clearly occurs during the Valpelline quake.
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Figure 5. Peak accelerations at Mauvoisin in [cm/s"2):
a) Local event ofNov. 1, 1994 b) Valpelline quake

The peak accelerations recorded at the crest (station D_03) during the Meythet earthquake are
5.3, 1.5 and 1.8 [cmlsec**2) in the stream (x-), cross-stream (y-) and vertical (z-) direction,
respectively.
The water level was at 234 meters during the local event (reservoir almost full) and at 138
meters at the time of the Valpelline quake (slightly over mid-height). It was at 183 meters
during the Meythet quake (more than two thirds full). The resonance frequencies listed in Table
2 are identified from the PSD 's. They are in parenthesis whenever doubts on the correctness of
the identification remain.
The differences in readings from one set of records to the next do not only stem from the
interpretation made by the analyst (complicated by the occurrence of closed-space frequencies),
but also from the differences in water level and in temperature conditions. An attempt has been
made in the Table to associate the frequencies that correspond to one another. This was done by
comparing the frequencies identified to those allocated during ambient vibration tests (see
below).

Ambient vibration tests. A series of ambient vibration tests has been initiated at Mauvoisin to
complement the results obtained by the array. Seven tests have been conducted at different
water levels in 1995 and 1996 [12J. The resonance frequencies that have been identified are
also indicated in Table 2 (TI to T7). They initially increase with rising water level, and then
decrease with a further rise. Because the principal effect of a rise in water level is to augment
the mass of entrained water, one would have expected a reduction in resonance frequencies.
That this is not the case at lower water levels is attributed to the vertical construction joints
closing under the increasing hydrostatic pressure and thus to the dam becoming stiffer, what
leads to an augmentation of the resonance frequencies. These two effects compete with one
another, the former prevailing at higher water levels and the latter at lower ones.
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Table 2. Mauvo isin: resonance frequ encies [Hz].

TI Valpelline Mevthet T5 T2 T3 Local 17 T6 T4
WLI24 WLI38 WL I83 WLI87 WLI99 WL 231 WL234 WL234 WL237 WL238

2.18 2.10 2.24 2.28 2.21 1.92 1.93 1.89 1.88
2.35 2.30 2.39 2.40 2.36 2.16 (2.13) 2.15 2.13 2.12

2.47
2.76 2.68 (2.37) 2.36 2.37 2.36 (2.36)

(2.98) 2.86 (2.80) 2.55 (2.59) (2.52) (2.49)
3.28 (3.33) 3.27 (3.20) (2.81) 2.71 (2.70)

3.36 3.53 3.55 3.53 3.28 3.20 3.21 3.20 3.18
(3.77) (3.94)
3.95 (3.64)

4.22 (4.17) 4.30 4.20 (4.00) (3.98)
(4.39) 4.52 (4.52) 4.45 4.39 (4.14) 4.14 (4.09) 4.11
(4.62) 4.70 4.58 (4.22) 4.17 4.14 (4.19)

(4.79 4.47
(4.71)
(4.80)

(5.03) (5.06) 5.51 5.46 5.04
5.11 (5.90) 5.87 5.89 (5.12) (5.09) (5.08)

(5.22) 6.27 6.22
5.76 5.77
6.09 (6.57) (6.10)

6.23 6.24 6.77 6.71 6.32 (6.25) (6.25)
6.56 (6.72)
6.78 (7.29)
7.35 8.01 8.03 7.53

7.29 7.50 (8.22) (7.77)
7.79

8.43 9.48 9.56 9.44

3.8 Dam Of Grande Dixence
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Figure 6. Grande Dixence: sketch and peak accelerations during the Valpelline quake [ern/sec" "21
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The peak accelerations recorded during the Valpelline quake at Grande Dixence are reported in
Figure 6. The water level reached 160 meters above the base at the time of the event, i.e.
slightly more than mid-height. The resonance frequencies identified up to 8 Hz are reported in
Table 3. The frequencies are again indicated in parenthesis whenever their identification is not
sufficiently certain. Good correspondence exists between the two sets of identifications (PSD 's
vs. TF's) , although a frequency may be identified with confidence from one function and not
from the other (this was also the case for the Mauvoisin's records) . It is noted that the resonance
frequencies are also visible in the PSD's of the free-field records, although the station is 290
meters away from the darn.

Table 3. Grande Dixence: resonance frequencies identified during the Valpelline quake [Hz],

From PSO's 2.05 2.23 2.52 3.02 (3.67) (4.05) (4.21) (4.38) (4.67) (5.00)
From TF's 2.00 (2.30) 2.55 3.10 3.44 3.67 4.16 4.45 (4.79)

From PSO's (5.22) 5.56 5.73 (6.00) (6.28) 6.70 (6.94) (7.18) (7.46) 7.83
From TF's 5.20 5.61 (6.17) (6.68) (7.01) (7.35) (7.86)

3.9 Dam Of Mattmark

The peak values recorded at the crest of the crown section during the Valpelline quake reached
6.5, 6.0 and 6.6 [cm/sec**2) and 4.7, 5.6 and 2.9 [cm/sec**2) during the local event of
December 7, 1997 in the stream, cross-stream and vertical direction, respectively . The
resonance frequencies of Table 4 have been identified . The water level was at 41 meters during
the Valpelline quake (reservoir two thirds empty) and 95 meters during the local even! (four
flfths full) .

Table 4. Mattmark: resonance frequencies [Hz).

Valpelline (2.52) 3.11 (4.41) 4.96 (5.35)
Local event (2.53) 2.83 (3.07) 3.46 (3.86) 5.27
Valpelline 5.77 (6.70) (7.14) 7.46 (7.75)
Local Event (5.94) (6.41) 6.90 7.16 (7.41) (7.70) (7.88)

4. Final remarks

The arrays of the Swiss National Dam Network have the potential of providing most useful and
sought-after information on the behavior of dams during earthquakes. While the network is
running rather smoothly, the interpretation of the data collected so far has received too little
attention. Potentially important information on total effective input motion and on dam response
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during small earthquakes are available but not processed. This is the single most important issue
at the moment.
The differences in resonance frequencies obtained from the PSD's and from the TFs as well as
the large nwnber of frequencies identified with uncertainty show that the simple identification
techniques used are not suited to a comprehensive identification of the dynamic characteristics
of dams . More advance techniques have to be used (see e.g. [13)), also addressing energy
dissipation and mode shapes.
No attempt hasbeen made to interpret the records in terms of effective input (uniformity of the
abutment motion or lack thereot) nor of wave propagation. These aspects were also targeted
when designing the arrays . There is some evidence that the non-uniform input might have
adverse consequences that have not been sufficiently looked into in the past [14).
The damarrays installed can also be used for warning purposes . A signal is generated as soon
as oscillations of pre-set amplitudes occur at the dam . It is transmitted to the operating rooms.
from where the appropriate safety checks are initiated.
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Abstract

Strong motion networks installed in two historical monuments in Istanbul, Turkey,
namely in Hagia Sophia Museum and in Suleyrnaniye Mosque, yielded valuable
information regarding their time-domain and frequency-domain dynamic characteristics.
The existing information was enhanced by recordings obtained during the recent August
17, 1999, Kocaeli (Mw=7.4) and November 12, 1999, Diizce, Turkey (Mw=7.2)
earthquakes and during the following aftershock activity. Analysis of data yielded
following results: The two buildings with similar structural support systems have
different vibration characteristics. There is an earthquake specific variation of modal
frequencies in the two structures which exists during low amplitude events as well.
Local problems in terms of excessive vibrations exist in the southwest main pier of
Hagia Sophia and possibly in the west main arch of Suleyrnaniye. Significant vertical
vibrations at the crowns of the east and west main arches in Hagia Sophia are probably
indicating locations where most of the damage are to be expected during a major
earthquake close to Istanbul. The strong motion accelerometer networks are valuable
tools for monitoring of historical structures and help to identify potential problems
and/or to explain past/present structural problems. It is expected that such networks will
become a standard tool for investigations towards the preservation of historical
buildings in seismic areas in the future.

1. Introduction

Structural preservation of historical buildings in seismic areas has evolved to being one
of the important and relatively new issues in earthquake engineering. The development
of high dynamic range digital accelerometer systems paved the path to monitor and to
study the dynamic response of historical monuments under actual earthquake ground
motions. The results allow for the comparison of the dynamic behaviour of
architecturally similar structures with different structural systems and/or different
material properties and to make projections regarding their future earthquake
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performance under scenario earthquakes. The prereqursite to a reliable and optimal
strong motion instrumentation is to conduct a through study of the structural system of
these monuments. This study should encompass the linear dynamic analysis, ambient
vibration testing, soil and foundation investigations and the identification of zones of
previous repair, weakness, cracking and other structural discontinuity. The number of
sensors, their locations, orientations and common timing needs of the strong motion
array can then be assessed in a reliable and optimal manner. The dynamic range and the
frequency band of the accelerometers can be determined on the basis of the modal
frequencies of vibration and the physical parameters of the scenario earthquake. The
strong motion network directly measures the absolute accelerations at sensor locations.
The total absolute velocities and displacements can be obtained with proper integration
techniques. Under common timing the differential motions between the sensor locations
can be easily computed. Further augmentation and redundancy of the earthquake
response measurements can be realized with the installation of laser reflectometers,
laser interferometers, displacement meters, short (for existing cracks) and long base
length strain gages, tilt- or inclinometers and triggered high-resolution time-lapse
photography. The strong motion measurement system can also be extended to the
foundation media through borehole accelerometers, tiltmeters and, if appropriate,
piezometers to measure the pore water pressure.

Strong motion data obtained from the accelerometer networks in structures are used in
structural system identification. Spectral system identification techniques are widely
used by the engineering community, whereas parametric system identification
techniques are relatively less preferred. The aim at the application of the technique is to
estimate the natural vibrational characteristics of the building in question
experimentally. The results can be used to calibrate numerical models, such as finite
element models, which in turn yield valuable information about the static and dynamic
behavior of the structure, hint on the reasons of past structural damages and
deformations, if there are any, and can help to estimate the dynamic response during a
seismic event or the feasibility and the reliability of structural interventions for
restoration purposes. The spectral system identification makes use of Fourier amplitude,
power, cross-power and phase spectra as well as transfer functions and transfer function
phases for the identification of natural modes of vibration and natural modal
frequencies. The parametric system identification, on the other hand, consists of
choosing a parametric model, such as ARX or ARMAX models, calculating the model
parameters using the input-output or output data, depending on the model chosen and
data available, and validating the model by methods like zero-pole cancellations,
comparing the real output with calculated output, calculating the residuals and their
auto- and cross-correlations with the input. The on-line identification, which can be
explained as determining the system parameters at every time step starting from an
initial guess, can be a powerful tool for tracking the changes in the system parameters or
in other words the non-linearity.

A strong motion recording system and the attendant investigations has been initiated by
joint teams from Princeton (USA) and Bogazici (Turkey) universities (Mark et aI.,
1992) for the Hagia Sophia Museum. Similar investigations were then extended to
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Suleyrnaniye Mosque (Selahiye et a/.. 1995). Both of the edifices are in Istanbul and
constitute important monuments of the world 's architectural heritage. In this paper
results obtained from the strong motion arrays and the consequent analytical/numerical
investigations will be covered, anomalous dynamic behaviors will be identified and a
comparative study of the earthquake response of these two historical monuments will be
presented.

2. Hagia Sophia And Siileymaniye

Historical monuments in Istanbul have been the living evidence of the damaging
earthquakes in the city. Among these Hagia Sophia Museum and Suleyrnaniye Mosque
have experienced several earthquakes and the assessment of their dynamic properties
and earthquake worthiness is of both academic and practical concern

The location of the two structures in the Old City of Istanbul is shown in Figure I.
During their life span Hagia Sophia and SUleymaniye were effected by a series of
earthquakes. As a result, western and eastern parts of the main dome and adjacent parts
of the main arches and of the semidomes of Hagia Sophia collapsed three times. No
structural collapses occurred in SUleymaniye due to earthquakes.

2.1. HAGIA SOPHIA

Hagia Sophia (Figure 2) was dedicated in 537 after five years of construction. It is one
ofthe most important buildings of the world heritage and requires urgent concern due to
the high seismic hazard in the western part of the North Anatolian Fault Zone. A
network of strong motion accelerometers consisting of nine interconnected Kinemetrics
SSA-2 units has been operational in the structure since August 199I as part of the
efforts for the determination of its earthquake worthiness. The configuration of the
accelerometers is shown in Figure T' . The instruments cover three levels. One
instrument is at the ground level: four of them are located at the cornice level next to the
springing points of the four main arches: and four instruments are at the dome base level
on the crowns of the main arches.

The main support system of Hagia Sophia consists of, from top to ground, main dome
supported by the four main arches; two semidomes on east and west sides of the main
dome supported by two secondary piers and two exedrae domes with their own
colonnade system each; four main piers supporting the four main arches and four huge
buttress piers on the north and south sides rising up to the dome base level (see Figuer
I). The plan dimensions of Hagia Sophia are 32 rn by 80 m. Its main dome has a
diameter of 31 m, which rises 56 m above the ground level.
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2.2. SOLEYMANiYE

The SUleymaniye mosque (Figure 3) was constructed between 1549-1557 and is
celebrated as one of the biggest achievements of the Ottoman architecture. It survived
several earthquakes without any significant structural damage since then. An
accelerometer system consisting of eight individual Kinemetrics SSA-2 units operated
in the Suleyrnaniye mosque between 1994 and 1999. The system was replaced by an
interconnected array of eight GeoSys recorders in 1999. The locations of the
accelerometer units in Suleyrnaniye can be seen in Figure 3. The positioning of the
instruments is similar to the Hagia Sophia array except that there is no instrument at the
ground level.

The vaulting system of Suleymaniye is similar to Hagia Sophia's with a main dome,
four main arches, two semidomes and accompanying support system and four buttress
piers. Its plan dimensions are 63 m by 73 m. It has a main dome of 27.5 m diameter
that rises 48 m above ground.

2.3. COMPARISON OF STRUCTURAL SYSTEMS

The structural differences between the two buildings can be cited as follows; in Hagia
Sophia the diameters of the main dome and the semidomes are the same whereas in
Suleyrnaniye the semidomes are smaller in diameter relative to its main dome. The main
arches are probably of cut stone in Suleymaniye, while they are of brick masonry in
Hagia Sophia. There are no galleries on each side of Suleymaniye along its longitudinal
axis, so that the main-and the buttress piers are connected only above the aisles. In
Hagia Sophia the buttress piers are connected with main piers at the gallery level and at
the first cornice where the main arches start to rise. In Suleyrnaniye the buttress piers
rise in steps until a level close to the dome base, whereas in Hagia Sophia they continue
until the dome base level as a single unit. The use of brick masonry with thick mortar
layers starting from too Iowa level in Hagia Sophia has been replaced by the use of cut
stones with closer joints in Suleyrnaniye.

3. Strong Motion Data Set

Between 1991-1995 the arrays have provided data pertaining to events with magnitudes
varying between 3.9 to 4.8 Mb and epicentral distances between 22 to 140 km. The

biggest event recorded by the Hagia Sophia array occurred on 22.12.1993 with Mb=4.8

at an epicentral distance of 59 km to the north of Istanbul. The biggest event recorded
by the SUleymaniye array occurred on 8.2.1995 with Mb=4.4 at an epicentral distance

of 140 km to the southwest of the city. Practically no records were obtained in the
period of 1995-1999. In 1999 the Kocaeli and Duzce sequences were recorded by the
two arrays with magnitudes changing between 4.3 and 7.4 Md.
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During the events predating the disastrous 1999 earthquakes maximum recorded
accelerations were lJcm/s' in Hagia Sophia and 28 cm/s2 in Suleyrnaniye. During the
KocaeJi and Duzce events recorded peak accelerations reached 77cm/s2 in Hagia
Sophia and 227 cm/s' in Suleyrnaniye (see Table I and Table 2 for Hagia Sophia and
Suleyrnaniye respectively). Data processing applied uniformly to all records involves
baseline correction, high-cut filters at 10Hz and low-cut filters at 1 Hz. As an example
from the data set, the 12 November 1999 Duzce earthquakes as recorded by the Hagia
Sophia and Suleymaniye arrays can be seen in Figures 4 and 5.

4. Earthquake Response of Hagia Sophia and Siileymaniye

4.1. TIME DOMAIN CHARACTERISTICS OF EARTHQUAKE RESPONSE

Based on pre-1995 earthquake recordings made in Hagia Sophia two features were
found notable regarding its time domain behaviour; (I) different response characteristics
of the SW pier relative to the other three piers (SW pier corresponds to station 4), (2)
the high amplitude vibrations in the order of lateral vibrations at the crowns of east
(station 9) and west (station 7) main arches in vertical direction (Durukal and Erdik,
1996).

Newly acquired data supported the observations mentioned above. Accelerations
recorded at the top of the SW pier were associated with higher levels (see Figure 4 for
the 12.11.1999 recording) and with different frequency characteristics when compared
with data from stations 2, 3 and 5 at the same level. Displacements calculated at the
same stations, not shown here, indicate that consistently higher displacements are
sustained by the SW main pier. Higher response levels can also be seen from
acceleration power spectra of 17.08.1999 records shown in Figure 6. The reasons could
be soil conditions at the base of the SW pier, a foundation problem or localized
structural or material problems. The bedrock topography beneath the main arches has
been determined by Gurbuz et 01. ( 1993). According to this study the bedrock is
approximately I m below the ground level beneath the NW and NE piers. It dips
towards south, such that the foundations of the SW and SE piers are at about 3 m below
the ground level. This 2 m difference might have been an explanation if the SE pier had
behaved similar to the SW pier as well. Emerson and Van Nice (1943), looking at the
almost symmetrical structural deformation of the four main piers (an average of 0.15 m
outwards in the E-W direction and an average of 0.45 m outwards in the N-S direction
for a single pier), conclude that this can not suggest any differential foundation material
behavior neither statically nor as a result of earthquakes. It remains only as one possible
explanation, that this atypical behaviour is because of localised structural or material
problems. It is almost impossible that materials different from other piers were used in
the construction of the SW pier. Whether there is a structural deterioration or damage
from the past earthquakes can not be studied at this stage since the body of the SW main
pier is covered with marble panels. Hence, whatever the reason, this behaviour remains
to be explained.
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The structural history of Hagia Sophia hints the eastern and western arches and adjacent
portions of the main- and semidomes as the most vulnerable locations. Indeed the
eastern arch collapsed twice as a result of earthquakes in 557 and 1346 and the western
arch collapsed during the 989 earthquake along with the portions of the main dome and
the semidomes. However the main structure always remained intact. It was observed
from the recordings from Hagia Sophia array that the vertical accelerations at the
crowns of the west and east main arches (stations 7 and 9 respectively) are almost in the
order of horizontal accelerations recorded at the same level and sometimes the peak
acceleration is recorded in the vertical direction (see Table I and Figure4). It is evident
that especially the western main arch experiences high acceleration and displacement
levels. These vertical vibrations of the arches could not be simulated by the finite
element technique, although lateral dynamics of the building could be captured
satisfactorily using this method.

Unlike in Hagia Sophia, in SUleymaniye the vertical motions at the crowns of the main
arches are generally lower than their lateral counterparts (see Table 2 for the
comparison of peak accelerations and Figure 5). Except maybe station 5 (see Figure 3),
where higher out-of-plane accelerations were recorded in comparison to other stations,
Siileymaniye in general seems to have a more uniform behaviour, which lessens the
possibilityof unexpected localised effects during strongerground motions.

4.2. FREQUENCY DOMAIN CHARACTERISTICS OF EARTHQUAKE RESPONSE

For consistencythe E-W axis of Hagia Sophia and the N-S axis of Suleymaniye will be
called longitudinal axis hereafter. Similarly the N-S axis of Hagia Sophia and the E-W
axis of Silleymaniye will be namedas their transverseaxis.

From the analysis of ambient vibration data 1.85 Hz and 2.10 Hz have been identified as
the modal frequencies of Hagia Sophia by Durukal and Erdik (1994) along its
longitudinal and transverse axes respectively. 2.35 Hz has been identified as the
torsional modal frequency . It has been found that there is an earthquake specific
variation of modal frequencies of Hagia Sophia. The highest values are obtained from
the ambient vibration studies. They tend to drop with the increase in the acceleration
level and with the increase of the duration of the strong motion part of the record. The
first modal frequency of 1.85 Hz dropped as low as 1.56 Hz during the event on
12.12.1993 and the second frequency of2.10 Hz dropped to 1.77 Hz. Analyzing the
records of a single event by separatingthe data into three parts called pre-, co- and post
strong motion parts, it could be shown that the variationcan actually be tracked during a
single specific event and that the modal frequencies recover their pre-strong motion
values after the co-strong motion part dies out. The phenomenon is shown in Fig. 5 for
the second modal frequency of Hagia Sophia based on records from station 6 and
utilizing on-line parametric system identification technique. This had been an
unexpected observation considering the low amplitude ground motions experienced by
the structure. The reason was attributed to the micro-cracking throughout the structure
(Durukal and Erdik, 1994) and to the existence of a jelly-like material in the mortar of
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Hagia Sophia specific to the era in which Hagia Sophia was constructed which has the
ability to emit the vibrations and indeed improves the earthquake performance of the
building .

A similar study on the data from the Siileymaniye yielded however that the variation is
not specific to Hagia Sophia, but exists in Siileymaniye with stone masonry arches as
well. 3.35 Hz and 3.50 Hz have been determined as the first two natural frequencies
along the longitudinal and transverse axes of the structure from the ambient vibration
data using the procedure given by Gavin et al., 1992. Analysis of the earthquake data
showed that the first two modal frequencies drop as low as 3.17 Hz and 3.36 Hz
respectively. The drop of the values in accordance with the increase in the ground
motion amplitudes is also evident from the Siileymaniye data. It is clear that the
explanations for the case of Hagia Sophia regarding the drop in these frequencies
(Durukal and Erdik, 1994, Cakrnak, 1995) are not sufficient for both cases now, since
they were based on the assumption that the effect is due to the response of the brick
masonry.

To assess the variation of modal frequencies during a single event, the time-localised
modal frequencies were calculated using 50% overlapping, 5 second long segments .
The change of modal frequencies are estimated for each station for a given event and
then averaged to have a general picture for the whole structure. Using this approach, the
variation of first and second modal frequencies of Hagia Sophia and Siileymaniye was
calculated from recordings of events on 17.08.1999, 13.09.1999, 21.10.1999 and
12.11.1999. Figure 7 summarises the results for Hagia Sophia and Figure 8 gives the
results for Siileymaniye. The trend followed by modal frequencies has been accentuated
by curve fitting. It can be seen from the figures that variation can actually be tracked
during a single specific event and that the modal frequencies almost recover their pre
strong motion values after the co-strong motion part dies out.

To.study the effects of events of different magnitude, distance and acceleration levels,
average of all transfer functions from nine stations in Hagia Sophia and average of
power spectra from eight stations of Siileymaniye was taken for a given event.
Estimated transfer functions are plotted in Figure 9 and Figure 10 for Hagia Sophia's
EW and NS directions respectively for the events of 13.09.1999, 21.09.1999,
29.09.1999, 21.10.1999, 07.11.1999, 11 .11.1999, 12.11.1999 (18:57) and 12.11.1999
(19:18). See Table I for the details of these earthquakes. The main shock of the 17
August 1999 Kocaeli earthquake was recorded by two stations only at the first cornice
level of Hagia Sophia. Therefore no transfer functions were calculated for the main
shock. The power spectra of the recordings at stations 2 and 4 are shown in Figure 6 for
two directions. Estimated power spectra are presented in Figure II and Figure 12 for
Siileymaniye's X and Y directions for the events of 17.08.1999 (3:02), 17.08.1999
(4:34), 17.08.1999 (05:52), 13.09.1999,21.10.1999, 11.11.1999 and 12.11.1999
(18:57» . See Table 2 for the details of these earthquakes.

Identified modal frequencies from the newly acquired data for the first and second mode
shapes are summarised in Table 3 for Hagia Sophia and in Table 4 for Siileymaniye.
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There is a 25% drop of the first modal frequency, 27% drop of the second modal
frequency in Hagia Sophia, in Stileymaniye 18%drop in the first modal frequency, 13%
drop in the second modal frequency.

Presently the common reason causing the decrease of natural frequencies in both
structures is unknown. Clearly the material non-linearity can not, by itself, be a rational
explanation for the phenomenon, since it was observed during low amplitude events
with very low strain levels as well.

Table 3. Modalfrequencies, Hagia Sophia

Hagia Sophia
Event l SI modal 2nd modal

frequency frequency
direction EW direction NS

Ambient 1.85 Hz 2.10 Hz
17.08.1999 1.41 Hz 1.59 Hz
13 .09.1999 1.43 Hz 1.61 Hz
21.09.1999 1.51 Hz 1.71 Hz
29.09.1999 1.80 Hz 1.74 Hz
21.10.1999 1.42 Hz 1.71 Hz
07.11.1999 1.61 Hz 1.79 Hz
11.11.1999 1.45 Hz 1.65 Hz

12.11.1999 (18:57) 1.38 Hz 1.53 Hz
12.11.1999 (19:18) 1.46 Hz 1.66 Hz

Table 4. Modal frequencies, SUleymaniye

Siilevmanlve
Event l SI modal 2M modal

frequency frequency
direction X direction Y

Ambient 3.35 Hz 3.50 Hz
17.08.1999 (03:02) 2.75 Hz 3.09 Hz
17.08.1999 (04:34) 3.16 Hz 3.15 Hz
17.08.1999 (05:52) 3.07 Hz 3.20 Hz
13.09.1999 2.84 Hz 3.15 Hz
21.09.1999 1.5I Hz 1.71 Hz
29.09.1999 1.80 Hz 1.74 Hz
21.10.1999 2.95 Hz 3.10 Hz
11.11.1999 2.98 Hz 3.15 Hz
12.11.1999 (18:57) 3.03 Hz 3.05 Hz
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5. Conclusions

The time-domain and frequency-domain analysis of data summarized in this paper
yielded following results: The earthquake specific variation of modal frequencies noted
previously in the two structures, was displayed by the recent data as well. A drop up to
25% was observed in of the first modal frequency, a drop up to 27% was observed in
the second modal frequency in Hagia Sophia as compared to the values determined
based on pre-earthquake ambient vibration survey. In Suleymaniye a 18% drop in the
first modal frequency, 13% drop in the second modal frequency was seen. Local
problems were once more noted in Hagia Sophia in the south-west main pier and
possibly in Suleymaniye in the west main arch. Signifi cant vertical vibrations at the
crowns of the east and west main arches in Hagia Sophia are probably indicating parts
of the structure where most of the damage are to be expected during a major earthquake
close to Istanbul. A post-earthquake, quick ambient vibration survey conducted in Hagia
Sophia showed a frequency drop in the first two modal vibrational frequencies in the
order of 4-5%, indicating the need for a comprehensive ambient vibration study.

In a major earthquake likely to occur in istanbul, damaging stress levels can be reached
in Hagia Sophia. Therefore a concerted interdisciplinary action is definitely needed to
carry it over to the next generations in an intact form.

The strong motion accelerometer networks are valuable tools for monitoring of
historical structures. They can help to show localized problems such as in the case in
Hagia Sophia, on a quantitative basis they can hint on similarities and differences
between two structural systems which otherwise seem similar to many; augmented with
appropriate analytical/numerical tools. the data obtained from such strong motion arrays
can indicate possible reasons for the past collapses of structures; and they can bring up
new phenomena the explanation of which may not be possible with our present
knowledge and need to be investigated in more detail. It is expected that such networks
will become a standard tool for investigations towards the preservation of historical
buildings in seismic areas in the future.
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Figure 2. Main support system of Hagia Sophia and the strong motion array

Figure 3. Main support system of Suleyrnaniye and the strong motion array
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Hagla Sophia. 17.08.1999 Record
Power Spectra - EW & NS Components
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Figure6. Power spectra estimations of the 17 August 1999, Kocael i earthquake records obtained
in Hagia Sophia
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Hagla Sophia - 1st modal frequency - Direction EW
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Figure 9. Estimated transfer functions for Hagia Sophia's EW direction for the events of 13.09.1999,
21.09.1999,29.09.1999,21.10.1999,07.11.1999. 11.11.1999, 12.11.1999 (18:57) and 12.11.1999 (19:18).

Haglll Sophia - 2nd modal fTequency - Direction NS

2 .82 .42 .221 .81 .81 .41 .2

1-- - - +-1211 19lI1i (111'1

I1-- - -+- 13'09 .1999=--+·It--I--'\1--+1~---+----+--------1

2 0

Ie

Cl
18'tl

~

I 14

C 12
0

I 10

If
! Il

I e
~

4

2

0
I

Frequenoy(H z)

Figure 10. Estimated transfer functions for Hagia Sophia's NS direction for the events of 13.09.1999,
21.09.1999,29.09.1999,21.10.1999,07.11.1999, 11.11.1999, 12.11.1999 (18:57) and 12.11.1999 (19:18).
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Figure ll . Power spectra estimations for Suleymaniye's direction X for the events of 17.08.1999 (3:02),
17.08.1999 (4:34), 17.08.1999 (05:52),13.09.1999,21.10.1999,11.11.1999 and 12.11.1999 (18:57».
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Figure / 2. Power spectra estimations for Siileymaniye's direction Y for the events of 17.08.1999 (3:02),
17.08.1999 (4:34), 17.08.1999 (05:52), 13.09.1999,21.10.1999, 11.11.1999and 12.11.1999 (18:57» .
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WIRELESS MONITORING AND LOW-COST ACCELEROMETERS FOR
STRUCTURES AND URBAN SITES

JOHN R. EVANS
u.s. Geological Survey
345 Middlefield Rd, MS-977; Menlo Park CA 94025, USA;
Tel. +1-650-329-4753; FAX +1-650-329-5143 or -5163

e-mail: jrevanS@usgs.gov.

1. Abstract

New technologies in wireless telemetry and low-cost micromachined silicon accelerometers en
able lower cost and denser instrumentation of both structures and the urban environment. Ap
plications include any site where robustness, capital or maintenance costs, spatial density, or
ease of communication are controlling issues. This paper reviews these new implementing
technologies and gives two practical examples.

Recently introduced techniques have vastly expanded the palette of practical telemetry options.
These include unlicensed spread-spectrum, cell-phones in several variants, two-way paging, and
a rapidly growing set of satellite services. Many products are available for each technique, so
off-the-shelf solutions are routinely achievable. Relevant issues when selecting telemetry for a
particular project include whether the service is offered in that region and how complete their
coverage is, access from inside structures and urban canyons, capital and recurring costs, ease
of installation, and viability after an earthquake. These issues vary greatly from one technique
to another. However, an attraction shared by most is the elimination of most hard wiring, which
can greatly ease installation and reduce the number of failure modes, both in routine mainte
nance and during an earthquake.

Low-cost micromachined accelerometers have reached price and performance levels of interest
for structural and free-field monitoring, particularly to augment the spatial density of more ex
pensive instruments in urban areas. For example, one can find dynamic ranges reaching from
typical urban background noise levels to ±2 g for under USSIOO per channel, or better the
resolution of an SMA-l for a few tens of dollars per channel. This paper includes performance
details from USGS tests of the high-dynamic-range accelerometer. Most micromachined ac
celerometers exhibit small physical size, low cost, and great robustness and stability. In combi
nation, these characteristics yield low capital and maintenance costs.
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The new wireless technologies and micromachined accelerometers can contribute separately to
structural monitoring, and they may be used separately in many situations. Additionally , the
two technologies can be combined to sharply reduce the cost of arrays, and to permit arrays of
unprecedented spatial density. The two examples presented here combine both technologies .
In the first, spread-spectrum transceivers and micromachined accelerometers were used to
monitor a New Mexico highway bridge for structural integrity. In the second, micromachined
accelerometers and cell-phone Internet links (CDPD) are being used for a regional urban free
field array in Oakland, California.

2. New Telemetry Techniques

The gamut of telemetry options for structural and urban monitoring has exploded over the last
decade to include unlicensed spread-spectrum, satellites, cell phones, and other methods. -This
trend shows no sign of abating. In particular, many more satellite options are scheduled to
come on-line over the next fIve years and may make this option more affordable than it now is.

2.1. SPREAD SPECTRUM

Unlicensed spread-spectrum is among the most interesting of the new telemetry options pre
cisely because it obviates the difficulties of obtaining licenses, without the recurring costs of
commercial telemetry providers. Spread spectrum includes two techniques: direct-sequence
and frequency hopping. The latter is obvious, with the transceiver pair using familiar narrow
band methods but spending only moments on one frequency before hopping to the next in a
prearranged or signaled pattern. Direct-sequence spread spectrum, such as that used to transmit
GPS signals, uses a pseudorandom "chipping" sequence to dither the carrier across a large
spectral range, typically on the order of one MHz. Receivers must know the pseudorandom se
quence and correlate it with the incoming signal to recover the data stream. Both methods pro
vide security and resist noise sources and, to some extent, multipathing. However, they add
overhead and synchronization delays as well as lowering bit rates significantly. Nevertheless,
the bit rates obtained are quite adequate for seismological data.

In the U.S., several "ISM" bands are now available for spread-spectrum transmissions at low
power. They are centered at 915 MHz, 2.45 GHz, and several higher and lower bands. The two
bands cited include nearly all products now available. Europe and Japan have similar bands. It
is worth noting in passing that these frequencies are subject to significant attenuation by water,
including foliage, and generally require a very clean line-of-sight between transmitter and re
ceiver. However, some vendors claim to be able to use the multipathing typical of urban set
tings to transmit over bent paths. A brief survey of the Web and other sources fmds dozens of
manufacturers, consultants, IC makers, and related services for the ISM bands. These include,
with little review and by no means limited to, those listed in Table Al ofAppendixA.
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The lower ISM band (915 MHz) is very similar in frequency and power levels to cell phones.
Hence, the arrays of cell-phone towers in a typical city give an indication of the spacing, den
sity, and elevations of receivers that would be required in a large, generalized urban deploy
ment. These requirements are well beyond the resources of most researchers. Hence, the best
scenarios for spread-spectrum telemetry probably are either a local deployment, with one or
several nearby receivers, or a broader deployment with receivers on ridges and other high points
using high-gain antennas . These antennas would illuminate patches of the urban area and
should be able to hear faint signals transmitted from within non-metallic structures. Such a
generalized deployment would be costly and could prove to be maintenance intensive. How
ever, it could be done with relatively few well-placed high-quality receiver sites. Note that one
could not legally use the high-gain antennas for transmission, so this is effectively a one-way
telemetry solution, from sensors to lab but not the reverse .

2.2. CELL PHONES

Cell-phone networks offer at least three classes of telemetry solutions: circuit switched calls,
CDPD (cellular digital packet data-a 19.2 kbps Internet node), and small-packet signaling op
tions, such as Aeris™ (http://www .aeris.netfsplash/index2 .htrn). Aeris' Microburst'P' effectively
allows one to transmit a 15-digit "telephone number" about once per minute , and is designed
for vending-machine monitoring and similar low-bandwidth applications. Indeed , the band
width is far too low for waveform transmissions, but is sufficient for state-of-health messages
and terse summaries of activity (e.g., PGAs). It is the least costly of the three options, and is
primarily a one-way telemetry solution .

Circuit-switched connections are equivalent to landline modem connections, generally are
charged by the minute, and bear no further discussion here. Robustness issues applicable to
CDPD are relevant.

On the other hand, CDPD is a very interesting option offering both TCP (virtual connection)
and UDP ("datagram") Internet signaling-a true, bidirectional Internet node . Some CDPD
modems require the host computer (the seismograph) to carry the full TCPIIP stack, generally
communicating via SLIP or PPP. Other modems contain this functionality and appear to the
host as a simple AT modem . Table A2 gives CDPD-modem vendor examples.

Issues that may affect CDPD performance include the use of landlines from many cell-phone
base stations to their switches . These landlines typically include a partial or full TI trunk line
from the base station to the nearest telephone switching office, thence a "sonnet ring" to the
cell-phone provider's main switch. From that point onward, service is generally over a redun 
dant Internet backbone and should be reliable . Though the sonnet ring will function after a sin
gle-point failure, some earthquake-prone areas are likely to produce multiple failures, at which
point reliability becomes an issue of rapid, automated transfers to other circuits, if they are still
available . The trunk lines out to base stations probably cannot tolerate a single point of failure.
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In my experience, CDPD modems sometimes have to be placed carefully, based on signal
strength, but generally still work adequately from deep inside non-metallic structures or near
the windows of metallic structures. It can be helpful, with wavelengths of around 35 em, to
shift the antenna by as little as 10 em to improve signal strength.

2.3. TWO-WAY PAGING

In some locations, two-way paging may offer a solution. Paging systems generally have a rela
tively small number of high-powered base stationcommunicating with a central site over satel
lite links. The return leg, from the pager to the base station, is lower powered and more tenuous.
So far, these return links have had limited uses, such as a set of standard responses ("yes", "no",
.. .) but they have greater potential versatility. One example is Sky
TeI™(http://www.skytel.com/SKYTEL.NSF/products/skywriter.html)andMotorolaTMSmart
PagersTM http://www.motorola.comlMIMS/MSPG/SmartPagers/).

2.4. SATELLITES

Lastly, some new satellite-based voice and data systems are already on line with many more
planned for the next five years. The most famous probably is Iridium™, first of the "big LEOs"
(that is, a large constellation oflow-earth-orbit telecom satellites, in this case 66). At this writ
ing, Iridium™ data services are not yet provided. They plan to begin these by the end of Sep
tember, 1999, at ~1200 bps (and more reasonable bit rates anticipated). Prices for data services
are unavailable , but voice calls now range from US$2 to US$7 per minute, and within the US
generally from US$2 to US$3 per minute. Iridium is below its planned customer base at this
time, perhaps because of these prices and those of the telephones, which currently cost several
thousand dollars.

Orbcommr» (currently 24 microsatellites-4l-kg each) may be more interesting to seismology
and engineering, being entirely a small-packet data service. They use lower-frequency links
than other satellite services, and may therefore be less sensitive to antenna placement.
Orbcomm'Y delivers data packets typically within two minutes, including over the Internet.
Though relatively inexpensive, they still charge around one cent (US$O.OI) per byte transmit
ted, which adds up quickly and for larger messages may exceed the cost of Iridium.

TeledesicfY (288 satellites planned) may eventually provide the most cost-effective solution,
simply by virtue of its size and the intended market-every Pc. It will provide a high-speed
Internet connection. The target service date is 2003.

A number of other vendors are in various stages of development. Globalstar''?" (48 satellites,
about half now in orbit) probably is the farthest along. They plan to begin service by the end of
September, 1999, although they have had some problems with failed launches. They are a di
rect competitor to Iridium™, but offering lower prices by simplifying the satellite portion of the
system and connecting to the existing telephone system rather near the user,
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They will sell services through partners, such as Air'Touchf'" in the US. ICO Global Commu
nicationaP' is nearly as far along as Globalstarw, but is using only 10 satellites, so few because
they will be in medium earth orbit. They anticipate beginning service in August, 2000. Table
A3 gives URLs for these organizations.

Prices in this sector remain quite high, but low initial user interest and increasing competition
are likely to change this picture in the next few years. Most systems use rather high-frequency
links to the user (mostly 1.6 to 2.4 GHz, but up to 29.1 GHz for Teledesic'P"), so very clear
sight lines may be critical, and rain or other moisture may cause problems . The lowest
frequency links known to me are those of Orbcomm'P' (137 to 400 MHz). Presumably, these
will be the least sensitive to water and line-of-sight. Nevertheless, an outdoor antenna, typically
mounted on a roof, may be required.

3. Silicon Accelerometers

Micromachining is a process similar to integrated-circuit manufacturing, but using anisotropic
etchants and other techniques to create small mechanical structures, generally in silicon. Pres
sure sensors and accelerometers were the first broad commercial applications of micro
machining technology, and many examples of each are now on the market. Accelerometers
produced by micromachining generally have crystalline silicon cantilever springs, built-in over
range stops, and viscous gas damping. As a result, they exhibit great robustness against shock,
vibration, and long-term spring sag. Shock resistance of several thousand g's is common, and
spring sag in some decade-old test samples remains immeasurably small. Micromachined ac
celerometers are mostly open-loop devices, but at least one is an FBA. Most use capacitive
sensing of the proof-mass offset, but a few use Wheatstone-bridge strainmeters. Most micro
machined accelerometers are also low cost devices, so that both capital and maintenance costs
tend to be well below those of traditional earthquake accelerometers.

Current examples of micromachined accelerometers range from rather noisy low-sensitivity de
vices (e.g., Analog DevicesP' ADXL-05™ ; Evans and Rogers [1995]) to instrumentation-grade
devices (e.g., ICSensors™ [Evans, 1998a], Kistler™), and many intermediate offerings. They
range in price from around US$10 to several hundred dollars per component, with this price in
most cases dropping sharply at larger purchased quantities.

Perhaps the quintessential application of micromachined accelerometers to seismic engineering,
by far the largest I know of, is that of Tokyo Gas™. They are installing 3600 Sumitomo Preci
sion Products'P' triaxial micromachined accelerometers at about I-km intervals throughout ur
ban Tokyo (SIGNAL-Seismic Information Gathering and Network Alert System). The Su
mitomo'P' sensors are integrated into a complete instrument by Yamatake Corporationf". To
kyo Gas™ is using these instruments for automated shutoff of neighborhood gas supplies,
based on a Spectral Intensity computation. The instruments also signal the shaking metrics to a
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central location to assist response optimization. Other commercial uses of micromachined ac
celerometers for earthquake response include: Kinemetrics'P', in seismic triggers and low
resolution recorders; at least two small companies in southern California (SeisAlert™ of San
Marino, and Geophysical Dynamics'P! of Newberry Park); and the Geophysical Institute of Is
rael™, in Holon, which is producing P-wave alarms. Numerous other companies produce vari
ous earthquake triggers for shutting off gas or equipment, and some of these presumably are
using silicon accelerometers. Lastly, Terra Technology'P' of Redmond, Washington, and its
partner GeoSys AGTM of Switzerland offer a low-cost single-board seismograph that is well
matched to the capabilities of the ICS-3028™ and similar devices. They do not offer the corre
sponding sensors.

The most interesting micromachined accelerometers for structural engineering and seismology
are those in the midrange . Those in the high-cost range offer little or no price advantage over
traditional accelerometers (though they may be more robust), while those in the low-cost range
often are too noisy to be of general interest. However, the lowest-cost sensors have been use
fully applied by Kinemetrics'P' as seismic triggers and are also offered by them as a 9- to l l-bit
replacement for the SMA-ITM. The most interesting mid-range example known to me is the
ICS-3028™, which reaches from typical urban noise levels to ±2 g for around US$IOO per
component in parts cost. Assuming a factor of two markup to retail, this is still one third to one
forth the cost of a state-of-the-art research accelerometer, such as the FBA-llTM, and in large
quantities may have a larger price advantage. The ICS-3028™ has a signal-to-noise ratio, con
servatively, of about 16 bits (Figures 1 and 2, abstracted from Evans [1998a]). It begs a digi
tizer of at least 18-bit resolution to take full advantage of its capabilities.

ICS-3022 Noise Power at Quiet Vault

N

~ 100
bO
::1.

10

10 100
Frequency (Hz)

Figure I. Sensor-noise power spectrum ofthe ICS-3028™ family ofsensors (the ICS-3022™ is
the same sensor in a slightly different package) .
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ICS-3022 Vault Noise Samples
32.0 "g PTP (16.9 bitsSIN ) 0.1-1.0 Hz
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Figure 2. Sensor-noise examples in different freq uency bands for the ICS-3028™ famil y of sen
sors.

Lower-performance examples include the ICS-3265™, Sumitomo's'P' C3A-02™ (cf. Tokyo
Gas™), and CSEM'STM MS-61OOTM, all of which are potentially less expensive per component
than the ICS-3028™ though somewhat noisier, perhaps - 14-bits resolution. Even these lower
priced devices significantly exceed the performance of the venerable SMA-l TM, upon which
much of current earthquake engineering and code standards are still based. In other words, a
great deal of interesting and useful work can be done with these sensors , particularly when
used to increase the spatial density of existing arrays or otherwise augment more costly instru
ments. Table A4 gives a summary of micromachined accelerometers known to this author.

For simplicity of reference , I often refer to state-of-the-art research instruments as "Class A",
those comparable to the ICS-3028™ as "Class B", and those comparable to the C3A-02™ as
"Class C" (Table 1). I envision an "ideal" mix of instruments as a graded, interleaved array.
For example, a large, dense, urban array might have on the order of 100 "Class A", 1000 "Class
B", and 10,000 "Class C" instruments, each group broadly distributed . This design yields a
cost-effective mix of spatial resolution and amplitude resolution .
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TABLE I. A classificationof strong-motion instruments.

Class Bits Resolution* Retail Cost
t

A ~20 bits -$7000, quantity 100
B 16-19 bits :s$2000, quantity 1000
C 12-15 bits :s$1000, quantity 10,000

*t For 4-cr peak-to-peak noise versus full-scale range.
Complete from sensors through telemetry.

4. Example 1: Highway Bridge

Straser (1998] combined ICSensors™ and Kistler" silicon accelerometers, embedded systems,
and ISM spread-spectrum telemetry to produce a prototype structural-monitoring system de
signed to detect damage from both extreme events (earthquakes, hurricanes), and slow deterio
ration from corrosion, scour around bridge foundations, and so on. His prototype system in
cludes multiple Sensor Units equipped with accelerometers and deployed on the structure, and a
single PC-based Site Master controlling the telemetry exchanges, time synchronization, and
routine monitoring, as well as providing the archival medium and much of the high-level analy
sis for the system. Sensor Units are capable of preliminary analysis, including FFTs, and are
self-starting in earthquakes. The basic damage measure was modal analysis, though in related
work Straser showed that modal variations due to temperature changes and other environmental
conditions can exceed those caused by simulated earthquake damage by several times. He also
applied time variation of normalized Arias Intensity to identifying unusual energy absorption in
tall buildings, implying a damaged story absorbing the energy.

The largest single advantage identified by Straser in using a distributed wireless design was a
factor of five decrease in installation time. Since some 80% of field time is used to install most
conventional hard-wired systems, this speed implies a significant reduction in field costs.
Elimination of long cables is also expected to mitigate rodent damage, cable failures during
earthquakes , signal attenuation, and, in some cases, thermally induced noise in the cables (vari
able capacitance effects). For the off-the-shelf telemetry system he chose, Straser anticipated
300-m telemetry ranges for skeletal structures like bridges and 30-m ranges for enclosed struc
tures like buildings. These ranges are typical of the ranges claimed for many ISM systems,
though many reach lu-km and more with adequate line-of-sight.

5. Example 2: The TREMOR Array in Oakland, California

Both earthquake disaster preparations and emergency response benefit from clear knowledge of
an earthquake 's shaking strength and its effects. TREMOR is a project to produce real-time
maps of free-field shaking strength down to a neighborhood level of detail by deploying a dense
network of relatively inexpensive seismographs equipped with micromachined silicon acceler
ometers and rapid CDPD telemetry (Evans, 1998b]. These instruments will also capture and
forward the waveforms for subsequent studies.
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Earthquake shaking varies tremendously in strength over very short distances (Figures 3a,b),
and seismologists are not yet able to predict all aspects of this complexity accurately . The
number and reporting speed of strong-motion seismographs have been limited severely by the
high cost of buying and operating them. Hence, it has been impossible to generate accurate ,
detailed maps of shaking strength at any time, least of all in the critical first minutes after a
dangerous event.

PGA Spatial Variability
(Smith et aI. , 1982; McCann and Boare, 1983 ; Hough, 1994; Boare, 1996)
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Figure 3a. Site-to-site PGA variance versus station separation fo r fi rm-soil sites.
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PSV Response Spectra Spatial Variability
(standard deviations of loz l Oro*Sd ratios, averazed over 0.5 to 10 Hz)
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Figure 3b. Site-to-site PSV response-spectrum variance versus station separation for firm -soil
sites. This spatial variability ofshaking strength requires sub-km station spacing for accurate
mapping ofshaking strength.

TREMOR prototype instruments use a single-board JK Microsystems'P' Flashl.ite'P' PC
(http://www.jkmicro.coml). an AirLink™ CDPD modem via GTE WirelessP", and a USGS
designed sensor block based on the ICSensors™ ICS-3028™ micromachined accelerometer.
The result is a real-time strong-motion seismograph that captures the waveform and computes
and forwards various measures of local shaking strength (currently Arias Intensity, PGA, and
PSV response spectral values; eventually PGV). The real-time messages containing the shaking
measures are transmitted about 75 s after the P wave arrives. They will be combined with other
information to generate detailed, ground truthed maps of shaking strength. These maps will be
available beginning within about 15 minutes after the earthquake and will improve in accuracy
for about the next hour as additional information arrives and human data-review begins. With
these maps, both detailed and regional damage estimates can be made and response efforts op
timized.
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The first seven prototype instruments were deployed in the third quarter of 1998 in the City of
Oakland (Figure 4), with six more following in the Spring of 1999. We chose Oakland because
of its high risk from the Hayward Fault [Working Group, 1990] and its high densities of popu
lation and critical infrastructure. Eventually, we hope to deploy hundreds to thousands of
commercially produced TREMOR instruments with the support of local public and private or
ganizations, including, for example, lifeline providers and banks.

• Existing TREMORsites
• Planned TREMORsues

TREMOR Site Map

Figure 4. Map of TREMOR sites in Oakland. California. Light-gray sites are being deployed in
the Spring of 1999. Black sites with names are already in service. With all 13 sites deployed.
mean station spacing will be about 3 km. The eventual goal is station spacing of I km or less.
For example. sites P6 and P7, though they are both on artificial fill . differed by a factor oftwo in
shaking strength during an M4.l event 25 km to the northwest.



www.manaraa.com

240

6. Conclusions

Wireless telemetry can greatly reduce installation times for urban monitoring systems. reduce or
eliminate rodent, vandal, and accidental damage to cables, reduce noise and signal attenuation
caused by long cables, and reduce the number of failure modes in large earthquakes. Mainte
nance of wireless systems is also eased through state-of-health monitoring and even direct in
tervention from the laboratory.

Micromachined silicon accelerometers can lower initial capital costs and, by virtue of their ro
bustness, also reduce maintenance costs in urban monitoring systems. They also can decrease
the size of monitoring instruments, which should make them more acceptable to structure 6WIl

ers and should make the instruments easier to install. They may be adequate by themselves for
some projects, or can be used to fill in spatial detail between more costly state-of-the-art "Class
A" instruments in other situations. An ideal free-field urban network for a large metropolitan
area might, for example, include -100 "Class A" instruments, -1000 "Class B" instruments
based on a sensor like the ICS-3028, and -10,000 "Class C" instruments . In combination, these
instruments would provide sub-km spatial resolution and good to excellent amplitude resolu
tion.

Used separately, each technology can reduce costs and improve reliability. Used together, these
technologies can make practical much larger, denser arrays than was possible before .
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8. Appendix A: Tables of manufacturers and corresponding Web sites.

Use oftrade. product. or firm names is for descriptive purposes only and does not imply endorsement by the u.s. Gov
ernment. The following are given only as examples to assist the reader who may wish to investigate these technologies.

TABLE AI. A sample of companies and web sites for spread-spectrum telemetry .

Compan y URL
Acer http://www .acemeweb.comIHtmVoemlindex.html
Airlinx http://www .airlinx.coml
Aironet http://www .aironet.coml
Axonn http://www .axonn.co mlindex.html
Bentek Systems http://www.bentek.calproducts .htm
Cascadia Systems http://www.cascadiasys.comldicamlinfo/wavelink.html
FreeWave http://www.freewave.coml
GRE America http://www.gTeamerica.comlmetro .html
Lucent Technologies http://www.waveaccess.coml
Metricom (UtiliNet) http://www.metricom.comlorganizations/utilinetfindex .html
Micrilor http://www.micrilor .comlindex.hlm
Root Inc. http://www.rool-hq.comlspread .html
Sirius http://www .sirius.be/products.hlm
Spread Spectrum RF Design Ctr. http://www .spreadspectrumrf.comlindex .hlml
Utilicorn http://www.util icom.coml
Voyager Technologies http://www.vgertech .comlindex .html
Wi-LAN http://www.wilan.comlprodu ctsl
Wireless Scientific http://www.natinst.comldaqlweather/wsi .htm
Xetron (Hummingbird)http://www.xetron.coml900xcvr.html

TABLE A2. A sample of companies and web sites for CDPD modems.

Company URL

TABLE A3. A sample of companies and web sites for satellite voice and telemetry.

Company URL
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TABLE A4. A sample of companies and web sites for micromachined accelerometers .

Compan y URL
Analog Devices http://products .analog.comlproducts/info.asp?product=ADXL202
Crossbow http://www.xbow.comlhtml /product .htm
CSEM http://www.csem.chlmicrosystemslmechanicl
EG&G ICSensors http://www.egginc.comleggtview_division.cgilDivisionslOptoI112
Endevco http://www.endevco .comlproducts.html
Forschungszentrum Karlsruhe http://hbksun17 .tZk.de:8080Iliste.html
Kistler http://www.kistler.comlacceleration.htm
Silicon Designs http://www.silicondesigns .comlProducthtml
Silicon Microstructures http://www .udtcomlhome.html
Sumitomo Precision Products http://www.spp.co.jplEnglishljigyouljigyou-e.html
VTl Hamlin http://www.vti.ftlProductslSensorslsensors.html
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Abstract

The paper deals with an optimal control numerical treatment of the dynamic inequality
problem concerning the elastoplastic-fracturing unilateral contact between neighboring
structures during earthquakes. The numerical procedure is based on an incremental
problem formulation and on a double discretization, in space by the finite element method
and in time by the Houbolt method. It is emphasized that the generally nonconvex
constitutive contact laws can be simulated numer ically by using data derived from response
records of instrumented civil engineering structures. These interface laws are piece-wise
linearized, and in each time-step a nonconvex linear complementarity problem is solved
with a reduced number of unknown s, Finally, the method is applied to a civil engineering
example of adjacent frames.

I. Introduction

Seismic interaction among adjacent buildings is often a m: cause of damages in
seismically active regions, where, due to various socioeconomic reasons, the so-called
continuous building system is allowed to be applied, see e.g. Newmark [II], Bertero [121
and Erdik, Cakmak and Durukal [291. Thus the numerical estimation and the optimal
control of the interaction effects to earthquake response of such building s is significant for
their earthquake resistant design, construction and repair.

Obviously the problem is very difficult from many aspects. Mathematically this problem
of pounding of structures belongs to inequality problems of mechanics , where the
governing condition" are equalities as well as inequalities, see e.g. Panagiotopoulos [1-41.
Nitsiotas [5], Maier [6,71. These so-called unilateral problems and their optimal control can
be treated mathematically by the variational or hemivariational inequality concept, see
Panagiotopoulos [1,2). So, the seismic response of the interacting steel structures system
investigated here is governed by a set of equations and inequalities, which is equivalent to

243
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a dynamic hemivariational inequality in the way introduced by P.D. Panagiotopoulos [1].
As wellknown, the hemivariational inequality concept has been introduced into
Mechanics and Applied Mathematics by P.D. Panagiotopoulos for first time in 1983, see
(28), and constitutes now the basis of the so-called Non-Smooth Mechanics .

As regards the numerical treatment of such inequality problems in seismic mechanics,
some numerical approaches have already been presented, see e.g. Wolf & Skrikerud [15],
Liolios [9,10], Anagnostopoulos & Spiliopoulos [13], Papadrakakis et al. (14].

In the present paper, a special case of seismic building interaction is treated numerically .
This case concerns the optimal control of the effects of the unilateral
elastoplastic-softening contact between adjacent steel structures . So, the purpose here is to
estimate numerically and to control actively in an optimum way the influence of the
interaction effects on the seismic response of the adjacent steel structures. The latter can be
obtained by suitably adjusting the gap between the buildings (if it is possible, e.g. for new
constructions), and/or the contact material behaviour (hardening or softening) according
to the optimal control theory in structural analysis, see e.g. Panagiotopoulos [3,4], Bisbos
[19,20], Zacharenakis [21,22], Baniotopoulos [26,27]. The problem of the numerical
simulation of the contact interface behaviour is the most complicated task. This can be
treated effectively on the basis of data obtained by strong motion instrumentation for civil
engineering structures.

The numerical procedure herein is based on an incremental problem formulation and a
double discretization, in space by the finite element method and in time by the Houbolt
method. The generally nonconvex constitutive contact laws are piece-wise linearized, as
has been successfully done by Maier in structural elastoplasticity [6,7]. So, in each
time-step a nonconvex linear complementarity problem is solved [8-10). Finally , the
method is applied to a civil engineering example of adjacent frames, and some conclusions
useful for the praxis are discussed.

2. The Seismic Interaction Problem Without Control

For simplicity, a system of only two adjacent linearly elastic steel structures (A) and (B) is
considered here. The extension to systems with more than two linear and/or nonlinear
elastic buildings can be done in a straightforward way.

2.1 UNCOUPLED SYSTEM ANALYSIS

First the system of the two steel structures (A) and (8), considered as an uncoupled one, is
discretized by the finite element method. So, assuming no
interaction, the matrix equations of dynamic equilibrium are

(1)
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where M L ~ L. K L are the mass , damping and stiffness matrices, respectively; !!.(t) is the
sought node displacement (relative to ground) vector corresponding to given ground
earthquake excitation !!.g(t) and appropriate initial conditions; and dots over symbols
indicate time derivatives. Problem (I) can be solved by wellknown methods of Structural
Dynamics. A response quantity of the uncoupled system is denoted by QU(t) , where
superscript (u) means uncoupled system.

2.2 INTERACTION SIMULATION

Let jA and jBbe two associated nodes on the interface (joint), where unilateral frictional
contact can take place during an earthquake. These nodes are considered (see Liolios (10))
as connected by two fictive unilateral constraints, normal to interface the first and
tangential the second one . The corresponding force-reactions and retirement relative
displacements are denoted by rj M Z)N and rjT. zjT, respectively. They satisfy in general
nonconvex and nonmonotone constitutive relations of the following type (2), expressing
mathematically the unilateral elastoplastic softening contact with friction :

rid) E m id). (2)

Here a is the generalized gradient of Clarke, d the deformation and Rj(. ) is the
superpotential function, see Panagiotopoulos [1,2) . By definition, reI. (2) is equivalent to
the following hemivariational inequality:

(3)

where R t denotes subderivative and ej virtual deformation.

By piecewise linearizing these relations as in [6-IOJ we obtain the following linear
complementarity conditions:

r jN = P jM Z jN - g j + w) + C j Z )N ,

W j- r jN = 0 ,

(4)

(5a,b,c)

In (4a) Cj is the damping coefficient P)N the reaction function for the normal unilateral
constraint, gj the existing normal gap and w) a non-negative multipl ier. So. rels . (4) and
(5) constitute linear compl ementarity conditions, which describe the unilateral contact
behavior.

2.3 COUPLED SYSTEM CONDITIONS

Taking into account. now, the interaction. we write the incremental dynamic equilibrium
conditions for the coupled system of the interacting buildings (A) and (B):
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MA Ll!!A+~ Ll!!A+KA LlHA = -MALl!!g+IA L1[,

MBLl!l B+GLl!! B+Ka Ll!{s = - MB Ll!l g - I BLlr

(6a)

(6b)

(7)

Here I A and I B are transformation matrices, and r is the coupling vector of the normal
and tangential interaction forces, satisfying (4),(5) . Geometric stiffness matrices, by which
P-Delta effects are taken into account, could be also used in addition to normal stiffness
matrices (see e.g. Maier(7) , Anastasiadis [17], Chen & Lui (18)), To conditions (6) the
usual initial conditions are adjoined. So the problem consists in finding the time
dependent vectors (HA,!{s, g, b r.. !f1 which satisfy the rels. (2)-(7) for the given
earthquake excitation Y. g(t).

2.4 TIME DISCRETIZAnON AND PROBLEM SOLUTION

Further the problem of rels. (2)-(7) is discretized in time . Because this problem is
nonlinear -due to inequalities- the mode superposition method cannot be applied. Thus, as
suggested in Talaslidis & Panagiotopoulos [16], direct time-integration methods have to
be used . Here the Houbolt method is preferred to other implicit schemes. In each time-step
we assume that the unilateral constraints remain either active or inactive by adjusting
suitably the time-step. To compute what is happening, the procedure of Liolios [10] is
applied. So, a nonconvex linear complementarity problem of the following form is
eventually solved :

~ T . (12 ~ + g) = 0 . (8)

For most practical applications in structural mechanics, matrix 12 is a P-matrix and thus
a unique solution of the problem (8) can be assured (Maier [6,7]) . A response quantity for
the coupled system is denoted by QC(t) , where superscript (c) means coupled system .

2.5 INFLUENCE COEFFICIENTS

Further, we introduce the influence coefficients (9)

where Q is the absolutely maximum value which takes a response quantity during the
seismic excitation. Index (c) is for the coupled system and index (u) for the uncoupled one
(i.e. without interaction).

By the influence coefficients c comparison is made between the uncoupled and the coupled
cases . Thus, these coefficients show whether a structural element is overstressed or
understressed due to interaction, and so for which elements an optimal control is desirable
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3. The Optimal Control Approach

Next we consider the interface material behavior as a control for the interaction response
of the system. Thus, the interface forces r. of the unilateral contact constraints are the
control vector, i.e. we have to adjust the interface behavior, see reI. (2), according to the
optimal control principles [1-4, 23-25] in order to reduce the overstress effects . As an
performance index we consider the following quadratic form of the influence coefficients:

If

l(r) = f(eTe) dt ,

where usually to = 0 and tf = <Xl

Further, we define

y'
T = [y./, y.l] , M T = diag [ M/ ,M1], r/ = diag tc: cr:

!:{ = diag [&~ !:y/], !1 T = diag [ + IA ~ -lJ/] .

So, the system equations are in compact form :

( 10)

(lla)

(lIb)

(12)

Further, we define the state vector !T = [y'T , !! T], and so in the usual way

(19,20,24,25] the state equations of the problem are :

Ax +!1r. +Q,

where the suitable initial conditions have to be added .

(13)

So, after time discretization and following Panagiotopoulos [1,3,4), we arrive eventually to
an optimal control problem of the following form :

Find !: and t: such that
!: :? Q, Q!: +Q + !1 r. ~ 0, !:T .(Q!: +Q + !1 r ) = 0 .
and 1 (r), given by (10), is minimum.

(14)

The mathematical and numerical treatment of the optimal control problem of rels . (12)
(13) follows Panagiotopoulos (1),(3),[4), as details will be given in a forthcoming paper.
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4. Numerical Example

The steel system shown in Fig. la, consists of the two frames (A) and (B) in full contact
(no gap), having three and eight stories, respectively. Their columns are IPBl 550 and
IPBI 500 and their dimensions LA = 7 m, LB = 10 m, h = 3.5 m. The elastic modulus is
E = 21*107 KN/m2 and the damping ratio 3%. Both frames have rigid beams with total
vertical loads a, Illo g, where Illo g =98.1 KN, (g = 9.81 m/sec' ), and a, are coefficients
shown in Fig. la, Unilateral frictionless contact can take place at the join-points iA , iB ,

where i = 1,2, 3.

On the basis of experimental data obtained by instrumentation of civil engineering
structures, the corresponding to rel.(2a) function pO is assumed to be as shown in Fig.
lb, where the branches AB and BCF are parabolas of 2nd and 3rd degree, respectively. The
peak value PP and the damping coefficient c for the i-th unilateral constraint are to be
adjusted by the optimal control approach in order to be minimized the performance index
given by the reI.(l0). The remaining value is assumed to be 20% of the peak value PP ,
i.e. p, = 0.20* Pp. The above simulation of the unilateral contact is ceratinly a very
complicated task and can be estimated on the basis of experimental results. The system is
subjected to an horizontal earthquake ground displacement

Xg (t) = Xo e·2tsin(41rt), Xo = lOmm,

with corresponding diagram as in Fig. lc,

(IS)
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We investigate the influence of the interaction effects first for the case of no control, where
as peak value for the three unilateral constraints we take pi' = 960 KN, and secondly for
the case where the peak values pP will be adjusted by the optimal control approach.

Table J. Influence coefficient c, in (%) for the i-th floor shear force

FRAME Floor
1 2 3

(A) : Cnc -24.86 -17.05 -26.28
(A) : Conl -16.43 -12.32 -18.29
(B) : Cnc +68.51 +12.82 +26.93

(B) : Cool +43.26 +7.38 +18.41

FRAME Floor
4 5 6 7 8

(B) : Cnc +119.45 +47.63 +46.97 +42.13 +45.82
(B) : Conl +73.88 +31.64 +30.82 +25.97 +29.48

From the results obtained by applying the herein presented approach, they are shown
indicatively in Table 1 only those concerning the influence coefficients for the floor-shear
forces. These coefficients are denoted as Cnc for the no-control case and as Copt (the
optimum values of the influence coefficients) for the case of optimal control. The
uncoupled stress-state of the three-story frame (A) is reduced about 16%-26% due to
interaction without control. On the contrary, the uncoupled stress-state of the eight-story
frame (B) is increased about 12%-1186% due to interaction without control. The most
remarkable increase is for the 4-th floor of (B), as was expected. So, if we design the 4-th
floor of (B) without taking into account the seismic interaction effects, then the columns of
this floor are overstressed about 120% more the designed capacity. Finally, as the values
Copt show, after application of the optimal control approach the overstress effects for steel
frame (B) are reduced about 400/0.

5. Concluding Remarks

As in the numerical example has been shown, seismic interaction, which is often not taken
into account in the usual Civil Engineering design of adjacent buildings, can change
significantly the earthquake response of steel structures in unilateral contact. A numerical
estimation of the so caused seismic interaction effects can be obtained by the herein
presented approach . Further, using optimal control approaches can optimize these effects.
Thus, the numerical procedure is realized by using available computer codes of the finite
element method and the nonlinear mathematical programming (optimization algorithms).
Certainly the most complicated task in all the above cases is the realistic simulation of the
dynamic unilateral contact behavior. To overcome this difficulty, experimental results
and/or data obtained by strong motion instrumentation for civil engineering structures
have to be used for the rational estimation of the parameters involved to simulate the
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interface behaviour between adjacent structures . On the other hand, the herein presented
numerical approach can be used effectively to estimate numerically and to control actively
the influence of the interaction on the seismic response of adjacent steel structures. This
can be obtained by using methods of the optimal control in order to adjust the gap between
the buildings and/or the contact material behaviour (hardening or softening) of the
structural interface elements.
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Abstract

A wireless sensor system is developed for structural monitoring purposes. This experimental
system includes 5 monitoring stations and a main data collection and system control station.
Each monitoring station has an accelerometer of 3-axis. Total number of channels is 15. This
system uses 900 MHz ISM band spread spectrum digital radio transceivers for data
transmissions. At each monitoring station, the analog signal from sensors is digitized using a
16-bit AID. A custom microcontroller (80C25I series) is designed and implemented to control
the data collection and data transmission. A software for the sensor control, data collection,
processing, coding, and transmission is inbedded into the microcontroller. A communication
protocol is developed for the system. The central station is a PC with a radio module attached.
Each monitoring station continuously collects data from the accelerometer, processes the
collected data, and transmits processed data to main station when the monitoring station
receives a data request command from the main station. The central station receives the data
from each substation and stores them in a data file. The received data is analyzed by the main
station. If one or more events exist in a period of time (e.g. 10 minutes), the data within this
period will be stored. If no event is found, the data will be dropped. Received data can be
analyzed using graphic display or computerized analysis. Initial lab tests show that this system
is very efficient and reliable. The dynamic range of the wireless sensor is +/-4g, sensitivity is
about 5 mg, and transmission distance is about 1000 it indoor and 5 miles outdoor.
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1. Introduction

Wirelesssensorshave been used in variousareas of civil and environmental engineering. As the
advancement of the telecommunication technology, wireless sensors quicklybecome practical.
Due to the environmentof the sensorapplications, wireless telemetry system used to send dada
from sensors has different requirements from the transceivers used in a regular data
communication system. A structure health monitoring system using wireless sensors must be
reliable, more noise resistant, and robust. In general, a structural damage monitoring system is
composed of sensors, communication system, and a central master station that stores and
processes data . The central master station collects data from each of the substations and
estimates the damage of the structure being monitored. At each substation a less powerful
microprocessor can be placed to perform analog to digital conversion, pre-processing the data,
and control the communication system. The microprocessor at each substation can also store a
short period of data measuredby the sensors connected to the microprocessor. The substations
can make simple decision on whetheror not a transmission is necessary when there is no event
detected.

The most critical component in the structural health monitoring system is the communication
link. Traditionally, this link is a wired link via various kinds of wires. Since wires are
vuluerablewhen damageoccurs, a wireless systemis preferred. Due to possible RF interference
and power shortage during a disaster, the communications system must satisfy two basic
requirements: (1) noise resistant and (2) automatic power switch from AC to battery. A RF
device operating at a licensed frequency band will experience less interference. However, a
licensed band radio is much more expensive than that operating in license-free band, e.g.
industrial scientificand medical (ISM) band Digital radios are available in several ISM bands:
49MHz band, 900MHz band, 2.4GHz band and 5.8GHz band. At higher frequency, less RF
interference is expected. One the other hand, the higher the frequency we use, the shorter the
transmission distance will be with the same transmitter power and receiver sensitivity. At the
lower ISM band (49MHz), interference will be significant because too many devices use this
band (walkie-talkie, cordless phone, etc.). Compared with 2.4GHz and 5.8GHz radios, the
900MHz radios are more matureand cost effective. To reduce interference with other devices
working in the same frequency band, spread spectrum systemis preferred.

Micro-machined electromechanical sensor (MEMS) accelerometers are now commercially
available with reasonable cost It gradually replaces traditional force balanced accelerometers
due to its size, performance, and cost. Most of the MEMS accelerometers can survive 500g
shock (O.5ms) during operation.
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In this paper, we emphasize on the system integration and data communication protocol. A
wireless structural health monitoring system is introduced in section 1. In section 2, detailed
system information is given. Section 3 presents lab verification results and section 4 concludes
this paper.

2. System Description

2.1. SYSTEMBLOCK DIAGRAM

A block diagram of the system is shown in Figure 1. There are 5 sub-stations and one master
station. Each substation is conmposed of a 3-axis accelerometer, a microcontroller, a digital
radio, and a power supply system. The accelerometers are ADXL05EM-3 MEMS sensors
manufactured by Analog Devices. The size of the accelerometer is about 35mm x 25.4mm.
Dynamic range is +/-4g with a bandwidth of 400Hz. Typical sensitivity is 500mVlg with a zero
g drift of 60 mV at the temperature range of 0-70oC. Notice that ADXL05 has a supply voltage
of 5V single ended. Zero g output is 2.5V, which means that the measured voltage must be
subtracteda 2.5V bias and then converted to acceleration. The spec of ADXL05 shows that the
noise level is 5mg meaning that the minimum distinguishable acceleration is 5mg. However,
due to the zero g drift and circuit noise, this data does not necessarily mean that this device is
able to measure an acceleration of 5mg. To fully utilize the accuracy of the accelerometer, a
minimumof 12bit

Figure J. A concept view ofthe wireless sensor system
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16bitAID

Data Storage

Sub-Station

Data Processing

Master Station

Figure2. Block Diagram oftheMaster Station and Sub-Station

analog to digital (AJD) converter must be used. We use a 16bit AJD to convert the measured
analog voltage to digital data. The block diagram of the main station and the sub-station is
shown in Figure 2. The master station receives the digital data, process it and store it in the
storage unit The master station is a PC and the communication is through a serial port. The
communicationbetweenthe substationsand the master station can be either sequentialor query.
Radios used in both master station and substationsare half duplex which can be switched from
transmit to receive mode back and forth. For a sequential protocol, the initial condition is that
all the substations are at the listening mode. The master station transmits a start command to
substation 1 requesting data. After the data is received and stored securely, the master station
repeats above procedure for the sub-station 2. If data from sub-station X is not received
correctly within n inquiries, an error message will be stored anddisplayed for that substation
and the master station continueson the next substation. In the next iteration. substation X will
be accessed only once. The value n is determinedby the specific applications. In this system, n
equal2. Ifa correct data is received, the data is stored and processed. Ifno response is detected,
an error message will be stored and displayedagain. This procedure is called n-I procedure. It
is seen that using the n-I procedure, a bad station will not cause the system to hold On the
other hand, the n-l proceduregivesa chance for the bad station to recover without deteriorating
the overall sampling rate due to the bad station.This procedure is especially effective for very
strong short burst type of noise, which mayoccur during a disaster. A flow diagram of the n-I
procedure is
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Figure 3. Flow chart ofthe control procedure using n-I method. In this chart, 0 ~ 2.
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shown in Figure 3. It is also possible to use a transmit-only radioat each substation and receive
only at the master station. In that case, each transmitter must send data at all times. Several
substations may transmit at the same time. There are several ways to avoid collision. The
easiest method is to use different channels at each substation and the receiver at the master
station switch channels to receive data from corresponding substation. The drawback of this
method is that a synchronization period is needed for the receiver to be synchronized with the
transmitterwhen the channel is switched.This synchronization time usually is not short (several
tens of milliseconds). For slow data transmission, this method may be useful because the
significant cost saving. The second method is to use a spread spectrnm radio with long pseudo
noise (PN) code to distinguish each substationas the case of CDMA. Since each station keeps
transmit at all times, collisions are expected. The transmitted signal from station k present as
noise if the receiver is receiving data from station; (; is not k). To implement the continuous
transmission protocol, enough jamming margin must be designed to reduce data transmission
error. The third way to avoid collision is to use a timed transmission sequence where each
transmittertransmits at a precise time interval. To guarantee an accurate universal time base for
each substation,a time standard signal must be used, which can be from a GPS receiver or an
atomic time receiver.

2.2 RADIO LINK AND DATA FORMAT

-To ensure a reliable data communication during a disaster, the radio system used in the
structural monitoring must be noise resistant Spread spectrum radio is a natural choice because
of its noise resistant properties. There are two major types of spread spectrnm radio available:
direct sequence spread spectrum (DSS) and frequency hopping spread spectrnm (FRS) radios
[1]. The basic principle of the spread spectrum radio is to use a correlator and generate a
processing gain. At the transmitter end, the narrow spectrum of the data is spread into wide
band signal. At the receiver end, a correlation is performed which only despread the signal
spectrum while the noise and interference spectrum is effectively spread. Thus, the energy of
the desired data spectrum gets enhanced and the noise and interference energy is suppressed.
The desired signal can be detected even with the presentsof noise andinterference. The ratio of
the signal to noise ratio at the output of the receiver and the input of the receiver is defined as
processing gain (pG). This process is illustrated in Figure 4. In this study, we use a DSS radio
operating at 900 MHz ISM band (902 - 928 MHz) manufactured by GRE America, Inc. [2].
The maximum data rate is 57.6 kbps with half duplex. Modulation scheme of this radio is
binary phase shift keying (BPSK). Most DSS radio uses BPSK because of its simplicity. DSS
radio spread its spectrum by chopping the data bits into much faster pseudo noise (PN)
sequences. It can be shown that the ratio of the PN code rate and the bit rate is the processing
gain Greater processing gain will increase the ability of the system to resist noise and
interference. One the other hand, longer PN code will reduce the data rate because limited
bandwidth resources. In the system presented in this study, an 8 bit PN sequence is used
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resulting a processing gainapproximately 9dB. Since the radio system used in this project is
half-duplex, to obtain data from each station the master station needs to switch from transmit
mode receive mode, and each substationwill switchfrom receive mode to transmit mode once.
Each transitionwill needabout 10- 20 IDS, whichis very significant.

Signal spectrum Interference spectrum
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Figure 4. Illustration ofnoise resistant properties of a spread spectrum radio. B. is the bandwidth of the signal and & is
the bandwidth ofthe in-band interference. Horizontal axis for all the plots is the frequency.
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To reduce the TIR switch times, the n-I protocol is slightlymodifiedand the modified protocol
is like a quasi-tokenring. At the beginning of the data transmission, the masterstation requests
station 1 to transmit. Station one sends a data end signal to station 2 after the data is sent and
station 2 starts transmission. Using this modification, the TIR switchingtime is reduced to half
because the master station only at the listeningmode after sending the start command. In case
of a malfunctioning station appears, the master station will branch into the n-I procedure as
shown in Figure 3.

Data format sending to the radio is largelydependent on the user systemrequirement. It usually
is a compromise among data rate, AID accuracy, error correction ability, and protocol
reliability. Higher data rate requires greater bandwidth. When the bandwidth is fixed higher
AIDaccuracy results in more bits in each sampleand thus increases the total data length,which
implies a slower overall samplingrate. In this project, we used a 16-bit AID converter, which
defines the data length of 2 bytes for each axis. For convenience, ASCII code can be used.
However, the data bits becomesa lot longerusing ASCIIcode because each ASCII code takes
one byte and a 16-bit data will require 4 bytes of data to represent Figure 5 shows the data
frame if hexadecimal ASCII code is used. The total data frame will be 16 byte long. This kind
of data frame is easy to implementbecauseof the easyprogramming.

Station ID (1) Error Check (I)

Figure5. Data frameusing hexadecimal ASCII code. Numbers indicates bytes used.

More efficientways of the frame designis to use binaryand re-groupinto ASCII code. Figure 6
shows a frame using a binary regrouped ASCII code. Total length of the frame reduces to 8
bytes.

Start + Station ID (1) End + Error Check (I)

Figure 6. Data frame using binary ASCII code. Numbers indicates bytes used .

2.3 MICROPROCESSOR

In each of the substations, a microprocessor is used to perform AID conversion, systemcontrol,
and data communication with the radio. The performance of the microprocessor will greatly
affect the system performance of the wireless sensor system. The microprocessor used in this
project is an 8OC251 [3] based system. There are many microprocessors available ofI-shelf.
However, to meet exact requirements for this project, we developed a microprocessor in house.



www.manaraa.com

261

A 16 bit AID converter is installed on board of this processor. It is found that by developing a
microprocessor in house, the system becomes much more flexible in terms of AID bits, I/O
ports, special control and timing, RAM size and ROM size, board physical dimensions, and
programming. The cost is also significantly reduced to about one third of a commercial
processor board A block diagram of the microprocessor and AIDboard is shown in Figure 7.
Detailed specificationsof the board are as follows:

CPU 80C251 (8-bit processor)

Clock frequency 16MHz

RAM size 256 kB

ROM size 256kB

Serial I/O 2 (RS232)

Digital I/O 8 Channels

AIDchannels 8 Channels

AID resolution 16bits

AIDconversion rate 166kbps

The processor board is supplied with a +5V power supply and can be battery powered. The
input of the AID converter is connectedto three output terminals (x, y, z) of the ADXL05 [4].
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Bu .~P o r t

2"C PU S i a n o l

Figure 7. The block diagram of the microprocessor and NO board.
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3. System Performance and Initial Lab Tests

The wireless structural health monitoring system is implemented and initial tests were
conducted. A software package implementing data communication protocols, perform data
processing, storage and display was developed using C++ program language in the master
station. At each substation, the microprocessor is programmed using C language. Software
interface is implemented by using Visual C++ on a Pentium PC. A photograph of the master
station and a substation is shown in Figure 8a, and 8b, respectively.

System verifications in terms of noise tolerance, transmission distance in door and out door,
protocol effectiveness, bit error rate, and event data backup time were conducted. The results
show that this system is very effective and reliable. However, due to lack of testing equipment
related to shaking table and other structural related equipment, only very simple tests on the
sensor performance were conducted. The purpose of the test is to demonstrate the functionality
qualitatively. The system is tested by sitting the sensors on the lab bench near several
computers to test acceleration noises on top of a lab bench. Oneminutes of data were taken and
shown in Figures 9a, 9b, and 9c for the accelerations in x • y, and z axis respectively. It is
clearly seen from Figure 9 that the system works relatively noise free when the environmental
noise is excluded (between strokes of noise). A ten minutes test of acceleration detection is
performed by shaking the sensors. The test results is shown in Figures lOa, lOb, and lOe for the
data in X, y, and Z, directions, respectively.

Figure Sa. A photograph oftbe master station
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noise on axis x in 1 minute
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Figure 9a. Measured noise on top ofa lab bench, x-axis
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noise of axis Yin 1 minute
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Figure 90. Measured noise on top ofa lab bench, y-axis
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Figure 90. Measured noise on top ofa lab bench, z-axis
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4. Conclusions

In this study, a wireless health monitoring system is described. This system uses a DSS radio
system to transmit structural monitoring information from sensors to a master station. System
principle and design, wireless protocols, microprocessors used in the system, and data
acquisitioncomponents are discussed. The implemented system has 5 substations and I master
station. Each substation measures 3-axisaccelerationusing an ADXL05 MEMSaccelerometer.
Tested results showed that this wireless structuralmonitoringsystem has the following specs:
MaximumtransmissionDistance: lOOOft indoor

5 miles out door

Dynamicrange: +/-4g

Noise level: 5 mg

Powersupply: ACIUPS (up to 24 hours)

Resolution: 16-bit

Overallsamplingrate: 25 Hz

Numberof substations: 5

Communication protocol: modified n-I
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1. Introduction

Puerto Rico is the smallest of the four Greater Antilles. It is located between the Atlantic
Ocean and the Caribbean Sea, approximately in the latitude 18.25N, longitude 66.50W. The

population of the Island is about 3.52 millions (1990 census), while its area is of 8,875 km2

(1990 census). The capital and the largest city is San Juan, located in the northern part of the
Island. Puerto Rico is a self-governing Commonwealth in union with the USA.

The Island is on the edge of the Caribbean tectonic plate close to the contact zone with the
North American Plate, making it a very seismically active region. The Caribbean Plate moves
toward the Atlantic Ocean at a speed of 1.58 em/year with respect to the North American Plate.

Figure I depicts the faults in the vicinity of the Island. The main fault at the interface of the
two tectonic plates, called the Puerto Rico Trench, is mainly a left lateral strike slip with a dip
angle of 45 degrees entering the North American Plate beneath the Caribbean Plate. The Mona
Canyon is a strip of normal faults between Hispaniola and Puerto Rico, while the Anegada
Trough is also a region of normal faults which separates Puerto Rico from St. Croix, Virgin
Islands. South of the Island is the Muertos Trough, a subduction zone which dips under Puerto
Rico at an angle of about II degrees. Finally, seismic zones of left lateral strike slip faults are
located inland, among them, the most relevant ones are the Great Southern and Great Northern
Puerto Rico Fault Zones. The seismic faults of the southwestern part of the Island are very
active when compared to the seismic faults of the northeastern region. Therefore , Puerto Rico
is surrounded by seismic fault zones forming the Puerto Rico Platelet , which moves to the right
with a small counter clockwise rotational component.

267

M. Erdik et al. ieds .), Strong Motion Instrumentation for Civil Engineering Structures. 267-273.
© 2001 Kluwer Academic Publishers.



www.manaraa.com

268

The Island has a history of big earthquakes, the most relevant ones occurring in 1670,
1787 in the Puerto Rico Trench, 1867 in the Anegada Trough (estimated magnitude of
7.3),1918 in the Mona Canyon, (Ms = 7.3),1943 (Ms = 7.5) in the junction of the Mona
Canyon and Puerto Rico Trench, and 1946 in the Puerto Rico Trench (Ms = 7.8).
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Figure I. Main Seismic Faults Features in the Vicinity of Puerto Rico.

2. The Puerto Rico Strong Motion Network

The Puerto Rico Strong Motion Network was established during mid 1970's by the
Association of Engineers and Surveyors of Puerto Rico with the collaboration of the
United States Geological Survey (USGS). This initial network consisted of eight free
field stations and an instrumented building. At this initial stage all the accelerographs
were SMA-I.

At the end of the 1980's the Civil Engineering Department of the University of Puerto
Rico at Mayaguez obtained a grant from the U. S. National Science Foundation to
establish a more advanced strong motion network in the Island. The Strong Motion
Network of the Association of Engineers and Surveyors of Puerto Rico was then
transferred to the University of Puerto Rico at Mayagtiez. It was not until January of
1994 that eight digital accelerographs SSA-2 were installed in the west side of the
Island. The SMA-l were relocated to the east side of the Island.
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From 1995 to 1997 two more free field stations with SSA-2 were installed, an SMA-l
was moved to St. Croix at the Virgin Islands, and a building called La Inmaculada Plaza
II was instrumented with the same digital accelerograph model. The Puerto Rico and
Virgin Island Strong Motion Program (PRVISMP) was created under the Civil
Engineering Department at UPRM. During 1997 the PRVISMP obtained a grant, this
time from the U. S. Federal Emergency Management Agency, to support three projects .
With this grant the free field stations with SMA-l were replaced by digital
accelerographs ETNA, and a local network of twelve free field stations were installed in
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the San Juan Metropolitan Area, including six municipalities (population of 1.0 million).
Figure 2 shows the current strong motion stations in the Island of Puerto Rico, while
Figure 3 shows the details of the strong motion stations in the San Juan Metropolitan
Area. It should be pointed out that the strong motion stations are working independently
from each other.

3. Instrumented Buildings

As mentioned in the previous section the PRVISMP has two instrumented structures. By
coincidence , each structure belongs to a different group of twin buildings. The first one
is the Minillas Government Center (North Building) , and the second one is La
Inrnaculada Plaza II (East Building).

3.1. MINILLAS GOVERNMENT CENTER, NORTH BUILDING

Figure 4 presents a general picture of the Minillas Government Center Buildings. These
18-story twin structures were built with reinforced concrete during the first half of the
1970's. The general dimensions of the North Building are 66.70 m tall, 65.30 m long,
and 29.64 m width. The lateral as well as the vertical load resisting system consists
mainly of a combination of a central core of reinforced concrete walls, where the
elevator shafts and the stairs are located, and a perirnetral reinforced concrete frame of 7
spans in one direction and 3 spans in the orthogonal direction . Each span is 9.07 m
long.
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Figure 4. Elevation and Typical Floor Plan of Minillas Government Center, North Building .

The structure was instrumented around 1975 with two SMA-I. One triaxial sensor was
installed on the basement, and another triaxial sensor was installed on the roof. The two
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sensors are interconnected, with the one on the basement being the master, and the one
on the roof, the slave. After 24 years these instruments, which have a trigger level of
0.05g, have not triggered.

It is expected that this year the SMA-l will be replaced by a 6-channel K2. The idea is
to keep a triaxial sensor on the basement but to install three individual sensors on the
roof, all three in the horizontal direction, one in the longitudinal and two in the
transverse direction to be able to detect any torsional movement of the structure . The
drawings of this building as well as the subsoil studies are available to interested
investigators, solely for research purposes.

3.2. LA INMACULADA PLAZA II

La Inmaculada Plaza II is one of the two 26-story reinforced concrete wall twin
buildings which were built in the early 1990's. Figure 5 shows a general layout of the
building. The plan size is 55.06 m by 9.35 m while the structure is 68.88 m tall which
means that the aspect ratio is 7.4. The ratio of wall area to plan area was calculated to
be 4.75% in the transverse direction and 2.40% in the longitudinal direction . The
structure was built over a total of 554 reinforced concrete piles. To resist the lateral
loads, 80 piles were installed at an angle of 68 degrees with respect to the surface [1].
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During the structure's construction several ties were omitted at the longitudinal
reinforcement splice location of the wall boundary elements because of the tremendous
congestion of reinforcement. Due to this fact, the government did not allowed the use of
the structure. Consequently, an external active confmement was provided so that the
requirements of the building codes regarding confmement were met.

The structure was instrumented during the summer of 1995. A total of fifteen sensors
were installed. They were located on the ground floor, eight floor, sixteenth floor, and
on the roof. With this instrumentation, features as the horizontal displacement in both
orthogonal directions , the torsion and the rocking of the building can be recorded.
Figure 5 also depicts the location and direction of the fifteen sensors.

On November of 1997, an ambient vibration test was performed for this building . The
sensors were set in continuous recording, for about one minute, during a windy day with
a wind speed of about 35 kph. The experimental period of vibration of the structure was
estimated to be 1.51 sec in the transverse direction , and 1.27 sec in the longitudinal
direction. The damping was estimated to be 1.32% in the transverse direction, and
1.13% in the longitudinal direction [1]. Even though the structure is quite symmetric,
considerable torsion was observed. It was concluded that due to the fact that both twin
structures are next to each other and separated by 12.47 m in the longitudinal direction a
high speed wind travels between both structures causing higher horizontal displacement
on the side of each building closer to the other. The structural drawings of this building
and the ambient vibration test are available to the technical community only for research
purposes .

4. Future Plans of the PRVISMP

During this year the PRVISMP is expecting to install six free field join stations in
collaboration with the Puerto · Rico Seismic Network, which is stationed at the
Department of Geology of the University of Puerto Rico at Mayagiiez. Each join station
will consist of a broadband seismograph and a force balanced accelerograph (FBA-23).
In this way, a wide range of frequencies will be recorded from the same site. The data
will be used for the development of the wave attenuation law for the region.

The instrumentation of the Minillas Government Center, North Building, will be
upgraded with digital accelerographs. Finally, with the SMA-l Digital Retrofit Kit for
the SMA-1, eight free field stations will be installed to set a Strong Motion Local
Network for the city of Mayagiiez, the third largest city of Puerto Rico (population of
100 thousand) located in the western region.

With respect to long term plans, the PRVISMP is looking for funding to communicate
each accelerograph to the Civil Engineering Department via modem. In this way most
of the maintenance as well as the data retrieving tasks could be done directly from the
Department. Finally, the PRVISMP is interested in performing subsoil exploration at
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each strong motion station to determine features such as the S-wave velocity profile
down to 30 m.
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1. Introduction

A high dam is a particularly important element in seismic risk evaluation of the wider dam
site area, i.e., in the definition of the seismic risk of the area in which a dam is planned to be
constructed. A large number of high dams in the world and in our country are located within
high seismicity zones or in zones close to areas which were affected by string earthquakes in
the past.

The earthquake phenomenon involves almost always numerous problems which cannot be
solved exactly due to the lack of instruments for recording earthquake intensities and response
of structures . Without such a record, damage and behaviour of structures during strong
earthquakes cannot be compared to the seismic design criteria nor proper decisions concerning
rational repair and reconstruction could be made.

Data on the ground motion during earthquakes to which structures are exposed and behaviour
of structures are fundamental for seismic hazard evaluation, definition of design parameters
and criteria and for all other dynamic investigations in earthquake engineering. Without such
data all investigations and analysis that follow would be based on assumptions. The
irregularity in earthquake occurrence makes difficult the possibility to obtain immediately the
most useful data.

One of the possible ways to solve these problems is to establish a network of a greater number
of instruments for recording ground motion and response of structures during strong
earthquakes . The main objective in seismic monitoring of structures (high-rise buildings,
dams, power plants, bridges etc.) is to facilitate response studies that lead to improved
understanding of the dynamic behavior and potential for damage to structures under seismic
loading.
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In this paper attention will be concentrated on code requirements for instnunentation of
structures, particularly darns, and results obtained from some earthquake records.

2. General Background Information

The installation of networks for recording of strong earthquakes and the results which are
obtained from them, has become an increasing need in the earthquake engineering and has
considerable contribution to the overall activities for seismic risk reduction of existing urban
media and for the minimizing of the damage to these structures under the effect of disastrous
earthquakes. The application of the results is equally important both for the theoretical and
fundamental investigations in the field of earthquake engineering and for application and
practical investigations in the earthquake engineering.

The rapid development of networks for recording of strong earthquakes during the last twenty
years has made a considerable contribution to the knowledge of the investigators that the
theoretical investigations should have experimental proof - in the considered records - on the
basis of which relevant decisions can be made.
Considering these reasons, in the beginning of the 70s, networks of strong earthquakes
recording instnunents were installed in several seismic regions in the world (USA, Japan,
Italy, former Yugoslavia and others). This example was later followed by several other
countries (Mexico, New Zealand, Iran, Turkey, Greece and others) thus, at present, there is a
relatively high number of such networks, but still insufficient to cover all the seismically active
regions in the world and to provide sufficient quantity of usable data. Therefore, a large
number of countries in the engineering practice apply records obtained by other countries.
However, having in mind that earthquakes are characterized by (l ) the frequency and
amplitude content, depending on the geological and the tectonic structure of the seismogene
region; (2) the rate of the magnitude, i.e., the intensity of the earthquake; (3) the origin depth;
and (4) the epicentral distance, it is obvious that they differ from those recorded in other areas,
even in cases when earthquakes of the same intensity are considered. Therefore, it is necessary
to use records from the actual seismogene region, or if used from another region, then one
should be careful, and, if possible, use records from a region having similar seismo-tectonic
characteristics.

A particular problem pose the records obtained by instnunents placed at different types of
structures. Apart from all the above state, in their case, care should be also taken about the
type and the properties of the structure as well as the position of the instnunent in it.
Therefore, it is necessary, that the conclusions be brought very carefully and on the basis of
more records.
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3. Background Of The Macedonian Strong Motion Network

The strong motion instrument network installed on the territory of former Yugoslavia was one
of the largest in Europe. It consisted of over 250 accelerographs type SMA-l and about 130
seismoscopes type WM-l. The network was installed in the beginning of 1972 within the
frames of the USA-Yugoslav scientific-research project entitled "Installation of Strong Motion
Instrument Network on the territory of Yugoslavia". This project was realized by the Institute
of Earthquake Engineering and Engineering Seismology (IZIIS) in Skopje in cooperation with
.the Californian Institute of Technology (CALTECH) in Pasadena until 1975 and then it was
continued in cooperation with the United States Geological Survey (USGS) from Menlo Park
until 1979. After this, th~ realization of the project was continued by IZIIS as a national
project.

All the activities related to this instrument network were carried out by the scientific and
professional collaborators of the Strong Motion Laboratory in IZIIS. Scientific-research in this
field was also carried out simultaneously resulting in a number of bulletins and reports as well
as numerous papers and presentations at scientific meetings.

Until 1991, the Macedonian strong motion instrument network was part of the instrument
network offonner Yugoslavia. It consisted of 110 accelerographs and 60 seismoscopes.
To provide a more detail insight, presented briefly further is the main concept and some of the
main characteristics of this network.

4. Basic Concepts Of The Network

The basic concept of the Macedonian strong motion network enables obtaining of basic
information required for predicting the dynamic response of various types of structures ,
improvement of codes for aseismic design, understanding of the ground amplification effects
as well as for better investigation and perceiving of consequences caused by earthquakes.

In the design of major structures and facilities such as important buildings, dams, bridges and
power plants, it is highly desirable to know the ground motion at a specific site that would
result from a particular earthquake event. As the return period of major earthquakes associated
with a given portion of a fault is generally quite long, it is impractical to wait for data from the
particular event in question. Instead, it is necessary to extrapolate from data which have been
obtained from other events which are thought to be in some sense similar to the particular
event under consideration. This extrapolation process can only be reliable if there is an
understanding of the individual factors which affect the character of strong ground motion
such as: the nature of the source mechanism, the influence of the wave propagation path, and
the effect of the local topographic and soil conditions. For this purpose, strong motion
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networks in Macedonia were developed with corresponding density in most active regions and
with lower density in the regions with lower seismic activity, in order to study the following
seismological and earthquake engineering aspects : earthquake source mechanism, wave
propagation path, effect of local topography, free-field soil response at different soil
conditions, site amplification factors, and structural response of different types of buildings
and structures including soil-structure interaction. In areas of potentially unstable soils, strong
motion records will help to determine the characteristics of the ground motions which might
indicate landslides, subsidence, slumping and liquefaction.

The selection of detailed locations for establishment of these instruments makes it possible to
obtain records on 1) bedrock, 2) on a surface of characteristic soils (alluvial and deluvial
sediments, 3) on structures (multistory buildings, dams, etc.). the instrument distribution, of
both accelerographs and seismoscopes was made following this basic concept. Table 1 shows
this distribution.

Table 1. Distribution of instruments

Location Instruments

Accelerographs Seismoscopes

On bed rock 9 9

On characteristic soil 19 34

On structure 78 11

Total 106 54

Besides, the network also includes instruments installed by IZIIS for the requirements of other
projects and financed by other investors . These instruments are mainly installed on
characteristic structures and locations foreseen for structures of capital importance.

The strong motion program consists of five subactivities: (1) network design,(2) network
operation,(3) dataprocessing.ia) network management and (5) research as well as application.
All these activities are under the responsibility of IZIIS - Skopje.
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5. Seismic Monitoring Of Structures

One of the main purposes of the strong motion instrument network is providing of data on the
dynamic behaviour of structures under the effect of earthquakes. To achieve this , instruments
have been installed at previously defined points.

As can be seen from Table 1, included in the strong motion instrument network of Macedonia
were also a total number of 78 SMA-l accelerographs that were installed on different type of
structures (high-rise building, dams, industrial facilities, etc.) . Table 2 provides a review of
structures on which these instruments were installed and the number of instruments.

Table 2. Instrumented structures

Nwnberof No. of Instruments

Type of Structures
instrumented

SMA-I WM -I
structures

Accelerographs Seismoscopes

High-rises building 10 32 4

Darns II 34 7

Bridges 3 12 /

Total 24 78 11

Our past experience from 232 earthquake records taken on buildings in Banja Luka (Bosnia
and Hercegovina), Skopje (Macedonia) and; Zagreb (Croatia) and 229 records on dams
supports the experience of other countries such as USA, that more studious approach is
necessary for determination of the number of instruments and their location in the course of
instrumentation of buildings.

6. Seismic Monitoring On Dams

6.1. GENERAL NEEDS

The main purpose of seismic monitoring of high dams is the following: (1) precise definition
of the seismic activity of the site, i.e., precise location of earthquake epicentres and their depth :
(2) definition of main earthquake parameters: magnitude, frequency characteristics and some
indications of focal mechanisms; (3) prediction of the mode of occurrence of future



www.manaraa.com

280

earthquakes; (4) provision of data on the dynamic behaviour of the dam body for the purpose
of objective evaluation of its functioning immediately after the occurred earthquake, and (5)
verification of design parameters by the actual behaviour of the dam body under an
earthquake.

To provide these information that are of different nature, it is necessary to investigate and
monitor the dam site by means of:

• a local network of seismological stations - seismographs,
• instruments for recording of strong earthquakes - accelerographs

The local seismological network distributed in a manner that it thoroughly covers the
considered area provides an answer as to the spatial distribution of the earthquake epicentres
and their energy characteristics, i.e., the local seismic activity. In these observations,
importance is given to the period of filling of the reservoir due to the possibility of occurrence
of "induced" local earthquakes as a result of the modification of the stress state of soil. This
network should start being operational at least two years prior to the beginning of construction
of the dam and should continue to the end of filling of the reservoir, i.e., for a minimum of
three years after putting the dam into effect. It is desirable, particularly in areas of high
seismic activity that this network works on a permanent basis.

The seismological stations distributed around the reservoir have to record the seismic activity
in the region of the dam and the reservoir. There are several basic reasons justifying this
seismic instrumentation among which is the investigation of the normal seismic regime by
these observations with the purpose of contributing to the seismotectonic investigations for
definition of the seismicity of the seismogene zone. Apart from this, this phase of
investigations confirms or negates the existence of induced seismicity as a result of filling of
the reservoir. If such a seismicity do exists, its relation with the normal seismic regime is
defined. The results from these observations provide the possibility for making corrections of
the main seismic degree . This type of investigations are performed by means of a network of
seismological instruments distributed around the reservoir and telemetrically connected with
the central recording station.

The strong motion instruments installed on the dam enable obtaining of basic data on its
behaviour during an earthquake, i.e., making decisions about further exploitation or the need
for repair of the dam immediately after the occurred earthquake.

This phase of seismic osculation of dams mainly refers to engineering aspects of the structure.
It contains installation of instruments (in the ground and at the base of the dam) for recording
of strong motions . The instruments are located at characteristic points of the base and the dam
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and the possibly obtained records are an invaluable parameter for verification of the
mathematical model of the structure and its behaviour under the effectof a real earthquake.

An important element of these instruments are their output information. It is desirable that
these be in such a form that they could provide an information on the intensity of an
earthquake immediately after its occurrence. Based on this, a decision could be made
regarding further exploitation of the dam. For instance, if the dam is designed for a = 0.15 gas
a design parameter, and the maximum amplitude of recorded ground acceleration is less than
this value, a decision can be made, with a great reliability, for further exploitation of the dam
with no particular repair or strengthening However, when the recorded acceleration is greater
than 0.15, it is desirable, in case when there are no visible signs of damage, to perform a
special study and define the stresses and strains in the dam caused by the forces from the
recorded earthquake.

6.2. TECHNICAL REGULATION

For the seismic monitoring of dams in former Yugoslavia, i.e., Macedonia, there is a Book of
Regulations on Seismic Monitoring in which all the requirements related to instrumentation
of dams are precizely defined. Some of them, along with the main parameters for preparation
of a project on seismic monitoring of dams, are presented very briefly in the subsequent text
because of the limited space.

According to technical regulations for seismic monitoring of dams of Macedonia, monitoring
of dams was performed to provide data on (1) induced seismicity, and (2) dynamic behaviour
of soil, the foundation and the dambody under the effectof earthquakes.

The induced seismicity is monitored by seismological stations (at least three) distributed
around the dam reservoir. The dynamic behaviour of the dam discussed in this paper, was
monitored by strong motion instruments distributed over the dam body.(Mihailov, Trnkoczy et
al., 1990)

The seismic instrumentation of the dam body should provide exact information on the seismic
input and the structural responseduring the earthquake. The distribution of the instruments is
therefore of crucial importance. Their number varies depending on several parameters the
most important of which are: the seismological and geological characteristics of the site, the
foundation conditions, the type of the dam structure and the size of the reservoir.

The instrument locations are selected on the basis of dynamic analysis of the mathematical
model of the dam and the experimentally defined dynamic characteristics of the structure by
means of forced vibrations or measurementof ambient vibrations of the structure.
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In principle, this method for definition of the instrument locations at the dam site is used for
all dams in former Yugoslavia for which seismic monitoring is performed.
For each dam taken separately, projects on seismic monitoring were prepared in which
particular attention is focused on the parameters stated below.

6.3. PROJECT FOR SEISMIC MONITORING

Seismic monitoring of dams and water reservoirs is planned, designed, carried out and
organized for each structure taken separately . The parameters for elaboration of a seismic
monitoring project can be classified into two groups:
• Parameters implicitly defined in the Book of Regulations on Seismic Monitoring

involving general technical regulations ;

• Parameters determined by the individual characteristics of each structure.

The parameters pertaining to the first group have already been described in (Chapter 6.3 in)
"Book of Technical Regulations for Seismic Monitoring of High Dams"

The parameters of the second group are defined for each structure taken separately. By certain
systematization , the parameters could be defined on the basis of:

• Seismic regime of the micro- and the macro-region ;
• Dynamic and strength characteristics of the local soil;
• Mode of foundation ;
• Type of dam and dynamic characteristics of the dam;
• Soil-foundation-structure interaction;
• Geometrical shape of the dam
• Dam lake capacity;
• Area of the dam lake.

All the above stated components have a partial and interactive effect upon the dynamic
characteristics and the dynamic behaviour of the structures . However, in dynamic analyses of
the mathematical model of the dam and experimental testing of full scale structures (full scale
tests by forced vibrations and analysis by ambient vibrations), the structure and the local
ambient are treated as an integrity so that the final concept of instrumentation for seismic
monitoring is defined on the basis of results from dynamic analyses of the mathematical model
of the dam and the experimentally defined values of dynamic characteristics of the dam, i.e.,

• natural frequencies
• damping capacity of the structure;
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• vibration mode shapes of the structure.

Accordingly, it is necessary to elaborate a separate project for seismic monitoring of each
structure in order to:

• establish an optimal system of seismic monitoring instruments;
• obtain practically usable and compatible data in case of an earthquake.

Data obtained by means of the seismic monitoring equipment may serve for multiple purposes,
first of all, they are very useful for:
• verification of previous computations and analyses;
• analysis of the stress state and level of safety of the dam after the earthquake effect;
• analysis of the retroactive effect of the water reservoir on the seismic regime of the ~9cal

territory ;
• optimization of the process of design of future structures.

It is necessary to mention however that seismic monitoring of dams and reservoirs in many
countries has been an obligatory part of osculation already for decades, particularly after the
invention of seismic instruments with high quality electromechanical acceleration and velocity
converters.

7. Data Processing

Data processing in central to the entire strong-motion program; it serves as a focal point for
the functions of archiving records, processing of data, and dissemination both the data and
information about the program to the user community. In the archival phase, all records are
stored by station and cataloged both by event and station. In data processing, all significant
records are digitized after which the raw digitized data are used to generate the following:
uncorrected and corrected acceleration time histories; velocity and displacement time
histories; and various forms of frequency domain spectra (response spectra and Fourier
spectra.

The ground motion characteristics during an earthquake represent the basis for solving of
earthquake engineering and engineering seismology problems. These characteristics can be
obtained from strong motion instrument recordings.

The three components, as recorded by the accelerographs the response of the instnunent to the
earthquake ground motion. Due to the limited capability of the instruments, the response gives
a proper ground acceleration only for a very small frequency range. On the other hand, for
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calculation of many earthquake engineering and engineering seismological problems, the
exact functions of acceleration, velocity and ground displacement at a wider frequency range,
response spectra,

Fourier spectra and other ground motion information are required. The determination of all
these ground motion characteristics necessitates detail processing of the recorded
accelerograrns .

The most serious problem for strong motion data processing is the determination of the exact
ground acceleration function, the so called correct acceleration data at wider frequency range.
In the past, these data used to be obtained by application of several methodologies. Recently, in
order to obtain more correct information of the accelerograrns many authors work on the
development and unification of a standard strong motion processing procedure.

The IZIIS data processing system involves with in-house development, but much of it is
patterned after the methodology developed by CALTECH-Pasadena, USA.

The application of the data processing method developed at IZIIS-Skopje, has been presented
by the data processing results considering the Montenegro and Banja Luka earthquakes.

8. Obtained Results

Since 1973, several strong earthquakes have occurred on the territory of Yugoslavia, (the
Montenegro coastal area - 1979, M= 7.0; Kopaonik - 1980, =6.3; Banja Luka-1981 , M=5.4)
and the neighbouring countries (Friuli, Italy-1976, M=6.5; Vranchea, Romania-1977 , M=7.2,
Thessaloniki, Greece-I 978, M=6.3, etc.). Many earthquakes of moderate intensity (~2.5)

have occurred, too.

In this period, 1206 accelerograms have been obtained out of which 823 by instruments
installed on free field and 383 by those installed on different structures. (Mihailov , 1985)

Presented below are therefore only the results from the records obtained from instruments
located on dams in Macedonia.

Significant set of data have been obtained from extensively instrumented structures during past
earthquakes. Data sets obtained from well-instrumented structures, particularly dams, durin
the Negotino earthquake of Sep.28, 1985 (M=5.1). Bitola earthquake of Sep. 01, 1994
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(M=5.2) and many other earthquakes of moderate intensity (M=3.5 - 5.5) will provide
significant contribution 10 response studies.

The results from the records of these earthquakes shall be presented in the tables and the
graphic presentations (records and response pectrum) that are given below. Apart from this,
the locations of the instruments installed on the darn body shall be presented for the purpose of
getting a thorough insight into the seismic monitoring of these darns and the results from such
a monitoring .
More detailed data on these records and the obtained results can be obtained from the
publications of the Institute of Earthquake Engineering and Engineering Seismology.

l data f D "Tik "NT: bI 3 Earth ale da btai d fra e . iqu e ta 0 tame om mstrumenta or am ves - eaotmo

Earthquake Data

Location Date Time Coordinate 10 M Depth Note
(GMT) N E MSK- Richter (km )

64

Demir 28-<l9- 14°50' 41.510 0 22.266 a VII 5.1 4 Obtained
Kapija - 1985 from
Negotino mieroseis

Ull""-' ........

Table 4. Maximum acceleration. velocity and displacemcot for Dam "Tikves" - Negotino

Data on Date on Record
The SMA-l Component N 150 S Component N 60 S Component Up.
Instrument

Location No. Ace. Veloci Displ. Ace. Veloci Displ. Ace. Veloci Displ.
(em/sf ty (em) (cmIs/ ty (em) (cmIsf ty (em)

5) (emls) 5) (em/s) 5) (cmIs)

Dam 1158 -46.7 -2.299 0.300 40.4 1.453 -<l.093 -33.3 -0.828 -0.033
Crest
Loc-2 1156 -20.0 -0.637 0.049 17.0 -0.434 -0.024 14.2 0.409 0.015

Central
Part of
Dam

Loc.-3 1155 -12.8 -<l.253 0.007 12.4 -0.235 -0.008 6.2 -0.151 0.006
Lover Part

of Dam
Loc.-4 2809 5.3 -0.131 -0.005 -3.6 0.109 -0.003 -4.0 0.067 0.002

Sail
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Fig.i . Seismic monitoring on the Tikves Dam. Location of Instruments, Accelerograms and Response Spectrumfrom
Negotino Earthquake of Sept 28. 1985.
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Earthquake Data

Locatio Date Time Coordinate 10 M Depth Note
n (GMl) N MSK - Richter (km)

E 64

Bitola- 0 1"{)9- 18h12' 41.13 0 21.24 0 VII 5.2 23 Obtained from
Resen 1994 microseismical data

Bitola- 01"{)9- I8 h12' 41.10 0 21.18 0 vrr" 5.4 20 Obtained from
Resen 1994 microseismi-cal

data

Table 6. Maximum acceleration, velocity and displacement for Darn"Strezevo" - Bitola

Data on Date on Record

The SMA-l Component N 40 E Component N 50 E Component Up.
Instrument

Location No. Acc. Veloci Displ. Acc. Veloci Displ. Aec. Veloci Displ.
(cm/ sf ty (em) (em/sf ty (em) (cm/sf ty

(em)
s) (cmls) s) (coos) s)

(coo s)

Dam Crest 4777 -246.7 20.492 -1.992 166.3 - 0.7 19 179.9 7.69 1 "{).449
10.030

Loc- 2
5200 -244 .3 1.129 -149.4 -5.896 0.401 107.9 -2.40 7 0.09 1

Berma - I
-

Central
12.773

Part

Loc- 3 4259 199.9 16.818 -1.478 103.2 -6.158 0.508 216.8 17.981 -1.576
Benna -II
Left Side

Loc-4 5116 313.1 18.312 -1.865 -16 1.9 6.586 0.595 128.6 -3.740 "{).176
Berma -II
Right Side
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Location ofthe-SMA-l

1. Lcv.clJ

2. Level 2

3. Leven

4. Level 4

5. Level 5
-c'<:"-"--

II
-""P;;;~ """"_""'Dr.~!looDl_.;;;;~

Fig. 2. Seismic monitoring on Strezevo Dam. Locationof instruments
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Fig. 4. Time histories and response spectra (Loc2), at the lover part of the dam, N40E component ofthe Eathquake of
September 1, 1994

9. Conclusions

On the basis of the above presented results and the long term experience of seismic
instrumentation of dams in former Yugoslavia and Macedonia. the following conclusions can
be drawn:
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The seismic monitoring of dams is still an actual problem in earthquake engineering.
The results from processed earthquake records make considerable contribution to
experimental and analytical studies of the dynamic behaviour of dams . All these
contribute, directly, towards optimization of the process of design and construction of
aseismic dams.

• The existing number of instrumented dams is relatively small, even on world scale. Its
increase is necessary by instrumentation of dams, particularly those constructed by the
application of newer technologies and methods of design . It is technically and
economically justified, since the cost of the instruments, compared to the total
investment value of the dams is symbolic. .

• The existing instruments, discussed in this paper, are technologically relatively out of
date, which very much affects the process of maintenance of the instruments and the
data processing. Their frequency bend and dynamic range are relatively small, com
pared to new generations instruments.

• According to the above mentioned examples, the seismic monitoring of dams in future
should be conducted by instruments of the latest generations, since, despite other, the
approach for processing of the data obtained by them is completely automatic.

• Significant efforts are required to provide rational protection of dams against seismic
effects. Seismic instrumentation is one of the most rational ways of protection.
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Abstract

There is no doubt that, investigation of durability of surface ground and dynamic
characteristics of structures are important steps to estimate damage that will be caused by
earthquakes. Together with this, it has been widely recognized that, systematical and
continuous monitoring of earthquakes is indispensable factor for early warning systems.

Japan has 10% of global seismic energy and suffers severely from earthquakes. There have
been many efforts including early warning system since 1960's. For the important
infrastructures and automated systems, having an early alarm and earthquake information,
even a few seconds before the destructive wave arrives, is still an important issue for many
countries. Starting with conventional alarm seismometers and continuing with UrEDAS
(Urgent Earthquake Detection and Alarm System), early warning system has been
extensively used in Japan Railways for stopping high speed trains . This early warning
system has been improved recently and this new effective real time monitoring approach is
proposed in present study.

Basic concept of this system is to catch earthquake motion by P waves in and around the
earthquake occurring area. For this purpose , new characteristic parameters, named as PI (P
wave index) and DI( Damage Intensity) of seismic motion are proposed to be able to define
destructiveness of the earthquake and effectively realize P wave alarm system. DI is
defined as an inner product of acceleration and velocity vectors, at each time step.
Multiplication of DI with mass received seismic motion indicate a power of motion acting
to the object. With a P wave arrival, DI increases drastically and after S wave arrives it
reaches to its maximum value. This value( maximum of DI) is named as DI value . PI is
defined as maximum of DI calculated at the time step around P wave arrival and this value
is suggested to be used for realizing P wave alarm. DI value is directly related to the
seismic intensity and earthquake damage. With a continuous calculation of DI, P and S
wave alarm can be issued (when PI exceeds the preset level P wave, and when ordinary
monitored values or DI value exceed preset level S wave alarm can be issued). Detailed
explanation of P wave detection methos was described in Nakamura(l996).
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This system is very simple and it works with single station. Because of this, it is easy to
apply it to all important lifeline structures like pipelines, power plants, railways and
bridges. Combination of this alarm system with vulnerability information of the ground
and structures estimated with other methods is promising for future early warnings , since it
makes possible to understand the areas that will be vulnerable during the earthquakes.

1. Introduction

Damaged points due to earthquake motions are weak points revealed by earthquake . These
weak points can be investigated in advance by understanding the seismic characteristics of
surface ground and structures, to reinforce the structures before hit by an earthquake. In
addition to this, if seismic characteristics of ground and structures are already known,
seismic intensity distribution of an earthquake area can be estimated precisely.

To estimate the vulnerabilities of both surface ground and structures, K value method was
proposed by Nakamura( 1996, 1997). This methodology is briefly summarized in the
present study. K value is simply calculated from the amplification and predominant
frequency characteristics obtained from microtremor measurements. Then strain of the
ground and structures are calculated by using this value together with an acceleration value.

To define the destructiveness of the earthquakes and to realize P wave alarm system,
starting from the formulation of K value, new parameters called PI (P wave Index) and DI
(Damage Intensity) are proposed in this study. As soon as P wave arrives to the observation
station, PI is calculated from the P wave initial motion. And DI value (DIy) is calculated
after the arrival of S wave. Formulation for the calculation of DI function and examples for
the data recorded by K-Net(National Research Institute for Earth Science and Disaster
Prevention) are given in the following sections. Using PI and DIy values together with K
value early warning can be issued quickly and actual damage can be defined which will be
helpful for deciding the quick response.

2. Estimation Of Seismic Characteristics And Vulnerability Indices Of Ground And
Structures (K-Values)

For practical investigation of ground and structural characteristics spectral ratio of
horizontal to vertical component (QTS: Quasi-Transfer Spectrum or WV ratio) of
microtremors measured on surface ground introduced by Nakamura(l989). And the
formulation of vulnerability indices (K values) from Nakamura(1996) is briefly given in
following part.

Calculation ofKwalues for ground: Vulnerability indices (K-values) derived from strains
of ground and structures is formulated as floows. Simplifying the shear strain deformation
of surface ground as shown in Figure I, average shear strain (y) of surface ground can be
estimated with following formula,
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d
y=A .- (I)

g H
where, Ag is amplification factor, H is
thickness of surface layer, and d is seismic
displacement of the basement ground.

Figure 1. Deformation of surface ground

Replacing S-wave velocities of basement ground and surface ground as Vb and Vs , proper
predominant frequency of surface ground (Fg) is approximately expressed as,

F= v;, (2)
g 4A·H

g

Acceleration of basement ground ab is expressed as, ab = (2JZF
g
r.d

then y is expressed by Fg, Agand Vbas follows :

( 3 )

If efficiency of applied dynamic force is assumed to be e % of static force , effective Yeis,

Ye=Kg(e) ·ab (4)

and Kg is,

()
e A:

K g e = I00 . F . Tr 2 • V ( 5 )
g b

The value of Vb is expected to be nearly constant in a broad area . Thus Kg which is
expected to be useful to detect tile weak points of the ground can be considered as an index
to indicate easiness of deformation in measurement points.

As Vs is considered as 600 m/s, lI(n2vb) = 1.69x 10-6 (s/cm) can be obtained. If e is taken
as, e = 60 %, then Kg(e) == Ag2/Fg and the effective strain can be estimated by multiplying
Kg(e) value with maximum acceleration of microtremor. Figure 2 indicates Kg-values
obtained in San Francisco Bay Area after the 1989 Lorna-Prieta Earthquake. The result
along a line from sea coast to hillside for Marina district is shown . For highly damaged
sites, Kg has a values bigger titan 20. For non-damaged areas Kg is less then 5. Based on
observations, maximum basement acceleration is estimated as 50 Gals around the area .
From the difference in characteristics of the data in Figure 2, Kgvalue can be taken as Kg =
20, then y=1000x10-6 according to the equation (4). This value separates the areas that are
liquefied or not. This example shows that K values are directly related with damage.
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Figure 2. Kg-Values derived from QTS of basement ground in Gal (= em/52).

After looking at the vulnerability of ground, same analysis was made for wooden houses .
Figure 3 shows an example of comparison of calculated K values with damaged houses
durin g the Kobe earthquake. Horizontal axis shows distance of damaged houses from JR
Kobe station and vertical left axis represents calculated Kg values for two different profiles
and vertical right axis represents amount of damage. In this case also, it has been found
that high K value is again in a close relation with the amount of damage, in other words K
value is again high when damage is high. This example let author to search for the reason
of the match between damage and K values which fmalized with the relation of K values
with a power of earthquake motion . This is briefly explained in following part .

3. Relation Between Kg And Power Of Strong Ground Motion, Definition Of Damage
Intensity(Di) And P-Wave Index(pi)

From the above examples we could see that there is a strong relation between K value and
damage. And this relation is explained with the relation with the power of earthquake
motion . It is important to understand the relation between Kg and power of strong ground
motion before going to explain the new parameters of DI and PI. Figure 4 is simply drown

Power =Force x Velocity

= Mass x Acceleration x Velocity (6)

for explaining this relation. Power can be expressed as in equation (6),
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Figure 4 . Relation between vulnerability index and Power of strong ground motion

Starting from equation (5), DI function is also considered as an inner product of
acceleration and velocity vectors and considered to be related with damage, same as K
value. DI relation with acceleration and velocity can be simply written as,
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DI =logla .vl (7)

where a is an acceleration (in Gal= ern/sec ') vector and v is a velocity vector(in rnkine=
III 000 cmls). DI is practically calculated as a sum of products of acceleration and velocity
for three components. Then the DIy is defined as a maximum value of DI function after the
S wave arrival.

A predominant circular frequency of earthquake motion «(j) = 2ir IT) can be found from

the ratio of a I v , and a period T canbe expressed as T = Ln» v/ . Therefore, v = aT/ .
/a 12l!

Substituting this into equation (7), DI function can be expressed as,

DI =IOg(a~~T) =210ga + logT -log(2l!) (8)

Figure 5 shows the change of DI as a function of time. When P wave arrives, DI increases
drastically. PI value is defined as maximum DI within about t second after the P wave
detection. This value is suggested to be used for P wave alarm. In this study, preset time t
is taken as I second. Value of t can be increase maximum up to PS time. After this, DI
continue to increase slowly until the S wave arrival. After the arrival of S wave, it reaches
to its maximum level that is called as DI value (DIy). This value can be related with
damage and Instnunental Intensity scale of Japan Meteorological Agency (lIMA).

lIMA can be determined only after the earthquake terminated, on the other hand, DIy has a
very important practical advantage, since it can be calculated in real-time soon after the P
wave arrives. This can be concluded as, with the continuous observation of DI, earthquake
alarm can be issued efficiently and damage can be estimated precisely.

150gal

6.0

DI

0.0

-6.0+-__-'-I~~__.-~~__........,---......--~
10.0

time(sec)
Figure 5. Change ofD! as a function of time

Another important point of using PI, DI is that, seismic acceleration includes a high
frequency vibration. This vibration masks the part of the record which is related with
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damage and make the relation between the maximum acceleration and damage unclear.
Because of this problem, for example alarm seismometers of Japan Railways were set to cut
the high frequency motion more than 5Hz. Even this condition is not enough to clarify the
relation between maximum acceleration and damage. Knowing this problem, conventional
alarm systems still issue the alarm using this relation and issue more than 90% unnecessa ry
alarms. Instead of using maximum acceleration , the new PI and DIv which have strong
relation with damage are used for issuing alarm. A precise and quick damage estimation is
possible with this approach as it was explained in previous section. Here maximum
acceleration is given as a maximum value of vectoriel sum of two horizontal components
filtered at 5Hz. The alarm can be issued soon after the P wave detection by using the value
of PI. This is much earlier than issuing alarm with conventional approach . If P wave
detection is not possible with PI, then the alarm can be issued after the S wave detection by
using DIv . This is same as issuing alarm by using maximum acceleration value. So in any
case, issuing alarm is guarantied , if necessary.

Setting procedure for the P wave alarm is described in Figure 6. This figure shows the
relation between PI, DIv and maximum acceleration.

~
Q~..

0$
0:-
-e
"u
"uc

PI2

PIT

PII

Detected S-wave
CT CT'

Figure 6. Relation between PI, DI and maximum Accelerat ion
c

Horizontal axis is related with the detected S wave. C represents the maximum acceleration
or DIv on this axis. Vertical axis represents the detected P wave and PI is the value
calculated after the P wave detection as described in Figure 5, in previous section.
According to the distribution of the data, the upper limit of DIv is named as DIU and upper
and lower limit of PI are named as PIU and PIL, respectively. PIT is the trigger level for
the detected P waves. Depending on the wrong alarm tolerance, this level can be shifted to
PI1 or PI2. For the high tolerance, value can be set as PIland for the low tolerance the
setting value is PI2. CT is a trigger level for conventional alarm systems . CT' is selected
as the minimum trigger level for detecting destructive earthquakes. CT level is smaller
than CT' to be able to issue alarm earlier. As it is mentioned before, alarm is needed only
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for the earthquakes above the CT' level. Without considering PIT, setting the trigger level
as CT (for issuing alarm earlier) the total area of HA+OA becomes over alarmed area,
comparing with the CT'level. Adding the consideration of PIT to the same condition, the
number of over alarms become OA +FA and depending on the PIT value, some missing
alarm may appear in the area of MA. To reduce the number of the earthquakes in MA area,
PIT level can be set to a smaller value. The area of TA represents the number of
earthquakes that alarms will be issued for both cases. Setting trigger level as CT', the
issued alarm will be equal to TA +MA. Adding the consideration of PIT into the same
condition, the alarm distribution will be TA, MA and OA+FA in which MA represents
missing and OA+FA represents over alarm, respectively. As it is explained before, this is
equal to issuing alarm with S wave detection but there will be a difference of ability of
issuing alarm earlier for the latter case.

Detection of the P-wave is extremely important for making the system work properly. If
the system fails for detecting P waves, then the number of the alarm may increase as the
area of BA. The relation between the number of alarm issued and trigger levels can be
summarized as in equation (9),

CTAlarm = TA + OA+ HA + MA

PITAlarm = TA + OA + FA

(PIT + CT'Llarm = OA + MA + FA + TA

CTAlarm - PITAlarm = HA + MA - FA

CTAlarm - (PIT + CT'Llarm = HA - FA

CT~larm = TA + MA

(9)

If (CTA/arm
- PITA/arm) is bigger than 0 and also if (HA - FA) is bigger than 0, this

means number of alarm is decreased comparing to the number of alarm which is issued by
conventional alarm systems. FA and HA show the number of increased and decreased
alarm, respectively. In the present paper, CT and CT' level for the alarm system are set to
40 and 80 Gals, respectively.

4. Application To Real Earthquake Records

Application of the method was made to the K-Net data recorded at three different stations
from 1996 to 1997. These stations are selected as sample, since they include records with
lIMA up to VI. Distribution of the alarms for the case of setting maximum acceleration at 40
Gals and 80 Gals are shown in Figure 7. PIT vary between 2-2.5 in present study. As it can
be followed from the figure, the number of alarms issued in the case of CT >40 Gals is 16.
For CT' > 80 Gals together with PIT>2.5 the number of the alarm issued is 11, with the
advantage of having alarm earlier and without having any missing alarm. It can be seen
from this result that, usage of PI together with the maximum acceleration as CT' , the
number of the alarms issued reduced about 30%.
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Figure 7. Application of the method to the K-Netdata

In addition to this if grouping of the areas is made by using K value method, then it is also
possible to decide the other alarm needed areas close to the observation point.

5. Concluding Remarks

Methodology which uses micro tremor measurements of ground and structures, for
estimating the vulnerability indices (Kvvalues) is summarized. Then, starting from this
approach, new characteristic parameters named as PI (P wave Index) and DI (Damage
Intensity) are proposed together with its formulation, to define the destructiveness of the
earthquake and be able to effectively realize the P wave alarm. These parameters can be
calculated in real time and relating with damage, seismic alarm can be issued 1 second after
P wave arrives. The formulation is also introduced. It has been clearly shown that by using
P wave alarm (PI value) number of alarms decreased about 30%.

Combination PI, DI values together with K-value is promising for the future early waming
systems, since it has been clarified with both methods that it is possible to estimate the
vulnerabilities of all ground and structures concemed and it is possible to issue the alarm
before the real damage occurs. This is extremely important since timely and effective
response mobilization requires a well coordinated system of situation assessment and
disaster knowledge. Because of this, for the effective emergency response and
preparedness this intelligent system must be applied to the highly seismic regions.
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Abstract

Degree of damage during earthquakes strongly depends on dynamic characteristics of
build ings as well as amplific ation of seismic waves . Determining these characteristics in
advance and increas ing durabili ty of ground and structures beyond the presumed seismic
force become a fundamental of earthquake disaster prevention.

One way of investigating dynamic characteristics is to install strong motion seismometers
and monitor structure continuously. For the effectiveness of this installation, vibration
mode characteristic of the structures should be clearly understand in advance . In this paper,
usage of microtremor method as a supporti ve tool for strong ground motion instrumentation
is presented. Since there is a growing interest to protect historical monuments, application
of this method was made to the microtremor measurements perform ed at Suleyman iye
Mosque located in Istanbul. In a short period of time present method provided several
information including natural frequency, ampl ificat ion factor and vibration mode
characteristics of the mosque as well as its ground . Data showed that movement in
longitudinaltblS) direction is larger than transversal(EW) direction . Vulnerability index, K
values(Nakamura, 1997) is also calculated and several weak points of the mosque could be
investigated. This approach help to understand the behaviors of old monuments as well as
new buildings and can serve for retrofitting purposes .

1. Introduction

Since historical monuments are not suitable for sophist icated analysis, strategy for
determining the characteristics of tile structures should be selected carefully. One way of
investigating dynamic characteristic is installing strong motion seismometers to tile
structures. Information coming from this method is valuable, but results are difficult to
obtain in most cases, since decision of critical weak points and direction s for tile
installation is extremely important. And also, getting results may take quite a long time,
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because there may not be enough amount of earthquake record in the observation period or
occurred earthquakes may not be strong enough to show the structural characteristics. An
alternative method for analyzing dynamic characteristics of ground and structure using
microtremor is introduced in this paper. Application is made at Suleymaniye mosque
which was built by architect Sinan. Microtremor measurements were performed at several
points on its ground and upper floor levels. With the analysis of this data, vibration
characteristics of the structure are investigated. Formulation for the method for calculating
vulnerability indexes, called K values (Nakamura; 1996, 1997) is also given in the present
paper. K values basically derived from strains of ground and structures in the time of
earthquakes, and can easily be calculated with natural frequency and amplification factor
from ratio of transfer spectrums at higher and lower level of structures. This information
allow one to determine weak points of structures as well as weak areas in the cities. Then
important spots can be listed from most vulnerable one to the least and monitoring spots for
the strong ground motion instruments can be decided.

2. Outline Of Measurement And Analysis

Measurement: An instrument named Portable Intelligent Collector (pIC) was used for
microtremor measurements. PIC includes two sensors, connection cables, main body
installed in a metal case that contains AID converter, portable computer and amplifiers.
Three components (two horizontal and one vertical) of microtremor are recorded at every
measurement points. Sampling interval is 1/100 sec and the length of each record is 40.96
sec. Measurement was repeated three times at each observation point.

AnaLysis: After measurements, Fourier spectrum for each components are calculated and
smoothed eighty times with Hanning spectral window. With this operation band width
approximately become 0.5Hz. One frequency spectrum of one component was estimated
by averaging the three Fourier spectra. Vibration mode characteristics are also investigated
from spectral ratio of higher floors with ground floor.

Deformation ofStructures During Earthquakes and Vulnerability Index (K vaLues) for
Structures:

It is important to know the present durability condition of the ground and structure
correctly. Earthquake damage depends on strength, period and duration of seismic motions.
And these parameters strongly reflect seismic response of surface ground and structure.
Considering this, vulnerable weak points can be found by examining seismic motion
characteristics. Deformation of structures are related with seismic motion of the basement,
dynamic characteristics of surface layer and dynamic characteristics of the structures.
Figure (I) simply shows the mode shape and deformation characteristics of nth floor
structure.
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Figure 1. Derivation of mode shapes of nth floor structures. 0, is the horizontal
displacement and W is the weight of the jthfloor and h, is the height of jthcolumn, <Y.b , <Y..

, (X.,j are the horizontal acceleration of the basement, ground surface and r floor of the
structure, respectively.

Then, horizontal displacement 8j can be written as in equation (I),

0= as} (1)
J (lJrF:Y

F, is a predominant frequency of structure. Story drift angle for l' story Yj is expressed as
follows ,

(2)

a Sj=ASj ,ag

= A'ii ' A g , a b

=A,gi -cc ,

(3)

Here , Ag and Asj are an amplification factor for ground and yb floor of the structure,
respectively. Asj is derived from Sjb and Sgh which are horizontal spectrum of jthfloor and
ground floor respectively. And Asgj is derived from the ratio of Sj and vertical spectrum of
ground floor and represents combined amplification factor of surface ground and structure.
ab and a g are horizontal acceleration of basement and ground surface, respectively.

If unit of drift angle Y! is 10'6, h, is meter and seismic acceleration is measured in unit Gal
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(em/sec'), than with the unitadjustment, e)uation (2) can be written in following form,
(A . - A . I

y=104. sgJ sgJ- ·a (4)
J 41C2F2.h b

J

From equation (4) K Tgj value (representing vulnerability index for ground and building) is
defined as,

(5)

unit of K values given above become l/Gal. From this, vulnerability index for buildings
can be written as,

(6)

Maximum allowable acceleration from l' column <:X.baj ( in Gal) derived from equation (4)
is,

(7)

3. Information On Suleymaniye Mosque, Location Of Measurement Points And
Conditions

Turkey has been the home of many civilizations since the beginning of history and with its
rich past it stands as a resource for history. After the Ottoman took over Istanbul,
contributed architect Mimar Sinan built Suleymaniye mosque between the year 1550-1557.
This is one of the prime examples of the Islamic architecture and considered as the most
beautiful of all imperial mosques in Istanbul. Figure 2, shows the bird eye view of the
mosque. To ensure the absolute stability of the foundations, upon the bedrock of the site,
three years of preparations were made, and three more years passed in the construction of
these foundations . Figure 3, shows the location and side and front cross sections of the
mosque, as well as position of the measurement points on the ground surface and inside the
mosque. The mosque itself is almost square in plan, measuring 63x68 m. The height of
dome is 53m. The central dome rests on four arches springing from four great piers; while
a semi-dome is placed over the entrance portal. On either side of the main dome are five
cupolas, supported on pillars set between the main piers, and resting on the arches from
these piers. Mosque is illuminated by 138 windows which lighten the interior. The
material used in the building of the mosque were brought around the site of Istanbul area,
and even from the farthest part of the empire. Two of the piers originated from the city of
Istanbul, one from Egypt and one from the ruins of Baalbeek.
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Figure 2. Bird eye view of Suleyman iye mosque

"ii

• 2 nd fluor 0;1" floor

Figure3 Location and Cross sect ion of the mosque in Longitudinal and Transversal directions.

• , . , 0 shows measurements at ground, 1S\ 2nd floors, respectively.
Measurements were performed at ground level outside the mosque close to the minarets,
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and also inside of the mosque, at the columns on semi-dome and big dome levels. Figure 4.
shows some of the measurement conditions inside and outside the mosque.

Figure 4. Measurement conditions inside and outside the mosque

4. Results

Spectral ratios of second floor(dome level) and first floor levels with ground level are given
in Figure 5. This ratio provided the predominant frequency and amplification factor of
entire structure. There are peaks of different amplification levels showing different modes
of structure in longitudinal and transversal components. Spectral ratio of second floor to
ground floor shows three clear peaks at 0.8Hz, 305Hzand 4.0Hz, respectively. On tile other
hand in the ratio of first floor to ground floor amplification of peak at 0.8 and 4 Hz become
very small but peak at 3.5Hz appears strongly. This can be interpreted as peaks at 0.8Hz
and 4.0Hz is the effect of dome and 305Hz is the natural frequency of whole structure.

Figure 6. and Figure 7. also shows the vibration characteristics of structure at 0.8 and 3.5
Hz for both transversal and longitudinal directions. In these figures, it is easier to follow
that vibration of first floor at 0.8Hz frequency is very small comparing with the second
floor. On the other hand vibration at 3.5 Hz is high for both first and second floor levels,
which shows that 305Hz is the natural vibration frequency of whole structure. In general
amplification is higher in longitudinal direction than in transversal direction . Vulnerability
index, KTgj values, are also directly calculated from the frequency and amplification
information . Nakamura( 1996, 1997) has already proved that K value is high where the
damage risk is high. Calculated KTgj values are given in Table I . Looking at these values.
points where KTgj values are high such as H2L and H4R on the second floor(under the
dome) can be interpreted as weak points of the structure. Maximum acceptable
acceleration level for these points are also calculated from equation (7). And it is found
that. maximum allowable accelerations at H2L point on dome level are l7Gai in
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longitudinal and 105Gal in transversal directions, for 0.8 Hz vibration frequency.
Maximum acceleration limit of longitudinal direction is about six times smaller than the
transversal direction. Again at dome level(second floor), another example can be given as
point H4R, which is 18Gals in longitudinal and 23Gal in transversal directions which is
very weak. Showing the weak pointsbeforea real earthquake damage occurs, present study
showed that microtremor is a valuable tool to grasp the vulnerability of surface ground and
structures.

HL HT HL HT

Figure 5 . Spectral ratios of second floor(left side) and first floor (right side) levels with ground level.

Table 1. Calculated KT. ; valuesfor I" and 2nd floor levels

K T 1 value for . '. floor KT~l value for 2nd floor
Fs=O.8Hz Fs=3.5Hz Fs=O.8Hz Fs=3.5Hz
HL HT HL HT HL HT HL HT

H IL 37 44 4.9 6 293 48 19 21
H2L 33 33 7.0 9 362 45 22 23
H3R 51 44 8.9 9 40 53 15 23
H4R 31 40 7.9 9 282 222 17 13
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Figure 6. Vibration characteri stics of structure at a .8Hz.
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Figure 7. Vibration characteristics of structure at 3.5Hz.

5. Concluding Remarks

A method for investigating the vulnerability of structures is introduced . Using microtremor
data, in a short period of time, present method is able to give valuable information about the
natural frequency, amplification factor, vibration mode characteristics as well as week
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points of every type of ground and structures. With the present approach by defining weak
points, it is possible to obtain real earthquake damage before earthquake occurs. This allow
one to determine weak areas in the cities, and list important points from most vulnerable
one to the least one. Then it is possible to decide the monitoring spots for the strong
ground motion instruinents . Making quick and precise damage estimation possible, giving
early alarm for vulnerable areas if necessary and deciding monitoring points for setting
strong motion, this type of preparatory study in highly seismic areas is very promising for
the future disaster prevention activities.
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1. Abstract

A comparison of the recorded structural earthquake response of a building and its predicted
response by dynamic analysis provides vital information to structural designers on the ef
fectiveness of current methods of dynamic analysis. There have been a number of previous
studies of this nature, but only a few have paid attention to investigating the three-dimensional
nonlinear dynamic behaviour of instnunented tall buildings. The purpose of this paper is to
study the seismic behaviour of a well-instrumented 52-storey steel frame building in Los
Angeles, California. This building has been subjected to ground motions from several
earthquakes among which the 1991 Sierra Madre earthquake and the 1994 Northridge
earthquake were selected in this study. During both earthquakes the building responses ap
peared to be in the linear range. Frequency domain aaalyses of the recorded motions from
these two earthquakes were conducted to determine the dynamic characteristics of the
structure. Three-dimensional nonlinear dynamic computer analyses were then employed to
evaluate the response of the structure induced by severe shaking. The results of this study show
that by performing a linear three-dimensional analysis, the real response of a building during
past earthquakes can be reproduced with confidence. By further performing a nonlinear three
dimensional analysis, the state and sequence of damage can also be predicted. The Nonlinear
Static Procedure (pushover analysis) generally excludes higher mode participation, which can
be important for high-rise buildings subjected to certain types of ground motions.
Improvements to this procedure were explored.

2. Introduction

Comparison of recorded structural earthquake response and predicted response by dynamic
analysis provides vital information to structural designers on the effectiveness of current
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methods of dynamic analysis. This comparison could be either in the time domain or in the
frequency domain, by utilizing system identification algorithms. It can also be done utilizing
joint time-frequency analysis techniques, such as the Wavelet Transform or the Short Time
Fourier Transform.

In the last decade, since the 1989 Lorna Prieta earthquake in California, a significant amount
of research on the response of instrumentedbuildings has been carried out in order to: 1) learn
more about the seismic response of buildings by analyzing the recorded data and 2) improve
dynamic analysis techniques to evaluate the performance of new and existing buildings.
However, only some of this research has paid attention to the three-dimensional nonlinear
dynamic behaviour. In particular, the three-dimensional nonlinear behavior of steel frame
structures has not been studied as well as that of planar or two-dimensional behavior.)ile
unavailability of computer programs capable of three-dimensional inelastic analyses has been
cited as the justification for this simplification [8]. The study presented herein demonstrates
that this justification is no longer valid.

The main objectives of this study were to use an analytical model, incorporated into an ad
vanced computer program, to compute the 3-D linear response of a well-instrumented steel
frame structure shaken by recent earthquakes; compare its computed response with its actual
recorded response; and finally, to evaluate the nonlinear response of the structure during
severeground shaking. The emphasis of the study reported here is on the linear and non-linear
global response and behaviorof the structure, rather than on any of its elements. The recorded
responses are for events in which the building behavesprimarily in a linear elastic manner.

Figun: I. Overview of the FWT
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3. Study Building

The study building, identified here as the FWT, is a 52-story steel frame office building in Los
Angeles, California. This building was designed in 1988, constructed in 1988-90 and
instrumented to measure seismic motions after construction. The FWT consists of a 52-story
steel frame office tower and five levels of enlarged basement as underground parking . Due to
architectural reasons, the floor plans of the tower are not perfectly square. On each floor, the
tip of every comer is clipped and the middle third of each side is notched. Above the 36th
story, at steps of about five stories, the comers of the floors were clipped further to provide a
setback view to the exterior of the building. An overview of the building is shown in Fig. 1.

The FWT was instrumented by the California Strong Motion Instrumentation Program
(CSMIP) in 1990. Twenty sensors in total were installed on different levels of the building to
measure the global building response to earthquakes, including the translational , torsional,
and vertical motions. The location of the sensors is shown in Fig. 2. To measure torsional
motion of a floor, pairs of sensors were placed in the N-S direction rather than the E-W di
rection because the floor eccentricity is larger in the E-W direction. The selection of the floor
locations for the sensors was based on the analytical mode shapes provided by the structural
designer.

W/E EI• .,atlon

, ,... I

~~{~
31Sth Floor Plan

....th Floor Plan

+
N,••

FIgure 2.Sensor locations for the FWT (after Shakal, et al, (3)
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4. Structural System

The structural system of the FWT has three main components: a braced core, twelve columns
(8 on the perimeter and 4 in the core), and eight 914 mm (36 inch) deep outrigger beams at
each floor connecting the inner and outer columns. The core, which is about 17.37 m (57 feet)
by 21.34 m (70 feet), is concentrically braced between the "A" level (the level just below the
ground level) and the 50th story. Moment resisting connections are used at the intersection of
beams and columns .

The outrigger beams, about 12.19 m (40 feet) long, link the four core columns to the eight
perimeter columns to form a ductile moment resisting frame. In each floor, the outrigger
beams are laterally braced to prevent lateral torsional buckling and are effectively connected to
the floor diaphragm by shear studs to transmit the horizontal shear force to the frame.

The interior core is concentrically braced. The sizes of mechanical ducts and door openings
into the core dictated the configuration and sizes of braces (Fig. 2). The outrigger beams were
designed to perform three functions [1]: 1) they have to support the design floor loads; 2) the
outrigger beams along with core and perimeter columns have to act as a ductile moment
resisting frame to carry a minimum of 25% of the design code level forces without the
presence of interior core bracing; and 3) the stiffness of the beam should be such so as to create
effective linkage between the interior core and the perimeter columns to provide effective
overturning resistance to the seismic loads.

In high-rise buildings, it is always cost effective to minimize floor-to-floor height. The depth
of outrigger beams was therefore dictated by a restriction on the ceiling cavity. To achieve
these goals, the beams were offset into the floor and were notched at midspan to allow for the
passage of the mechanical ducts.

Typical floor plan dimensions are 47.45 m square. Typical story heights are 3.96 m. The
foundation consists of concrete spread footings (2.74 to 3.35 m thick) supporting the steel
columns with a 127 mm thick concrete slab on grade.

The soil is very stiff shale or sandstone and has allowable bearing pressure of 718.2 kPa
(15000 lbslsq fi) . All structural steel framing including columns use ASTM A-572 (grade 50).
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5. Identification of Dynamic Characteristics

In this study, the natural periods, damping ratios and mode shapes were identified using
computer program ME'scope (6). The records were used to calculate the Frequency Response
Function (FRF) and the coherence functions between pairs of records. From the frequency
response functions the natural frequencies and the mode shapes were derived. The coherence
functions were used to verify that the recorded motions were from the same excitation source
or that nonlinearities of the system were not that significant as to affect results of the system
identification analysis.

The two earthquakes considered in this study are the 1991 Sierra Madre earthquake and the
1994 Northridge earthquake. The building experienced its first strong ground motion during
the Sierra Madre earthquake, which had its epicenter about 25 km north-east of the building.
No building damage was reported after this event. The epicenter of the 1994 Northridge
earthquake was located about 30 km north-west of the building . Again, no damage was
reported after this earthquake. The acceleration response records obtained during the Sierra
Madre earthquake had a peak ground motion of about 0.09g, and a corresponding peak
structural response ofO.23g at the roof. The Northridge earthquake records are shown in Fig.3
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Recorded peak acceleration values are included at the right side of the record . The building
periods derived using ME'scope program are shown in Table 1. For reference, the periods used
for design of the building [2] are also included in the table. The last colwnn of the table shows
how the periods changed from one earthquake to the other earthquake. The largest change is
less than 13%. Note that while the natural periods in the E-W direction in the two earthquakes
remain almost constant, the natural periods in the N-S direction during the Northridge
earthquake are longer than those during the Sierra Madre earthquake.

TABLE I. Periods (sec.) of the fust three modes in each direction

Direction Design Sierra Madre Northridge %of

Value change

IE-W(l) 6.73 ls.47 6.06 ft 10.8

IN-S(l) 6.59 ~.85 ~.75 1.7

[rorsional(l) 6.36 4.55 4.82 ft5.9

IE-W(2) 7.08 1.71 1.86 ft8.8

IN-S(2) 7.ll 1.74 1.74 b
[Iorsionaliz) INA 1.62 1.82 ft12.4

iE-W(3) LI3 0.92 0.96 ,+-4.3

IN-S(3) LI8 0.91 0.91 0

Torsionaltj) INA 0.94 1.04 +10.6

6. Analytical Studies

Computer program CANNY-E [5] was used for the analytical studies . CANNY-E is a general
purpose computer program for 3-dimensionallinear and nonlinear static and dynamic analyses
of building structures. The program is based on a lumped plasticity model and has the capacity
for analyzing large structures. The primary objective of the analytical studies was to first
perform a three-dimensional linear analysis in order to understand the behavior of the building
during past earthquakes, then to calibrate the computer model until it represented the actual
dynamic characteristics of the structure, and finally to perform nonlinear time history analysis
to investigate the behavior of the structure during severe earthquakes. The building was
modelled as a combination of braced frames and moment frames consisting of 14 main column
lines. The computer model is shown in Fig. 4.
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FIgure4.CANNY model ofFWT

The floor diaphragms were assumed to be rigid. With this constraint, each diaphragm consists
of three in-plane degrees of freedom, one rotational and two translational. The building was
assumedto be fixed at the groundlevel. All the beam and column centre lines wereconsidered
to coincide with column line coordinates. The masses of the beam and column members
associated with each floor were calculated from the specified dimensions of the elements and
combined with the mass of the slab to determine the total story masses. The estimated mass
and mass momentof inertia werelumpedat the centreof mass at each floor.

6.1 DYNAMIC PROPERTIES AND CALIBRATION OF TIIE MODEL

The periods obtained from the CANNY model are compared with those from the recorded
earthquake responses in Table 2. The periods inferredfrom the Northridge records were used
to calibrate the model. From this table it is clear that the computermodel has periods that are
in good agreement (within 10%) with the building periods obtained from the Northridge
earthquake records. The last column shows the difference between the computed periods and
thoseobtainedfrom the records. Modeshapesof the first six modes are shownin Fig. 5.

Damping ratios are an important component in the prediction of the analytical response of a
building. After a detailedcomparison of the analytical responses for different modal damping
ratios, 5% of critical damping for mode I and 2% of critical dampingfor mode9 were used to
define a Rayleigh-type damping for the computer model. The analysis was carried out for 60
seconds of the Sierra Madre record and 180 seconds of the Northridge record. During both
analyses two horizontal and one for torsional excitation were used as input ground motions.
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TABLE 2 Periods(in sec ) of the firstthreemodesin eachdirection

Direction CANNY Northridge Percent
Model difference

E-W(I) ~.OO ~.06 fH.O
N-S(l) ~ .61 ~ .75 f-I-2 .5
Torsional(1) 4.75 ~.82 f-I-1.5
E-W(2) 1.85 1.86 f+o .5
N-S(2) 1.77 1.74 1.7
Torsional(2) 1.71 1.82 f-I-6.4
E-W(3) 0.97 0.96 1.0
IN-S(3) 0.97 0.91 k>.2
rTorsional(3) 1.04 1.04 P

In order to evaluate the contribution of gravity load frames, an additional model was con
structed including the perimeter gravity load colunms. Comparison of periods, mode shapes
and responses showed that including gravity load frames in this building has little effect on
changing the dynamic characteristics of the computer model. Therefore, the computer model
used for the analyses did not include the gravity load frames.

Fig. 6 shows the recorded and predicted absolute accelerations at the 49th floor during the
Northridge earthquake. It can be seen that a good match between the two responses was ob
tained. Although not shown here, a good match was also obtained for the Sierra Madre record.
Since the computer model fits well with the responses from two of the significant earthquakes
that the building has experienced, the computer model was considered as a reliable
representation of the structural system of the building during strong earthquake excitations.
This sets the base for the nonlinear analysis described in the following sections.

6.2. NONLINEAR TIME HISTORY ANALYSES

The purpose of performing nonlinear analyses was to investigate the response of the building
during severe shaking. One of the most important tasks of this effort was the selection of the
variables defining the inelastic properties of the structural elements. An in-depth search of
previous studies and design guidelines was carried out to define credible values for these
variables.

All flexural members were modeled with a bilinear hysteresis model of the CANNY program,
which is shown in Fig. 7. Yielding strengths were calculated based on the expected steel
yielding strength . From the general notes on the site plans, all steel framing including
columns are ASTM A-572 (grade 50).
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Figur e 5. First six modesof vibrationfrom CANNY model
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Nominal yielding strength for A-572 (grade 50) is 345MPa (50 ksi). Expected steel yielding
strength was assumed based on average values such as those cited in the NEHRP Guidelines
(FEMA, 1997) in accordance with the 1995 SAC95-04 report: Fy = 380MPa (55ksi), and the
post-yieldingstiffnessfactor was chosen as 2%.
The unloading stiffness degradationfactor was chosen as 0.3. The strength deterioration factor
was chosen as 0.75. It was assumed that there wouldbe 50% strength remaining at a ductility
level of 3. For computation of the shear stiffness of beams and the axial stiffness of columns,
these members were assumed to be linear elastic.

(a) Oubide loop

F

.~ ;:::;;.,..... : : :~ : :..( ....,
D

r~.t':· ···
: ..

FIgure 7.CANNY-E bilinearhysteresis model(# 14) used for analysis

In order to evaluate the nonlinear response of the building during strong earthquakes, three
recorded earthquake motions with different characteristics were used as input to compute the
building responses. Figure 8 shows the time history plots of one of the components of each of
the ground motionsused in this study.

First, a set of records from the SMAC-A station during the 1964 Niigata (Japan) earthquake
was used as input excitation. The response spectrum for these records show that systems with
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periods in the 4.5 to 6 seconds range may be significantly excited. Thus, this record is
.expected to excite mostly the fundamental mode of the building. The second set of recorded
motions used as input excitation was the Joshua Tree Fire station records during the 1992
Landers Earthquake in California. These records have a duration of at least 30 seconds of
strong shaking. This set was selected because it may be of practical interest to observe the
responses of high-rise buildings during this type of long duration shaking. Last, the Sylmar
County Hospital station record obtained during the 1994 Northridge earthquake was used as
input excitation. This is a short duration, strong impulse, near-source ground motion that may
impose very high demands to tall buildings .

1510

·a.I~--~

O.II-----i~.......,._j.--_l_--_+_---+_--+_-_j--_f

Figure8.Acceleretions of groundmotionsselected hornonlinear analysis
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Results of the inelastic, time-histo ry analyses are shown in Figs. 9, 10, 11 and 12 in terms of
envelopes of lateral displacement, interstory drift, story shear and overturning moment. In
these plots, the x-direction corresponds to the East-West direction of the building (see Fig. 2),
while the y-direction corresponds to the North-South direction of the building. The plot of
maximum lateral displacements shows the significant effect of the Sylmar motion on the
response of this building. The maximum displacement plot also shows clearly the combination
of at least two mode shapes in the responses of this building for the Joshua Tree and Sylmar
motions . The input motions selected produce different envelopes of interstory drift in each
direction of the building as shown in Fig. 10. The largest drifts occur for the Niigata motion in
the North-South direction (y-direction). The maximum value for the interstory drift is 1.5%
and it occurs at the 23rd story.

., .0 .... -0.. U 0.. 1.0

-.......
.,.0 ... ... 0-1 ,.0 ,.I- ..

FIgure 9.Lateral displacement envelope (in m)

It can be observed that, in contrast with the variation of story displacements. maximum story
shear increases down from the roof to the 49th story (similar to the expected distribution for
low-rise buildings). For the next 20 stories below there is no significant change of maximum
story shear resulting from the Sylmar and Joshua Tree motions . This contradicts the code
defined inverted-triangular lateral load distribution along the height of the building. It is also
an indication of higher modes effects. The maximum story shears in the lower part of the
building show the usual increase towards the ground floor. However, one still could notice that
in some cases the tip of the curve is growing outward instead of growing inward. This can only
beexplained by a load pattern which is nearly rectangular or trapezoidal.
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The overturning moment plots for the Sylmar and Joshua Tree motions have peculiar onion
like shapes. The floors between the 20 to 25 story experienced the largest overturning moment
during these two earthquakes. The overturning moment for the Niigata motion in the East
west direction show similar behavior, but in the North-South direction the moment distribution
is as generally expected.
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Figure JO. Intentor)' drift ratioenvelope (in ~ of &toryhci&bt)
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Figure JJ. Storyshear envelope(in kN)
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6.3 PUSHOVER ANALYSES

In order to estimate the lateral resistance of the building at ultimate load. static nonlinear
(pushover) analyses were conducted. The results of pushover analysis are sensitive to the
choice of load pattern. particularly for this case of high-rise building. A predetermined tri
angular lateral force pattern was applied incrementally in a step-wise manner in each direction
independently. This lateral force pattern from building design guidelines assumes the lateral
force distribution as an inverted-triangular pattern which is in accordance with the first mode
shape of multi-degree-of-freedom building structures.

The building was analyzed by applying a predefined lateral force pattern until a specified
target roof displacement was reached. A target roof displacement of 4.5 m (3% of the height of
building) and an increment of O.lm to O.OOlm (depending on the convergence requirements)
was selected for this study. The results showed significant yielding in the structure at a roof
deflection of approximately 2.5 m. First yielding members were the outrigger beams between
the 23rd to 26th floors when the roof displacement reached 0.88 m. First group of yielding
bracing members were those between the 22nd to 26th floors when the roof displacement
reached 1.13 m. Maximum base shear was 47,108 kN. Maximum overturning moment is
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6,717,308 kN-m. Fig. 13a shows the yielding propagation steps in the south perimeter frame
in the east-west direction.

After completing the analysis for the code-defined lateral load pattern, a second lateral pattern
defined in FEMA-273 [4] was adopted. This pattern, often termed the "uniform pattern," shall
be based on lateral forces that are proportional to the total mass at each floor level. FEMA-273
is the first guideline to suggest the uniform load pattern for pushover analysis.

_ t Indicates Initiation and
~ Propagation of Y'lllld ing

1145tl1

lal (b) Ie) (d)

Figure J3 EIWelevationof south frameindicating yield propagatioD: a) time history . Sybnar record,
b) pushover . lriangular load,c) pllShover . uniform load, andd) pushover -lIapCzoidal load.
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The same target displacement as that used for code-defined lateral pattern was selected for the
uniform load pattern. Figure 13b shows the yielding propagation steps in the south perimeter
frame in the north-south direction. When compared with the time history responses of the
building, it is clear that for this uniform lateral load pattern, pushover analysis reflects a
realistic dynamic behavior of the building when subjected to near-field type motions such as
the Sylmar record.

A third lateral pattern was investigated in order to make the response from the pushover
analysis better match the response from the time history analysis. This proposed load pattern
has a trapezoidal shape. The yielding propagation steps in Fig. l3c . clearly show that this is
the best comparison of yielding steps between this load pattern and the time history response .

TABLE 3.Comparisonof Shearsand OverturningMoments

Event Base Shear (kN) Overturning Moment
(value x /(/ kN-m)

V VNd M MlMd
Design 32,716 1.0 2.92 1.0

Time Northridge 14,182 0.4 0.53 0.2
History
Analysis

Niigata 50,961 1.6 6.43 2.2
Joshua 39,623 1.2 2.08 0.7
Sylmar 68,121 2.1 2.31 0.8

Pushover Triangular 14,325 0.4 2.09 0.7
Analysis

Uniform 73,283 2.2 8.02 2.7
Trapezoidal 56,043 1.7 6.80 2.3

The table 3 is a summary of the maximum base shear and overturning moments for the FWT
based on design values, four time history analyses and three pushover analyses. It is clear in
this table that during the Northridge event the structure stayed well within the design range . In
contrast, the Sylmar record causes the largest base shear for the structure, and the Niigata
excitation results in the highest overturning moment. For pushover analysis, a trapezoidal
lateral load pattern is a compromise between the traditional inverted-triangular pattern and the
FEMA defined uniform pattern.



www.manaraa.com

330

7. Conclusions

The recorded motions of the FWT during the Sierra Madre earthquake and the Northridge
earthquake were analyzed by utilizing a frequency domain system identification algorithm .
Modal periods and mode shapes were derived and compared with those from the original
design. This information was used later to calibrate a 3-D elastic computer model of the
building. A three-dimensional nonlinear model of the FWT building was then developed and
analyzed. The three-dimensional nonlinear dynamic analyses predicted the probable sequence
of damage under certain types of ground motion. Traditional code-defined pushover analysis
predicted fairly different ways of damage for near-field type input motions. An improved
lateral load pattern was therefore derived and yielded better fit with the dynamic responses
considered in this study. Pushover analysis could never be a perfect substitute of dynamic time
history analysis. Pushover analysis serves as a simplified nonlinear design method that when
properly implemented may adequately represent the dynamic responses of structure during
severe ground motions.
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U.S. Bureau ojReclamation
Geophysics, Paleohydrology and Sesimotectonics Group
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.Abstract

Acquisition of strong motion data at the Bureau of Reclamation provides near real time
notification of strong shaking at our structures as well as recordings of earthquakes for use
in the dynamic analyses of large, engineered structures. To facilitate rapid notification
following strong ground shaking, we have developed a low-cost, automated system to
retrieve event-triggered seismic waveform data from digital data loggers at remote sites.
Only a modest infrastructure investment is required. The method relies on standard dial-up
telephone circuits, a custom-designed serial interface device, and communications software
that runs under a UNIX operating system. Event wave- forms can be retrieved in near real
time from strong-motion accelerographs as well as from general-purpose seismic data
loggers. The system can perform automatic remote configuration and periodic state-of
health monitoring of the field instnunentation . The system presently retrieves data from 70
digital strong-motion instruments at 49 dams and other lifeline facilities located throughout
the western United States. It has also been successfully used in temporary site-response and
aftershock studies to provide remote access to seismic data loggers with broadband
seismometers. Deployment of instrumentation is also focused on acquiring the detailed
recordings necessary for validating the increasingly sophisticated dynamic analyses of
dams.

1. Introduction

Data obtained from strong-motion recording devices can address two basic needs, one
short-term and one long-term. The short-term need is to provide rapid notification of
strong-ground shaking, which enhances public safety by providing a rational basis for
inspection and/or remedial actions at structures that have been subjected to earthquake
loading. The long-term need is to expand the empirical data base of ground-motion
recordings that can be used in the analysis and design of critical structures, both existing
and proposed. This paper will focus on describing the current state of the strong-motion
recording program at the U.S. Bureau of Reclamation within this framework.

Recording of strong-motion earthquake data at the Bureau of Reclamation (Reclamation)
began with the installation of three strong-motion accelerographs at Hoover Dam in 1937.
Between 1937 and 1971 strong-motion monitoring progressed slowly, with instruments
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installed at only six additional sites. The 1971 M 6.6 San Fernando earthquake and the
resulting failure of Van Norman Dam, lead to recognition of the need for enhanced
understanding of dam response to strong earthquake loading. Clearly one of the first steps
required in that process was the acquisition of strong-motion data. Thus, Reclamation
initiated a program of upgrading existing instrumentation as well as adding new strong
motion systems, focusing especially on critical structures located in seismically active
areas.

At the present time the Reclamation Strong Motion Program operates 180 digital and
analog systems at 69 critical water resources lifeline structures, including dams, power
plants, pumping plants and pipelines. Currently 49 of these sites are instrumented with
digital accelerographs (Figure 1).

2. Strong Motion Notification System

Recent developments in earthquake instrumentation and automated data acquisiuon
hardware and software have allowed a near real-time notification function to be added to
Reclamation's Strong Motion Program, termed herein the Strong Motion Notification
System. By providing near real-time evaluation and assessment of strong motions at critical
structures that have been subjected to earthquake loading, the Strong Motion Notification
System acts as an enhancement to public safety. At Reclamation this system is integrated
within a broader dam safety program that allows for rapid evaluation of recorded ground
motions. This evaluation is based on a set of specific ground motion thresholds and
emergency response actions developed for each dam.

Why is this capability for rapid notification important for Reclamation? The history of darn
failures and large flood events overwhelmingly suggests that the extent of downstream loss
of life is directly related to warning time. In instances where significant warning time has
been provided, life loss was generally significantly lower than cases where no appreciable
warning was provided (Brown and Graham, 1988; DeKay and McClelland, 1993). With
rapid notification of appropriate personnel of potentially adverse ground shaking levels, the
potential for evacuation exists in most circumstances. Rapid notification of appropriate
responsible parties of the ground motions experienced by nearby structures can also be
effective in prioritizing post-earthquake inspections.

Currently, the Strong Motion Notification System is being developed in conjunction with
the "Performance Parameters" process at Reclamation. This process seeks to evaluate high
risk structure in the inventory, define appropriate specific thresholds for a number of
different engineering parameters (pizeometric readings and ground motion levels, for
example) and develop a data base containing these parameters. Then, when recorded
ground motions are received and processed, the resulting values can be evaluated against
these structure specific data base parameters and threshold specific notifications can be
transmitted in near real time.
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Figure I. Reclamation lifeline structures with strong-motion instrumentation.
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In developing a rapid notification system several studies questions were considered: How to
:(1) retrieve the waveform data. (2) adaptively modify acquisition control parameters, and
(3) verify that the instrumentation is functioning properly.

Several ways of retrieving the data were considered . The simplest approach for operating a
network of remote data loggers is to service-them solely through site visits . This technique
was deemed inappropriate where truly rapid notification is required. Further,
instrumentation failures are detected only during site visits, so data may go unrecorded if
the interval between visits is large. In addition, repeated site visits may be very costly. An
alternative retrieval teclmique is to configure the remote sites with continuous or ime
division multiplexed telemetry. Continuous telemetry can be appropriate for quickly issuing
alert messages in early-warning and rapid-response applications . Poten- ial drawbacks are
the equipment and installation costs of the infiastructure, recurrent costs of leasing or
maintaining tile telemetry channels , and the reliability of tile technology. The system
developed by Reclamation is one that provides many of the benefits of real-time telemetry,
but at lower cost, and without the need for site visits, beyond routine naintenance . The
system uses standard modems and dial-up telephone circuits. It retrieves waveform data
from event-triggered seismic data loggers within a few minutes if a trigger. The telemetry
and data logging hardware can be fully configured and moniored remotely.

Two basic innovations were needed to implement tha system: (1) a low-cost serial
communications device that, when triggered, establishes a dial up connection with a remote
host, and (2) host communications software to complete the retrieval process once the
connection is established. Data telemetry hardware at each field site consists of a standard
dial-up telephone line, surge protection, modem, and interface device. As many as five data
loggers may be connected through tile serial interface device to each modem and phone
line. The data loggers and interface may be connected by cable directly to the modem or
remotely by spread-spectrum radio links. The first configuration is used when the data
loggers are co-located with the modem and phone line, and the second is used to handle
small sub-nets of remote data loggers (up to five) that cannot be located at the phone line .

The interface device (called a triggered modem controller, or TMC) attemps to establish a
dial-up modem connection with a remote host when one of the attached data logger detects
an event. The TMC is triggered by the logical OR of the buffered trigger outputs .

Once connected, the TMC accepts commands from tile host to switch the modem serial port
to any of the serial ports of the attached data loggers.

We have developed a communications software package that is started up automatically on
the host whenever a TMC logs in. It is also used to make outgoing calls needed to re
establish interrupted incoming calls, and for periodic polling of the TMCs . The software
runs on UNIX platforms, and was written in ANSI-C. Drivers have been written for sev
eral models of commercially-available data loggers, including : (1) Kinemetrics model SSA
I, SSA-2 and K2, (2) Reftek model 72A, and Syscom/Sprengnether model MRl002 .
Incoming calls are handled by a modem pool using the UNIX login facility; calls from
multiple remote sites are handled simultaneously . In addition to accepting incoming calls
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from triggered TMCs, the software can be run in a polling mode to perform automatic
remote configuration and state-of-health monitoring.

If all of the equipment and the phone line are functioning properly, the time interval from
event trigger to completion of data retrieval is usually five minutes or less for a single data
logger, assuming typical event files of approximately 0.5 Mbyte and 28.8-kbaud
connections. This includes the time required to make the connection, log into the host
computer, interrogate the data logger, download the event data, and reset the data logger .

Each dam is typically instrumented with one to eight 3-component accelerometers at
various positions on and away from the structure . The accelerometers (usually FBA- 23's)
may be recorded either on several 3-channel data loggers, or one or more 6- or 12- channel
data loggers . Data are usually sampled at a rate of 200 samples per second per channel. The
data loggers are usually connected to a single TMC , modem, and dial-up telephone line
(schematically shown in Figure 2). We have successfully used both direct wire connections
between the TMC and modem. and spread-spectnun radio links with path lengths of 75 km
or more. The system has also been successfully used for temporary site-response and
aftershock studies to provide remote access to seismic data loggers with broadband
seismometers.

The implementation of the Strong Motion Notification System began in 1990 with the
deployment of digital accelerographs at two large embankment dams in California, Casitas
Dam near Ventura and San Justo Dam near Fresno. Both systems were based on
commercially available accelerographs that were linked via telephone lines to an early
version of the data retrieval and analysis system described above. From 1991 through
March, 1999, 47 additional sites were instrumented, for a total of 49 sites to date. Cur
rently it is possible to transmit data to a number of different users (e.g., designers, emer
gency action personnel, inspectors) within minutes of strong shaking at a structure
monitored by the Strong Motion Notification System. These data can consist of peak
parameters such as peak acceleration or velocity, response spectra. derived values such as
spectrum or Arias Intensity. or other critical information regarding the response of the
structure . If predetermined site-specific thresholds (as defined by the Performance
Parameters process) are exceeded, the Strong Motion Notification System automatically
transmits a Seismic Alarm Message to the appropriate predetermined regional/area/district
office via voice message. fax. and/or LAN providing all pertinent information . This rapid
availability of data is in contrast to the several-day to several-week response that has been
inherent in retrieving and processing records from existing analog strong motion
instnunentation.

3. Acquisition of Strong Motion Recordings

III addition to the short term goal of providing rapid notification in the event of earthquake
shaking, the long term goal of acquiring high-quality ground motion data continues to be an
important requirement for the engineering community. as a whole, and Reclamation in
particular . The Bureau of Reclamation operates or has dam safety responsibility for more
than 350 dams in the western United States. Evaluation of the safety of those structures for
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earthquake loading is a high priority. To determine with confidence if a particular structure
is capable of withstanding significant ground shaking requires knowing both
geological/engineering properties of the site and specifics of ground shaking expected at
that site. The details of what types of ground motion data are necessary to acquire for both
site specific evaluation and future analyses depends in part on the type of dam under
consideration. Elements of the system described above have provided remote access to
seismic data loggers used with both accelerometers and broad-band seismometers for short
term, site-specific studies.

For embankment dams, liquefaction of foundation materials and/or the embankment
continues to be a major safety issue. Evaluation of the likelihood of liquefaction occur
rence at a given site depends on a number of factors. The impedance contrast between the
soil and underlying basement rock, the potential for nonlinear behavior in the soil,
frequency dependent scattering or exaggerated coherency of ground motions all influence
the likelihood of liquefaction. Strong motion recording can help address all of these issues.
Data acquired over a broad magnitude range can be used to determine weak! strong motion
amplification ratios (Su and others, 1998). This data can then be used to help assess the
potential for nonlinear soil behavior at sites or depths of interest (Su and others, 1998;
Hartzell, 1998). Instruments deployed in a horizontal army configuration can be used to
help understand the spatial coherency of the ground motion wavefield (Abrahamson, 1988).
Several recent investigations have focused on acquiring strong ground motion data in
vertical arrays (Steidl, 1993; Steidel and others, 1996). At a site in Oregon, Reclamation is
currently attempting to instrument specific soil layers that have been identified as
potentially liquefiable in preliminary engineering evaluations using a vertical strong motion
array (see Figure 3).

Presently, tew empirical data are available that provide a precise analog in terms of desired
source-site geometry and site response for specific seismic safety evaluations. As a result,
munerical simulations are often required for the evaluation of high-risk structures. Fault
rupture simulations using one-dimensional Green functions are commonly used to
synthesize near-field ground motions for dam safety evaluations. However, the premise that
deterministic one-dimensional Green functions provide realistic amplitude and phase
responses over an adequate bandwidth is not supported by recent research (O'Connell,
1999a). By obtaining broadband, on-scale recordings of smaller earthquakes at structures of
interest, site-specific scattering/response functions can be developed. These functions can
then be convolved with one-dimensional Green functions to reproduce observed broadband
responses (O'Connell and Ake, 1995; O'Con- nell, 1999). Validation of this technique with
observed ground motions from the M 6.7 1994 Northridge earthquake suggests neglecting
site-specific scattering leads to unrealistic broadband enhanced direct S-wave coherency
and predictions of physically implausible accelerations and velocities(O'Connell, 199b).
For some scenario earthquakes this overprediction may be as much as 40% (Figure 4).

Factors that can influence the results of dynamic suuctural evaluations for concrete dams
include spatial coherency of ground motions and effective impedance between dam and
foundation. Evaluation of both of these factors requires an understanding of site response
for the concrete structure in question. The dynamic interaction of foundation and structures
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during earthquake shaking is critical to both the design of new structuresand the analysis of
existing structures (Erdik, 1987). In classical finite-element analysis, the equations of
motion for a finite-element region are applied to the structure of interest and a portion of
the foundation, the mass of the unbounded foundation is often omitted. During the time of
simulation, energy must be removed from the structure as additional portions of the mesh
are displaced, thus consuming energy (referred to as radiation damping). Neglecting
radiation damping can lead to seriously erroneous results. Using material properties and
ground motions recorded at several points on and near the structure, powerful finite
element methods (e.g. Wolf and Song, 1996) can be used to assess the degree of ground
motion amplitude reduction as a function of frequency as a result of radiation damping
(O'Connell, 1998). For two and three-dimensional finite-element models, the degree of
spatial coherence assumed for input ground motions will have a profound impact on the
results. The appropriateness of this assumption at a particular site can be evaluated using
strong-motion recordings acquiredat several locationson or near the structureof interest.

4. Conclusions

The Strong Motion Program of the Bureau of Reclamation is currently focused on pro
viding near real-timenotification of the occurrence of strong shakingat our structures. This
process is integrated with the development of structure specific Performance Parameters
and emergency action planning. In addition to the short term goal of providing rapid
notification, the programis attempting to focus on the long term goal of instrumenting sites
with the intentionof acquiring data that can be added to the world wide data base of strong
motionrecordings, as well as being used for structarespecific analyses.
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Abstract

The study will describe the structural health monitoring system installed on the Bosporus
Suspension Bridge. The bridge, commissioned in 1973, has a main span of 1074 m. The bridge
deck has a total width of 33.4m. The deck is supported by four steel towers of 165 m height.
The ambient vibrations of the Bosporus Bridge has been investigated. For the structural health
monitoring system, the following sensors are installed in the system: One wind speed transducer
at the mid-span; Four vertical , three transverse and two longitudinal acceleration transducers at
the mid-span, one-fourth of the span and at the top of Beylerbeyi tower ; Four seismometers at
the foundation of towers and cable anchorages; Two relative displacement transducers at the
Ortakoy joint and; One optical displacement transducer at the mid-span. The response of these
transducers, digitized at the source is transferred to central recording/monitoring system located
at the control building. The triggering is based on the exceedance of the appropriately set
threshold levels.

A new vibration monitoring system has been designed for Fatih Sultan Mehmet Suspension
Bridge. Various techniques will be studied to optimally place 32 triaxial solid-state acceleration
monitoring sensors. The data, digitized at the source will be monitored by two parallel PC
systems operating under the "SEISLOG" data acquisition software , developed by University of
Bergen. Damage to bridge will be inferred from the response of distributed sensors (vibrational
data) and the analytical modeling of the structure through the use of system identification
techniques. The structural models or properties (generally modal parameters) will be
systematically determined by using the measured response and, if available, the corresponding
excitation (ambient or transient) of the bridge through an integrated approach of experimental,
analytical and computational techniques .

343
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1- Introduction

Structural health monitoring can be defined as the diagnostic monitoring of the integrity or
condition of a structure. The intent is to detect and locate damage or degradation in structural
components and to provide this information quickly and in a form easily understood by the
operators or occupants of the structure . The damage may result from fatigue, large earthquake,
strong winds, explosion or vehicle impact. Early detection of damage or structural degradation
prior to local failure can prevent "runaway" catastrophic failure of the system. In the event of an
earthquake , the rapid detection of catastrophic failure of a strategic bridge can allow early and
effective response by highway officials in rerouting traffic and defusing an otherwise difficult
situation. The large physical sizes of the bridges necessitates extensive array of different sensors
and appropriate technologies for data acquisition / reduction for rational health monitoring
applications. The system should be able to automatically detect, locate and assess structural
damage anywhere within the bridge system (health monitoring), and to communicate the status
(alerting) to responsible authorities. At its simplest application, the threshold exceedance
anywhere in the bridges is monitored and an alarm is provided "if pre-set threshold levels have
been exceeded. This alarm may be used to automatically divert the traffic if it indicates damage
due to earthquake, explos ion or impact.

1.1 PROPERTIES OF FIRST AND SECOND SUSPENSION BRIDGES:

The bridges link two parts of Turkey and also joins together the European and Asian parts of
Istanbul

1.1.1 First BogaziciSuspension Bridge:

• The bridge was commissioned on October 29,1973.
• The main span is 1074m long.
• The bridge deck has a total width of 33m and carries six lanes of traffic
• The deck is supported by four steel towers of 165m height
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Figure) . The view of First Bogazici Suspension Bridge

The overall StructuraL parameters asfoLLows;

Axial distribution of the dead load mains:
Deck : 11000 kg/m
Cables(both) : 3850 kg/m
Suspenders : 120 kg/m
TOTAL : 14970 kg/m

Area moment of inertia of the deck:

Torsional constant of the deck (k=3,4 m'')
Nominal radius of the cables : r- 0.28 m
Modulus of elasticity (Steel) : E= 2.0x 1011 N/m2

Shear modulus of elasticity : G= o.s-ro'' N/m2

345
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1.1.2 Fatih Sultan Mehmet Suspension Bridge (Second Bogazict
Suspension Bridge) :

• The bridge was commissioned in 1989
• The main span is 1090m long
• The bridge deck has a total width of 39,4m and carries eight lanes of

traffic
• The deck is supported by four steel towers of 107.10m height

Figure2. The view of Fatih Sultan Mehmet Bridge
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The overall Structural parameters asfollows;

Axial distribution of the dead load mains:
Deck
Cables(both)
Suspenders
TOTAL

Area moment of inertia of the deck:

: 12074 kg/m
: 6194 kg/m

328 kg/m
: 18569 kg/m

: 1,73 m"
: 129 m"

Torsional constant of the deck (k=4,754 m'')
Nominal radius of the cables : FO,34 m
Modulus of elasticity (Steel) : E= 2.0xlOl l N/m2

Shear modulus of elasticity : G= 0.8xio'' N/m2

2-Ambient Vibration Tests 00 Suspension Bridges

Physical and analytical understanding of the dynamic response of a. suspension bridge is very
dependent on the knowledge of its natural frequencies, damping and normal mode shapes of
vibration. Performing actual tests on full-scale structures is the only sure way of assessing the
dynamic parameters . Dynamic parameters of a suspension bridge can be determined by means
of Ambient Vibration Test (AVS). Bridge's motion is caused by traffic, wind and other
environmental factors. Several Applications related to these tests have been reported.

Some of them can be listed as below:

• "Ambient Vibration of two suspension Bridges", Mclamore et. al. 1971
Test had been performed on the Newport and the William Preston Lane
Memorial Bridge on August 1969
20 Modes of Vibration in the frequency range 0-60cpm
13 Modes of Vibration in the frequency range 0-60cpm

• "Ambient Vibration Tests of Suspension Bridge", Abdel-Ghaffar et. al.
1978

Test had been applied to the Vincent-Thomas Suspension bridge.
37 modes ofvibration in the frequency range 0-3Hz.



www.manaraa.com

348

• "Ambient Vibration Studies of Golden Gate:Suspended
Structures", Abdel-Ghaffar et.al, 1984, Experiment had been conducted on
the Golden Gate Bridge
91 modes shapes in the frequency range 0-1,5 Hz.

• "Ambient Vibration Studies of Golden Gate Bridge:II.Pier-Tower
Structure", Abdel-Ghaffar et.al, 1984
46 modes shapes in the frequency range 0-5 Hz.

• "Ambient Vibration testing on the Humber Suspension Bridge",
Browjohn et.al, 1986
41 modes of vibration in the frequency range 0-1,56Hz
67 modes of vibration in the frequency range 0-2Hz

• "Ambient Vibration Investigation of the Bogazici Suspension
Bridge", Erdik et.al, 1989
5 experiment series, several measurements of the deck had been obtained
at different locations and orientations at different traffic
condition .Frequency range: 0,07-1,OHz

• "Ambient Vibration Survey of the Bosphorus Suspension
Bridge", Browjohn et.al, 1989
62 modes of vibration in the frequency range O,l-1Hz

3- Ambient Vibration Surveys Of The Bosporus Suspension Bridge In Istanbul

3.1. AMBIENT VIBRATION SURVEY I

One of the studies was performed by Erdik and Uckan in 1989. (Report No : 89-5, Department
of Earthquake Engineering, Kandilli Observatory and Earthquake Research Institute, Bogazici
University, Istanbul, Turkey, November, 1989) In this report, the results of the ambient
vibration survey of the Bosporus Suspension Bridge in istanbul were presented. The
measurement campaign encompassed measurements along and across the main spans and both
inside and outside of the deck and four series of measurements were analyzed These are
respectively called Experiment Series 1, 2, 3, 4 (FigJ ,4,5,6) In each experiment series several
measurements of the ambient vibration of the bridge deck were obtained: (1) at different
locations and orientations, (2) at different wind and traffic conditions and (3) using
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accelerometers and seismometers . The results of these experiments have been analyses in terms
of the peak frequencies. Some of these experimentally obtained mode shapes have been
compared with the theoretical mode shapes obtained on the basis of the three-dimensional finite
element analysis .

Theoretical analysis of the free vibration of suspension bridge indicate that the modes of
structure can be divided into three groups with respects to the dominance of the respective
displacements. In the first group the displacements of the deck is important (Cable Modes) and
in the third group the displacements of the towers become important (Tower Modes) . The deck
modes can also be Classified as symmetric and asymmetric or as lateral, vertical and torsionally
dominant. (Fig.7,8,9,10)

Theoretical 2D and 3D finite element analysis have produced results that correlate surprisingly
well with the experimental data considering the crude assumptions made regarding the boundary
conditions, equivalent shell elements used to model the deck and the equivalent frame elements
used to model the cab. The experimental data were limited to the deck modes only.
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TrafficCondition : Very light
Section Location : At 40 m'sfrom towards Beylerbeyi

Figure3. Experiment Series I

TrafficCondition : light

Section Location : At 179m'sfrom towards Beylerbeyi

Figure 4. Experiment Series 2
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Figure 5. Experiment Series 3
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Figure 6. Experiment Serie s 4
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Figure 8. Comparison of the Theoretical and Experimental First Vertical
Asymmetric Mode Shape
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3.2. AMBIENT VIBRATION SURVEY II

The other was performed by Brownjohn et.al (1988), (W. Brownjohn, A. A Dumanoglu, R T
Severn, A. Blakeborough , Report No : UBCE-EE-88-1, Department of Civil Engineering,
University of Bristol, January, 1988). In this study, ambient vibrations were measured on the
main span and towers of the Bogazici Suspension Bridge and the experimentally obtained
frequencies and mode shapes were compared with theoretical results. Vertical, torsional, lateral
and longitudinal vibrations of the deck and one of the towers were measured. In general
computed and measured natural frequencies and mode shapes are in close agreement. The
measurements from the tower have shown that all the modes except weak mode occured at the
same frequencies as main span vertical modes. No comparisons were attempted for the towers
alone. Authors pointed out that for earthquake and aerodynamic response analyses the
mathematical models can be used with confidence to represent the real structure.

3.3 COMPARISON OF RESULTS

Comparison between experimental and analytical studies of the Bogazici Suspension Bridge
conducted by Erdik et. al. and by Brownjohn et al. are expressed below.

Table 1. Experimental and Analytical Modal Vibration Frequencies

ERDiK ET. AL. BROWNJOHN ET. AL.

Experimental Analytical Experimental Analytical
Mode Shape FreQuenev Freouencv Frequencv Frequencv
1 st Lateral
Svmmetric 0.072 Hz. 0.0716 Hz. 0.070 Hz. 0.073 Hz.
1 st Vertical 0.160 Hz.
Asvmmetric 0.150 Hz. 0.144 Hz. 0.165 Hz.
1 st Lateral
Asvmmetric 0.215 Hz. 0.202Hz. 0.209 Hz. 0.218 Hz.
2 st Vertical
svmmetrical 0.230 Hz. 0.225 Hz. 0.217 Hz. 0.225 Hz.
I st Torsional
Svmmetric 0.320 Hz. 0.323 Hz. 0.324 Hz. 0.278 Hz.
2 nd vertical
Asvnunetric 0.330 Hz. 0.340 Hz. 0.324 Hz. -
3 rd Vertical
Svmmetric 0.370 Hz. 0.365 Hz. 0.362 Hz. 0.372 Hz.
2 ndLateral
Svmmetric 0.380 Hz. 0.385 Hz. 0.382 Hz. 0.437 Hz.
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4- The Structural Health Monitoring System Of Bogazi~iSuspension Bridge

A structural health monitoring system was installed at Bogazici Suspension Bridge in October
1993.
The system consists of three subsystem;
The sensor subsystem,
The Data acquisition subsystem,
The Data recording/monitoring subsystem.
The system was provided by the government of Japan by the request of government of Turkey.
The purpose of the system for Bogazici Bridge is to continuously monitor structural motion and
related environmental data and to alert the engineers if any parameters give the signals for the
maintenance and construction .

The sensor subsystem consists of 28 channels of sensors. Wind speed and direction meter 1 set
2 signals, Accelerometer 10 set 10 signals, Seismometer 4 set 12 signals, Mechanical
displacementmeter 2 set 2 signals, Optical displacementmeterl set 2 signals. Total: 28
signals. One wind speed transducer at the mid-span; Four vertical , three transverse and two
longitudinal acceleration transducers at the mid-span, one fourth of the span and at the top 0

Beylerbeyi tower; Four seismometers at the foundation of towers and cable anchorages ; Two
relative displacement transducers at the Ortakoy joint and; One optical displacement transducer
at the mid-span (Fig.11) . The response of these transducers, digitized at the source is
transferred to central recording/monitoring system located at the control building. The
triggering is based on the exceedance of the appropriately set threshold levels.

Unit time for Recording

Treshold Valve for Anomaly data saving:
Max wind velocity :20 m/sec
Max seismic acceleration : 4.9 m/sec'
Analysis treshold value : 2.0 m/sec'

:5 mm.



www.manaraa.com

w V
I

0
\

S
S

E
IS

M
O

M
E

T
E

R

L
LO

N
G

IT
U

D
IN

A
L

A
C

C
E

LE
R

O
M

E
T

E
R

V
V

E
R

T
IC

A
L

A
C

C
E

LE
R

O
M

E
T

E
R

T
T

R
A

N
S

V
E

R
S

E
A

C
C

E
LE

R
O

M
E

T
E

R

D
R

E
LA

T
IV

E
D

IS
P

LA
C

E
M

E
N

T
M

E
T

E
R

o
O

P
T

IC
A

L
D

IS
P

LA
C

E
M

E
N

T
M

E
T

E
R

A
A

N
E

M
O

M
E

T
E

R

v

~
_
...J

~~
1I

1p
On

l.
\.

J.
.l

li
1
~

_
._

._
.•

..
_.

•
C
1
!
1
~

.
.

_

t(.o
6l

c

U
.t

"
'.

T
10

N
M

tO
W

I:.
.l

~

M
..

,'
-.

._
··

..
··i
t
=
r~

i' ~

~ '" ~ ..... ..... b;
,

~ ~. co ::I
.

e. og '" ~ o Ol d' =to s "



www.manaraa.com

357

X
-4- ' ""' - - "" .

1A 4A

T!J! v i e"l!.

Bend of the girder

Twist of the girder

zC : vertical displacement at point C

ZD ; vertical displacement at point D

Bend of the tower

Twist of the tower

X J ; lateral displacement at point J

X K: lateral displacement at point K

Figure J2 Definition of Measurement Points
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The Data acquisinon subsystem installed on the bridge are capable of continuously
digitizing and transmitting all signals to the central recording/monitoring system located at
the control building all Sensor Signals . The Data acquisition subsystem consists of
amplifiers and start controller. Each sensor has their own amplifier to amplify a signal to a
appropriate certain level for transmitting.(Fig.13)

The Data recording/monitoring subsystem contains CRT display, workstation, external hard
disk drive (HDD),extemal CD-ROM drive, external DAT drive, external MO drive, AID
converter SCSI terminator ,BNC connector panel, laser printer, serial printer, the power
unit . Data acquisition software is to acquire and store measurement data continuously and
to perform instantaneous analysis. Data acquisition process performs periodical (every
hour) save, anomaly (hard wind or earthquake) save.

Figure 14 Wind Speed and Directionmeter



www.manaraa.com

360

Figure 15 Seismometer

Figure 16 Mechanical Displacemcntmeter



www.manaraa.com
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Figure 18 Optical Displacementmeter

Figure 19 The view ofThe Bridge Optical Displacementmeter Point
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Existing health monitoring system will be updated on the first Bogazici Bridge. It is
planned to add the some new instnunents to the system Additional Instruments are GPS
(Global Positioning Systems) and acceleration transducers. GPS units will be used to
monitor the bridge geometry. The central recording/monitoring system located at the
control building is replaced by a PC based system.(Fig.20)

'5. The Structural Health Momtonng System Of Fanh Sultan Mehmet Suspension
Bndge

A new vibration monitoring system encompassing the latest technology is being designed
for Fatih Sultan Mehmet Bridge.(Fig21)

12 acceleration transducers with x, y, z channels will be instrumented.The data, digitized at
the source will be monitored by two parallel PC system operating under the "SEISLOG"
data acquisition system, developed by University of Bergen.The system can record 1-()4
channels with 12-24 bits resolution an is based entirely on off the shelf hardware . The
system has two different analog to digital converter boards.A typical systems consists of a
standard PC with MS-DOS and a real time operating System, QNX. MS-DOS with
Windows may coexist with QNX on a separate disk partition.

Sensors:
Seismometers: Natural frequency: 0,5-1Hz.

Component: Lateral, vertical water proof
Signal Processor:Analog records will be modified by signal processor
Accelerometers: All accelerometers have a trigger criteria.

Range : +1- 0,59
Frequency range: 0-50Hz.
Natural Frequency: 600Hz.
Damping : 70%
Dynamic range: greater than 200sps
Input range: +1-2,5V
Filter : 50Hz Butterworth filter
Pre-event memory: 15 sec @ 200sps
Post-event memory: 1O-90sec @200sps

Displacementmeter: between main span and mid span movement of expansion joint
Capacity: 50cm, Resolution : O,Olcm

GPS (Global Positioning System) : position updates: up to IO/sec
position latency: 30rnsec

Data acquisition/recording/monitoring system: Two parallel PC System
AnaloglDigital converter
1-128 channels
12-24 bits resolution
200kHz sampling rate
Online-offline analysis
SEISLOG Data acquisition system
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SOIL-STRUCTURE-INTERACTION AND SEISMIC ISOLATION, AN INTER
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Abstract

The Collaborative Research Center 461 (CRC 461) 'Strong earthquakes: A Challenge
for Geosciences and Civil Engineering' (Germany) and the Romanian Group for
'Strong Vrancea Earthquakes' work on a multidisciplinary attempt towards the
mitigation of the impact of the next strong Vrancea earthquake (Romania) . The
recently installed Multidisciplinary Seismic Test Site INCERC (MSTS) located in the
eastern part of Bucharest serves as focus to study the entire sequence relevant in
engineering seismology including structural dynamics, seismology, soil mechanics ,
and engineering geology. Within this co-operation, the complete chain for seismic
hazard and seismic risk analysis and can be checked and verified.

For this purpose a base isolated test building was constructed , where acceleration will
be measured at the base and at the top. Additionally, free field accelerometers in
various depths were installed . Thus, free field accelerations and the response of the test
building can be measured simultaneously.In this paper we want to focus on the test
building. One mainly task, among others, is to investigate the dynamic behaviour of
rubber bearings under seismic loading, including soil-structure-interaction.

Geotechnical parameters which will be available to a depth of 180 m ensure that the
soil-structure-interaction incorporating the seismic behaviour of rubber bearings can be
computationally studied with FE methods. These calculations include constitutive laws
describing non-linear behaviour of rubber and soil material under cyclic loading .

369

M. Erdik et al. (eds.), Strong Motion Instrumentation for Civil Engineering Structures, 369-381.
© 2001 Kluwer Academic Publishers.
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1. Multidisciplinary Seismic Test Site Incerc (Msts)

The Romanian Vrancea area located in the southern Carpathians is the source region
for strong earthquakes. Within the last 20 years Bucharest was affected by 3 events
with moment magnitudes larger than 6.9.With a moment magnitude of 7.5, the 1977
earthquake caused more than 1500 casualties, most of them in Bucharest. The average
recurrence rate make another strong event within the next 20 years highly probable.
Under the umbrella of the Collaborative Research Center 461 (CRC 461) ' Strong
earthquakes: A Challenge for Geosciences and Civil Engineering ' and the Romanian
Group for ' Strong Vrancea Earthquakes' German and Romanian scientists from
various fields (geology, seismology, civil engineering, operation research) work on a
multidisciplinary attempt towards the mitigation of the impact of the next strong
Vrancea earthquake.

In this frame a Multidisciplinary Seismic Test Site (MSTS) is installed at the
premises of the Building Research Institute INCERC which is located in Eastern
Bucharest. The MSTS allows to study the only site in Romania where a complete set of
strong motion records of previous Vrancea earthquakes is available : March 4, 1977,
M, = 7.5; August 30, 1986, M; = 7.2, and May 30/31, 1990, M, = 6.9/6.4 [11].

Three-component accelerometers are installed in the free field at the surface and will
be installed at various depths (30 m , 100 m, 180 m). Geotechnical parameters of the
subsurface soil layer are controlled to a depth of 180 m.

The key objectives of the research activities at the MSTS are:

• Research on the filtering of seismic signals through 180 m of soft soil layers
• Calibration of the geotechnical and seismological parameters for seismic

microzonation
• Verification of seismic hazard and seismic risk analysis
• Performance of rubber bearings during expected moderate to strong earthquakes

The test building was designed as a rigid concrete block of 100 t supported by high
damping rubber bearings on a rigid concrete footing of 72 t. The stiffness of the rubber
bearings and the mass of the structure has an eigenperiod of 1.1 to 1.6 s. This period
range represents maximum spectral accelerations during the 1977 and 1986 events
(Fig. I).

To record all 6 degrees of freedom (DOF) and the relative movement between footing
and top of the concrete block, six 3-component accelerometers are installed as shown
in Figure I.
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Figure I: Concept of test buildin g (top). Dynamic behaviour of test building (bottom).

Figure 2 shows the preparations for the drilling of the 180 m borehole at the MSTS
(left) and illustrates the arrangement of test building and boreholes (right) .
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Figure. 2: Preparations for the 180 m borehole at INCERC (left) . Concept ofthe MSTS (right) .

2. Concepts Of Seismic Isolation

The conventional methods for earthquake-resistant structural design use high
strength or high ductility concepts to mitigate damage from seismic impacts. In the
first case, corresponding to shear wall structures, generally the design is problematic in
that their fundamental frequency of vibration is in the range of frequencies where
earthquake energy is strongest, resulting in a very high floor acceleration, which may
cause damage to equipment or machinery. The second, the capacity design method,
incorporates that a part of the energy transmitted into structure by an earthquake is
dissipated by plastic deformations. The capacity method mostly used for flexible
structures as frames, provided that plastic deformations occurred in structural
elements, which are designed to undergo such large deformations. Therefore, the
design of such yielding zones has to be planned carefully.

However, this concept may lead to a very high interstory drift, causing p-~ effects
and damage to non-structural elements. Thus, the costs for retrofitting or strengthening
after a strong earthquake can be very high. An alternative approach consists in
isolating the structure base from the ground by using rubber bearings.

It has to be pointed out that the dynamic system consisung of rubber bearings
supporting a structure is predominantly governed by the non-linear behaviour of the



www.manaraa.com

373

bearings. Therefore we focus on the development of a constitutive law describing the
behaviour of the rubber bearings under cyclic loading .

3. A Constitutive Law For Rubber-Like Materials

In the framework of EC Project 70 lOon "Optimisation of design and performance of
high damping rubber bearings for seismic and vibration isolation" a task at the
Institute for reinforced concrete structures. University of Karlsruhe, was set-up to
develop detailed numerical models for the analysis of such bearings [5), [6). Following
the most important formulations of a viscoelastic constitutive law for finite strains are
illustrated, as they have been developed based on an approach by Simo (1987) .

The law proposed makes the following assumptions [10),1151 :

• uncoupled volumetric and deviatoric response for finite strains
• viscoelastic properties represented by separable functions of time and strain
• no volumetric relaxation

The applicability of the first assumption to the high damping rubbers was confirmed in
this work by tests examining the effect of hydrostatic pressure on the tensile behaviour.

The Simo law is here modified with a strain hardening function to cover the stiffening
of rubber at higher strains, as observed experimentally. and a strain softening function
to account for strain history effects.

Thus , the fully three-dimensional constitutive law takes the form:

t

a(-r) =K In(J)·1 + fcI>(t - r) ~ [g(<p). H (IIdevclI)· deVC]d-r
. =0

1

Here. the deformation gradient F is decomposed into a pure volumetric J 3 1 and

isochoric deformation F . respectively [13J. Furthermore. the right Cauchy-Green

tensor C for the isochoric deformation is given by:
2

C=J-3 C =FT F
The first term in the constitutive law covers the volumetric stress, while the deviatoric
part described by a convolution integral containing:
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• a relaxation function

t

<I>(t)=G., +(Go - G.,) · a v

with a long and a short shear time modulus G., and Go and a characteristic relaxation

time v .

• a strain softening damage function

with the material parameters a and ~ and the norm of the Cauchy-Green-tensor

q>('t) =maxll dave II .
't:s;t

• a strain hardening function

with a scalar parameter 8 .

The material parameters : K,Go,Gro , v,a,~ and 8 were determined for loading

histories KOD and KOS, as shown in Figure 3.

Both loading histories are up to a rubber shear deformation of 200 % (tan 00= 2);
where tan 000= srr. Here, S means the total rubber thickness and T the horizontal
displacement.

tan-

KOD
tany

KOS

(tany)" = canst.

Figure. 3: Loading histories KOD (f = 0.1 Hz) and KOS (strain rate 7%/s)
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The values of the material parameters appropriate to each test condition are listed in

Table I (5).

Table I: Material parameters for viscoelastic model

KOS KOD

K [MPa] 1000 1000
Go [MPa] 3.5 3.5

Goo [MPa] 1.3 1.3

I' Is] 5.0 0.5
a 0.1 0.1
fJ 0.2 0.2
8 0.02 0.02

4. Fe-Simulation Of Rubber Bearings Compared With Test

An algorithm proposed by Kim et al (1991) was used to evaluate the convolution
integral (10). Minor changes to stiffness parameters in Table I were made to take into
account the difference in strain rate experienced by the rubber in the bearing test. An
example of a test result and the FE-analysis for a bolted bearing, D = 250mm and a
total rubber thickness T = 60 mm, are shown in Figure 4 and Figure 5, respectively (5),
[6), (7). There is a good correspondence between the test results and the FE-anal ysis.
The predicted loops are seen to reproduce the observed behaviour reasonably well.
The FE-model of the rubber bearing is generated with 20-node quadratic continuum
elements for the rubber layers and the two anchor plates [I) .
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Furthermore the response of time histories of two earthquakes with a different
dominant frequency content, Friaul 1976 (3-5 Hz) and Vrancea 1986 (0.7-1 Hz) shown
in Figure 6, has been calculated to test the calibrated KOD parameters . As loading
mass, 33 tons were taken, which corresponds to a third of the mass of the test building
(three bearings). Figure 6 illustrates that the 'low-frequency' Vrancea time history is
amplified, which corresponds to the design of the test building, and the 'high
frequency' Friaul time history is attenuated.
For the Friaul earthquake it is shown that the seismic loading imparted to a structure
can be efficiently reduced. The need to take into account the soil conditions before
using rubber bearings as base isolation is obvious. In particular regions of soft soil
which mostly reveal low frequency response to an earthquake are critical [3], [9].
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Figure. 6: Calculated response of Friaul 1976 and Vrancea 1986 earthquakes.

Figure 7 shows the spectral amplitudes and spectral ratio for the calculated response of
the used bearing for the Vrancea 1986 earthquake.
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The peak in the calculated spectral ratio for the Vrancea 1986 event in Figure 7 shows,
that for moderate earthquakes the predominant frequency is about I Hz, while the
calculated maximum shear deformation goes up to tan Do= 0.4. For stronger
earthquakes the predominant period is expected in the range of 0.7 Hz and tan D0 =

1.5, due to loss of stiffness of the rubber bearings for larger shear deformations.

5. Local Soil Conditions

The local soil conditions are governed by a predominately c1ayed soil profile, with a
thick fine-coarse gravel - coarse sand - layer at the top, containing the water table
level. The soil profile with in-situ measured shear and compression wave velocities up
to 74 m depth is shown in Figure 8 [12] .
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6. A Simplified Constitutive Law For Soil

To take into account the non-linear behaviour of soil material under cyclic loading, a
simple pseudo-linear approach was chosen [2], [4]. In this approach, the non-linear
behaviour of soil is modelled by using a constitutive relation, based on a variable
moduli (VM) model.

It has to be point out, that these models can account for behaviour of a limited class of
materials, loadings, and stress paths , they may not used as general models. Due to the
circumstance, that it is rather difficult to get all parameters for more sophisticated
constitutive relations in practice, these approach seems to be justified.

The basic assumptions of the incremental formulation are:

• uncoupled deviatoric and volumetric response

• tangential shear modulus Gt as a function of the second deviator stress invariant

~J2D and the hydrostatic pressure p

• tangential bulk modulus Kt as a function of the first strain invariant 11

These leads to the following stress-strain-relation

The stress-strain-relation and calibration of parameters for different soil layers will
be derived from in-situ measurements and dynamic laboratory tests, which will
actually be done.
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First results of a simulation for a simple shear test for different loading histories are
presented in Figure 9. The non-linear behaviour of calculated G - Ycurve fit empirical

derived G -y curves, given in the literature, reasonable well [8], [14], (16].
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Figure . 9: Stress-strain-relation for different loading histories with the VM-Model

7. Conclusion And Future Directions

The results of the behaviour of rubber bearings under cyclic loading up to serviceability
of tan 0 = 2 presented herein have shown that non-linear effects as well as the
hysteretic behaviour can be simulated in good accordance to the test results with the
proposed constitutive law. What remains is to test such bearings under real conditions.

Therefore one of the tasks within the framework of the CRC at the University of
Karlsruhe, Germany, is an experiment in downtown Bucharest, Romania, at the
MSTS. For this purpose among others a rigid concrete bloc founded on rubber bearings
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and a rigid footing was erected. Free-field accelerations in various depths and the
relative accelerations between the concrete bloc and the footing will be measured
simultaneously.

Additionally, soil-structure-interaction will be taken into account to control the
complete dynamic system.
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GPS IN DYNAMIC MONITORING OF LONG-PERIOD STRUCTURES
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Abstract

Global Positioning System (GPS) technology with high sampling rates (-10 sps) allows
scientifically justified and economically feasible dynamic measurements of relative
displacements of long-period structures --- otherwise difficult to measure directly by other
means, such as the most commonly used accelerometers that require post-processing including
double integration. We describe an experiment whereby the displacement responses of a
simulated tall building are measured clearly and accurately in real-time. Such measurements
can be used to assess average drift ratios and changes in dynamic characteristics, and therefore
can be used by engineers and building owners or managers to assess the building performance
during extreme motions caused by earthquakes and strong winds. By establishing threshold
displacements or drift ratios and identifying changing dynamic characteristics, procedures can
be developed to use such information to secure public safety and/or take steps to improve the
performance of the building.

KEYWORDS: monitoring, GPS, strong-motion, building, structural response, frequency,
displacement, acceleration

1. Introduction

Seismic monitoring of structural systems constitutes an integral part of National Earthquake
Hazard Reduction Program of the United States. In general, until recently, monitoring the
response of structural systems for the purpose of assessing and mitigating effects of
earthquakes (and also severe winds) has relied on measuring the shaking response by deploying
accelerometers throughout a particular structure of interest to the scientific and engineering
communities. In contrast, there are no efficient or feasible methods to measure displacements
during an earthquake or severe wind. Recordings of the acceleration response of structures have
served us well. Studies conducted on such records have been useful in assessing design/analysis
procedures, improving code provisions, and correlating the response with damage.
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Since the M,=6.7 Northridge (17 January 1994) and M,=6.8 Kobe (17 January 1995)
earthquakes, drift studies and assessment of susceptibility to damage of tall buildings have
become important issues, particularly because so many steel-framed buildings were damaged,
some severely and some lightly. In the Los Angeles area, for example, following the Northridge
event, several hundred steel-framed buildings had to be examined, assessed, and repaired or
retrofitted. Only three of these buildings were instrumented prior to the event, providing some
limited acceleration response data to be used for interpretation of the widespread damage .
Additional data, if available in real-time or near-real-time, could have been very useful for
studies and for design of repair and retrofitting projects that followed. Therefore, there is a
great need for better and more extensive monitoring of tall buildings.

Relative displacements, which are key to assessing drift and stress conditions of structures: are
difficult to measure directly . On the other hand, measuring acceleration response requires a
double integration process to arrive at displacements. The integration process is not readily
automated because of the nature of signal processing, which requires (a) selection of filters and
baseline correction (the constants of integration), and (b) often substantial judgment when
anomalies exist in the records . Consequently , this process can lead to errors in the calculation
of velocities and displacements. This problem is more acute for permanent displacements.
Accelerometer measurements cannot be used to recover the permanent displacements at the
centimeter level ; and even if they could, it is questionable if it can be done in real-time. That is,
the level of accuracy of displacements calculated from accelerations has not been widely
verified by observations (e.g., some shake table tests performed to compare the performances
of accelerometers and accelerographs have not been directed at checking displacements).

An alternative method to measure relative displacements while monitoring structural systems
can be accomplished by using GPS technology, now advanced to record at 10 sps with an
accuracy of ± 1 em horizontally and ± 2cm vertically. This provides a great opportunity to
monitor long-period structures reliably (e.g., tall buildings that are 20-40 stories or more). The
majority of the tall buildings are flexible steel-framed structures . The fundamental period of
such a flexible-framed building can be estimated with the empirical formula' , T = 0.1 N, where
N is the number of stories of the building. This means that at least 20-40 data points will be

2 For most flexible buildings, the fundamental period (T) is approximated by O.lN, where N is
the number of floors of a building (even though the fundamental period can vary between
[O.05-0.l5]N depending on the flexibility of the building) . Therefore, to simulate a 40-story
building, we set the period (frequency) equal to 4 s (0.25 Hz) and proportioned the length,
width and thickness of the cantilever.
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recorded for one cycle of motion of a 20-40 story building vibrating at the fundamental period.
This provides sufficient accuracy to assess the average drift ratio of a building. Such
information can be very useful in assessing the damage to a building. In addition, the main
value in using GPS technology to assess the condition of a building is that the displacement
measurements can be made directly in real-time and with sufficient precision. As discussed
later, we have made preliminary tests to prove the technical feasibility of the application of
GPS to monitoring structures.

There is great potential for the application of GPS technology to monitor long-period structures
during earthquakes. The application can also be extended to monitoring wind-induced
deformation of tall buildings, long-span suspension and cable-stayed bridges, and tall
chimneys. Furthermore, with future advances in GPS technology and improvements in
sampling capability (e.g., higher than 10 sps), it will be possible to monitor short-period
structures as well. Additionally, direct measurements of displacements will enable us to reliably
detect structural movement caused by failure of the ground under a structure (e.g.,
liquefaction).

2. Technical Justification

In the last few years, there have been numerous studies related to the technical feasibility of
using GPS to measure displacements of civil structures. Most of the initial work has been
accomplished by aerospace atmospheric researchers. Studies related to the application of GPS
for static or dynamic measurements of displacements of structural systems include but not
limited to those by Hyzak and others (1997), Teague and others (1995), Guo and Ge (1997),
Kondo and Cannon (1995), Lovse and others (1995), Hudnut and Behr (1998), Behr, Hudnut
and King (1998) and Stein and others (1997). In our study, we direct the efforts to actual
permanent deployment of GPS units alongside accelerometers, and also to use the displacement
measurements with GPS as a health monitoring tool.

3. Model Tests Simulating A Tall Building

To investigate the feasibility of using GPS technology to monitor tall buildings (and other long
period structures), we conducted two experiments. Figure 1 depicts a photo and the overall set
up for a simple and inexpensive experiment designed by selecting a standard stock steel bar to
simulate a 30-40 story flexible building. We selected the length, thickness, and width of the two
bar specimens to yield a fundamental period of approximately four seconds in the weak
direction. To make things simple, we purposefully selected the width and thickness of each of
two bars with an extremely weaker axis in one direction. The width was varied to show the
sensitivity of measurements during vibration and at 10Hz sampling rate. Each bar was fixed at
the base and the GPS unit was attached at its tip. By providing an initial displacement (simply



www.manaraa.com

386

by pulling the top of the bar and releasing), each bar was set into free vibration and its motion
was recorded. Results are summarized in Table 1. Figure 2 shows the particle motion and time
history of one of the tests performed. The axes of the bar were at an angle to the NS (and EW)
direction. Therefore, the NS and EW components of displacements are identical in phase and
proportional in amplitude. Also, since the GPS unit is not symmetrically and concentrically
mounted in the weak direction (photo in Figure 1), the amplitudes of positive and negative
displacements measured are not the same. The detection of the effect of the eccentric mass adds
to the assurance that the measurements are accurate and sensitive. These simple tests and results
were and can be duplicated easily and readily.

Figure 3 is a plot of NS components of measured relative displacements and corresponding
amplitude spectra of Bars A and B. The figure shows the accuracy and sensitivity of the GPS
monitoring technology at ten samples/second. The measurements differentiate between the
frequency of the free-vibration response of the two bars with different dynamic characteristics.
From the data, the fundamental frequency (period) of the two bars are identified to be 0.245 Hz
(4.08 s) and 0.296 Hz (3.38 s) respectively. Also, a damping percentage of approximately 2% is
extracted. This simple test shows that sampling at 10Hz with GPS units provides a clear and
accurate displacement response history from which drift ratios and dynamic characteristics of
the specimen can be derived (Celebi et aI., 1997, 1999 and Celebi, 1998). The implications of
this go beyond just the measurements. It can be shown that identification of variation of
dynamic characteristics can be used to identify not only different structural systems, but also
possible nonlinearities that occur during vibration (e.g., due to damage and plastic behavior of
the structural members, components and/or joints, or to soil-structure interaction under varying
amplitudes of input motions).

4. GPS Ambient Test of a 44-story Building and Strong-motion Acceleration Records

In a second test, we measured ambient vibration (due to winds and traffic noise) of a 44-story
building with a GPS unit temporarily deployed on its roof. A reference GPS unit was located
within 500 m of the building. The signals were very noisy and amplitudes very small; therefore,
most common methods to identify structural characteristics did not work. Only the cross
spectrum of the two orthogonal, horizontal, low-amplitude, ambient displacement recordings
(when the signals are coherent and approximately 1800 degree out of phase) were used to
identify the fundamental frequency of the building at 0.23 Hz (Figure 4), with another
frequency at - 0.3 Hz. Despite the very small signal, these frequencies appear to be reliable
when compared with the 0.23 Hz frequency calculated from accelerations recorded with a
triaxial accelerograph on the 38th floor (accepted here as the roof response) during a small
earthquake (Figure 5). A comparison of these frequencies is provided in Figure 6.
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Despite the small displacements «1 em) and low signal to noise ratio of this experiment, the
fact that dynamic frequencies could be identified indicates that during larger displacements,
better identification of the dynamic characteristics as well as drift ratios can be made with
higher confidence.

5. Looking to the Future: Real-Time Monitoring

5.1. PERCEIVED REAL-TIME MONITORING

Initially, we are planning to deploy the GPS units only on tall buildings that are already
instrumented with accelerometers. This will facilitate comparison of absolute and relative
displacements measured by GPS and calculated by double integration of accelerations. The
GPS units will be configured to provide data to indicate the real-time average drift ratios-and
changes in the dynamic characteristics of the buildings. This information can be made available
to building managers (or interested parties) in real-time or whenever a predetermined
displacement threshold is reached. The building managers can assess the response of the
buildings according to (a) different threshold displacements (e.g., A, B and C as shown in
Figure 7), (b) drift ratios, or (c) changing dynamic characteristics. If a situation is serious, the
management can make decisions to evacuate the building for additional inspection. Therefore,
one by-product of the effort would be to secure the safety of the occupants and significant
contents of the building. Thus, a real-time structural health monitoring environment will be
created. At least three GPS units per building are required to monitor a tall building: two of the
units should be deployed on the roof to detect translational and torsional response of the
building, and the third unit will serve as a reference ground station to evaluate relative
displacement. The ground site also needs excellent sky visibility.

Similar deployments are being planned for other types of long-period structures. One project in
development at this time is for deploying GPS units on one of the long-period suspension
bridges such as the Golden Gate Bridge and Bay Bridge (San Francisco) or Vincent-Thomas
Bridge (Los Angeles). As in the case of tall buildings, changes in dynamic characteristics after
the displacements at critical locations of a bridge have exceeded predetermined thresholds, can
be calculated in near-real-time (Figure 8). When warranted, the management can make
decisions to inspect the bridge (e.g., decisions can be made to stop the traffic, thus securing the
bridge safety, which is one of the objectives of lifeline earthquake engineering). With the GPS
technology, we can furnish time-dependent displacements for the relative movements of critical
locations of structures. For example, for the bridges, GPS units placed at pre-selected locations
of bridge elements can indicate, in real-time, the amplitude of the displacements of the decks
and towers, as well as movements of key bridge elements relative to local bedrock reference
points. Thus, movements of the piers relative to the abutments, the top of a tower with respect
to its base, or the span with respect to the ground, can be made at a centimeter-level of
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precision, in real-time. We will recover both the dynamic motions that accompany the
earthquake, as well as the static or permanent displacements experienced by the bridge once the
shaking has stopped. Such permanent displacements affect the state of stress of a bridge, and
provide evidence for distortion or failure of bridge elements or subsidence of piers due to
ground compaction induced by earthquake shaking.

5.2. CURRENT DEPLOYMENTS ON TALL BUILDINGS

As this paper is being written, deployment of GPS units on the roof of two buildings in Los
Angeles has been completed, and we are in the process of deploying GPS units on the roof of a
building in San Francisco. Figure 9 shows the actual deployment on the roof of one of the
buildings in Los Angeles. As it happens with field deployments, physical obstacles and
constraints necessitate alternate approaches. In this case, the window cleaner machinery on the
roof of the 44-story building travels on rails near the parapet and uses the parapet continuously.
Therefore, any deployment had to be planned away from the parapet wall. To solve this
problem, a stiff auxiliary support frame (Figure 9) was erected. The figure also shows the GPS
antenna and the radio antenna to communicate with the reference station so that differential
displacements are obtained.

5.3. REQUISITE SOFTWARE

Requisite software is being developed to assess and rmngate the two natural hazards
(earthquake and severe wind) affecting the structures by using the displacements measured by
the GPS units. Figure lO shows a screen image of software being developed to assess
displacements observed with GPS and provide alarm (warning). Such collected information
on the response of the structure during strong motion events (or strong winds) can be used to
make decisions for further evaluation of the susceptibility to damage of the structure, and future
repair/retrofit schemes may be developed.

5.4. BENEFITS AND OTHER APPLICATIONS

• The collected information on the response of the structure during strong-motion events (or
strong winds) can be used to make decisions for further evaluation of the susceptibility to
damage of the structure, and future repair/retrufit schemes may be developed.

• The recorded data can be used to analyze the performance of the structure and such results
can be used to improve future analyses/design procedures.
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• The data collected can also be used to assess long-term displacements of critical locations
of structural systems (e.g., permanent displacements, settlement of foundations, long-term
deformations due to change of temperature and the plate tectonic deformation spanning the
San Francisco Bay and parts of the Los Angeles Basin) and to develop methodologies on
how the findings can be incorporated into useful practical design procedures.

6. Conclusions

It is shown in this paper that recent advances in sampling rates of GPS technology allow real
time monitoring of long-period structures such as tall buildings and long-span bridges. The
advantage over conventional monitoring using accelerometers is that relative displacements can
be measured reliably in real-time and with sufficient accuracy to assess potential damage to the
structures. The technical feasibility is illustrated through two tests conducted on two vertically
cantilevered bars that simulate tall bu ildings, and an ambient test of a 44-story building. Both
approaches show that GPS monitoring of long-period structures provide sufficiently accurate
measurements of relative displacements such that dynamic characteristics of the vibrating
systems can be accurately identified. This capability can be used for structural health
monitoring purposes. Procedures and software are being developed to permanently deploy GPS
units on tall buildings and suspension bridges.
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Table I. Resultsof Tests with GPS Units
[H=Height, B=Width, t=thichness, F=Frequency,T=Period]

\

BAR L(m) B T(cm) Measured Damping
(em) F(Hz) T(s) [~](%)

A 1.82 3.8 0.32 0.245 4.08 - 2.0
B 1.82 5.0 0.32 0.296 3.38 - 2.0
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Figure I. Photo and schematic oftest set-up for using GPS for dynamic monitoring of tall buildings.
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Figure 2. Particle motion and time-history of relative displacements (NS and EW components) of simulated test
specimen.
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recording (from amplitude spectrum).
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Figure 9. Deployed GPS Unitand Necessary Frame System
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Figure JO. Software developed to provide alarms at three thresholds of displacement of an instrumented structures
withGPS.
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REAL TIME LARGE STRUCTURE MONITORING USING THE INCLINATION
SENSOR

R. N. CELIK
lTV Civil Engineering Faculty, Department of Geodesy and
Photogrammetry,lstanbul,Turkey
e-mail.celikuisariyer.cc.itu.edu.tr

Abstract
This paper gives the brief information about the precise inclination-sensor called NIVEL20.
Thereafter fields that the sensor might be used to determine flatness, torsion, deformation
and etc are mentioned. A test carried out to determine the movements of a building and a
pillar built on this building are examined using continuously collected data by two
NIVEL20s. Therefore movements of the building and the pillar are simultaneously be
monitored and effects of building movements onto pillar are investigated in micron level.
Results obtained are expressed and interpreted.

1. Introduction

Turkey is a developing country that new large constructions are continuously built in every
part of the country such as high rise buildings, large highway structures , dams and so on.
These structures are built due to several reasons like renewing, replacements etc. However,
all new things always come along with additional problems. The most important problem
coming with these large structures are deformations occurred on such structures . If these
deformations are not monitored with respect to time, some problems that can not be
compensated can cause serious defects, and hence it could be too late to tell 'STOP'.
Therefore, precaution must be taken beforehand.

Fortunately, now, the developing technology aids to find a way to sense the size and
character of the movements even in real time. This new technology comes up with an
instrument called NIVEL20. The new instrument is capable to be used as a very precise
real time monitoring sensor for large structures. Internal data collection frequency of this
instrument is less than a second which means the motion of large structures under a loading
effect can also be observed and investigated in real time.

In the flowing sections, reader can obtain an explanation about working principle of
NIVEL20. Thereafter , as an example, test, which is carried out in Civil Engineering
Faculty building of Technical University of istanbul for structure monitoring is explained in
detail. Additionally, the results obtained from real time monitoring test is investigated,
analysed and then interpreted. Moreover, the way of using NIVEL20s for monitoring
purposes on highway bridges (viaducts) is briefly touched on.
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2. Working Principle of NIVEL20

NIVEL20 is a precise inclination sensor. It is capable to measure inclination in two
different independent directions. These directions (X and Y) are placed as perpendicular
and intersect each other at an origin. A coordinate system is defined regarding to the
origin. Therefore, inclinations measured based on X-axis and Y-axis can take minus and
plus value, see Figure 1. As a result, the direction of inclination can easily be identified.
This axis definition is displayed on the sensor for user information. The advantage of
having inclination measurements in two directions is to observe inclination changes of a
surface in every direction and also the interpretation of height information regarding
inclination changes.

NIVEL20 inclination sensor works with an optoelectronic principle that has no moving
part. The reference plane is provided by a fluid horizontal that is always perpendicular to
the true vertical. The inclination is measured with the difference of an angle between the
true horizon and the surface of an object on where the sensor placed [1]. In order to start
measuring, no adjustment is required unless the sensor placed as out of its working range (±
1.5 mrad). Therefore, the surface on where the inclination sensor is placed must roughly be

x
"

Figure I : Working Principle ofNIVEL20
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levelled. However precisely levelled surface can be much better because in some case a
measurement must be able to be made close to edge of the working range limitation or
small movements might put the sensor out of the working range due to roughly levelled
surface.

NIVEL20 is a sensor that measures also the temperature of the environment to eliminate the
errors occurred due to temperature changes. The sensor is capable to beused in continuous
mode that provides continuous monitoring observation as it was used in the test described
in this paper.

3. Where & How can The Inclination Sensor be Used?

In effect, the inclination sensor can be used anywhere where very precise inclination
measurements are required. One of the main fields that the inclination sensor can
successfully be used is industry for levelling large machines, controlling surface flatness
and straightness , controlling deflection and torsion of the large machines and surfaces and
etc.

All applications mentioned above are entirely related with industry. However, when large
building construction and their deformation are considered, the inclination sensor is also a
very useful tool to tackle with the problems come along with large constructions. Dam,
viaduct, bridge and high rise building deformation can easily and successfully be monitored
in real-time using NIVEL20 because the number of sensors (max 128 sensors) can be
connected each other with cables. This capability provides that large areas can be covered
with sufficient number of sensors and hence movements of large areas can be monitored.
For example if a viaduct or a bridge deformation is considered, temporary and permanent
movements of the construction can continuously be monitored. Temporary movements
might occur due to temporary heavy loading like traffic jam or long vehicle passing or etc.
Permanent movements might occur due to ground properties or natural effects as
earthquake, land sliding etc. Both might be the deformation source, although permanent
movements are more effective movements for deformation. However the temporary
movements might also be observed to compere the act of construction with the modelled
one against expected effects. All these movements can be identified using the inclination
sensor in real-time continuous mode.

Also during destruction work, buildings and other constructions exists around the
destruction area might seriously be damaged due to vibration and loss of static support
taken by destroyed building. Therefore the inclination sensor can also be used during
destruction work, to be able to monitor the other constructions within effective range of
destruction side effects. There might be so many different fields than mentioned above,
which the inclination sensor can aid to solve for many problems.
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4. Definition of The Test

In order to see the capability of the sensors for structure monitoring a test has been carried
out in lTD. The test area was the roof of the civil engineering faculty building. At the roof
there is a pillar that is for GPS continuous reference station and is also dedicated as IGS
(International Geodetic Service) site. There was some hesitation on location of the pillar
since it is on a building that might not be stable; self-movements of the building might
affect the position of the pillar. Therefore, self-movements of the building and the pillar
should have been monitored with respect to time.

As a first step two NlVEL20 sensors have been placed: one on the pillar and one on the
building. The pillar has been built on one of the piers of the building. The sensor on the
building was placed very close to the pier. The sensor on the pillar was protected against
direct sunlight and rain covering with a plastic cover, and this sensor was called as Sensor
1. The other one was in the building, and this sensor was called as Sensor-2. Both sensors'
axis were oriented parallel to each other. Namely, X-axis of the Sensor-l was parallel to X
axis of Sensor-2 and also Y-axis of the sensors. X-axis was oriented approximately East
West direction and naturally Y-axis was in North-South direction since X and Y-axis are
perpendicular, see Figure 2.

Figure 2: Location of the sensors

Both sensors have been connected each other via cable in RS485 standard and then to a
notebook computer using RS232 standard. SOPOM software [2] was used to communicate
with the sensors and to collect and evaluate the raw inclination data. Raw data have been
collected on-line and stored every minute. Data collection was completed within
approximately a week.
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5. Results of The Test and Interpretation of The Results

The inclination measurement was carried out eight days. Table-I shows the dates and the
weather conditions during test. As is seen from the table, measurements were started in
19th March.1999 and completed zs" .March.1999. Within these dates system continuously
collect data except the time of electricity was off. In whole period, electricity was cut 4
times and total number of minutes is 29, which is negligible.

During the test, first 2 days, the weather was cloudy and rainy, thereafter following 3.5
days was sunny. Afternoon of 24th of March the weather was cloudy and also rainy again.
Following 2 days was sunny again. Temperature from night to day gradually changed. The
lowest temperature was about 3°C in early morning in 24th and the highest was about 31°C
in afternoon in 24th for Sensor-I . The lowest temperature was about 14°C in morning in
21st and 22°C in afternoon in 25th for Sensor-Z, see Figure 3. Figure-3 shows the
temperature changes, time (day basis) against temperature in Celsius degree.

Table-t: Test dates and weather conditions

Day Date Time Weather Condition
1- Friday 19-3-1999 17:10 Cloudy & Heavy Rain
2- Saturday 20-3-1999 Cloudy & Rainy
3- Sunday 21-3-1999 Sunny
4- Monday 22-3-1999 Sunny
5- Tuesday 23-3-1999 Sunny
6- Wednesday 24-3-1999 Sunny - Cloudy & Rainy
7- Thursday 25-3-1999 Sunny
8- Friday 26-3-1999 18:25 Sunny

Figure-S: Temperature measurements ofthe sensors
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The blue line, which has also high amplitude, represents Sensor-I measurements and the
green line, which has low amplitude, represents Sensor-2 measurements. Therefore the
maximum temperature differences are 29°C for Sensor-I and SoC for Sensor-2. This can be
seen also in Figure-4. Figure 4 shows the temperature differences regarding zero
measurements of each individual sensor during test period, time (day basis) against

Figure-s: Temperature differen ces from the zero temperature measurement

temperature in Celsius degree. Blue line, which has also high amplitude, represents Sensor
1 measurement differences and Green line, which has low amplitude, represents Sensor-2
measurement differences.
Having examined temperature differences, inclination measurements can be investigated.
Inclination measurements are also given as difference of inclination from zero
measurements of each sensor. Figure-S shows the inclination measurement differences
with respect to X-axis, and Figure-S shows the inclination measurements regarding Y-axis.
Both graphs in Figure 5 and 6 shows the inclination differences time (day basis) against
inclination differences in mrad. In both graphs the blue line, which has also high
amplitude, represents Sensor-I measurement differences and the green line, which has low
amplitude, represents Sensor-2 measurement differences.

Before examining the graphs one should be remember that X-axis was in the same direction
of East-West and the Y-axis was in North-South. This information is very important for
interpreting the results, and also this should be known that minus X-axis directing East and
minus Y-axis directing North. Having remembered all these, the graphs can be
investigated. When the graph in Figure-S is examined it is seen that Sensor-2 (the green
line) which has been located to observe the movements of the building has not show much
movements in X direction. Inclination differences are between -10 and +40 urad, which is
negligible. However, Sensor-I (the blue line) which has been located on the pillar has
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shown large movements. It is interesting that, movements draw approximately same figure
almost every day; but movements in first 2.5 days and 24th March are different. Why those
days were different? When the weather conditions are investigated given with Table-I, it
can be seen that in those days there was no direct sunlight on the pillar. First 2 days were
totally cloudy and also rainy, however in 24th of March first half of the day was sunny and
then it was cloudy
and rainy again. Therefore, the pillar began its periodic movements in first half of the day;

but did not complete due to loss off direct sunlight effect and hence amplitude of the
movements was less than expected one. Moreover the highest temperature differences were
also recorded in 24th of March; but that did not aid the pillar to complete its periodic
movements. This also shows that the movements of the pillar do not dependent on
temperature differences, it mostly depends on direct sunlight effect. The inclination
measurements on Y-axis also prove this result. In X-axis direction, pillar makes its
maximum movements during daylight. The pillar begins moving about 6:30 in the morning
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Figure 5: Inclination differences from the zero inclination measurement on X-axis

towards to positive X-axis direction and reach maximum movement between 9:00 and
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10:00 hours. Thereafter it goes back to its morning position and finds this position between
13:00 and 14:00 hours. Then it begins moving towards negative X-direction and reach
maximum movement between 16:00 and 17:00 hours and turning back its morning position
again. This shows that the side of the pillar, which takes the direct sun light, expands due
to heating up, and hence inclines towards to the side under shadow.

The graph in Figure-6 shows that Sensor-2 did not incline much in Y-axis direction.
Inclination differences are between 0 and -35 urad, which is negligible. However, Sensor-I
did record some interesting inclination differences with respect to time here again; but these
movements were one directional. Here, pillar begin inclining towards to negative Y-axis
direction about 6:30 in the morning and reach the maximum movement between 11:00 and
14:00 hours. Thereafter it turns back and completes its movement between 19:00 and
20:00 hours. These movements are also related with direct sunlight effects on pillar.

6. Conclusion

As is seen from the test results, the building, where the pillar built on, has no movement
influence on the pillar. The building is stable, its maximum movements is less that 50 urad
that is negligible . However, the pillar has self-movements. When these movements are
compared with the building ones, they are too large; but even so the size of the pillar
movements are not big enough to be taken into account when GPS continuous station is
consider. It moves between +180 and -355 urad in X-axis direction and between +540 and
-40 urad in Y-axis direction. The total size of movement is about 535 urad in X-axis
direction and 580 urad in Y-axis direction, In other words, it is about 0.8 mm/m.
Therefore , these will not effect the position of the GPS site.

However, it is obvious that the pillar moves under direct sunlight effect. Its movements are
directly related with sun movements . When the results are reviewed, it can be realised that
the pillar foIlows the sun as a moonflower follows the sun but in opposite direction. In
other words, the pillar inclines towards to opposite direction that points out orbital location
of the sun, since when pillar take direct sunlight, only one side of the pillar heats up.
Hence, pillar loses its homogeneity and it expands. Consequently, the pillar moves towards
to the other side

This test shows that NIVEL20 is the right sensor to precisely monitor large structures . It is
capable to identify even a very small movement and also capable of separating two
different movements occur on a same structural body.
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Abstract
A project has been carried out to investigate the performance of GPS for determining
deformations of large strong structures. As a test structure, a viaduct has been chosen 40
km away from West of Istanbul and built in a marsh area. Four epochs of GPS and
levelling measurements have been done. Results obtained from epoch measurements are
investigated and expressed in this paper. Also the needs of a special force centring
equipment to achieve the accurate results are emphasised.

1. Introduction

The development of technologies affects all engineering fields. Now using technological
developments large size of structures can easily be constructed and then these are opened
and served to the use of people in a very safe condition. However, this service must also
cover monitoring of structure against natural effects, since natural effects might cause
serious defects when long period of time of use is considered.

Karasu viaduct, which is 2160 metres long, has been structured on a marsh area, and is on
the Transport European Motorway (TEM). It is an important highway construction and is
one of the longest viaducts in Turkey. Although geological and geotechnical ground
analysis has been done before it was structured, the viaduct must be monitored by using
geodetic techniques against possible deformations . Therefore a project has been agreed to
determine the deformations of the viaduct.

In order to determine the possible deformations, 24 survey marks on the viaduct as
deformation points and 6 pillars out of the viaduct as reference points have been
established. Four epochs of GPS observations have been done on these points. First epoch
was carried out in July 1996. Second one was in March 1997. Thereafter the third one was
in October 1997 and finally the last one was in April 1998. All epochs have been
individually evaluated and the combinations of the results obtained are investigated.
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The following sections of this paper provide information about the preparation and planing
process of the project, and the fieldwork including survey equipment specially designed for
this project, and finally the determinations and results obtained are expressed.

2. Definition of The Project

Today, using developing technologies, specially the GPS techniques, large structures can
successfully be monitored against any deformation effect. This project has been set up to
monitor possible movements of the Karasu Viaduct, since the viaduct has been structured
on a marsh area that increase the deformation risk on the structure by time . The Karasu
Viaduct is a large, 2160 metres long, highway bridge about 40-km away from West of
Istanbul in Turkey. It is a part of Transport European Motorway (TEM) and passing over
the lake of Buyukcekmece dam. First 1000 metres of the viaduct have been built upon the
lake. The viaduct has 2 x 2 lanes, and each lane is 13 metres wide, and whole structure has
been built as curve based on approximately 100 piers (1], see Figure 1.

This project has been agreed as a joint project between the Department of Geodesy,
Istanbul Technical University, and Institute of Physical Geodesy, Darmstadt University of
Technology, under the sponsorship of the Volkwagen-Stiftung, Germany, and with the
support of 17. Section of General Directorate of Highways Organisation, Turkey. The
project aim is to monitor deformation on the viaduct using GPS and precise levelling
techniques to understand especially the suitability of GPS for this purpose .

UWUVIlIUCT

3. Surveying Campaigns & Equipment Used

As is vel)' well known that the deck of all bridges always moves with in a certain
limitation, that does not mean that these movements are deformations. Naturally,
deformations occur on the body of the bridges . In order to be able to detect the deformation
of the bridge using geodetic techniques, measurements must be carried out directly on the
piers of the viaduct. Therefore, using a machine 24 holes have been opened on the deck to
reach the piers, see Figure 2. Thereafter, totally 12 survey marks have been placed on
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Figure 2: Viev of Survey Marks and Equipment used for Force
Centring ofGPS Antenna

every fifth piers in each side of the viaduct, northern and southern sides respectively .
Addition to these 24 survey marks 6 more survey marks as pillars have been set up out of
the viaduct as reference points for deformation measurements, see Figure 3.

In order to achieve required accuracy, forced centring is essential to set the GPS antennae
on the survey marks, and also special equipment with' a known constant from the antenna

Karasu Viaduct Network
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Figure 3: Location ofthe Survey Marks in Karasu Viaduct
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phase centre should be used to determine the antenna heights as accurate as possible . To
realise this, special equipment has been considered and developed as a fixed known length
rod which can easily be placed into levelled tribrach and on which the antenna can be
screwed, see Figure 2.

Four survey campaigns, that were timely independent each other have been carried out. In
other words, four epochs of measurements have been done, since the expected deformation
rate has been assumed to be few millimetres level per year. First campaign was in July
1996, second one was in March 1997, third one was in October 1997 and finally the last
one was in April 1998. As is seen from the dates of measurement the intervals between the
campaigns are about half a year, for exact intervals, see Figure 4.

1}@::::::@mi:}OAljjfiji':i::i:::I':::::I::::::@! .::::: :..: OJItil,. ::•• :::.:::. j.::::::f@:MfMi .ifmMf::1
July 1996 JIarrJ1199'1 ():triIer 199'1 ,\priI1998

Figure 4: Exact intervals betwen campaigns

Two separate survey groups carry out GPS campaigns and precise levelling measurements
were simultaneously. For GPS survey, Leica SR399 and Trimble SSi double frequen cy
GPS receivers were used. The detailed list of GPS receivers used and the survey points
measured for each campaign can be obtained in Table 1.
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TABL E I: Summary ofThe GPS Campaigns and Levelling Measurements

Date of Avai lable Measurement Data

Epoc h Type of Bridge

No Measrm. Points Refl Ref2 RefJ Ref4 RefS Sessions Receive r Type

Ref6

GPS .,/ .,/ .,/ .,/ .,/ .,/ 0 2x4 hours 2 Leica SR299

I Jul'96 Levelling .,/ .,/ .,/ .,/ .,/ 0 0 Rf,Pnt 8h 4 Trimble SSi

GPS .,/ .,/ .,/ .,/ .,/ .,/ .,/ 2x3 hours 6 Leica SR299

IT Mar'n Levelling .,/ .,/ .,/ .,/ .,/ 0 0 Rf,Pnt6h 4 Trimble SSi

GPS .,/ ,/ ,/ ,/ .,/ ,/ ,/ 2x3 hours 6 Leica SR299

III Oct'97 Levelling ,/ 0 ,/ ,/ .,/ 0 0 Rf,Pn18h 4 Trimble SSi

GPS .,/ .,/ ,/ ,/ .,/ ,/ ,/ 2x3 hours 6 Leica SR299

IV Apr'97 Levelling ,/ ,/ ,/ 0 ,/ 0 0 Rf,Pnt 8h 4 Trimble SSi

Two timely independent sessions were carried out on all survey marks in every epoch, In
first campaign GPS observation collection were carried out 4 hours for every session at
points on the bridge, and reference points were observed 8 hours, In the other campaigns
session have been reduced to 3 hours since after the first campaign evaluation, it was seen
that same base line accuracy can also be achieved less than 4 hours, The reference points
have been observed always 8 hours except the second campaign because of the security
reason of the survey team, Days are short in March, hence working on or around the
highway and marsh area are very risky in dark.
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4. Determination and Results of Data Collected

Evaluation of the GPS observation was carried out using Bernese software version 4.0, [2].
Observation of each campaign is individually processed. However that process was done in
two levels : Firstly the single epoch solution was realised and then the solutions of the
epochs produced are compared and investigated each other to identify the deformation
between epochs at the second level. In effect, the results obtained from these two levels are
interacting forward and backward regarding stochastic structure, network datum, fixed
points and so on. [3].

The network established is a small network especially considering use of GPS technique, it
is about 2.6 km long and I km wide. Therefore, no problem can occur during ambiguity
fixing for baseline solution. when the amount of data collected in a session is considered,
and also the ionosphere effect is neglected. As a result, it is sufficient to use standard
processing parameters of the software to solve for the ambiguities and hence to determine
the baselines.

GPS measurements were also supported with levelling measurements for two reasons. As
is very well known that the weakest component of a coordinate obtained by GPS is the
height component, this is mainly because of the weakness of geometric structure of GPS .
Therefore the support from levelling survey will definitely benefit the GPS. Another
benefit of levelling is to check antenna heights measured that directl y affects the height
obtained by GPS. Precise levelling measurements have been also evaluated and then the
levelling network has been adjusted. Both results obtained from GPS and levelling are also
compared and investigated, Figure 5 and 6 gives the final results of height components for
both surveys, GPS and levelling, differencing the epoch solutions analysed . Hori zontal
figures are not given since significant horizontal deformation was not detected.

First of all GPS results are investigated given as northern and southern graph in Figure 5.
These graphs include the results of reference points , that surprisingly the deformation is
only detected on two of them, although they were expected to be stable points. As is
mentioned, the area is a marsh area that this characteristic might widen also underneath of
these two reference points, point 2 and 4. Location of these points is close to east-end and
west-end of the viaduct respectively, see Figure 3. Generally, all points as reference and
deformation are showing similar characteristic of movements from one epoch to other that
they are going upwards and downwards. However, maximum movements obtained at
reference point 2 and 4 can be interpreted as deformation. The other movements on the
viaducts obtained cannot be interpreted as deformation since they are not significant
movements regarding the accuracy achieved. This interpretation is also supported by the
results obtained from leveling. Similar directional and similar amount of movements at
each point were detected from both surveys , see and compare Figure 5 and 6.
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TABLE 2: Accuracy measures achieved in all epochs

Accuracy Measures Epoc N~rt IE:s I Up N~rt IE:s I Up
h

Group 1: 1 0.1 0.1 0.3 0.2 0.1 0.4
Standard errors from GPS 2 0.1 0.1 0.2 0.1 0.1 0.2
adjustment 3 0.1 0.1 0.2 0.1 0.1 0.2

4 0.1 0.1 0.2 0.1 0.1 0.2

Group 2: 1 5.1 5.9 4.6 19.7 29.0 23.1
GPS repeatability: 2 1.6 1.4 5.8 6.2 6.6 18.5
rms from differences 3 1.6 2.2 3.1 4.2 5.2 6.1
session solution-epoc 4 1.9 1.8 2.4 9.5 12.9 5.7
solution
Group 3: 1 0.49 0.66
Height accuracy from 2 0.86 1.15
levelling adjustment 3 0.78 1.29

4 2.19 2.96

In order to interpret the meaning of differences, the accuracy achieved from surveys should
be examined. Table 2 gives the information about accuracy achieved. Group I in Table 2
shows the standard errors of GPS results directly taken from Bernese software. As is seen
from the figures , they are too optimistic since they only represent the position error
excluding centring, antenna height measurement, and multipath errors . Therefore, they
point out position error of antenna phase centre . In other words they represent user
independent achievable error using the GPS system. However, Group 2 in Table 2
represents the rms obtained from differences between session solution and epoch solution.
Thus, these errors are much more close to the reality and accepting these as the accuracy of
the GPS results is more realistic . First epoch of Group 2 has higher errors than the other
epochs; this is because the equipment used for centring and antenna height measurement in
first epoch. For the following epochs, these problems were eliminated developing
additional hardware tools for centring and antenna height measurements. Benefit of these
developments is seen from the improved positional error on following epochs in Table 2 
Group 2.

5. Conclusion

GPS technique is sufficient to be used for determining or monitoring deformation on large
strong structures. In order to achieve the best results the side equipment must be well
designed for force centring and antenna height measurements. The experience with Karasu
viaduct obviously draws this conclusion. Levelling also aids to improve height accuracy of
GPS; firstly providing a possibility of checking the antenna height measurement, and
secondly the combination of both GPS and levelling measurements improves the 3D
positional accuracy. However this is not mentioned in detail in this paper since the
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levelling measurements were carried out to compare the height components of GPS
position which is the weakest component in accuracy mean.

As is explained, four epochs of measurement collected were carried out. In every epoch 24
deformation points and six reference points were measured. All data collected were
processed and then analysed. Thereafter, it was seen that two points moved, point 2 and 4;
but these points are not the deformation points as expected to move, on the viaduct, they are
the reference points. Their movements were in two directions, upwards and downwards.
This result shows that marsh area widens underneath of these reference pillars and these
pillars have not been founded as deep as piers of the viaduct. Consequently, they move but
the piers not.
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Abstract

The seismic monitoring systems on NPP-s have two main functions : (1) to provide recorded
accurate data on seismic input and dynamic behaviour of structures and the vital hardlines
and processing control and protection systems, and (2) to enable automatic alarm, and, in
some cases, automatic stoppage of the processes that go on in NPP-s in case of earthquakes
with intensities higher than the previously defined values.
The exact records of the seismic input and dynamic response are important from two
aspects: (1) they should enable fast inspection of NPP-s after earthquakes and (2) they
should enable checking of the previous design and analytical models for definition of the
seismic safety of the NPP-s.

The new regulations for seismic design of NPP-s anticipates a complex concept for
definition of intensity of seismic motion. Apart from amplitudes (peak acceleration) and
frequency characteristics (dominant frequencies), the new regulations consider also the
energy characteristics (cumulative absolute velocity) .

Presented in the paper is a concept for processing of accelerogrammes based on
comparative analysis of two software packages: Kinemetrics SWS (Seismic Work Station)
and the procedure developed at the Institute of Earthquake Engineering and Engineering
Seismology. Both concepts are based on the same theoretical basis and represents
derivatives of the main procedure developed at CALTECH Institute from Pasadena, USA.

Elaborated is a concept for definition of the input parameters; band-pass filter comer
frequencies and slopes, elimination of DC components in the recorded accelerograms and
calculation and selection of 100 most relevant values of frequencies for calculation of
response spectra . Used as seismic input were two types of data : recorded accelerogrammes
generated by biaxial shaking table (the applied acceleration and displacement time histories
were used as reference and comparative signals) and "in situ" record of blast experiments.

Key words: processing of accelerogram, time history, response spectra, band-pass filter
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1. Introduction

The seismicmonitoring systemsin nuclearpowerplants (NPP)representpart of the safety
instrumentation installedfor the purposeof:
• Alarmingand (or) turningoff individual systemsof the NPPs in case of an earthquake

inducingmotionof ground,engineering structures and equipment that exceedthe
previouslydefined amplitudesor spectral amplitudes of motioninducedby strong
earthquakes, and,

• Providing of certain and accurate records of earthquakeground motion, motion of the
structures and the equipment for the purpose of verification, evaluation and possible
correction of the results obtained from previously performed field, analytical and
experimental investigations.

The seismic monitoringof NPPs is performedcontinuously, within a long time period, in
severalphases of constructionand exploitation of the NPPs.

• In the phase of investigation of the site and design of the NPPs, monitoringof the site
and its surrounding is performedby use of seismographs for the purpose of obtaining
recorded data on the seismic activity of the immediate surrounding of the site of the
future NPP. These investigations are part of the experimental-analytical investigations
for definitionof the seismicparameters of the site.

• In the phase of constructionof the NPP, monitoring by use of seismographs continues,
but local accelerographs are also installed for recording of strong ground motion for
the purposeof possibleverificationof the design seismicparameters.

• In the phase of operationof the NPP, integral seismicmonitoring systemsare installed.
These haveat least two functions:

Recordingof:

input earthquake motion (on the free field of the NPP site or at the foundation),

dynamic behaviour (response) of the engineering structures and the equipment (if
seismic instruments or sensors are installed on these) in the course of the seismic
effect.

Protectionof:

structures, equipment and personnel in case of exceedence of allowable
acceleration levels (previously defined design values), through alarming or
eventualautomaticshut down of certain systems of the NPP.

In this study are presentedbriefly the theoretical bases of the procedure for processing of
accelerogrammes and interpretation of processed data. Comparative results from
application of two procedures for processing of seismic data of the type of
accelerogrammes are also presented. Presented in the form of conclusions and
recommendations is a global concept for using the processed data in the process of
exploitation, maintenance, modifications and modernization of NPPs. Finally, some main
recommendations for correct applicationof the programme package SWS for the needs of
NPP "Kozloduy" are given.
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2. Processing Of DigitizedAccelerogrammes

The digitized accelerogrammes are processed by application of sophisticated and
scientifically verified methodologies that enableobtaining of corrected and verified data on
the amplitude-frequency contentof the recorded earthquake motions.

The twoprincipal tasks of this research programme are the following:

• interpretation of the mathematical basesand the theory of the procedure for processing
of accelerogrammes, and,

• comparison of two methodologies for processing of accelerogrammes via processing of
identical digitized accelerogrammes.

The subject of investigation are twoprogramme packages:

• The programme package SWS (Seismic Work Station), block diagram (Fig. I) of
"Kinemetrics", Pasadena, USAwhichis a commercial productof the firm, and,

• The programme package for processing.of accelerogrammes that is applied in the
Institute of Earthquake Engineering and Engineering Seismology (IZIIS) Skopje,
Republic of Macedonia, block diagram (Fig. 2), which is applied in scientific and
applicative investigations realizedin IZIIS.

Digiti7.cr File: Output Files:

W- Digitized Computer
SMP-l Acceleroeram with Accelerometer- aCLnallle.DAT Software Characteristics

,....- --------_.
Package acc_name.FD

Computer File:
NETWORK SWS Uncorrected

NOTEBOOK .PAR
I-

Aecelerogram
~ --Calculation aClLnamc.Vl

f-
File: ofsensor's

Scener FILTER paramcten Corrected
for .PAR

I--
Accelerograol

SMA·l Instrumental Velocityand

records File: Correction
~

Displacement

RESPONSE Time History

•PAR Strong - --------_.
aClLname.V2

Motion Data
Response

Processing and Pscvdo
Programmes - Spectra

ulLnamc.V3

FigureJ. Functional block-diagram oftheprogramme package"Kinemetrics" SWSfor instrumental correction
andprocessing ofaccelerogrammes
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Digit17..er File: Computer Output Files:s= D'gitized.....- . I
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Cor Motion Data - --------_.
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SMA·! Pruc:essing
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L-
••dPsevdo

Spectra
.eL....e.V3

Figure 2: Functional block diagram of the IZIIS programme package for instrumental correction
and processing ofaccelerogrammes.

Comparative processing of accelerogrammes has beendone on two typesof records:

• Earthquake record obtained on a seismic shaking table (comparative tests of different
typesof accelerographs), and

• Blast record ("in situ"experiments madeat the NPP "Kozloduy" site).

The results from the comparative processing of an accelerogramme and discussion as to
essential correlation and differences between the IZIIS programme package and the SWS
"Kinemetrics" programme packageare presented in Chapter3 of this study.

2.1. STANDARD PROCEDURE OF PROCESSING OF RECORDS

The Institute of Earthquake Engineering and Engineering Seismology has developed its
own procedure for processing of strongmotionaccelerogrammes. Usedas a basis for
development of this procedureis the standardprocedure of the Californian Instituteof
Technology -CALTEH, Pasadena, in whichcertainmodifications havebeen madebecause
of use of differentequipment for digitization and data processing as wellas certain
improvements throughthe latest investigations in IZIIS. A detaileddescription of the
procedure is given in IZIISpublication IZIIS66-1977[2].

The wholeprocessing process can be dividedinto severalphases:
• Digitization;
• Obtainingof uncorrected data;
• Instrumental correction;
• Computation of accelerations, velocities and displacements;
• Computation of response spectraand the Fourieramplitude spectrum.
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3. Comparison Between Sws "Kinemetrics" And Izils Procedures For Processing Of
Accelerogrammes

Elaborated in this part, separately and comparatively, are two concepts for processing of
accelerogrammes as follows:

• Programme package developed by "Kinemetrics" from Pasadena, USA, known as SWS
- "Seismic Works Station";

• Programme package for processing of accelerograrnes applied in the Institute of
Earthquake Engineering and Engineering Seismology (IZIIS) in Skopje for all
scientific and applicative research programmes in the field of earthquake engineering
realized at IZIIS.

Comparative processing by use of both procedures have been made on two types of
records:

• Earthquake record obtained on three different types ofaccelerographs (SMA-I, SMA-2
and SSA-2) generated by the biaxial shaking table in IZIIS from the longitudinal
component of the EI Centro earthquake, and,

• "In situ" record of a blast in the immediate vicinity of NPP "Kozloduy" recorded at
level 61.7 on block 5 by SMA-2 instrument with serial number 263.

The main goals of these comparative analyses were:

» To analyze the effect of input parameters (characteristics of digital band-pass
filters and frequencies for computation of response spectra),

» To make comparative analysis of both procedures by application of the same input
parameters;

» To analyze the effect of time interval of digitization.

To gain an insight into the effect of the parameters of filters used in the process of
processing of records, analysis of the effect of characteristics of filters given according to
Table I was made. From the presented results in the same table, it is obvious that their
effect is the greatest in computation of displacement (there is a difference of up to several
centimetres).

o taine )y . - acce ereOfl,rapl

Band-pass filter "Kinemetrics"- SWS procedure "IZIIS" - procedure

Lower Upper Accele- Velocity Displace- Accele-
Velocity Displace-

boundary boundary ration
(cm/s) ment ration

(em/s) ment
freq, (Hz) freq. (Hz) (em/sis) (em) (em/sis) (em)

0.03-0.05 33 - 35 281.24 31.S6 12.34 281.0 31.253 11.715

0.075-0.1 33 - 35 280.26 3G.42 9.94 280.0 30.597 9.864

0.05-0.10 33 - 35 280.65 30.32 9.05 280.3 30.430 9.113

0.10-0.20 33 -35 280.72 29.80 8.07 280.5 29.785 8.046

Table 1. Computations of acceleration, velocity and displacement by the same values offilter parameters
b db SMA 2 I h
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Interval for computation ofGround and F700r Resoonse Spectra

Ground Response Spectra Floor Response Spectra

Frequency range Increment Frequency range Increment
(Hz) (Hz) (Hz) (Hz)

0.5-3.0 0.10 0.5-1.6 0.10

3.0-3.6 0.15 1.6-2.8 0.20

3.6-5.0 0.20 2.8-4.0 0.30

5.0-8.0 0.25 4.0-9.0 0.50

8.0-15.0 0.50 9.0-17.0 1.00

15.0-18.0 1.00 17.0-22.0 2.00

18.0-22.0 2.00 22.0-34.0 3.00

22.0-34.0 3.00

The selection of frequencies for computation of response spectra has been done based on
the regulations for aseismic design of nuclear power plants Regulatory Guide 1.60 [10],
Regulatory Guide 1.61 [II] and design spectra of acceleration from design and local
earthquake for free field, horizontal and vertical component, used in design and
construction of NPP "Kozloduy". Selected are a total of I00 values of natural frequencies
for a single-degree of freedom system (Table2) for which the maximum valuesof spectral
quantities shallbe definedin the "Kinematrics" and "IZIIS" procedure.

Table 2

To compare the difference between the two procedures, the El Centro earthquake record 
longitudinal component obtained by SMA-2 accelerograph has been used as an input data.
The record was processed by use of the Kinemetrics and IZIIS procedure for the same
boundary frequencies for the band-pass filter and the same frequencies for computation of
response spectra. Selected as boundary frequencies of the band-pass filter were: (0.05 
0.10) Hz and (33 - 35) Hz, in accordance with the theoretical criteria for use of filters in
processing of accelerogrammes.

The values of acceleration, velocity and displacement obtained by use of the "Kinemetrics"
and "IZIIS" procedure are presented in Table3 .

Table 3. Acceleration, velocity and displacement by the El Centro earthquake record - longitudinal
com sonent obtained by SMA-2 accelerograph with same values offilter parameters

Band-pass filter Acceleration Velocity Displacement

Procedure Lower boundary Upper boundary (em/sis) (cm/s) (em)
freq . (Hz) freq. (Hz)

"Kinemetrics" 0.05 - 0.10 33 -35 280.65 30.32 9.050

"lZIIS" 0.05 - 0.10 33 -35 280.30 30.43 9.113

The effect of the digitization interval, i.e., the "sample rate" has been analysed based on
accelerogrammes obtained by three different types of accelerographs; SMA-I, SMA-2 and
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SSA-2. The accelerogrammes have been obtained by the shaking table in IZIIS - Skopje
excitedby the "El Centro" longitudinal component.

For that purpose, the accelerogramme obtained by SMA-l has been digitized on a digital
table of the type of Drawing Board II, Calcompdigitizer, products division Anahein, USA,
with a specially prepared software for that purpose and processed by the IZIIS procedure
with a samplingrate of 100samples/sec.

The accelerogrammes obtained by accelerographs type SMA-2 have been digitized with a
standardspeed of 256 samples/sec., while the SSA-2 accelerogrammes have been recorded
by 200 samples/sec.

While processing the accelerogrammes, the lower boundary frequency of the band-pass
filter has been 0.05 to 0.10 Hz, while the upper boundary frequency of the band-pass filter
has been selected depending on the performances of the recording system, i.e., (25 to 27)
Hz in SMA-l and (33 - 35) Hz for the SMA-2 and SSA-2instruments.

Table 4 shows the obtainedvalues of acceleration, velocityand displacement. Figs. 3 and 4
show the comparison between both the procedures for response spectra of absolute
acceleration and Fouier spectrum for damping of 5% of the critical. As clear from the
figures, there are differences but they are not so great.

Table 4. Acceleration. velocity and displacement by the El Centro earthquake record - longitudinal
com ionentobtained by SMA-2 accelerograph with same values offilter parameters

Accelero Band-pass filter Acceleration Velocity Displacement

graphs type Lower boundary Upper boundary (cmIs/s) (cm/s) (em)
freq. (Hz) freq, (Hz)

"SMA-2" O.OS - 0.10 33 - 3S 280.6S 30.32 9.0S

"SSA-2" O.OS - 0.10 33 - 3S -282.76 -29.93 -8.46

"SMA-I" O.OS -0.10 2S - 27 278.50 30.18 10.18

In July 1996, in the course of realization of this project, "in situ" investigation was
performed in the immediate surroundingof NPP "Kozloduy", by use of explosives in bore
holes speciallyprepared for that purpose. Althoughthe explosions were of a low intensity,
they still were recorded by some instruments from the system of seismic monitoring
installedon the nuclearpower plant.

To get a better insight into some advantages and disadvantages of one or the other
procedure,a real record obtainedat level 61.7 on block 5 by the SMA-2 instrument with a
serial number 263, was processed for longitudinal (LONG), transverse (TRAN) and
vertical (VERT) direction. From the recorded record, a record with a duration of 7.6 sec
referringto the explosionwith the greatestcharge was processed.
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able 5. Acceleration. velocit and displacement by obtainedbySMA-2 accelereograph underblasterect

Band-pass filter Accele Displace

Procedure Compo- Lower Upper ration Velocity ment
nent boundary boundary (cm/s1s) (cm/s) (em)

freq. (Hz) freq, (Hz)

LONG. 6.2 0.118 0.033
"IZIIS" TRAN. 0.05 - 0.10 33 -35 3.5 0.169 0.071

VERT. 16.0 0.249 0.037
LONG. -9.92 9.41 -5.23

"Kinemetrics" TRAN. 0.05 - 0.10 33 - 35 25.09 36.36 -20.10
VERT. 15.98 2.59 -1.45

"Kinemetrics" LONG. -6.32 0.23 -0.14
(remove DC TRAN. 0.05 - 0.10 33 - 35 -3.82 0.33 -0.18

offsets in data) VERT. 17.28 -0.46 -0.23
"Kinemetrics" LONG. 6.26 -0.11 O.ol
(remove DC TRAN. 0.30 -0.40 33 ·35 3.80 0.15 -0.02

offsets in data) VERT. 17.06 0.25 -0.01

The processing was done by the two processing packages packages - Kinemetrics and
IZIIS. It shouldbe mentioned that the algorithmused in processing of the accelerogrammes
by use of the Kinemetrics procedure is notknownto us.

Whileprocessing the recordby use of the IZIIS procedure, it was concluded that the "DC"
(direct component) of the signal is eliminated with this procedure. This is presented in
Table 5 and figure 5 (VERT).

It was concluded that the Kinemetrics procedure does not involve eliminationof DC of the
signal which is present in the very record which results in non-real values of acceleration,
velocityand displacement which is presented in Table 5. and figure6 (VERT).

By elimination of the DC component from the input values for processing by the
Kinemetrics procedure, more realisticvalues are obtained for acceleration and velocity, but
thosefor the displacement still deviatefrom the real values presented in Table 5. Even after
such additional correction, the long period components are still present in the results
obtainedby use of the "Kinemetrics" procedure. To eliminatethem and for the purpose of
obtained more realistic values of acceleration, velocity and displacement and their
corresponding graphic presentations, a band-pass filter with lowerboundary frequencies of
0.3 - 0.4 Hz was used, in compliance with regulations 10, II and 12. The obtainedvalues
given in Table 5.

T.

For the purpose of a better insight between the IZIIS procedure and the Kinemetrics
procedure (with and without "DC" components in the signals) presented is a comparison
done for the response spectra of absoluteacceleration and Fourier spectrum for dampingof
5 percent of the critical. In figures 7 and 8 for the longitudinal component, transverse
component in figures9 and 10and for the verticalcomponent - in figures 11and 12.
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Figure 11. Response spectra ofabsolute acceleration graph. BLAST-TEST. Compo VERT;
Bandpassjilterlimits (0.05 -i-0.10) Hz and (33 +35) Hz
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4. Conclusions And Recommendations

Based on the previously presented theoretical bases of the procedure for processing of
accelerogrammes applied in IZIIS and the performed processing and results obtained by
analysis of a record from a real earthquake and record obtained from explosion, the
following conclusions andrecommendations are arrived at:

4.1 CHARACTERISTICS OF FILTERS

The theoretical conditions are satisfied if the lowerboundary frequencies of the band-pass
filter of 0.05 to 0.1 Hz are selected, however on the basis of regulations, it is correct to
workalsowith lowerboundary frequencies of a band-pass filterof 0.3 to 0.5 Hz.

Basedon the regulations, for accelerogrammes obtained on SMA-2, SMA-3 and SSA-2, it
is correct to selectupper boundary frequencies of band-pass filter of 33 to 35 Hz, whereas
for accelerogrammes obtained on SMA-I, these frequencies should be 25 - 27 Hz (due to
the dynamic characteristics of the accelerograph).

4.2 FREQUENCIES FOR COMPUTATION OF RESPONSESPECTRA

The values of the frequencies for computation of response spectra should be defined
according to the regulations. Use of identical values of frequencies is recommended for all
the accelerogrammes. It was concluded that these frequencies and the frequencies from the
designspectraof acceleration of NPPKozloduy are compatible.

4.3 DIGITIZATION INTERVAL

The technical characteristics of equipment imposes the use of the following digitization
intervals: for SSA-2 At= 1/200s, for SMA-2 and SMA-3 At=1I256s and for SMA-I At =
1/l00s or At= l/50s (depending on the performances of the digitizing equipment.).

4.4 SIMILARITIES AND DIFFERENCES BETWEENPROCEDURES FOR PRO
CESSINGOF ACCELEROGRAMMES USED BY "IZIIS" AND "KINEMETRICS"
SWS

• It has been concluded that in processing of identical accelerogrammes obtained from a
record of an actual earthquake, both procedures (the one used by IZIIS and the one
used by Kinemetrics SWS) yield approximately the same results. Presented in this
report is the theoretical basisof the procedure for processing of accelerogrammes used
by IZIIS which is probably the same or similar to SWS. From the results, it may be
concluded that different algorithms and programme solutions are most probably used.
These generate the differences. This is particularly manifested in instrumental
correction of accelerogrammes where different algorithms for numerical filtration are
mostprobably used.

• While computing the response spectra and other spectra, almost identical results are
obtained for the samefrequencies whichpoints to the fact that the same algorithms are
mostprobably used for computation in both procedures.

• While processing a record froma blast recorded on the dome of Block 5, it has been
concluded that the IZIIS procedure correctly computes all the time histories and
spectra.
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• While using the Kinemetrics procedure, it has been concluded that the algorithms for
instrumental correction of accelerogrammes obtained on SMA-2 (and certainly on
SMA-3 since these have the same technological solutions), and digitized on SMP-I
Digitizer, could not eliminate the DC direct components of the accelerogramme
signals. For this purpose, a programme has been elaborated for elimination of the
present direct components which should be used prior to instrumental correction of
accelerogrammes obtained on SMA-2 and SMA-3 .
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ABSTRACT: The 1996 Duvall earthquake in Washington State triggered ground motion
stations in the Fraser Delta, British Columbia, Canada . Recorded ground motions were
used to examine the applicability of I-D and 2-D site response analyses for amplification
studies in the Delta . I-D response analysis gave a good indication of the period of peak
response, but response spectra were generally not satisfactory for engineering purposes.
The use of 2-D analyses which included buried topography generally improved the
predictions of site response spectra.

1 Introduction

The Geological Survey of Canada (GSC) has been concerned about the potential for large
amplification of ground motions due to the soft sediments in the Fraser Delta in South
Western British Columbia. In the deeper sediments , the long period motions are expected
to be amplified considerably. In 1994, the GSC initiated a project to model the seismic
response of the thicker deposits of soft sediments. Site response analyses were conducted
based on data from two 300 m deep boreholes drilled in 1994 [5]. The Harris et al. [5]
study also benefitted from industry seismic reflection profiles which established the depth
to bedrock over the Delta [I] . Similar response studies had been conducted previously by
Byrne and Anderson [2], Finn and Nichols [4], and Sy et al. [12]. However, these earlier
studies had to make assumptions about depth to bedrock and the boundary between
Pleistocene and Holocene deposits . Also, soil property information, especially at depth ,
was poor.

The Harris study reached the conclusion that significant amplification of long period
motions (3.5s ~ T ~ 5.0s) is likely in the deeper sediments of the Delta. These
amplifications pose increased hazards for tall buildings, bridges , industrial facilities and
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pipelines. Harris et al. [5] questioned whether I-D site response analyses would be
adequate at such long periods, quoting Sykora et al. [13], "...for periods greater than 4 s,
motions are likely to be affected by 2-D effects and surface wave energy." Harris et al.
[5] also expressed concern about the topographic effects of the buried structures revealed
by the seismic reflection studies.

Further field studies by the GSC to 1997 revealed a complex buried topography with
rapidly varying thicknesses of Holocene and Pleistocene deposits over irregular bedrock.
This new data increased concern about the applicability of I-D analysis. Therefore, the
GSC commissioned the present study to expand the range of the Harris report . The
present study is based on a greatly expanded data base of soil properties from additional
deep boreholes, extensive geophysical work giving shear wave velocities in the Holocene
and Pleistocene sediments and better definition of the Holocene/Pleistocene boundary.

In the present study, site response analyses were conducted at strong motion stations in
the Delta which were triggered during the 1996 Duvall earthquake . Computed and
recorded responses were compared to assess whether I-D analyses are adequate for
evaluating potential seismic response in the Delta. A well-defined cross-section of the
Delta was also analysed using 2-D models to see what the effects of buried topography
may be and to investigate whether 2-D analysis gives a better definition of site response.
This paper focusses on the most important issue for design, how well computed response
spectra compare with measured spectra.

2 Geology of the Delta

The Fraser Delta of south-western British Columbia is located just south of Vancouver
below the North Arm of the Fraser River. The fast growing City of Richmond is located
in the Delta. The sediments above the Tertiary bedrock have been described by Rogers et
al. [10] as follows. The sediments beneath the Delta are Holocene-age deltaic deposits
and Pleistocene-age glacial and interglacial deposits. The Holocene sediments are up to
about 300 m thick [7] and are mainly silts and sands. The Pleistocene sediments are
mostly ice-compacted tills and glaciomarine silts and sands that overlie tertiary bedrock.
Shear wave velocity in the Holocene sequence increases with depth [6] with typical
average values in the range of 200 mls to 300 mis, but about 100 mls near the surface in
many places . The Pleistocene sediments typically have an average shear wave velocity
near 500 mls but with considerable variability . The shear wave velocity of the
underlying tertiary bedrock is 1500 mls or greater. The surface of the tertiary bedrock
has been mapped by Britton et al. [I], as shown in Fig. 1.

Figure 2 shows the thickness of Holocene sediments in the study area. The Holocene
sediments thin rapidly to the north at the edge of the basin. They are about 300 m thick
in the basin centre near strong motion instrument sites ARN and RHA and relatively
shallow on the north side of the Fraser River near strong motion station MNY. In
contrast , the Pleistocene sediments thin to the north more gradually and extend beyond
the Fraser Delta and mantle most of the Greater Vancouver area. Depth to the tertiary



www.manaraa.com

Depth to
- 400 - bedrock (m)

A'

RHA•
Richmond

o 5km

435

Figur e J. Interpreted depth-to-bedrock (tertiary) beneath the Fraser Delta based on industry
seismic reflection data {I J.
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Figure 2. Thickness of Holocene sediments in the Fraser Delta { IOJ.
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bedrock is about 800 m in the centre of the Delta (strong motion stations ARN, RHA)
and about 200-400 m near the North Arm of the Fraser River (strong motion stations
KID, MNY, ANN), where the Holocene sediments pinch out. There are some localised
highs on the buried bedrock and Pleistocene surfaces, such as one near strong motion
station EBT. Figures 1 and 2 provide the basis for constructing a roughly NS cross
section through the Delta along the A-A' . This cross-section, giving the approximate
locations of the Holocene/Pleistocene boundary and the top of the tertiary bedrock, is
shown in Fig . 3.

A
Main Channel
Fraser River

North Arm
Fraser River

o 10km
I I I " I I I I I I

Figure 3. Cross-section 01 Delta along line A-A' ill Figure 1 {10;'

3 Strong Motion Data

The strong motion stations in the Fraser Delta which were triggered during the Duvall
earthquake, M=5 .1, which occurred in Washington State, USA, are shown in Fig . 1. All
the instruments that triggered were digital recording and were set to trigger between 0.4%
to 1.0% g. The digital data gave high resolution which was essential for interpreting the
low amplitude records . Details of the strong motion stations and the peak accelerations
recorded during the earthquake are given in Table 1 for the stations studied in this report.

The only strong motion recording on rock is from strong motion station PGC which is
located at the Pacific Geoscience Centre on Vancouver Island near Sidney, B.c. This
instrument is located on granitic bedrock. The range in distance from the epicentre to the
strong motion stations considered in this study varies between 160 and 180 km, and the
azimuth is roughly the same for all the stations. Therefore, travel path effects are not
expected to be significant. In addition, the stations considered in this study are away
from the SH, SV radiation minima and, therefore, source effects are not considered to be
significant [10].

Filtered peak accelerations for the stations that triggered during the earthquake, are given
in Table 2. Two sets of components are given ; Land T, which are defined by clockwise
rotation from north, and Rad and Tan which refer to radial and transverse components of
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Table I. Information on strong motionstations in the Fraser Deltaused in this study
includingthe as-recordedpeak accelerations.

Station Distance (km) Soil Conditions Peak Acceleration (cm/s")

EBT 166.3 500 m till 6.0 3.2 1.5
KID 185.3 45 m (H) 12.8 13.6 2.9

>200 m (P)
MNY 186.1 - 3 m (H) 15.0 6.9 3.7

200 m (P)
RHA 182.7 300 m (H) 9.0 10.7 2.3

500 m (P)

Note : Distance is the epicentral distance ; (H) indicates Holocene sediments
(mainly silts and sands) , and (P) indicates Pleistocene sediments (mainly tills) .

Table 2. Filtered peak accelerations for variouscomponents of the recorded
Duvall earthquakeground motions.

Site L Dir. T Dir. V Rad Tan
EBT 4.6 0° -4.5 90° 1.5 3.23 5.93
KID 11.9 180° -14 270° 2.9 13.61 9.31
PGC 4.6 0° 3.5 90° 1.8 3.38 4.54
MNY -6.2 0° 15.5 90° -3.7
RHA 11.1 270° -8.2 0° 2.4 10.65 8.87

the accelerations. The radial motions are along the line between the epicentre and the
strong motion station. The Land T components for all the different stations are in the
same directions whereas the Rad and Tan components are all in slightly different
directions. Therefore, the Land T components form the best basis for evaluating the
predictive capability of different methods of analysis and results are reported here only
for these directions.

The reliability of the low level motions recorded on the strong motion instruments was
confirmed by comparing the spectra of the recorded motions with the spectra of motions
from the broad band instruments of the seismic network operated by the Pacific
Geoscience Centr e [9].

4 Results of I-D Analyses

4.1 KID STATION

Seismic response analyses were conducted using the SHAKE program [I I] with the L
and T components of the PGC filtered data from Table 2 as input motions.
Accelerations, Fourier spectra and acceleration spectra were computed for each
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component. The acceleration response spectrum is the crucial information for design
engineers. Therefore, comparisons between computed and recorded motions will be
confined to acceleration response spectra.

The computed response spectrum for the 1800 component is shown in Fig. 4. It can be
seen that for periods greater than about 0.4 s, it agrees reasonably well with the recorded
spectrum and shows a peak response at a period of about 0.35 s. However, for periods
shorter than 0.4 s the comparison is not good. The computed spectrum substantially
exceeded the recorded spectrum in the period range 0.2 to 0.4 s. The computed motions
show strong response peaks at 0.1 sand 0.35 g, which greatly exceed the spectrum of the
recorded motions. At periods between 0.1 sand 0.2 s, the spectrum of the recorded
motion shows a range of strong response with a peak at about 0.13 s. In this short period
range, the computed spectrum considerably substantially underestimates the recorded
response.

0.08
Recorded

Calculated

01 0.00
c::
0

~...
CIl
Qj

0.040
0-c
"iii...
13
CIl 0.020.
en

0.00

0.1 1.0 10.0
Period, S

Figure 4. Comparisons ofrecorded and calculated spectra at KID (/80 ').

The pattern is very similar for the 2700 component shown in Fig. 5. In this case, there is
reasonable agreement for periods greater than about 0.3 s, and the peak of strongest
response agrees closely in magnitude and frequency with that of the recorded motion.
However, at periods below 0.3 s, once again the computed motions underestimate the
recorded motions.

The dynamic response analyses correctly identify the periods of peak response at the KID
station for both Land T components of motion. The response spectrum for periods
greater than about 0.4 s are generally quite good, but at shorter periods, the response is
badly underestimated. The response spectra of the PGC rock motions indicate
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Figure 5. Comparisons a/recorded and calculated spectra at KiD (270").

amplification for periods less than about 0.4 s. This was confirmed recently by
microtremor measurements at the site which suggested a peak spectral response at 0.1 s.
This would be consistent with some weathering at the site. The PGC site is under further
investigation to clarify these issues and to determine the potential effects on site response.

4.2 REA STATION NEAR RICHMO ND CITY HALL

The depth of tertiary bedrock at RHA is 800 m and the depth of Holocene deposits is 300
m. This is a site where significant amplification of long period motions would be
expected . The response spectra of the comput ed and recorded motions for the 0° and 270°
components are compared in Figs. 6 and 7, respectively.

This station showed the best comparison between computed and recorded motions . The
period of peak response was fairly accurately determined.

For the Land T components, there was reasonable agreement over the whole range of
frequencies . The recorded and comput ed responses both were very narrow banded with
most of the strong response concentrated at one period . This period is a surprising 0.3 s,
considering that at this site there were 300 m of Holocene sediments. It would seem that
the dominant response here is due to a form of resonanc e in one of the upper strata, or the
excitation of one of the higher period s of the site.
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At this deep site, it would seem that I-D response analysis is adequate. This is probably
due to the fact that the HolocenelPleistocene boundary is at great depth and the basin
edge is far removed.
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4.3 MNY STATION

There is some uncertainty about the thickness of Holocene deposits at Station MNY as no
borehole information is available . The thicknesses derived from forward and reverse
reflection surveys were 29.5 m and 49.2 m, respectively. Dynamic response analyses
were conducted for each model using the Land T components of the PGC motions as
input and shear wave velocities derived from the reflection surveys.

4.3.1 Reflection Forward Model

The response spectrum of the recorded motions for the 0° component is broad band with
a region of peak response spanning the period range, 0.2 to 0.6 s. The computed response
is a very narrow band spectrum (Fig. 8), centered on 0.3 s, and amplified about 3 times
compared to the recorded spectrum at the same site. For the 90° component (Fig. 9), the
agreement between the spectra is also bad. In this case, the computed period of peak
response is about 0.1 s shorter than the period of the recorded response, and the
amplitude is about 40% less. In general, the spectra compare better at both long and short
periods outside the period range of the peak response.
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Figure 8. Comparisons ofrecorded and calculated spec tra at MN Y (0 ') .

4.3.2 Reflection Reverse Model

The calculated response spectrum for the 0° component badly underestimates the
recorded spectrum in the period range of peak response at about 0.4 to 0.6 s. For the 90°
component, the computed spectrum is again a narrow band spectrum amplified about 2.5
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times compared to wider band recorded response spectra . In essence, the response of the
reverse model is the reverse of the forward model.

The disparity between recorded and computed motions for the MNY models cannot be
attributed to the selected damping ratio because for both one model overestimated and the
other model underestimated the recorded response . It is likely that the true depth lies
between the estimated values and would lead to better results. Cone penetration tests are
planned for this site to resolve the depth issue.

5 2-D Response Analyses

2-D response analyses were conducted using the program FLUSH [8] on a segment of
cross-section A_A' shown in Fig. 3. After detailed studies of the requirements of
extensive 2-D analyses , it was decided that the best strategy for available resources would
be to choose a section which included the two strong motion stations KID and MNY .
The stations are relatively close together and the Holocene sediments are less than 50 m
deep. To further simplify the computati ons, the depth of the analysis was limited to 100
m. This ensured that the horizontal base of the model was entirely in the Pleistocene.
The extent of the model is shown by the rectangle surrounding KID and MNY, in Fig. 3.

For input motions at the 100 m depth, the motions recorded in rock at PGC were scaled
by a factor of 0.5 to remove the free surface magnification effect. It was assumed that
these motions would not be significant ly amplified during transmission through the
Pleistocene. The motions at 100 m below the surface were not calculated by
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deconvolution using SHAKE because comparisons between computed and recorded
motions at the surface at these locations as described earlier showed that l-D analyses
near the edge of the basin did not simulate the ground motions very well.

A severe limitation to analysis is the allowable layer thickness in the geometrical model
of the section to ensure the passage of motions with appropriate frequency content. The
limiting thickness depends on the desired high cut-off frequency and the shear wave
velocity in the layer. For example , near the surface, the thickness is limited to a metre or
two, if one wants to pass waves with frequencies up to 10Hz near the surface . Even with
some compromises on layer thickness, the 2-D model has 2048 elements and 2145 nodes .
A comparison of the area of the restricted model with that of the entire basin cross
section clearly indicates the magnitude of the job in analysing the entire cross-section.

Each model was analysed with and without the inclusion of the channel of the North Arm
of the Fraser River which flows between the stations but is much closer to KID. It was
expected that these analyses would indicate whether the river needs to be included in
future analyses.

6 Results of 2-D Analyses

6.1 MNY STATION

The analysis was first conducted, including the North Arm of the Fraser River. The
acceleration spectrum for MNY (0°) is given in Fig. 10. The response spectrum of the
motions computed by FLUSH gives a much better approximation of the spectrum of
recorded motions than does the spectrum of the SHAKE motions. In particular, the
strong narrow band response at a period of about 0.3 s predicted by SHAKE is not
evident in the FLUSH spectrum .

Modelling the river in the analysis leads only to a minor adjustment of periods of peak
response in the FLUSH analysis.

6.2 KID STATION

The analysis was first conducted including the North Arm of the Fraser River. The
acceleration spectrum for KID (180°) is given in Fig. 11. The response spectrum
computed by FLUSH is a somewhat better approximation to the spectrum of the recorded
motions. The strong spectral amplification at a period of 0.2 s predicted by SHAKE
analysis does not appear in the FLUSH analysis . However , the strong recorded response
in the period range 0.1 s to 0.25 s is still underestimated.

If the river is not included in the model, the response is very similar except that the
response at T = 1.05 is amplified about 2 times compared to when the river is included .
In addition , the response at T = 0.35 s is strongly amplified. The rest of the spectrum is
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approximately the same. The spectrum at periods below 0.2 s is still badly
underestimated in the 2-D FLUSH analysis .
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7 Conclusions

I-D response analysis in all cases gave a good indication of the period of peak response.
It is interesting to note that the period is associated with the higher modes of the deeper
sites. Frequently, such modes are closely associated with soft surface layer at the site .

At some sites such as KID, the recorded motions showed strong spectral response at short
periods to the range 0.1 s to 0.25 s. Neither I-D nor 2-D analysis predicted this response.
I-D analysis provided a good representation of the recorded notion at the very deep site
at RHA near Richmond City Hall which is more removed from the basin edge, and where
the Holocene/Pleistocene boundary is at great depth .

The use of 2-D analyses improved somewhat the predictions of site response spectra.
These analyses reflected the effects of only one buried topographic feature, the variation
in the depth of the boundary between Holocene and Pleistocene sediments. However, one
would expect the irregular Holocene/ Pleistocene boundary to be the dominant influence
where the depth of Pleistocene sediments is significant.

Other features such as the topography of the bedrock also affects the wave transmission
to the surface. External and buried topography can have a significant impact on response
and ideally this should be captured by 3-D dynamic response analyses. The feasibility of
conducting such analyses in the Delta is currently under review.

Ideally, more analyses should be conducted for a range of ground motions sufficient to
provide statistically significant response parameters for different locations in the delta .

Such analyses should take into account the data from the 1997 Georgia Strait earthquake.
This earthquake occurred much closer to the delta and the source and path effects may be
quite different. These new data would be crucial in providing more robust validation for
the reliability and potential of dynamic response analyses for Delta sites.
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Abstract

The traditional identification methods for detection of damage and for health monitoring of
structures are based on detection of changes in the system natural frequencies. These
changes tend to be small in the early stages of damage, and therefore may be difficult to
quantify, even from accurately processed recorded motions . Other difficulties arise from the
nonuniqueness in the model representation. Unless the model accounts for the soil-structure
interaction, and it has been carefully validated and calibrated, it is very difficult to identify
the true causes and sources of observed nonIinearities in the response. In this paper, it is
suggested that the formation of damaged zones in structures could be monitored (identified)
via the delays in travel times of seismic waves through these zones. This approach needs
further development and testing. A preliminary analysis presented in this paper (of a
building damaged by the 1994 Northridge, California, earthquake) shows that this method
(I) can lead to detectable changes in the travel times of the waves passing through the areas
known to have experienced damage, and (2) in its simplest form does not to require detailed
modeling or analysis of soil-structure interaction.

Key Words: damage identiiication, wave propagation, travel time.
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1. INTRODUCTION

One of the purposes for testing full scale structures, before during and after earthquakes, is to
detect damages caused by severe earthquake shaking [3, 15]. In ideal setting, the measurements
should identify the location, evolut ion and the extent of damage. For example, the recorded
data would show the time history of reduction of stiffuess in the damaged member(s), and
would identify the damaged member(s ). Minor damage, which weakens the structural members
but does not alter the form of their participation in the overall stiffness matrix, is expected to be
reflected only in changes of the corresponding terms of the system stiffness matrix, and this will
result in changes of the corresponding mode shapes and natural periods of vibration [19].
Consequently, a partially damaged member would reduce the overall stiffuess of the system,
and would cause the natural periods of vibration to lengthen. A simple approach to structural
health monitoring has been to measure these changes in the natural periods (usually the first
period, T,) before and after strong shaking [5]. However, there are at least two problems with
this approach. The first problem is that such period changes are usually small , and therefore are
difficult to measure accurately [7]. The second problem is that the apparent system period, T,
which is the quantity usually measured. depends also on the propert ies of the foundation soil,
i.e.

(I )

where T,-first fixed-base building period , T,-period of the building rocking as a rigid body on
flexible soil , and T,,-period of the building translating horizontally as a rigid body on flexible
soil. The apparent system period, T, can and often does change appreciably during strong
shaking, by factors which can approach two [20]. These changes are caused mainly by
nonlinear response of the foundation soils, and appear to be self-healing, probably due to
dynamic settlement and compaction during aftershocks and small earthquakes [5, 17]. To detect
changes in T, only, special purpose instrumentation must be installed in structures. With the
currently available instrumentation in various buildings in California, one can evaluate changes
in T, but separate contributions from Tn T" and T, cannot be detected [6].

For periods shorter than T (this corresponds to short wave lengths and to higher modes of
building vibration), the soil-structure interaction effects become more complex and must be
analyzed by wave propagation methods [12, 13]. In principle this higher complexity may offer
good resolution for the purposes of identification of the soil-structure parameters, but this
depends also on our ability to model the system realistically and calls for far more detailed full
scale tests. Therefore most studies consider measured data only in the vicinity of T.

To illustrate the order of magnitude of the changes in Ts, we consider the model shown in Fig.
\. Let us assume that this model deforms in shear only, and let the period of the first mode of
vibration be equal to T,. Since the mode-shapes represent interference patterns of shear waves
propagating up and down the structure [9, II], it can be shown that the period T, is proportional
to the travel time HIjJ (T, = 4HIjJ and jJ = shear-wave velocity in this structure), before any
damage has occurred. After strong shaking, suppose that some columns have been damaged at
a particular floor. Let the "length" of this damaged zone be hd, and the reduced velocity of
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shear waves within this damaged zone, jJd. Then the period of the first mode will be
proportional to Td - (H-h d) I jJ+ hd ljJd, and the percentage increase in Ts; relative to Ts, will be

100h ( fJ Jp =__d _ - I . For example, for H = 20 m, h« = 2 m, jJ = 100 mls and jJd = 50 mis,
H fJd

100x 2. (100 )P =--- -- - 1 = 10 present.
20 50

In the following, we explore whether simple measurements of wave velocity in structures during
strong shaking can be carried out, and whether the location of the observed changes will
coincide with the areas of observed damage . For this purpose, we analyze strong motion
recordings in a 7-storey reinforced concrete hotel building in Van Nuys, California, severely
damaged by the 1994 Northridge earthquake. We show that this task appears to be feasible. and
suggest that accurate digitization of accelerograms recorded in buildings is essential, before this
type of analysis can be further developed and refined .

2. METHODOLOGY

Let it be assumed that recordings of strong motion are available at two adjacent floors. and that
it is possible to measure the velocity of shear waves propagating in the structure. Before
damage has occurred, the travel time between two adjacent floors, i and), would be

and after damage has occurred

t. .» H ljJI.J (2)

(3)

where H = HIN, N = the number of stories (in our example, N = 7), and H = story height. The

d . 100h (fJ J .percent change from t ;.j to t . . IS then p =__d --I . For hd = 2 m, jJd = 0.5jJ, and H =
I. J H' fJd

20/7 m, p = 100 x 2 x 7 ( _1_-I) = 70 percent. Note that this is N times larger than the percent
20 5.0

change in T" because the observation "length" has been reduced N times .

A typical value of H is 3 m and of jJ is 100 mlsec; then t;.j - 0.03 sec. Old data processing of
strong motion acceleration provided equally spaced data at 50 points/so Since the early 1990's,
most data is processed with time step ~t = 0.01 s or 100 points/so Clearly, to detect time delays
of the order of 0.03, the accuracy of origin time and the accuracy of the time coordinates in
digitized and processed data must be better than 0.03 s.
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3. RESULTS

3.1 Building Description

The building we study is a 7-story reinforced concrete hotel building in Van Nuys, central San
Fernando Valley, California (Fig. 2). It was designed in 1965 [1] and constructed in 1966. Its
plan dimensions are approximately 63 by 160 feet (Fig. 3a; 1 foot=0.3048 mj). The typical
framing consists of columns spaced at 20 foot centers in the transverse direction (Fig. 3b) and
19 foot centers in the longitudinal direction. Spandrel beams surround the perimeter of the
structure . Lateral forces in each direction are resisted by interior column-slab frames and
exterior column spandrel beam frames. Due to the stiffness added by the spandrel beams, the
exterior frames are approximately twice as stiff as the interior frames. With the exception of
some light framing members supporting the stairway and elevator openings, the structure is
essentially symmetric . The participation in the response of the nonstructural brick filler walls
and some exterior cement plaster could cause some asymmetry for lateral motion in the
longitudinal direction, expected to be minor.

The first floor is a slab on grade over about 2 feet of compacted fill. Except for two small areas
at the ground floor, which are covered by one-story canopies, the plan configurations of each
floor, including the roof, are the same. The floor system is reinforced concrete flat slab with
thickness 10 inches at 2nd floor, 8.5 inches at 3rd to 7m floors and 8 inches at the roof (l
inch=2.54 em). A penthouse, with mechanical equipment, covers approximately 10 percent of
the roof area.

The interior partitions, in general, are gypsum wallboard on metal studs. Cement plaster, I inch
thick, is used for exterior facing at each end of the building and at the stair and elevator bays on
the long side of the building. Double 16 gauge metal studs support the cement plaster. Some
additional cement plaster walls are located on the south side of the building at the first floor.
The north side of the building, along column line D, has four bays of brick masonry walls
located between the ground and the second floor at the east end of the structure . Nominal l
inch expansion joints, separate the walls from the underside of the second floor spandrels.
Although none of the wall elements described are designed as a part of the lateral force-resisting
system, they do contribute in varying degrees to the stiffness of the structure .

Geological data indicate that the site lies on recent alluvium. A typical soil boring .shows the
underlying soil to be primarily fine sandy silts and silty fine sands. The foundation system
consists of 38 inch deep pile caps, supported by groups of two to four poured-in-place 24-inch
diameter reinforced concrete friction piles. These are centered under the main building columns.
All pile caps are connected by a grid of beams. Each pile is roughly 40 feet long and has design
capacity of over 100 kips (444.8 KN) vertical load and up to 20 kips (89 KN) lateral load.

3.2 Strong Motion Acceleragrams

The first known strong motion records in the building date back to the 1971 San Fernando
earthquake (Fig. 2). Then, the building had only three self contained triaxial AR-240
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accelerographs, one in the south-eastern corner at ground level, one in the center of the fourth
floor, and one in the south-western corner; on the roof.

The central recording system (CR- l accelerograph; Fig. 4), was installed in the building prior to
the 1987 Whittier-Narrows earthquake. It is operated by California Department of Mines and
Geology (CDMG). Between 1987 and 1994, the CR-I system was triggered by many local and
distant larger events [2]. Here, we analyze recorded accelerations only from the 1987 Whittier
Narrows (Ml =5.9), 1992 Landers (Ms=7.5), 1992 Big Bear (M,=6.5) and 1994 Northridge
(Ml =6.4) events, at epicentral distances 41, 186, 149 and 1.5 Ian. The direction of strong
motion arrivals from the Whittier-Narrows, Landers and Big Bear earthquakes are E 27°S, East,
and E 1.5°S. The largest accelerations were those recorded during the 1994 Northridge
earthquake. Table I summarizes selected parameters of the above earthquakes and their
recordings.

Table I Selected earthquake and accelerogram Parameters describing the data used in this paper

Earthquake Date Ml R <p LREC LpROC aH.MX aV.M X

[km] [deg] [s] [s] [g] [g]

San Fernando 02!0917l 6.6 22 22-62 59.5 59.5 0.25 0.17

Whittier-Narrows 10/01/87 5.9 ~1 117 43 22.1' 0. 16
~3

Landers 06/28/92 7.5 186 90 79 43.0' 0.04 0.007
(Msl 79

Big Bear 06/28/92 6.5 149 91.5 43 22.6- 0.0 1 0.007
43

Northridge 0 1/17/94 6.4 1.5 270-3 18 60 60.0 0.44 0.27
240-350

•data digitized by M.D. Trifunac from xerox copy of one page of film record. presented in CDMG data reports

surface wave magnitude
local wave magnitude
epicentral distance
azimuth of wave arrival

LREC 

LPROC 

aH.MX 

aV .MX -

length of recorded accelerogram
length of processed accelerogram
peak horizontal acceleration
peak vertical acceleration

3.3 Description of Damage

Between 1972 and 1993, the building was shaken many times, but suffered no visible damage.
During the San Fernando earthquake, the peak horizontal acceleration at the foundation level
was O.25g. Between 1972 and 1993, the largest peak acceleration (O.16g) was recorded during
the 1987 Whittier-Narrows earthquake (see Table 1). During thel994 Northridge earthquake,
the peak ground acceleration was O.44g and the building suffered considerable damage.
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3.3.1 Damage Caused by the 1971 San Fernando Earthquake

Structural damage from the San Fernando earthquake was minor. Epoxy was used to repair
spa lied concrete of the second floor beam column joints on the north side and east end of the
building. The nonstructural damage was extensive, and about 80 percent of all repair cost was
used to fix drywall partitions, bathroom tiles and plumbing fixtures . The damage was most
extensive on the second and third floors and minimal at the sixth and seventh floors [I] .

3.3.2 Damage Caused by the 1994 Northridge Earthquake and its Early Aftershocks

During the Northridge Earthquake, the building experienced significant damage . Serious
structural damage occurred in the exterior longitudinal, south (A) and north (D) frames. Those
were designed to take most of the lateral loads in the EW direction.

In Frame A (Fig. 5 bottom, south side), wide shear cracks appeared in columns A3, A4, A5, A7
and A8, just below the contact with the spandrel beam of the 51h floor. The cracks width was
5-10 ern on the surface of the column at ASF5 and A7F5, and more than 10 cm at A8F5 (A5F5
means frame A, column 5, spandrel beam of 5th floor. At all these locations, deformation
(buckling) of the longitudinal bars (due to large motions) was evident. Large deformation of the
longitudinal bars at A8F5 also caused deformation of the transverse reinforcement. There was
no visible damage along column A6 of the frame A, although both adjacent columns, A5 and
A7, were seriously damaged . The 151 floor of this frame was covered from the exterior, possibly
hiding some minor damage . Minor cracks (width <I em), occurred at A9F3 and A9F5 .

In exterior frame D, the width of shear cracks on the surface of the columns was moderate
(0.2-1 em; Fig. 5 top). These cracks had clearly a visible "x" shape at locations DSF4, D7F4,
D7FS, D8F3, D8F4, D8F5. Column DI cracked (width -I ern) vertically along the 3rd floor.
Those cracks extended also into the spandrel beams at 3rd and 4th floors in the form of vertical
cracks (width < I ern),

At the 151 floor of frame D, at columns D2, D3 and D4, the cracks appeared to have been caused
by a "short column" effect, due to the brick wall, built up to 1/3 of the height of the columns in
the first four bays. These cracks were 0.5-1 em wide (Fig. 5 bottom). A diagonal crack (about
0.5 em wide) occurred at D9F2. Small diagonal cracks (width less than O.S ern) were noticed at
locations D6F2 and D7F2. In the brick walls , in the four eastern bays of the first floor, cracks
occurred between the bricks (through mortar), at the upper comers of the walls (Fig. Stop).

There was no visible damage to the interior longitudinal frames (B and C), although some
cracks could have been hidden by large furniture (especially on the first floor), wallpaper and
carpets. No damage was observed in the reinforced concrete slabs. Small cracks (width < 0.2
em) were noticed in the slab around the.central columns on Sth and 6th floors . There were no
signs of large deformations in the foundation, neither at the ISI floor slab nor in the pavement
around the building.

The nonstructural damage was extensive. Every guest room suffered some type of nonstructural
damage . Furniture was overturned at the upper floors (above 3rd

) . Due to large relative motions
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and deformation of the interior walls, the wallpaper was distorted or tom off. The relative
displacements also caused extensive damage to the brittle ceramic tile covers in the bathrooms.
There were numerous cracks in the bathtubs, and many ceramic tiles fell off.

3.4 Wave Propagation In and Around the Building

In the following, we analyze the accelerograms recorded in the building, using simple
approximate representation based on wave propagation. Figure 2 shows the setting of the
building, in central San Fernando Valley, and the horizontal projections of the 1971 San
Fernando and 1994 Northridge earthquake faults. During the San Fernando earthquake, the
faulting started at depth, - 9 km below surface, and propagated up and towards south with
average dislocation velocity of -2 krn/s, along the fault plane dipping 40° and striking NnW
[16]. The consequence of this propagation is that the waves arrived at the building site first at
angle rp = 22°, and then rp increased towards 62°, during the following 9 s (Fig. 2). The
strongest motion arrived from the deep part of the dislocation surface, during the first 4 seconds,
and then from the shallow part of the fault during the last two seconds offaulting.

The fault motion for the Northridge earthquake [21] is shown by snapshots of fault dislocations
with time increments of one second. The open empty ovals, the darker vertically hatched zones
and the dark horizontally hatched zones show respectively areas with dislocation amplitudes
>0.5, 1.0 and 1.5 m. It is seen that the largest dislocations propagated towards NW, during the
first 5 seconds, and then, only during the last second, towards West, with dislocation velocity
2.8-3 km/s. Assuming that most of the strong motion energy arrived from the area with largest
dislocation amplitudes, implies wave arrivals with azimuths rp =270-318°. However, because
the entire fault surface radiated energy, the range of azimuths for wave arrivals was actually
broader, rp= 240-350°.

During the Whittier-Narrows, Landers and Big Bear earthquakes, the building was at epicentral
distances 41, 186 and 149 km. Because of the small fault dimensions relative to the
corresponding epicentral distances, in laterally homogeneous layered earth (Fig. 6a,b), all the
wave energy would have been arriving along essentially same respective paths. However, the
complex geologic structure (the Santa Monica and Verdugo Mountains, and the Elysian and
Repetto Hills are between San Gabrial and Los Angeles Valleys) contributed to lateral
scattering resulting in more complicated multiple direction arrivals of wave energy towards the
building.

Figure 7 shows a schematic vertical cross-section through the focus of the Northridge
earthquake and the building site (see Fig. 2). It is seen that for the waves arriving first towards
channel 1 and then towards channel 13 (40 m apart, at the western and eastern ends of the
building), the SH- and Love-wave components of the early motions could be delayed for these
two channels by D.J ~ 0.05 sec. Direct body waves would be delayed less (due to large radial
phase velocity CR) , while the waves traveling through shallow low velocity layers would be
delayed at most by t!./ :::: 0.05 sec. About 5 to 6 s later, the energy originates near the NW end of
the fault, at depth :::: I0 km, and at distance ::::5 km NW from the building site. For azimuths rp =
318-350°, the "separation distance" for channels I and 13 decreases to :::: 27 and 7 m
respectively, and this reduces the relative delay of wave arrivals at channels 13 and I to D.J
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Figure 8. Recorded strong motion accelerations and time delays for the 13 CR-l channels digitized by CDMO. relative
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:::0.008 s or less. Following the direct arrivals from the fault plane, the surface and coda waves
of strong motion may arrive from all directions, scattered and reflected from the edges of
sediments in San Fernando Valley.

3.5 Required Accuracy in Data Processing

For the above delays to be seen in recorded data, it is necessary to have accurate relative timing
'of the data recorded by different channels of the CR-I recording system. This requires (I)
accurate digitization of the beginning of all traces , and (2) accurate corrections for variations in
film speed. Our routine accelerogram processing software produced corrected data (for baseline
and instrument response) equally spaced at 50 points/s until the early 1990's, and currently at
100 points/so It is seen that the expected "delays" between motions at channels I and 13 due to
'wave propagation (see Fig. 4) are e 0.01-0.03 s::: 1 to several intervals of equally spaced points
at 6t=0.0 I s.

To evaluate the relative accuracy of time coordinates of the Northridge earthquake record
digit ized by CDMG, we redigitized independently the same record. from a reproduction of the
film record in reference [8]. By visual comparison of the first several seconds of digitized 'data.
and by cross-correlation analysis, we found that CDMG digitization "omits" (starts late) up to
-0.03 s at the beginning of some traces. In Fig. 8, we document these "omitted" intervals for all
13 channels for this record. It is seen that the origin times of both digitizations agree for
channels I and 2. The CDMG data begins progressively late with increasing channel number.
and the delay is ::: 0.02 s for channels 8 through 13. For channel 12. the dela y is the largest (:::
0.03 s).

Figure 9 shows similar comparison of initial delays for three other earthquakes (Whittier
Narrows, Big Bear and Landers). It is seen that the differences are of systematic and repetitive
nature. Though there are several simple and plausible explanations for these differences, we
cannot state their cause with certainty. As an illustration only, we suggest that one possible
explanation can be related to different opt ical densities of different traces on the film, when
digitized with same threshold level of gray [4,18] .

3.6 Rough Estimation of Apparent Travel Times

An approach to investigating the wave propagation inside the building may be formulated
starting with the assumption that the incident energy consists of pulses, which then propagate
from one recording point to another. To find the time delay representing the average difference
at stations i and} of all arrival times collectively, we can evaluate cross-correlation functions of
the recorded motions, R;J{ r), where " represents the average delay or "travel time". To
emphasize the local pulses and to avoid randomization caused by numerous pulses during the
entire excitation history, we multiply recordings at stations i and} by windows, W(t), as shown
in Fig. 10. These windows have unit amplitude in a 2 s interval, 0.5 s ramps on each side, and
zero amplitudes otherwise. Then we compute
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and find the delay io for which the amplitude of Rij (to. q is maximum. The physical
interpretation of the result and the estimates of io depend on the assumed properties of the
window function Wet). Analysis of these properties is beyond the scope of this paper. Here, for
simplicity and to illustrate the general trends, we adopt only one window function W(t), as
shown in Fig. 10. Figures II through 12 show plots of ZiJ versus to only for the NS accelerations
in the building recorded during the Whittier-Narrows, Landers, Big Bear and Northridge
earthquakes.

Forward evaluation of the average shear-wave velocity in the building requires representation of
the structure by at least two types of anisotropic layers with different properties [14] , one for the
floor slabs and one for the columns. It also requires estimation of the relative fixity of the
columns. Details of this modeling are beyond the scope of this paper. Here, we only state that
such analysis shows that the velocity of vertically propagating shear-waves in this building is
"" I00 mis, and that the velocity of SH- waves along the floor slaps is ",,2000 mls. These
estimates are consistent with the experimental results presented here, and with other
independent analyses of wave motion in this building, which will be presented in future papers.

Assuming plane vertically propagating waves, with average shear-wave velocity in the vertical
direction /1= I00 mls would imply io = hij / I00, where h,j is the vertical separation of stations i
and} (in meters). In Figs II and 12 (left and right columns), these propagation times are shown
by thin dashed lines. The computed io delays are shown by heavy interrupted lines.
Occasionally, reflections off the top or off the sides of the building may cause peaks of Rij (ta,

ia) to occur at much longer or shorter ia than what we assum e corresponds to the direct waves.
To simplify this presentation, we chose not to show those values.

The central columns in Figs II arid 12, show time delays, iO, of pulses propagating along the
longitudinal axis of the building, in the EW direction. Complete interpretation and mode ling of
what those dela ys represent is a complex problem whose analysis is beyond the scope of this
paper. Assuming that the building has to follow the ground motion [14] and ignoring soil
structure interaction, would lead to ia for R I.I 3 to depend on the average travel time of shear
waves and of horizontal components of P. SV and Rayleigh waves in the soil between locations
of channels I and 13. For EW propagation. these two locations are 40 m apart, but for other
directions of wave approach, this distance can be anything between 0 and 40 m. For the
Whittier-Narrows, Landers and Big Bear earthquakes, most of the energy traveled from East to
West (see Fig. 2) and so io must be negative (see eqn 4). Between 5.5 and 7.0 s after trigger,
the records of Whittier-Narrows earthquake show shear-wave arrivals which should be
associated with "high" values of phase velocities, and ia should be "small" and negative (Fig.
13). Twelve seconds after trigger, the recorded motions show arrival of surface waves and ia
for R I.I 3 is in the range from -0.04 to -0.08 s, suggesting phase velocity between 0.5 and 0.95
kmIs. These values are "reasonable" for intermediate and high frequenc y if > I Hz), first and
second mode s of surface Love waves in San Fernando Valley (e.g. Fig. 6b).

For the Landers earthquake, the largest earthquake of the four considered here , io for R1.l 3 is
negative and "small" , and is constant throughout the entire duration of wave arrival (Fig. !3) .
This suggests predominantly surface waves with strong participation of long periods and higher
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Figure 14Time shifts for USC digitalization of the CR-( (channels \-13) and SMA-I (channels 14-16) records of four
earthquakes, adopted for the analysis of delays in Figures 11-13 ( 1 pixel- 0.004 cm (s» . E.g., shift of 0.04 s means
padding four zero-amplitude points (equally spaced at 0.01 s) at the beginning of the record, to delay the recorded

motions (i.e. advance the origin time) by 0.04 s.
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modes, contributing with phase velocities c =2. IS to 3.5 km/s. During the Big Bear earthquake,
the accelerations at the building site were small, and the instruments triggered late, apparently
after the arrival of shear waves. The motion appears to be dominated by high frequency surface
waves with phase velocities c = 0.5 to 0.95 km/s, during the first 12 s of recorded motion (Fig.
13). Between 12 and 20 s, the waves appear to be associated with larger EW and NS motions,
suggesting arrivals from all directions and SH components arriving from North or South. This
would reduce the apparent separation distance between the recording sites for channels I and
13, resulting in small values of '0'

..
During the first 12 s of the Northridge earthquake, the waves arrived first from west and then
later from north-west (see Fig. 2 and 7) resulting in positive '0 in RI.l3 ' With time, as the
predominant direction of wave approach changed from West to NW, the effective separation of
stations I and 13 decreased, thus leading to gradual decrease of ' 0' Beyond 12 to IS s, the
motion most probably arrived from "all" directions representing scattered and reflected waves
from irregular geologic boundaries of San Fernando Valley, and this resulted in small values of
'0' These trends and variations of '0 versus to (Fig. 13) can be seen also at the 2nd (R7.S) , )'d

(RS•6) and 8lh (R2.3 ) floors of the building, but other effects caused by wave reflections off the
East and West ends of the building are superimposed (see Fig. II and 12). We show these
results for completeness of this presentation, but leave the detailed analyses and interpretation
for future work.

The above results on '0 in Rij (to. '0) are based on USC digitalization and processing of CR-I
and SMA-I records (using xerox copies of the records published in CDMG reports). After
digitization and processing, to achieve internally consistent and physically plausible results, in
Fig. 11 and 12, it was necessary to shift (advance) the origin time of different components
(channels) as shown in Fig. 14. These shifts are small relative to the significant prolongations
of '0 for Rs,2 and R6,4 , seen only for the Northridge data (Fig. 12 bottom). The required shifts
for the Big Bear earthquake however are surprisingly large.

The Big Bear accelerat ion records began with a late trigger (during arrival of surface waves and
after the S-wave arrival). The amplitudes are small and the traces achieved full optical density
after more than about 0.1 s. It is possible that the unexpected pattern of "required" shifts is
caused by artificial reduction of trace width (and thus loss of the trace beginning) by the high
contrast characteristics of xerox copying. This effect may apply to both USC and CDMG
digitalizations, to a similar degree, such that a relative starting time between these two
digitalizations (see Fig. 9) still applies. Further analysis and interpretation of this interesting
and important data processing problem [18] is however beyond the scope of this work.

Large reduction of "propagation velocities" is seen only in the values of '0 for Rs,2 and R6•4 ,

during the Northridge earthquake. As Fig. 12 (bottom) shows, the computed 'to is roughly two
times longer than expected. With reference to Fig. 5, it is possible to speculate that this is
caused by damage of the columns just below the spandrel beams on the 5th floor.
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4. DISCUSSION AND CONCLUSIONS

We explored the possibility of measuring propagation velocity of waves in a simple symmetric
structure, and interpreting the observed delays in wave arrivals as indicators of damage [7]. We
computed the propagation "time" from a pair of stations by using windowed cross-correlation
function. This rough method ignores wave dispersion and the presence of "other" reflecting
boundaries, and therefore is contaminated and can give wrong answers in the presence of many
reflections. Nevertheless, the results we obtained show promise and appear to give significantly
long travel times in the areas where damage did occur.

The first requirement for the success of this method is that the time coordinates of processed
strong motion data must be (I) as accurate as possible and (2) their accuracy must be analyzed,
interpreted and quantified. Since we are able to identify the first digitization point for each
acceleration trace with accuracy of about one pixel (e.g. for scanners with 600 dpi the width of
one pixel is 1/236 cm, that is 0.004 sec), it is necessary only to calibrate the accuracy of
electrical signals creating two pulses per second (2 PPS) time trace, which is usually written on
the edge of the film. For digital instruments, in principle, neither the starting nor relative liming
of samples from different channels should pose problems, but the actual speed of multiplexing,
and the frequency of sampling must be accurately measured and should be documented .

In this study we use the concept of equivalent continuous medium to represent a three
dimensional structure , but for accurate identification of damaged zones the modeling of
structures may have to be more detailed. The difficult and challenging task will be to develop
digital filters which can account for various scattered waves and for reflections in a three
dimensional matrix of structural members, which will then be used to measure the "wave"
velocity between the two points.

Finally, we mention the obvious limitation of the above method. It has to do with its ability to
resolve "small" and concentrated damage zones. The method can offer only an order of
magnitude (- N) improvement over measurements of changes in natural frequencies. It is, of
course, possible in principle to saturate buildings with transducers, densely distributed , on all
structural members, but this is obviously not a practical alternative. The best we can expect, at
present, is to have one instrument per principal direction per floor. This will correspond to
approximately three times better resolution then in the example presented in this paper.
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EARTHQUAKE MOTION OBSERVATION IN AND AROUND 8-STORY SRC
BUILDING

TOSHIHIDE KASHIMA, IZURU OKAWAand SHIN KOYAMA
Building Research Institute, Ministry of Construction
Tatehara I, Tsukuba, Ibaraki 305-0802, Japan

1. Introduction

Building Research Institute (BRI), Ministry of Construction, Japan, started the strong
motion observation project in 1957. The observation network has been enriched and
enlarged in the past forty years. BRI is now operating several networks with a number
of strong motion instruments. In this paper, we are introducing a new system that is
installed to buildings and underground at BRI, and some observation results.

2. Outline of Strong Motion Observation at BRI Annex

BRI has started earthquake motion observation with the dense instrumentation to
buildings and surrounding ground including deep boreholes in 1998. We set up this
system in a newly constructed 8-story steel reinforced concrete (SRC) building next to
the main building in the BRI premises. Totally 66-channel accelerograms are recorded
when certain level of motion is triggered. We hope the recording system of this kind
will be very directly useful for evaluating the soil-structure interaction (SSI)
phenomena .

2.1. GEOLOGICAL CONDITIONS

BRI is located with approximately 60 kilometers to the northeas t from downtown
Tokyo. The site is situated 30 meter above sea level on the diluvial heights between
Sakuragawa River flowing into Kasumigaura Lake and Kokaigawa River, a branch flow
in the greater Tonegawa River water system.
The geological investigation shows that clay and fine sand are main contents up to 90
meters depth underground, inserting sandy gravel. Table 1 indicates surface soil
structure at BRI. We confirmed a sandy gravel layer at 88 meters in depth. Its shear
wave velocity, however, is not obtained. Transfer functions for shear waves between
ground surface and depths of 42 meters, 68 meters and 88 meters are shown in Figure 1.
We assume here that the shear wave velocity of the layer 88 meters deep is about 500
mls. The figure shows common predominant periods of 2 to 4 Hz and 9 Hz. Moreover,
the transfer function of 88-meter layers includes the peak at 1 Hz. This might be the
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peak relevant to the fundamental frequency of the surface soil layers . In addition, the
layer between 88 meters deep and approximately 250 meters deep is called upper
Kazusa formation group, and the underlying layer is called lower Kazusa formation
group, the Tertiary layers .

Tab/e 1. Structure ofsurface soil/ayers

No. H(m) D(m)
V p Vs p(t/m3

) Soil Type
(m/s) (m/s)

I i .o 2.0 170 110 1.30 Loam

2 6.0 8.0
1430

200 1.30 Sandy Clay & Clayey Sand

3 6.0 14.0 160 1.50 Sandy Clay & Clay

4 8.0 22.0 1630 260 1.80 Fire Sand & Clayey Fine Sand

5 6.0 28.0 1500 200
1.75 Sandy Clay & Clay

6 14.0 42.0 1570 270

7 6.0 48.0 1880 460 1.90 Gravel

8 8.0 56.0 1780 340
1.75 Sandy Clay & Clay

9 12.0 68.0 1690 290

10 12.0 80.0 1790 380 1.95 Gravel & Fine Sand

11 8.0 88.0 1600 280 1.75 Sandy Clay & Clay

12 500 2.00 Gravel

H: Thickness, D: Depth, Vp: P-wave Velocity, Vs: S-wave Velocity, p: Density

Transfer Function5F========:=::;----------,
--88m Model
--- 68m Model
----- 42m Model

0.5 +-T""T-rT'TTT1r--'--'-T"T"rTT1rr--O-.--r-T...-n.,.,--i

0.02 0.05 0.1 0.5 1 5 10 20
Frequency (Hz)

Figure 1. Transfer function ofsurface soil/ayers

2.2. BUILDING CHARACTERISTICS

The building for accelerometer installation is a newly constructed Urban Disaster
Prevention Research Center building (annex) that was completed in March 1998. The
annex building has eight stories with single basement floor. Total building area is
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approximately 5,000 m2 and supported by mat foundation on the clayey layer of 8.2
meters underground . The annex is connected to the main building with passages, but is
structurally separated .

2.3. RECORDING SYSTEM

The sensors are installed with 11 locations (33 channels) in the new building, 7
locations in the surrounding ground, and 4 locations (12 channels) in the main (older)
building . Sensor configuration is shown in Figures 2 and 3. The farthest sensor on the
ground is 100 meters away From the annex building, and the deepest sensor is set up 89
meters in depth. Three sensors are set up at the basement floor and the eighth floor in
order to investigate torsional vibration.
All sensors are connected to the recording equipment at the observation room in the
annex. The specifications of the recording system are shown in Table 2. The system has
66-channel 24-bit A-D converters, a digital processing unit and 40 MB flash memory
storage. PC cards are used as storage device and are directly processed by Pc. Broad
dynamic range and certain operation are ensured by the most up-to-date facilities .
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Figure 2. Vertical sensor configuration
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Figure 3. Sensor confi guration at basementfloor and 8th floo r

Table 2. Specifications cfrecording system
Model AJE-8200, Akash i Corp.
Sensor V403BT (negative feedback servo), Akashi Corp.
Number ofChannels 66
Frequency Range DC -30 Hz
Acceleration Range ±2 G
AID Converter 24-bit, (Delta-Sigma)

Dynamic Range ][4 dB

Recording Medium ATA Flash Memory Card
Triggering Logic Disjunction (OR) of Specified Three Components

Functions
Peaks, JMA Seismic Intensity, Spectral Intensity
SI)

3. Observed Records and Discussion

3.1. OBSERVED RECORDS

In a past year, we obtained some records with moderate acceleration levels. Observed
earthquakes and peak accelerations on the ground (A01) and at the eighth floor (8FE)
are listed in Table 3.
Horizontal acceleration records on the ground (A01), 89 meters below the ground
(A89), at the basement floor (BFE), and at the eighth floor (8FE) for the eathquke#4 are
plotted in Figure 4. Dynamic characteristics of ground motions and building response
are discussed through the analysis using these records in the following paragraphs .
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Table 3. List 0 observed records

No. Date TIme Latitude Longitude h (km) M .1 (km)
Peak Aee. (cm/si)

AO] 8FE
I 1998/04/27 07:06 036°05.1'N 139°53.2' E 50 4.0 18 14: 14

2 1998/06/24 23:52 036°07.3'N 140006.4 'E 73 4.6 2 19: 53

3 1998/08/29 08:46 035°36.2' N 140002.7' E 67 5.1 58 10: 17

4 1999/03/26 08 :31 036 .5°N 140.6°E 50 5.1 63 46 1 61

5 1999/04/25 21:27 036 .5°N 140.5°E 50 5.2 56 371 67

h: Focal Depth, M: JMA Magnitude, .1: Epicentral Distance

).00 Acceleration

g 1 AOI (NS) (peak. -16.3 cm/s/s}I
1: " " " " " " " " " " " ~:: : :: : : : : , , ,,:""",,"",""""," """ '" "."""""
;lil°l I
g AOl (E lY) (peak : 38.1 em/s .,,)

I:"" """'" """, ,,:::'::::::::",:", "'" "" ""'"... ", ..,"'" "." "" ,.",,
;lil°l I
g A89 (NS) (peak : 20.2 em/s.'.I)

I:"""""""""",,:::~:::,,:,,""'"''''''''''''''''''''''''''' ''' '' '' '' I,,,,,,,,I,
).O°l I
g A89 (ElY) (peak : 22.3 em/sis)

I:"""I " , " I " , , , " ,,:: : " • " : " " " " " , , " " • , , , , " " , , , " " I " " , I " , " " , I , , " I , , , ,

).O°l I
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Figure 4. Acceleration records ofthe earthquake on March 26, 1999
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3.2. AMPLIFICATION OF SURFACE SOIL LAYERS

Figure 5 shows Fourier amplitude spectral ratios of earthquake motions on the ground
(AOl) to ones at 89 meters below the ground (A89). Theoretical ratio calculated from
the soil structure shown in Table 1 is also indicated by the dotted line in the figure . Both
spectral ratios, N-S component and E-W components, have common peaks at 0.8 to 1.0
Hz, 2.2 Hz and 3 to 4 Hz. Observed results show good agreement with the theoretical
ratio upon the location of peaks. However, there are differences in heights of peaks. We
assumed damping ratio of 2% for each soil layer in the theoretical calculation.
Reevaluation of physical constants, especially damping property, of soils using observed
data is necessary for further discussion .

50 Fourier S ectral Ratio of records on 1999/03/26

- AOI/A89 (NS)
- -- AOl/A89 (EW)
- - --- Theory

0.5

0.2 +-r"'..---...----.--,...,...,...TTT"---.----..---.--r-rTTT...------l
0.05 0.1 0.5 1 5 10 20

Frequency (Hz)

Figure 5. Fourier spectral ratios ofrecords on the ground to
ones at 88 meters below the ground

3.3. DYNAMIC CHARACTERISTICS OF ANNEX BUILDING

Fourier amplitude spectral ratios of records at BFE and 8FE to ones at AD l are plotted
in Figure 6. The spectral ratio of 8FE/AD 1 in the N-S component has clear peaks of 1.7
Hz and 2.3 Hz. Natura l frequency of the annex building in the E-W direction can be
estimated at 1.7 Hz. The peak of 2.3 Hz originated from the torsional vibration judging
from phase differences of Fourier spectra . The spectral ratio of 8FE/AOl in the E-W
component also has a peak of 1.7 Hz, but doesn 't have a peak of 2.3 Hz. First natural
frequency in the N-S direction is very close to the E-W direction . The vibration system
discussed here includes effect of the soil-structure interaction . Incidentally, damping
ratios of the first vibration modes in N-S direction and E-W direction are estimated at
5% and 7%, respectively.
In comparison of records at the basement floor with ones on the ground, differences
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appear in the high frequency range. The spectral ratio of BFE to AOO falls from the
frequency of 1.7 Hz that is the first natural frequency of the building . The spectral ratios
become 1/2 in frequency range higher than 4 Hz. SSI causes such a phenomenon and
reduces peak accelerations at the basement floor as shown in Figure 4.

20 Fourier S ectral Ratio of records of 1999/03/26

-BFE/AOI (NS)
10 --- BFE/AOI (EW)

----- 8FE/AO1(NS)
---8FE/AOI (EW)

0.1

0.05 +-r-TTT.-----,,--r-r-r-T"TT1...,--.---r-r-,-,nTn-----l

0.050.1 0.5 I 5 10 20
Frequency(Hz)

Figure 6. Fourier spec tral ratios ofrecords in the building to
ones on the ground surf ace

4. Other BRI Activities on Strong Motion Observation

In addition , BRl is conducting three strong motion instrument networks recently. Each
project has its own aim and background. Those projects are briefly introduced in this
chapter.

4.1. NATIONWIDE STRONG MOTION OBSERVATION IN BUILDINGS

BRl has installed strong-motion instruments in major cities throughout Japan as shown
in Figure 7. There are now 49 observation sites in operation using the digital strong
motion instrument. The objects of observation are mainly buildings, and the measuring
point is usually placed both on the top and in the foundations of the building . Every
observation site is connected to BRI via telephone line in order to collect data
immediately and to mitigate maintenance work.
The observation network has obtained many noteworthy records . For example, in the
1993 Kushiro-oki (Off Kushiro) Earthquake, 711 cm/s' was recorded as the peak
acceleration on the ground surface at Kushiro Local Meteorological Observatory as
cited in [1]. In addition , in the 1994 Sanriku-haruka-oki (Far off Sanriku) Earthquake, a
large acceleration amplitude record was obtained in the building next to the severely
damaged old Hachinohe municipal office building as reported in [2].
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The network is still being enlarged year by year. We are proceeding to instrument
buildings that have up-to-date seismic control systems recently.
A large number of records have been obtained.from this network up to now. Part of
strong motion database is open to public through the Internet.

Strong-Motion Observation
Network in Tokyo Metropolitan
Area (20 sites)

Sendai Dense Strong-Motion
Instrument Array Observation
(11 sites)

o 100 200 400 600 km

Figure 7. Sites ofnationwide strong motion observation

4.2. DENSE STRONG-MOTION INSTRUMENT ARRAY IN SENDAI

We also installed seismographs in grounds as introduced in [3]. Eleven recording sites
are deployed around Sendai area as shown by solid circles in Figure 8. Solid squares
show sites of the Nationwide Network. Eleven sites were selected so that typical surface
soil conditions of urban areas in Japan are contained. Sendai area was severely damaged
by the 1978 Miyagi-ken-oki (Off Miyagi Pref.) Earthquake. The result of damage
investigation concluded that the damage distribution had clear correlation with the soil
conditions as reported in [4]. Therefore, we will get the difference of strong motion
characteristics when large earthquake database is completed. Each site has three tri-axial
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sensors . They are installed from surface to so-called engineering bedrock with shear
wave velocities of 660 cm/s" to 1400 cm/s" These records have provided data to
evaluate the effect of surface geology on seismic motions . This project had been
implemented as a cooperative research project between BRI and the Association for
Promotion of Building Research (KKSK) . A number of earthquake motions have been
recorded for these 12 years, and the fmal report including strong motion data will be
published in autumn, 1999. Although the cooperative research has completed in March
1999, the observation will be reduced and continued in another five years as the
individual project of BRI.

Pacific Ocean

38° 1O'N

IOkm

-...;,.........---
Figure 8. Dense strong motion instrument array in Sendai

4.3 . STRONG-MOTION INSTRUMENT NETWORK IN THE METROPOLITAN
AREA

The 1995 Hyogo-ken-nanbu Earthquake (Kobe Earthquake) awakened us again to the
importance of disaster prevention measures for large-scale urban areas . It is important to
predict the probability of a future earthquake and its impact, and make as many
preparations as possible in anticipation of such an event. It is also very essential to grasp
the damage situation immediately to put in effect the necessary countermeasures.
BRI has established twenty new observation sites placed radially in the Tokyo



www.manaraa.com

478

metropolitan area. Figure 9 indicates site configuration of this network with site
locations of other projects. Objects of instrumentation are buildings . Sensors were
installed on the top and at the basement of a building, and a sensor was added on the
ground if possible. This project also aims to investigate the characteristics of the seismic
motion affecting the whole Kanto Plain through observation records. The system
immediately collects information on the seismic intensity at the time of an earthquake
occurrence.

Pre
Neogene

•

SagamiBay

Contours represent depth ofthe upper
boundary ofthe pre-Neogene Systems
(afte r Suzuki. / 996).

10

• Observation sites

* Sites operated in
other project

Figure 9. Strong motion instrument network in the metropolitan area

5. Conclusions

BRI has started new earthquake motion observation with the dense instrumentation .
Amplification effect of surface geology was examined with good agreement between
observed and the theoretical result. Dynamic characteristics of the annex building are
also discussed through analyses of earthquake motion records. First natural frequencies
of annex building in the N-S direction and the E-W direction can be clearly
distinguished from the spectral analysis. Results here will be fundamental information
for following studies.
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We intend to proceed with studies on reevaluation of soil properties, examination of
detailed vibration modes, investigation of soil-structure interaction, and so on. Non
linearity of those dynamic characteristics is also an interesting research subject.
The damping ratio of the annex building was estimated by the study meeting of young
researchers, chaired by Dr. T. Saito, BRl, in the Building Research Institute Council.
Authors deeply appreciate their study work.
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Abstract

The instnunentation of special structures such as large bridges, tunnels, monuments etc.,
contributes towards a better understanding of their dynamic performance, as well as a
more accurate and reliable prediction of the earthquake resistance of such large-scale
structures. In experimental analysis the classical ways to estimate the modal parameters
of the whole structural system, as well as of its structural elements, is either to 'excite the
structure artificially (using, e.g. vibrators, heavy vehicles) or to evaluate the recordings
obtained from a weak or strong ground motion. In modeling the behaviour of a civil
engineering structure in a realistic way, among the important parameters to be defined
are the mass distribution, the damping characteristics, the stiffness of the main load
resisting system, the influence of secondary elements and interaction phenomena. Large
vibration tests provide reliable data for the evaluation of the influence of such modal
parameters.

The effective analytical evaluation of the bridge through reliable and effective
numerical models is necessary in order to verify the experimental data. By comparing
the results of both experimental and analytical approaches and adequately updating the
analytical model, a more realistic modeling of the bridge can be obtained. Changes in
the modal parameters during the time-life of the bridge can contribute towards detection
of damages, such as crackings or any other reasons reducing the stiffness of the
structural system. The cable-stayed bridge in Evripos channel (Greece) was selected to
apply the aforementioned methodology. The main ambient vibrations recorded are due
to traffic, wind and moderate earthquakes at small distances from the bridge. Three
dimensional finite element models of the bridge were created and the dynamic
behaviour of the bridge was analysed for both a small and a strong earthquake with
high frequency content. Results of the experimental estimation of eigenvalues of the
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vibration modes are also presented. Finally, comparisons between experimental and
analytical values have been performed,

1. Introduction

One of the main objectives in earthquake engineering is the realistic prediction of the
dynamic behaviour of a structural system due to strong ground motion. From the
analytical point of view, the dynamic behaviour of each structural system can be
investigated by means of different numerical (mostly finite element) models. The
complexity of the model depends on the level of sophistication used in the analysis, the
number, arrangement and description of masses, the number of degrees of freedom of
the finite element model and the seismic input. Apart from the analytical approach,
recent investigations of the seismic effects upon structures are also based on
experimental research methods . As such, one can mention testing of models on shaking
tables, and definition of the dynamic response of structures using records obtained from
installed structural arrays, when the latter are subjected either to environmental (e.g.
earthquakes, wind, traffic loads) or artificial (e.g. blasts, controlled vibrations)
excitations. The instrumentation of special structures such as large bridges, tunnels,
monuments etc., contributes towards a better understanding of their dynamic
performance as well as a more accurate and reliable prediction of the earthquake
resistance of such large-scale structures . In modeling the dynamic behaviour of a civil
engineering structure in a realistic manner, among the important parameters to be
defined are the mass distribution, the damping characteristics, the stiffness of the main
load resisting system, the influence of secondary elements and interaction phenomena.
Large vibration tests provide reliable data for the evaluation of the influence of such
structural parameters. A considerable amount of research has been carried out in the
field of experimental and analytical study of various structures -and especially bridges
in the last decade (Ewins & Griffin [1], Gates & Smith [2], Haibach [3], lmai et al [4],
Karabinis [5], Lee& Yun [6], Hong & Yun (7], Johanson [8], Kiousis & Karabinis [9],
Paultre et al. [10], Ewins [11], Broquet & Bruhwiler [12]). Dynamic bridge testing has
been used on many occasions as a means of evaluating various static and dynamic
properties of modem highway bridges as well as suspension and cabled- stayed bridges.
Many of these tests were carried out to obtain vibration frequencies and mode shapes,
and were based on ambient wind-induced or traffic-induced vibrations (paultre et al.
[10], Yun & Shinozuka [13], Paultre et al. [14]).

This paper presents testing procedures used at the Institute of Earthquake Engineering
and Engineering Seismology (ITSAK). These procedures were applied to the cable
stayed bridge on Evripos channel (Halkis bridge), which is up till now the largest cable
stayed one in Greece. The main objectives of the corresponding research program
carried out at ITSAK are: (a) to evaluate the dynamic properties of the bridge; (b) to
calibrate finite-element models of the bridge developed at the Institute; (c) to study the
influence of temporal changes in the stiffness of main and secondary structural elements
on the dynamic response of the bridge; and (d) to predict the response of the structure
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due to strong earthquakes. In this paper recent results of the research project, which is
still under way, are presented. Results of previous investigations can be found in [15],
[16]. The bridge over Evripos channel has a total length of 694.5 meters and a width of
13.5 meters (Stathopoulos [17], [18]).The central part of the bridge is of a cable-stayed
type with a total length of 395 meters, the middle span of which is 215 meters long. The
transversely pretensioned deck (with a thickness of 45cm) is suspended through two
levels of cables from the two piers which are of a height of about 90 meters each. The
rest of the bridge consists of 8 single-span simply supported parts of lengths of 36 - 39
meters, each made up of 4 prefabricated pretensioned I - beams seated through
elastomeric bearings on piers. In the framework of the research project, only the
behaviourof the central -cable stayed- part of the bridge is studied.

Table 1. Technical specifications of the Kinemetrics PX-23 Structural Array

• 12 bit resolution ana1og-digital converter

• Full scale ± 2g
• Output voltage ±2.5 V
• Frequency response DC-SO Hz within -3 dB

• Damping 0.7 nominal
• Natural frequency 600 Hz
• Dynamic range> 72 dB
• Sampling rate 200 sps
• Built-in anti-alias filter : 2-pole , SO Hz Butterworth response
• Automatic self identification after sensing an event
• Common triggering, common timing and external timing device (GPS) facilities

• Internal timing 2pps
• Remote communication, data retrieval and maintenance facilities
• Operating temperature - 20· C to + 85· C
• Humidity 100 %
• Full DC power (by external battery box)
• Four days autonomy in standby position

A Kinemetrics data acquisition system and control unit is used to record the response
(Lekidis [19]). The structural array purchased in 1994 was the Kinemetrics PX-23
model -of SSA2 type-and was installed the same year by the Kinemetrics representative
in Greece, in collaboration with the electronic laboratory personnel of ITSAK. The
array consists of 42 sensors - ofFBAll type ., ending up in sixteen modules situated at
the deck-level rooms in the eastern pier of the bridge. The positions of the sensors were
carefully selected so as a complete recording of the three-dimensional dynamic
behaviour of the bridge is possible. Six vertical and two transverse sensors record the
response at the middle span of the bridge, whereas at each one of the two piers six
sensors are installed. There are also four triaxial sensors, two located at the base of each
pier and two free-field. The layout of the structural array is presented in Figure 1. The
system is equipped with common time, common triggering and GPS facilities. The
array is triggered and starts recording when the threshold value of certain sensors is
exceeded. It is possible to predetermine explicitly the sensors that are capable of
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triggering the system. The technical specifications of the recording system are
summarized in Table 1.
The system became fully functional by the end of 1994. Since then, a satisfactory
numberof ambientvibrations has been recorded, as well as certainsmall earthquakes at
distances of 20 - 70 km, The recorded data are stored in the system's memory and can
be retrieved either in situ or through modem from the Institute's computational centreat
Thessaloniki. An evaluation of the data so far recorded was conducted, in order to
determine the dynamic behaviour of the bridge. The results obtained were compared
with thoseof analytical models of the structure, alsodeveloped at the Institute.

Jo---·......I· - ...-+".+-
----·*I·~- -I

+,,·+-,,·--;.-1---..., -----....,f--

I· --·*I·~---

Figure 1. Central part ofthe bridge and layout of the structural array.

2. Analytical and Experimental investigation of the Bridge

A three-dimensional finite element model was developed using the program SAP2000
[20] for the analytical evaluation of the bridge, in order to verifythe experimental data.
The dynamic behaviour of the bridge has been numerically investigated first by
performing an eigenvalue analysis and thenby using time-history analysis to predict the
response at specific positions of the bridgedueto recorded excitations.
Some of the results of the eigenvalue analysis are shown in Figure 2 and Table 2. A
more detailed presentation of the analysis can be found in [16]. A time-history analysis
was performed, using as input motion the longitudinal component of a small earthquake
at a distance of 23.2 km Northeast of the bridge site. The earthquake, of magnitude
Mw=4.3 R, was recorded on 22/5/98 (20.56 GT). The input motion is presented in
Figure3. SAP2000 performs a modalsolution of the time-history analysis. Response in
the time domainwas calculated at the top of the pier and the middle point of the central
deck of the bridge. As it can be seen from Figure 3, the peak value of the input
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longitudinal record is 44.65 em/sec' at the base of pier M5 and the peak value of the
corresponding response at the top of the pier is 43.9 em/sec' . The duration of the
vibration (> 0.OO8g) is about 3.0 sec both for the input motion and the response at the
top of the pier. At the middle of the bridge the peak value of the horizontal response
(Figure 3) is 46.28 em/sec'. The analysis, as well as the recorded response (see, e.g.,
Fig.9) show that the characteristics of the structural response are very close to those of
the input motion.
In Figure 4 the response spectrum of the input motion is presented. It can be seen from
the response spectrum, which has a peak value at 0.20 sec, that in the period range
corresponding to the first modes of the bridge the pseudoacceleration values are
significantly lower than the peak ground value. This confirms the well known fact [21]
that the seismic loading of a structure with a high (> 1 sec) fundamental period can not
be accurately predicted from the response spectrum of the input motion. In deriving
design spectra, modifications have been proposed in the range of long periods, due to
uncertainties involved in the combination of modal responses and because the spectral
values are not conservative enough for the lower modes of vibration.
A similar time-history analysis was performed for the vertical component of the

seismic event. In Figure 5, both the input motion and the vertical response at the middle
of the central deck are presented. In this case, an amplification factor of ca. 1.33 is
observed.

Figure 2. Undeformed shape and numerically obtained eigenmodes ofthe bridge.
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Table 2. Periods and modalparticipationfactors from eigenvalueanalysis ofthe bridge.

Mode Period UX UY UZ

1 2.763790 -0.027249 4.53E-05 -22.688358

2 2.600826 72.302830 0.000239 -0.006605

3 2.282575 -2.51E-06 -89.182061 2.53E-05

4 1.811659 ·83.045079 6.I1E-05 0.003249

5 l.S56144 8.83E-05 7.826857 -0.000183

6 1.420366 l.l1E-05 -0.443822 0.001196

7 1.306252 0.006232 -0.000695 24.748342

8 1.242427 0.000100 25.815171 0.001081

9 1.117267 6.592468 0.001409 7.35E-05

10 1.065136 5.4OE-05 0.000643 57.695471

60.00

I
Lo"8itWnal A<:tdcralim

40.00
I Bucof PicrMS
"IiII Topc:lPicrMS
II
ii Middleof C<nllllDtcIt
",..., iiH
Ii

1 20.00 1 II

;: ~
• II
~ .! II' d ~ ~'i
I' :, ; ;!;~~~ t'r:: 0.00.s I I I : t ~ .~t *r l ' \,: ' ~.\ I .." ~ ~

! i
Of I t · ,". ,

~
I' . , ' I ,

.. I' r.
41 Ii i V . .
~ "' I
(,I -20.00 "
~ i:

"~~

-40.00

-60.00 -+--,---,r--,--- ,---,.---.---.----r--....,.----,

5.00 6.00 7.00 8.00

Time (see)
9.00 10.0

Figure 3. Earthquakeof22/5198: Computed longitudinalacceleration time histories.
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Figure 4. Response spectra of the recorded earthquake of 22/5/98.
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Figure 5. Earthquake of 22/5/98: Computed vertical acceleration time histories .
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It is obvious that this earthquake did not affect the structural system of the bridge,
becauseof its high (>3 Hz) frequency content In Figure6 the Fourier transforms of the
recordings used in the previous analysis are presented. For most moderate distance
earthquakes the frequencies containedare expected to be high, far from the first modes
of the bridge. On the other hand, a previously recordedsmall earthquake at a distanceof
50 krn had affected the first modesof the superstructure and the amplification factors of
the superstructure responsewere muchhigher (Lekidiset al., [16]).

During its operational time the special array didn't record any major strong ground
motion. For this reason, a similar major strongground motionwas selectedfor a further
investigation of the dynamic behaviour of the bridge. It is presumed that a very strong
ground motion expected from the seismic fault of Atalanti (an important seismic fault
55 krn long, about 30 krn to the Northwest of the bridge) might be similar to the
recording of the Kozani earthquake caused by the Rirnnio (30 krn long) fault. Both
faults are of the normal (extensional) type, and in both cases the seismotectonic
environment is similar. This earthquake occurred in West Macedonia-Greece on 13/5/
1995 and caused very heavy damage to towns and villages into a zone 30-40 krn far
from the epicentre. The input signal used for the analysis in the longitudinal direction is
shown in Figure 7, together with the corresponding responses at the top of the pier and
the middle of the deck.. A similar analysiswas conductedin the vertical direction. The
input motion and the corresponding response at the middle of the deck are shown in
Figure 8. The results of the analyses show a behaviour of the bridge similar to that of
the event of 22/5/1998.
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Figure 6. Fourier Amplitude Spectra of the earthquake of2215198 for station 2-M5.
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This, in combination with previous tests show that the superstructure is mostly
vulnerable to far field earthquakes and some near-field ones, with energy released
predominantly in the low frequency range.

In Figure 9, the recorded longitudinal response at the top of pier M5 for the event of
22/5/1998 is presented. A comparison with the analytical results (Figure 3) shows a
good agreement for the peak value of acceleration, the duration of the vibration and the
time of the maximum response. It is obvious that such recordings of the response of a
flexible structure subjected to actual earthquakes are very useful towards a better
definition of design spectra at least for Greece.

Similarly, a 50% increase of the pseudoacceleration at the 2.0 sec period was
recommended by Newmark & Hall [21], (and adapted by seismic codes, e.g. ATC-3-06
[22]), for the uniform hazard spectra for stiff soil conditions proposed by Seed et al .
[23]. The Fourier transforms of the recorded responses at stations 14-M5TNL, 8
S2RNV and 9-S2RNV (see Figure I) are presented in Figure 10. It is seen that the event
of 22/5/1998 excited higher modes (at 3.5 and 5.5 Hz), associated mainly with the
logidutinal direction.
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Apart from the previous comparison between the analytical and the experimental data
for the accelerationresponseat specificpoints of the superstructure, it is also interesting
to examine the variationof the input motionacross the bridge.
An important variation of the strong ground motion along the longitudinal axis of the
main bridge has also been observed. In Table 3 the peak values of the recorded motion
at variousfree-field stationsalong the axis of the bridge are shown.

Table 3. Recorded Peak Acceleration-Velocity Values (cm/seci-cm/sec) at various free-field stations

Station (l-M4) Station (2-M5) Station (3-M6) Station (4-M7)

Longitud. A=19.74 44.65 12.58 9.44
Recordin

R
V=O.854 U85 0.541 0.488

Transv. A=14 .73 35 .35 19.94 7.19
Recordin

R
V=O.484 1.099 0.652 0.436

Vertical A=6.41 9.31 4.63 4.90
Recordin
g V=O.286 0.347 0.216 0.213
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The distance between station I-M4 (see Figure I) and 2-M5 is 9Om, as it is also the
distance between stations 3-M6 and 4-M7, but the distance between 2-MS and 3-M6 is
215 m. Although a further investigation of the space variability of the input motion
mightbe necessary, it is notedthat recent analyses [24] seemto indicate that neglecting
suchphenomena in the design leadsto moreconservative results.

3. Conclusions

In this work recent results of investigations concerning the dynamic behaviour of the
bridge on Evripos channel are presented. The numerical results of a time-history
analysis for an actual small earthquake at a moderate distance are compared with the
recorded response. Thereseems to be goodagreement in the response duration, the peak
values of acceleration at several locations of the superstructure and the time of
maximum response. A further numerical analysis for a major earthquake, with
characteristics similar to thoseexpected at the bridgesite,has alsobeencarriedout.
From the investigations performed so far, the Halkis bridge does not seem to be
vulnerable to moderate distance earthquakes, since in most of them the contained
frequencies are expected to be high, not exciting the first modes of the bridge. This
preliminary conclusion is of significant practical importance, due to the adjacency of the
bridgesite to the well-known Atalanti fault, a potential source of big earthquakes.

Both recorded and numerical time-history computations of the bridge response show
that it is not possible to accurately predict the seismic loading simply from response
spectraof the input motion for structures in the high ( > I sec ) period range, as is the
case for the Halkisbridge. This conclusion conforms with the practice followed for the
design spectra of seismic codes, in which an increase of the expected acceleration
values is imposed in the high period range. In this context, it shouldbe mentioned that
special attention should be taken in the seismic design of flexible structures, in case
that only response spectrum analysis is used. It is recommended that as additional
knowledge is gained and especially for the design of special structures it may be
desirable to develop a set of response spectra representative of a near-field source as
wellas moderate and far distant sources.
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DAMAGE DETECTION IN SEMI-RIGID JOINT, RC FRAMES SUBJECTED TO
STRONG MOTION EXCITATION

J. LEONOY'
Seismology Division, The Geophysical Institute ofIsrael , P.o. Box 2286,
Holon 58122 , Israel ,
e-mail: jossleon@iprg.energy.gov.il

A new approach to fault detection and prediction in RC frame resistant structures subject
to strong ground excitation, considering both input uncertainty and material non-linearity,
is presented. It could also serve as a basis for developing a near-real-time structure health
assessment procedure.

Problem Statement

The general task of this proposal may be stated as follows :

To develop a robust rule/decision criterion for the purposes of damage detection of RC
frame structures due to strong motion excitations. The decisions are to be based on
building response monitoring at a number of locations during a particular event and
should account for uncertainty sources such as:

meagreness or lack of data regarding excitation. i.e. load uncertainty;
incompleteness of the measurements with regard to the locations at which the
response is being observed , i.e. spatial uncertainty.

The solution to the proposed task lies in checking whether a set of design codes provide
criteria are held or violated as the adopted structural model , being subjected to the actual
excitation, responds according to the recorded response . This based on the assumption that
the structural model is correct.

This proposal has been developed in the framework of author' s Ph.D. thesis and is soon to be realised numerically.
The thesis is supervi sed by Dr. Y. Frostig and Dr. Y. Ben-Haim, professors at the Haifa Techn ion, the Israeli Institute

of Technology .
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Structure - Modelling Assumptions and Limitations

The structures under consideration are skeletal RC buildings whose floors are assumed
rigid diaphragms in their own plane with out-of-plane flexibility. Accordingly, the
structure is considered as a series of planar, lateral loading resisting, frames connected at
each floor level by rigid diaphragms, ensuring their equivalent transversal deformations . It
is assumed that the frames are designed according to the conventional strong column 
week beam design philosophy. In such structures, the input earthquake energy is released
through inelastic deformations developed mainly in the beams/girders . Thus, the columns
retain their elastic flexural behaviour whilst, at the beam, the formation of two zones is
encountered . The first is that of residual deformations, located at both beam-ends close to
the joints, and the second is the intermediate fraction still behaving elastically. This
behaviour leads us to adopt a model known as a frame with a semi-rigid connection. This
is composed of an inelastic rotational spring lumped at both girder ends and flexural ,
elastically responding, elements (Figure 1).

+---->
x2(tl

Figure J

The inelastic spring is an energy-dissipated device represented by a phenomenological
hysteretic model. The model is a set of rules governing the moment- rotation relationship.
The so-called Q-hyst model - (8) is chosen here. This model is controlled by three
parameters : the initial stiffness, the yield point and the post-yielding stiffness. In spite of
the small parameter number, it is able to reproduce adequately the typical concrete
hysteretic behaviour due to alternate cyclic loading. The small number of parameters is
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also an advantage in the subsequent damage detection procedure.The elastic portion of the
beams and the columns is modelled by one-dimensional beam element. Analytically, it is
described by polynomial function of the transversal displacements. This approach
facilitates versatility in different model utilisation for the beam and columns when the
P - Ii effect could be significant and so the column-beam element is more eligible. The
elements assemblage into a plane frame model, which can be analysed dynamically, is
accomplished by satisfying the compatibility and the force equilibrium demands at the
joint connections. The phenomenological model adopted for the inelastic concrete
behaviour causes the stiffness of the compound model to be a piece-wise function of its
response . With regard to dynamic analysis, this means that a sequence of linear problems
has to be solved with initial conditions those at the end of the predecessor functional
branch.

Treatment Of The Excitation Uncertainty

It is widely acknowledged that environmental events such as earthquakes are accompanied
by considerable uncertainty because of their random nature. They are unpredictable and
any attempt to enclose them in analytical expression results in simplifications,
approximations and subsequent decision limitations. In general, there are two approaches
to handling the uncertainty: probabilistic and non-probabilistic. The more common and,
thus, conventional is the probabilistic.

..Any probabilistic theory contains two main components: sets of events , and a measure
function defined on these sets", (2) The measure function, otherwise known as
distribution, is a parametric model which is tuned on the basis of available information.
Typically, the data at one 's disposal contains more frequent rather than rare events, thus
the tail of the calibrated model may differ considerably from the actual distribution. That
is, the model-based conclusions will be valid for the bulk of occurrences rather than for the
exceptions. However, it is the exceptions which are of great concern to the analyst. A
wrongly conceived model could induce either over-conservative or underestimated
decisions.

The non-probabilistic conception is also based on sets of events, but no measure of
occurrences frequency need be defined. Instead, the available data "is invested in the
structure of the event sets" (2) Herein the convex-set model of uncertainty is chosen as a
non-probabilistic alternative. The convex model is a convex set of functions each standing
for possible event realisation and assembled according to similar attributes. For instance,
the energy bound convex models represent sets of functions with a given bound on the
energy, envelope-bound convex set consists of functions bounded into given linear
intervals and the spectral convex model defines sets of all functions with limitations in
their spectral content.

In the approach to damage detection described in the following, one of the spectral convex
models is chosen known as the Fourier bounded convex model :
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(1)

where : P is a vector of Fourier spectrum coefficients ofthe unknown signal, Po -an

a priori information for them if any.

Implement Of The Idea For Damage Detection And Solution Procedure
Development,

Recalling that the essence of the idea consists of:

1. A choice of a set of relevant design codes provide criteria ensuring both structure
serviceability and keeping the limited state restrictions

U{e k }, k = SI •• •s, ;
k

(2)

These could be limitations on the lateral story displacements - SI or on the relative

story drifts - S2' comparison of the actual against the allowable compress members

stresses - Sl' provided versus demanded local or overall ductility - S" dissipated

energy as a ratio of the input energy - Sq' tracking for the values of some damage

index - s,).

2. Each one of the above selected criteria could serve as an indicator for damage,
considering its violation at the most critical of the locations (the semi -rigid joints) to
be a signal of damage/failure. The violation of any of the 'critical' criteria is verified

by comparing its threshold value - ek with the extremum of the following

performance index :

3. The response of the real building is measured at several aptly selected locations:

y. (t,), 1=I...L, m =1...M ;

(3)

(4)

The fact that the stiffness of the model is a piece-wise function makes it possible to present
each one of the design code criteria. e k as a linear combination of the state vector

components - x :

-r -e k = tz l • x, k = s, .. .s,; (5)
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However, it is to be aware for the pseudo-linearity of the above relations since its
coefficients - {Ii I}t vary in accordance with the rules of the moment-rotation law of the

joint-lumped springs.

As previously mentioned, the failure examination could be carried out by checking
whether any of the chosen criteria at any of the likely critical places has been violated
during the entire period of observation. However, neither excitation nor the subsequent
model response is known in order to estimate the structural condition! The only possible
and apparently most natural approach to this problem is to use the Optimisation theory,
i.e. to find the extremum value of each of the members in the set (2), taking into account
the constraints imposed by:

- title system dynamics described by the following non-linear differential equations

of =J[x(t),u(t,p)] , (6)

with x being an n dimensional displacements vector, u~,p) - the excitation scalar

function.

- the excitation uncertainty, analytically expressed by convex model

(7)

with W - q x q weighting matrix and a - scalar termed uncertainty index and lJ -a q

dimensional vector of unknown Fourier decomposition coefficients in the notation:

u(t,p)= I.PI .cos(21r' I, .t)= pT .O'(t) ;
1="1

(8)

the presumption that the real structure response - ji. (tI)' at one or several

locations - (m =I.. .M) observed at even time instance (I =I...L), match

exactly that of the structural model - x. ~I'P) at corresponding positions and

time intervals that is:

x. (p,tJ = ji. (tJ

For the sake ofsimplicity, vector jj0 ,in expression (I), will not be further considered

(9)
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Where the extremum values exist, they can be compared with the lower and upper

thresholds of the comparative design criterion - ~(-),6(+)1and thus checking which of

the p -th criteria are held or violated.

Obviously, the proposition as stated is an optimisation problem and can be identified as
the Bolza problem from the Optimal Control Theory, namely:

Find the q -dimension vector - iJ which minimises (maximises) the performance index -

subj ect to the following equality constraint:

.i = J[x(t~u(t,p)]
iJT .W.P=a 2

x.(t1,iJ) = y.{tJ

(10)

(11)

Typically, a solution is sought adjoining the equalities (11) with undermined (Lagrange)

multipliers- ,u,u,X(t) to the performance index - J u : In such a way, the problem is

transformed into unconstrained one:

J., = "it • .X(Pll ,tu)+u~ .(X.{jjll,tJ- YJ+,ull .(jj~Wjjll _a 2 )+f~ll(tr.[J(x,jj)-.i]}tt (12)
'0

with: X(t) an n dimensional vector termed co-state or influence vector, ,u - scalar , v 

an M scalar vector and tI' I =I... L the I -th observation time instant.

The I -th time instant, in the stated formulation, serves as the final time and could be any
of the measurement instances, or a multiple of the sampling interval up to the terminal

time - T . In other words, the problem has to be solved as many times as the product
between considered intermediate instances L and the number of the design code criteria 
p .

After defining a scalar function H (the Hamiltonian) for convenience:

H[x(t),iJ,X(t)] = X(tt .J(x,iJ) ; (13)

the augmented performance index (11) becomes:
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JkJ = hk • X(p,t,)+U; .[x. (p,t,)- y.J+ u; ,(p~ ·W .PkJ _a 2 )+

+f{H[x{t),p,lkJ{t)]-lkJ (tr.f}Jt
'0

(14)
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It is also to account for the particular non-linearity form of J(x,p) , expressing in slope

discontinuities each time when any of the nodal rotations reaches a new curve branch or
its velocity vanishes . This constrains some of the state vector components to prescribed
values at unknown intermediate time instances. The new internal constraints require extra
lagrangian multipliers - it . These interior constraints are also functions of the state
variables :

~"Jx{t =.9,)] =0,; =1,2 ... s (15)

with .9, - intermediate, unknown apriori time instant, s is the overall number of

discontinuities within [to,t,], and (, is an n dimensional vector function . The modified

augmented performance index becomes:

To find the solution, the stationary value of the performance index J kJ ' its variation ()J kJ '
due to variation in each of the unknowns, namely o{x, pkJ,1.n llkJ ,it'(kJl ,ukl } , has to

vanish. Let us now consider the variation - SJu : Splitting the integral into

} .. dt +1..dt +...+J..dt and integrating by parts, allowing possible discontinuities in
'" 9,' 9,

at t =.91 , ... ,.9" results in:
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(17)

Making use of the following analytical relations

(18)

to eliminate di(.9,- )and di(.9,+) , noting that P.. are not time dependent, and also that the

dt = 0 at the final time, the expression (17) becomes:

a; = [h~ +D~I -XJtit +[2jlWP" +[HX"dtrdP+ ~[(ff:C"l,,x -XT(8; )+,IT(8;)~,..l
+:L[(ff;(/J +H(8,-)- H(8; )}ltl+{fl~wp" -a'}1jl +(x. - y.YdD + (19)

/

+f[(H; +,q0x+(Hl --;yoX}at
'.

with: I an N x N dimensional diagonal matrix, having all its elements zero but 1on the
main diagonal just at the position of the observed state counterparts .

The condition that the variation of MkJ has to vanish results in the following

simultaneous differential (Euler-Lagrange) equations:

T -r -T - -r
1. H x + AkJ = 0~ I, AkJ +AkJ = 0

2. H, -l: = 0~ j(x,jj)-l: =0

3. 2JlkJWjjkJ + r" H;dt = 0~ 2JlkJWjjkJ + rI;lkJdt= 0
J'D J,o

4. jj~wjjkJ - a 2 = 0

5. x.(t/)- Y. =0

together with the following constraints on the

(N differential equations)

(N differential equations)

(q integral equations)

(20)

(J algebraic equation),

(J algebraic equation) ;

multiple inner boundaries:
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(21)

[ii . + [j I - i 1 = 0--+N eq - s,
"'I

as well as the state vector continuity at the interior points:

(22)

The number - s of the internal discontinuity points (), is not known and depends upon the

'final' time - t,,l =1... L . It could be zero and increases with the time progression.

Evidently, the formula just developed applies to a Multiple Points Boundary Value
Problem (MEVP) since the response/state vector (x) is known as the process start, to'

while the co-state vector ( X) is given at several internal time instances, up to the final -

T.
It is worth noting one more detail. In general, the analytical definition of a convex model
is an inequality (7) . However, for the sake of avoiding complexity in the formulated
optimisation problem it is used as equality. To overcome the fact that the uncertainty index
- a is actually unknown, essentially it is the uncertainty descriptor, a will be given
different reasonable values. The smaller the value of a , the more confident the conclusion
for damage or, respectively, lack of damage. In the case when do not exist values of a for
which the optimisation problem can be solved the amount of uncertainty either in the
excitation or in the measurement completeness is too much to be tolerable.

Conclusions and Suggestions

The theoretically developed solution is not yet realised numerically. Therefore, the
difficulties which could arise are unknown. In principal, a non-linear BVP has not always
solution. This fact could lead to an erroneous conclusion regarding the level of
uncertainty. Hence . criteria to distinguish this from other possibilities must be formulated.

The approach discussed in this paper offers two methods for strong motion data
uti lization:
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as a priori data for the Convexmodeladjustments; and
as 'on-line' informationvia the Y. monitoring;
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ASSESSMENT OF SEISMIC HAZARD IN ROMANIA BASED ON 25 YEARS OF
STRONG GROUND MOTION INSTRUMENTATION

D. LUNGU, C. ARION, A. ALDEA, S. DEMETRIU
Technical University ofCivil Engineering - Bucharest
124, Bd. Lacul Tei, 72302, Bucharest, Romania
e-mail: lungud@hidro.utcb.ro

1. Romania Seismic Networks And Available Records

The first and the most important free-field strong ground motion in Romania was recorded
in Bucharest, at INCERC seismic station, during March 4, 1977 Vrancea earthquake
(Mw=7.5, h= 109 km, epicentral distance to Bucharest 105 km).

The accelerogram (0.2g peak ground acceleration and 1.6s long predominant period of soil
vibration) was recorded on a SMAC-B Japanese instrument and further digitized and
processed by the Observational Committee ofStrong Motion Earthquake of the Building
Research Institute , Ministry ofConstruction ofJapan , January 1978 (254 pages Report) .
In the decade following the 1977 strong earthquake, on the tenitory of Romania were
installed 3 strong motion networks: INCERC (Building Research Institute) , INFP (National
Institute of Earth Physics) and GEOTEC (Institute for Geotechnical and Geophysical
Studies).

The free-field instrumentation at INCERC was developed in connection with building
instnunentation. The present INCERC network have more than 70 analog SMA-l
Kinemetrics instruments as well as 15 digital ADS Romanian instruments. It is still the
largest and the richest (as number of existing strong accelerograms) seismic network of
Romania.

The free-field strong motion of INFP was developed from a PNUDIUNESCO support and
now it has about 25 SMA-l Kinemetrics instruments. In the last decade the network was
developed in cooperation with Geophysical Institute of Karlsruhe University . The two
institutes recently installed about 30 K2 Kinemetrics accelerometers as a one of the
components of the SFB 461 German-Romanian project on Vrancea earthquakes.

The GEOTEC seismic network is the network that monitorizes dams and hydraulic
structures. It has about 20 instruments (3/4 are SMA-l accelerometers).The presently in use
strong motion accelerographs of Romania seismic networks are indicated on the map in
Figure I and in Table 1. It is emphasized that the main target of the net is the Vrancea
seismic zone in Carpatians, as well as Bucharest and densely urbanized areas of the South
East of Romania.
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The envelope of the peak ground acceleration (PGA, cm/s') and the effective peak velocity
(PGV, cm/s) recorded in Romania during the last 3 strongest Vrancea earthquakes are
interpolated in Figure 2 and Figure 3. They clearly show directivity (N45De) of the
subcrustal Vrancea sources activity, as well as the phenomenon of large velocities on the
soft soil of Romanian Plain, in the South-East of Romania.

2. Recurrence Of The Vrancea Subcrustal Earthquakes

The Vrancea region, located when the Carpatians Mountains Arch bents, is the source of
subcrustal (60-170km) seismic activity, which affects more than 2/3 of the territory of
Romania and an important part of the territories of Republic of Moldova, Bulgaria and
Ukraine
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Bucharest Vrancea infl uence area in Total
Romania

Seismic Digi tal Analog Digita l Analog Digital Analo g
network instnunents Instr. Total Instruments instr. Total Instruments instr. Total

K2 ADS SMA-J K2 ADS SMA-J K2 ADS SMA-J
8 5 13 2 101) 12 10 15 25"

INCERC - - 3 20 2) 23 - II 25 362)

3 27' ) 30 II 32 43' )

2 5 7 2 13 15 4 18 22
INFP - - -

2 6 8 2 6 8
GEOTEC - - - - - -

4 4 21 21 28 25
SFB46 I - - - - - -

6 8 23 4" 29 12
Total 52) 13

10 5' ) 13
14 24 27 29 56 41 1) 39 801)

28 39 67 422) 56 912)

28 46 74 423) 49 98'\
1) Install ed In buildings having only Ground floor (GF)
2) Installed in bui ldings having GH IStory
3) Installed in buildings having GF+2Slory
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According to the zo" century seismicity, the epicentral Vrancea area is confined to a rectangle
of 40x80km2 having the long axis oriented N45E and being centered at about 45.6° Lat.N
26.6° and Long. E.

The Vrancea source induces a high seismic risk in the densely built zones of the South-East of
Romania. On March 4, 1977, during the most severe Vrancea earthquake of this century, in
the capital city of Romania, Bucharest, more than 1570 casualties were registered and 29
fragile reinforced concrete high-rise buildings built before 1945 completely collapsed.

Two catalogues of earthquakes occurred on the territory of Romania were compiled, more
or less independently, by Radu (1974 , 1980, 1995) and by Constantinescu and Marza
(1980, 1995) Table 2. The Radu 's catalogues are more complete, even the majori ty of
significan t events are also included in the Constantinescu and Marza catalogue. The
magnitude in Radu catalogue is the Gutenberg-Richter (1936) magni tude , MGR . The
magnitude in Constantinescu & Marza catalogue was the surface magnitude, Ms. Tacitly.
that magnitude was later assimilated as Gutenberg-Richter magnitude (Marza, 1995).

Table 2. Catalogueof suboustal Vranceaearthquakes 1Mw 2'6.3 ) occurred Wring the 20'"century

Demetrescu S original (1941) estunation: 150Km. Radu S initial estunation (1974) was 133 km
1) Main shock

Date Time Lal Long. RADD Catalogue, MARZA W\vw.infp.co
(GMT) NO EO 1994 Catalogu Catalogue,
h:m:s e, 1998

1980
h, Ian 10 MGR M.. 10 u, M..

1903 13 Sept 08:02:7 45.7 26.6 >60 7 6.3 - 6.5 5. 7 6.3

1904 6 Feb 02:49:00 45.7 26.6 75 6 5.7 - 6 6.3 6.6
1908 6 Oct 21:39:8 45.7 26.5 150 8 6.8 - 8 6.8 7.1

1912 25 May 18:01:7 45.7 27.2 80 7 6.0 - 7 6.4 6.7

1934 29 March 20:06:51 45.8 26.5 90 7 6.3 - 8 6.3 6.6

1939 5 Sept 06:02:00 45.9 26.7 120 6 5.3 - 6 6.1 6.2
1940 22 Oct 06:37:00 45.8 26.4 122 7/ 8 6.5 - 7 6.2 6.5

1940 10 Nov 01:39:07 45.8 26.7 150J
) 9 7.4 - 9 7.4 7.7

1945 7 Sept 15:48:26 45.9 26.5 75 7/ 8 6.5 - 7.5 6.5 6.8

1945 9 Dec 06:08:45 45.7 26.8 80 7 6.0 - 7 6.2 6.5

1948 29 May 04:48:55 45.8 26.5 130 6 /7 5.8 - 6.5 6.0 6.3
1977 4 March L) 19:22:15 45.34 26.30 109 8/9 7.2 7.5 9 7.2 7. 4

1986 30Au~ 21:28:37 45.53 26.47 133 8 7.0 7.2 - - 7.1
1990 30 Mav 10:40:06 45.82 26.90 91 8 6.7 7.0 - - 6.9
1990 31May 00:17:49 45.83 26.89 79 7 6.1 6.4 - - 6.4

J) . . I ' • •
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As a systematisation requirementfor seismic hazard assessment, usually it is recommended
the use of the moment magnitude, Mi; For Vrancea subcrustal events the relation between
two magnitudescan be simplyobtainedfrom recent events data given in Table 2:

(1)

Even the available catalogues of Vrancea events were prepared using the Gutenberg
Richter magnitude MGR, the recurrence-magnitude relationship was herein newly
determined using the moment magnitude Mw• The relationship is determined from Radu's
zo" centurycatalogue of subcrustal magnitudes with threshold lowermagnitude Mw=6.3.

The averagenumberper year of Vranceasubcrustal earthquakes with magnitude equal to and
greaterthanMw, as resulting also from Figure4, is:
log n(2Mw) = 3.76 - 0.73 M; (2)

u
~

] 0.0 1
;j

E
;j

u

0.00 1
6.3 6.7 7.1 7.5 7.9 8.3

Moment magnitude, M w

Figure 4. Magnitude recurrence relation for the subcrustal Vrancea source (M,.26.3)
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The values of surface rupture area (SRA) and surface rupture length (SRL) from Wells and
Coppersmith (1994) equations for "strike slip" rupture were used to estimate maximum
credible Vrancea magnitude. According to Romanian geologists Sandulescu & Dinu, in
Vrancea subduction zone : SRL s 150+200 km, SRA<8000 km', Based on this estimation,
from Table 30ne gets :

(3)

Table 3. Application ofWells and Coppersmith equations to the Vrancea source (mean values)

M M.. Event Experienced Wells & Coppersmith equations

SRA, km2 IOJ!SRA =-3.42+0.90M.. IORSRL=-3.55+0.74M..
SRA,km2 SRL,km

6.7 7.0 May 30,1990 11001
) 759 43

7.0 7.2 Aug. 30,1986 1400') 1148 60
7.2 7.5 March 4, 1977 63 x 37 =2331 2

) 2138 100
8.1 Max. credible - 7413 278

I) As cited in Tavera (1991) 2) Enescu et al . (1982)

If the source magn itude is limited by an upper bound magnitude Mw,max, the recurrence
relationship can be modified in order to satisfy the property of a probability distribution
(Hwang and Huo 1994, Elnashai and Lungu 1995):

-fJM l-e-fJ(Mw.max-MJ
ea

w ----r-----.....
l-e-fJ(Mw,max -Mwo)

(4)

and, in the case of Vrancea source :

-1 .687(8.1-M )
n(?:. M w) =e8.654-1 .687Mw l-e w

1- e-1 .687(8.1-6.3)
(5)

In Eq.(5), the threshold lower magnitude is Mwo=6.3, the maximum credible magnitude of
the source is Mw,max=8.1, and a = 3.76/n10 = 8.654, fJ= O.73/n10 =1.687.

The maximum credible magnitude of the source governs the prediction of source magnitudes
in the range of large recurrence intervals, where classical relationship (2) does not apply,
Table 4.
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Table 4. Mean recurrence interval (MRI) of Vrancea magnitude s. T (;;jo,f..) = l /n(;;jo,f..). in years. as funct ion of the

maximum credible magnitude of the source

Date Gutenberg -Richter Moment MRI from Eq. (5). MRI from Eq. (2),
magnitude,

magnitude, MGR M.. years Years

8.1 - 150
8.0 475 ----;;. 778 ~127/
7.9 356 107
7.8 217

10 Nov. 1940 7.4 7.7 100 ----;;. 148 ~7.6 108 65
4 March 1977 7.2 7.5 82 55

7.4
50 ----;;.63 46

30 Aug. 1986 7.3 50 37
7.0 7.2 40 33

30 May 1990 6.7 7.0 26 23

The depth of the Vrancea foci has a great influence on the experienced seismic intensity .
The damage intensity of the Vrancea strong earthquakes is the combined result of both
magnitude and location of the focus inside the earth.

The relationship between the magnitude of a destructive Vrancea earthquake (Mw;::6.3) and the
corresponding focal depth shows thathigher the magnitude, deeper the focus:

In h = - 0.866 + 2.846 InMw - 0.18 P (6)

where P is a binary variable: p =o for the mean relationship and P=1.0 for mean minus one
standard deviation relationship . The mean minus one standard deviation curve in Figure 5
should be used in hazard analysis as pessimistic correlation of Vrancea magnitude with focus
depth. The earthquakes with M; S'6.3 display non-correlation between h and Mi;
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Figure5. Correlation ofVrancea moment magnitude with focus depth

7.8

3. Seismic Macrozonation Using Gis Technology

The research devoted to the prediction of attenuation of Vrancea ground motions started in
1994. An increased accuracy in selection of the free-field accelerograms and the
redigitisation (in 1997) of the accelerograms of INCERC seismic network allow the
refinement of the previous predictions (Lungu et. al, 1995-I999).

The database used for the present analysis of the Vrancea ground motions attenuation
contains 71 triaxial or biaxial accelerograms recorded at 47 free-field stations in Romania
distributed on networks and events as in Table 5. The free field accelerograms were
obtained at the ground level or the basement of I - 2 storey buildings. The accelerograms
recorded on instruments installed at the basement of mid-rise and tall buildings (3 """ 12
storeys) were not used in the attenuation analysis. The database still have 9 accelerograms
recorded in Republic of Moldova and Bulgaria.
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Table 5. Distribution of the free fieldaccelerograms used in the presentattenuation analysis

Seismic network Romania Republic of Bulgaria Total
Moldova

Earthauake INCERCIF INFplJ GEOTECJ IGG4J

March 4,1977 I - - - - I
Aug. 30, 1986 24 8 3 2 - 37
Mav 30 1990 23 10 2 2 5 42

Total 48 18 5 4 5 80

I )INCERC, Building Research Institute , Bucharest

1)INFP, National Institute for Earth Physics, Bucharest-Magurele

J)GEOTEC, Institute for Geotechnical and Geophysical Studies, Bucharest

4)lOG , Institute ofGeophysics and Geology, Moldavian Academy ofScience, Chisinau

Taking into account the N45°E directionality of the seismic field produced by the Vrancea
source, the attenuation analysis was performed on two orthogonal directions (the average
direction of the rupture surface N45°E and the normal to this direction E45°S) and on 3
circular sectors (of 90° each) centred on these directions: Bucharest sector, Moldova sector
and Cernavoda sector. The distribution of the recorded accelerograms within the 3 sectors is
given in Table 6.

Table 6. Distribution of the free fieldaccelerograms usedin the present attenuation analysis

Epicentral Bucharest Moldova Ccrnavoda Total
area Sector Sector sector

March 4, 1977 - 1 - - I
Aug. 30, 1986 9 IS 8 5 37
Mav 30,1990 10 IS 7 10 42

Total 19 31 IS 15 80

The following Joyner-Boore type model was selected for the analysis of attenuation:

In PGA = Co + CI M; + c21nR +cfi +C4h + e (7)

where : PGA is peak ground acceleration at the site, Mw- moment magnitude, R - hypocentral

distance to the site, h - focal depth, Co. c., C2, C3, C4 - data dependent coefficients and & 

random variable with zero mean and standard deviation a, = CTinPGA , Table 7.
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Table 7. Regression coefficients inferred for horizontal components of peak ground acceleration during Vrancea
subcrustal earthquakes, Equation (7)

Sector Co c, C2 C3 C4 CTtnPGA

All data 3.098 1.053 -1.000 -0.0005 -0.006 0.502
Bucharestsector 1.685 1.181 -1.000 0,002 -0.005 0.461
Moldovasector 0,144 1.102 -1.000 0.0008 -0.003 0.588
Cemavodasector 1.565 1.252 -1.000 -0.001 -0.003 0.411

It is emphasized that the extrapolation of data in the range of large magnitudes (Mw27.5) is
entirely based on the peak ground acceleration recorded in Bucharest during March 4, 1977
event. That is why in the attenuation analysis that peak was also added to the data set
recorded in 1986and 1990 in each of the three sectors.

Based on EUROCODE 8 and American ASCE 7-95 or UBC-1997 codes hazard level
requirements, predictive GIS mapping of peak ground acceleration PGA produced by the
subcrustal Vrancea earthquakes is herein illustrated for 50yr MRI and for 10% probability of

exceedance in 50 yr (i.e, T = 475 yr MRI). The values on the 50 yr map represent (m+o)
values and the values on the 475yr map represent (m+1.50) attenuated values. That gives for
BucharestPGA j Oyr=0.2g and PGA475yr=0.4g.

The maps in Figure 6 accounts for all available free-field ground motions recorded in
Romania, Republic of Moldova and Bulgaria during the 1977, 1986 and 1990 Vrancea
earthquakes.

In Figure 7 is illustrated the present seismic zonation of Romania, Ukraine and Republic of
Moldova to the Vrancea earthquakes in Romania. The general pattern of the map (which is
based on deterministic macroseismic observations) as well as the content of the table
describing the conversion of seismic intensity into ground acceleration are self-explanatory.
They clearly suggest the need for regional harmonization of seismic macrozonation maps
and prove the needfor a joint zonation of the seismic hazard in the influence area of the Vrancea
source.
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4.Conclusions

Predictive Geographic Informati on System (GIS) maps delivered herein are consistent with
ASCE 7 & EUROCODE 8 hazard format : 10% probability of exceedance in 50 yr. It
represents provision to be considered for the new Romanian and regional codes for
earthquake resistance of buildings and others structures .
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Abstract

The dynamic earth pressures during earthquakes have been observed on both sides of an
embedded foundation for about 30 events. Some characteristics of dynamic earth pressures
were extracted from the observations. The main findings obtained in this study can be
summarized as follows. (1) The phase characteristics of earth pressures between both sides
of the foundation show remarkable dependence on the frequency components of
acceleration motions. (2) The earth pressures on lateral sides of the foundation are strongly
related with horizontal velocity motions of the foundation. (3) The peak values of earth
pressures have shown a tendency to increase with increase of lower frequencies contained
in accelerograms on the ground surface. (4) The fact that the earth pressure has strong
relation with the velocity motions of the foundation may be roughly explained by means of
a simplified one-dimensional wave propagation theory for a soil rod model.

t Introduction

In seismic design of embedded foundations or underground stuctures, it becomes important
to estimate earth pressures on foundations or underground walls during earthquakes. The
observations of earth pressures during earthquakes, however, have been scarcely conducted
[I, 2]. Instead, there have been presented some experimental researches conducted in
laboratories using small models [3, 4].
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The earth pressure would be affected by various factors such as frequency components of
earthquake ground motions, the motions of foundations or underground structures,
compos ition of soil and its properties around the structures, types of earthquake waves,
incident angle of seismic waves and so on. It is desirable to examine the effects of these
factors on the basis of earthquake observations.

The recordings of dynamic earth pressures using a large scale shaking table foundation
have been made on both sides of the embedded foundation. In addition to the earth pres
sures , acceleration and velocity motions of the foundation as well as the free-field motions
at the site have been also observed. The objective of this paper is to discuss the dynamic
characteristics of lateral earth pressures on the rigid embedded foundation based on earth
quake observations. Special emphases are placed in this study on the investigations about
effects of the frequency components of earthquake ground motions and motions of the
foundation on dynamic characteristics of the earth pressures.

2. Outlines of Foundation and Earthquake Observation

2.1 OUT LINE OF FOUNDATION

The size of the foundation is 25m x 39m in plane and is used as a shaking table foundation
in Tsukuba. The base of the foundation is directly supported on firm sand at a depth of
8.2m. The outlines of the foundation and soil profile are shown in figures l(a), (b) and 2,
respectively. The weight of the foundation itself and the shaking table is about 11,600 tf
and 180 tf, respect ively. The total weight corresponds almost to the excavated soil for the
foundation. The fundamental frequenc y of the soil-foundation system is about 4.1 Hz in
EW direction. It is confirmed that the foundation behaves as a rigid body within frequen
cies less than 10 Hz.

The detailed soil constants at the site were measured to a depth of about 40m and may be
found elsewhere [5].
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2.2 EARTHQUAKE OBSERVATION

Figure I (b) shows the location of earth pressure gauges on both sides of the foundation.On
each side of the foundation, five earth pressure gauges (BE-2KR of Kyowa-Dengyo)have
been instrumented at different depth of the embedded foundation, but one installedon the
west side became out of function and is omitted from the figure. The observation of free
field ground motions has also been performed on the soil surface and at a depth of 40m. As
for the foundation, the earthquake motions of the foundation have been observed at several
points with accelerographs and velocity seismographs as shown in figure l (a).The motions
of the foundation are represented by accelerograms recorded at the point S3,which is
located almost at the center of the foundation.

The records of dynamic earth pressures for about 30 earthquakes have been recorded for six
years from 1991 to 1996. It includes incomplete records and they were omitted from
analyses. The locations of epicenters of 20 earthquakes which were used for the analyses
are illustrated in figure 3 and the earthquake parameters are summarized in table 1. The
observed peak accelerations in the EW direction on the free surface have been less than
about 30 gals except the event of No. 22 as shown in table 1.

Table I. Earthquake Parameters

Eq.No Date Time
Epicenter Depth Mag. Max.orAcc Group

(N:N.L., E:E.LJ (km) (M) (ls1) (EW)
1 1991. 6.25 12:4S N36.64,814O.97 49 5.1 31.96 C
2 8.6 23:49 N31l.S?, E141 .16 26 1i.8 8.92 A
3 10.19 8:31 N3G.os, EI39.92 59 4.3 31.92 C
4 11.19 17:19 Nall.SO, 8140.02 81 4.9 12.60 C
5 12.12 11:22 N36 .46, 8140.66 48 46 16.21 C
6 1992.2.2 4:04 N36.23.8139.79 92 ().9 18.71 B
9 S.1I 19:04 N36.53, EI40.54 66 5.6 29.28 B
10 G. 1 22:51 N3G.G7, Eloi1.27 « 5.7 20.48 B
11 8.30 4:19 N3S.20 BlaB.34 325 6.6 16.30 B
14 1993.6.7 16:47 N36.02, 8141 .76 28 6.9 9.32 B
16 9.18 1l:18 NaG.IS. E140 .88 35 5.0 16.21 B
17 10.12 0:5.'1 N32.02, EI38.24 390 7.0 24.96 B
21 1995. 1. 7 7:~ N40.18, E142 .32 30 6.9 7.36 A
22 1.7 21:34 NaG.17, EI39.59 70 11.4 100.47 B
23 1.8 4:38 N3G.IlI, EI39.58 72 4.6 17.01 C
24 1.10 3:00 N3M6, E1-41.26 45 6.2 9.90 A
27 4.12 14:2(l N36.27, E140.37 52 4.6 13.23 B
28 7.3 8:63 NS6.06. EI39.aO 120 6.6 6.80 A
29 7.30 3:11 N3~.M, E140.36 150 6.0 20 ,90 B
30 1996.9.1l 11:3' N311.07, E141.03 30 6.G 26.52 A
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2.3 GROUPING OF EARTHQUAKE MOTIONS

In order to examine the effects of frequency component of earthquake ground motions on
the earth pressures, all records were categorized into three groups (groups A, B and C)
according to the frequency components of accelerograms recorded on the soil surface.
Figure 4 shows Fourier spectra of the representative motions chosen from each group. The
spectra shown in figure 4 were smoothed by use of Parzen window and normalized by the
maximum values. As seen from this iigure, group A is characterized by a spectrum with
predominant frequencies less than I Hz, and groups B and C, on the other hand, include
less lower frequencies and more higher frequencies. In table I the categorized group sym
bols are listed for each earthquake.

3. Characteristics of Observed Earth Pressure

3.1 PHASE CHARACTERISTICS OF EARTH PRESSURES

Phase characteristics of earth pressures on both sides of the foundation can be extracted by
calculating motion products of the earth pressures (product of two motions at every in
stance). T'he computed results are shown in figures 5(a), (b) and (c) for the representative
motions of each group. The positive values of the motion product can be understood as the
earth pressures on both sides to be in phase, and, on the contrary, the negative values imply
that the two motions are out of phase 180 degrees. Inspection ofthe results shown in figure
5 (a) indicates that for the motions belonging to group A earth pressures on both sides are
almost in phase throughout the record. The phenomenonof in phase cannot be explained by
an analysis assuming the vertical incidenceof seismic waves [2J.

As for group B shown in figure 5(b), the earth pressures on both sides of foundation are
showing opposite phase in primary portion of the motions and tend to shift into in phase
with time. With respect to motions of group C which contain higher frequencies, the oppo
site and in phase of earth pressures appear alternately throughout the whole motions as
shown in figure 5(c).

Summarizing the results shown in figure 5, it may be said that the phase characteristics of
earth pressures between both sides of the foundation are strongly affected by frequency
component included in the ground motions and tend to be in phase for the motions with
lower frequencies.
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3.2 FOUNDATION MOTIONS AND EARTH PRESSURES

In order to study what motions of the foundation is related with the earth pressures, the
displacement, velocity and acceleration motions of the foundation were compared with the
records of earth pressures. The displacement and velocity motions of the foundation were
evaluated by a numerical integration of acceleration motions observed at the point S3. It is
noted that the computed velocity motions have shown almost the same velocity motions
recorded on the foundation. In figures 6(a), (b) and (c), the velocity motions of the founda
tion are compared with those of earth pressures, which have shown, among three, the stron
gest relation with earth pressures. The waveforms shown in figure 6 are normalized by
corresponding maximum value.

In summary of this section, it was found on the basis of observations that the earth pres
sures on both sides of the foundation are strongly related with the horizontal velocity mo
tions of the foundation .

3.3 MAXIMUM GROUND MOTIONS AND EARTH PRESSURES

It is important to estimate the peaks of earth pressures when subjected to earthquake exci
tations. Figures 7(a) and (b) show the relationships between the peak ground accelerations
on the soil surface and maximum earth pressures at points WC-4 and EC-7. The results are
plotted with different marks for each group. It will be noticed that the correlation between
the peak accelerograms and peak earth pressures can be clearly captured by categorizing the
recordings into three groups. The slope for each group was drawn by means of the least
squares method. It is noticed that the slopes clearly differ with different groups, and tend to
increase in order of groups C, B and A. This fact suggests that the earth pressures tends to
increase for the ground motions with increasing of lower frequencies. Taking an example
for the earth pressures at point WC-4, the relationship between the maximum earth
pressures Pomax (kPa) and the peak surface accelerations Zmax (gal) can be approximated by
following equations ;

Group A ..... Pornax ",,0.22 Zulax

Group B .....Pornax "" 0.085 Zmax

Group C .....Pomax"" 0.046 Zmax

(I-a)

(I-b)

(I-c)

Similarly, figure 8 indicates the relationship between the maximum ground velocities on the
soil surface and the peak values of earth pressures at point WC-4. It mav be noticed from
the figure that the relationship between peak ground velocities and maximum values of
earth pressures almost identical regardless of groups. This fact apparently indicates that tile
earth pressures are less frequency dependent on velocity ground motions. An approximate
expression correlating the maximum earth pressures Po max (kPa) with the peak surface
velocities Zmax (ern/sec) for a point WC-4 can be written as,

pornax "" 1.8 Zmax (2)
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The coeffIcients of above expressions might be subjected to modifications with change of
the observation points and of the soil properties around foundation, and therefore it is
needed to be careful in applying the equations to others . More general expressions for
estimation of the maximum earth pressures are left for future studies.

4. Simplified Method to Predict Relationship between Velocity Motions of Founda
tion and Earth Pressures

4.1 SIMPLIFIED SOIL MODEL

As stated in the section 3.2, the earth pressures on the lateral sides of the foundation are
strongly related with the horizontal velocity motions of the foundation. We try in this sec
tion to explain the fact with a simplified method and introducing an assumption that a one
dimensional soil rod can be used to estimate lateral soil resistant against horizontal mo
tions of the foundation .

Figure 9(a) and (b) show a foundation-soil model and a soil rod extracted from the lateral
soil surrounding the foundation. It is assumed here that the soil rod is extending infinitely in
the lateral direction and having a uniform section and homogeneous soil constants. It is also
assumed that the rod is free from constraint along sides of the rod.

The equation of motion with respect to an axial displacement of the rod, u(x, t) . can be
expressed by a well-known wave equation as follows ;

~2 U _ P ~2 U (3)
~~ .. E~r

where x is the axial coordinate, and p, E are lDaSS density and Young's modulus of the soil
rod, respectivel y. Considering only a wave travelling in the direction of x-axis , the solution
of equation (3) can be expressed as follows,

U(X, t) = f (t - x/e ) (4)

where f ( ) is an arbitrary function of the argument and c ={]ff"p , which represents a
longitudinal wave velocity of the soil rod.

Supposing the end of the rod is subjected to longitudinal excitation, we will have following

equation at the boundary x = 0 .

E~l = -Po (t)
~x x -O

(5)
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where Po (t) is an excitation per unit area. Applying the forward difference formulas for
ou/ 0 xl x=o in equation (5), we obtain an approximate expression for Po(t) as shown

below.

Po(t) ~ E..!:!.Q-ul
Lix

(6)

where u.,(t) corresponds to lateral displacement at the end of rod and Ul (t) is displacement
in the soil rod at a small distance Sx from the end. Equation (6) suggests the validity of a
method to estimate the earth pressure based on a relative displacement between the
foundation and the soil. Equation (I) is one possibility to estimate the earth pressure .
Another form to estimate the earth pressure can be obtained from equation (5), by making
use of a relation 0 u/ 0xl x=o= .:...LUI

c x=o
and substitution from the relation into equation (5), and we obtain,

Po(t) = ..E.yo(t)
c

(7)

in which Vo=ul x=o corresponds to velocity motions at the end of the soil rod. The Po(t) in
equation (7) corresponds to the earth pressure acting on sides of the foundation, and
therefore the equation indicates that the earth pressure is proportional to the velocity motion
of foundation.

4.2 NUMERICAL EXAMINATION

In order to validate equation (7) numerically, we introduce soil constants for this equation.
As for the value of a longitudinal wave velocity c, it might be considered to use the
Lysmer's analog velocity VLa , which has been used successfully to estimate soil reaction
against piles. The Lysmer's analog velocity is defmed as follows [6].

C = VLa = 2.4 Vs

1£(l-v)
(8)

where v and V, are the Poisson's ratio and shear wave velocity of a soil. Furthermore, the
corresponding Young's modulus E; may be evaluated by

(9)

The value E; is to be used for the Young's modulus of the soil rod E. Thus, the ratio
between the peak values of velocity motions of the foundation and earth pressures
(Pomax / Vomax ) may be expressed using new symbols as follows;

(10)
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In equation (10), it is assumed that the peak values occur simultaneously. The observed
peak ratios shown in the left side of above equation were compared with the results of
E, / VLa evaluated by use of the measured soil constants . The lateral soil of the foundation
is composed of two layers and the shear wave velocities ( Vs ), the Poisson's ratios ( v ) and
soil densities ( y ) have been obtained as shown in table 2. This table also shows the
compared results between the computed values of Ea / VLa , for each layer and the ratios of
observed peak values Pornax / Vornax for each group. Inspection of the results shown in table 2
reveals that the ratios of P ornax / Vomax tend to increase in order of group A, B and C. The fact
is indicating that the ratios are frequency dependent. It will be also noticed that though the
ratios of observed peak values differ depending on the group and with varying the
observation points the computed results of E; / VLa based on the actual soil constants
correspond almost to the ratios of observed peak values Pornax / Vornax . This fact perhaps
suggests the validity of the hypothesis that the lateral soil of the foundation is approxi
mately reacting as one-dimensional uniform soil rod. And, it should be noted that a part of
dynamic characteristics of the earth pressures on the foundation may be explained roughly
by use of a simplified model considered above.

Table2: Surface soil constants and EalVLa VS. Pomax I Vomax

gflm Icm/stf/m gf/m Icm/sm/smtflmm/s

Surface Soil const. Value of E; / VLa Soil press.Per velocity
Soils (Pornax / Vornax)

Vs v y Thick VLa Ea ~a/VLa Groups GroupE Groupe

1 82 0.497 1.3 3.0 176 4120 23.4
5 - 21 10 -38 19 - 52

2 145 0.492 1.6 5.2 309 15560 50.4

," I

5. Conclusions

In this paper, characteristics of dynamic earth pressures were examined on the basis of
observations for about 30 events recorded on the lateral sides of an embedded foundation . It
was revealed that the lateral earth pressures were strongly related to the horizontal veloc
ity motions of the foundation. and the phase characteristics of lateral earth pressures on
both sides of the foundation were inlluenced greatly by frequency components of earth
quake motions. It was shown that a part of these characteristics could be approximately
explained by using a simplified one-dimensional soil model.
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1. Background

The purpose of this paper is to describe installation of a seismic instnunentation system which
is proposed to be deployed on and in the vicinity of the 1-40 Hernando DeSoto Mississippi
River Bridge in Memphis, Tennessee. This bridge is planned to be retrofitted to withstand a
magnitude (mb) 7 event at 65 km distance from the site with a depth of 20 km. The goal of the
retrofit is to have this bridge fully operational following the maximum probable earthquake
(2500 year return period) . As part of the 1-40 bridge retrofit, Friction Pendulurrr''" Isolation
Bearings will be used to insure the integrity of the main spans of the bridge .The 1-40 bridge is
scheduled to be retrofitted in several phases. The first phase of the retrofit is scheduled to begin
in year 2000. Therefore, there is a window of opportunity to install an integrated system of
seismic strong-motion instruments on and around the vicinity of the bridge during the retrofit
construction phase . A strong-motion instrumentation with 65 data channels at 25 different
locations on the bridge and at the free-field in the vicinity of the bridge is proposed to be
installed . This will provide needed data to better understand the ground motion and ground
failure and the response of the retrofitted bridge in a strong earthquake . In addition. the
instrumentation will strengthen the free-field strong-motion network in the metropolitan
Memphis area .

Currently, in the United States and elsewhere in the world, there is very little data available on
the response of long-span bridges during seismic events. Since such data are scarce, our ability
to understand the behavior of such structures and to verify dynamic analyses of such structures
during design/analyses/retrofit phases is limited. Currently, there are no long-span bridge
structures instrumented in the New Madrid seismic zone. Therefore, data collected from
instrumentation of the 1-40 bridge will bean invaluable asset in evaluating the structure . The

533
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data will be used to assess the performance of the bridge following the retrofit and in particular
for the assessment of the performance of the base-isolation system used in the retrofit project.
The proposed 1-40 bridge strong-motion instrumentation system with 65 data channels at 25
different locations will provide a sufficient nwnber of sensors to reconstruct the behavior of the
structure in sufficient detail to verify the response predicted by mathematical models. Using
data collected from smaller earthquakes an improved mathematical model of the bridge can be
developed. Furthermore, a well-instrumented structure for which a complete set of recordings
has been obtained, should provide useful information to:

( I) check the appropriateness of the dynamic model in the elastic range,
(2) determine the importance of nonlinear behavior on the overall and local

response of the structure,
(3) follow the spreading nonlinear behavior throughout the structure as the

response increases and determine the effect of this nonlinear behavior' on
frequency and damping,

(4) correlate the damage with inelastic behavior models,
(5) determine the ground-motion parameters thin correlate well with bridge

response and/or damage,
(6) quantify the interaction of soil and structure (this is particularly important for

the 1-40 bridge which is located on 3000 feet of soil above bedrock), and
(7) make recommendations to improve seismic codes and/or future bridge

designs.

An improved model of the 1-40 bridge can be used to predict potential damage/failure that the
structure may experience during larger seismic events. An accurate bridge model will be a
cost-effective approach in evaluating the retrofit scheme, investigating ways to improve bridge
performance, and reducing the possibility of catastrophic failure during a large seismic event.
A good example is the data recorded from the Vincent-Thomas Bridge in Los Angeles Harbor.
Figure I shows the vertical acceleration record obtained from center of side span of the bridge
during the Northridge earthquake. This location recorded the largest peak acceleration. The
amplitude spectra for two 40-second bands (20-60 second and 80-120 second) exhibit two
distinctive frequencies suggesting that some form of deformation occurred in the mid-span to
alter its frequency (Celebi, paper in preparation). As a result of studies of the bridge, including
those that utilized this record, deficiencies in the bridge were realized and a retrofit program
was developed that will eliminate possible failure during a larger event.

The 1-40 bridge instrwnentation, when complete, will be used to develop a rapid warning
system. The system will be triggered when certain acceleration thresholds at designated
locations on the ' bridge are exceeded. Key officials at the Tennessee Department of
Transportation will be automatically notified of the exceedance of a threshold earthquake
within minutes over standard communication devices. This information will help determine the
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forces that the bridge underwent in a large earthquake and should aid engineers in determining
if the bridge should be closed or/and what precautions rescuers and engineers should take . This
type of monitoring and the associated rapid response maysave lives.
The instrumentation system will be implemented in stages to assess the behavior and
performance of the bridge before, during, and after the retrofit. To this end, the first step will be
deployment of free-field stations on each side of the bridge. The motions recorded from free
field stations will be used as input to mathematical models of the bridge .
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Figure J. The recorded acceleration time-history of vertical motions at center of side-span exhibited the largest peak
acceleration during the 1994 Northridge earthquake. This record also shows that the frequency of the bridge changed
drastically (to 0.47 Hz [- 2 sec)) during the last 40 seconds of the record as compared to the 20-60 second band (0.98Hz
[- 1 sec)).

2. Project Plan

In this project, we will install 65 sensors on the 1-40 Hernando Desoto Mississippi River Bridge
in Memphis, Tennessee to fully characterize the responseof the bridge to strong ground motion.
The location of the 1-40 bridge is shown in Figure 2. Figures 3 and 4 show the bridge's main
two-span tied arch bridge. The general locationand sensing directionof the sensors are marked
in Figures 3 and 4. The final locations of the sensors may be adjusted based on field
investigations. Figure 5 shows the Arkansas-side approach spans, while Figure 6 shows the
east mainapproach structure and connectingramps on the Memphisside. Figures 5 and 6 also
show the general location and sensing direction of the sensors on the approach spans. The
information collected from the sensors will include: (1) free-field ground motion near the
instrumented bridge; (2) motion of the bridge foundation; (3) motion of the bridge below the
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isolation bearings; (4) motion of the bridge above the isolation bearings; (5) the spatial variation
of ground motion along the total span; and (6) the lateral and torsional motion of the bridge.

2.1 MEASUREMENT OF FREE-FIELD MOTION

The free-field ground motion is the basic required information for a seismic response analysis
of the bridge. It can be measured by a triaxial accelerometer located on Mud Island near the
main span of the bridge (see Figure 4). These sensors record the ground motion in two
horizontal directions (sensors 44 and 45) and a vertical direction (sensor 46). Placing the free
field sensors on Mud Island will help avoid any effects induced by structural response (soil
structure interaction) on the recorded ground motion; thus, the free-field sensors should not be
placed too close to the instrwnented bridge.

2.2 MEASUREMENT OF BRIDGE FOUNDATION MOTION

The motion at the bridge foundation can be measured by a triaxial accelerometer placed on the
pile cap (sensors 41, 42, and 43 indicated in Figure 3). These sensors will record the foundation
motion, including the effect of soil-structure interaction, in two horizontal directions and a
vertical direction. An estimate of the soil-structure interaction effect may be obtained by
comparing the motion recorded at the bridge foundation to the free-field motion.

2.3 MEASUREMENT OF BRIDGE MOTION

The bridge motion can be measured by sensors I through 40 in transverse, longitudinal, and
vertical directions as shown in Figure 3. These sensors will record the motion of bridge piers
above and below their isolation bearings and of the mid-span of each the main spans. Sensors
47 through 65 will measure transverse, longitudinal, and vertical motions of approach spans.
Using data recorded by these sensors, we can establish the dynamic characteristics of the
bridge, such as vibrational mode shapes, structural periods, and main span deflections in the
longitudinal, the transverse, and the vertical direction. The torsional response will be estimated
from the motion recorded by pairs of sensors placed on opposite sides of the bridge deck.
Furthermore, the effect of base-isolation will be estimated by comparing the motion recorded
above and below the isolation bearings.

2.4 INS1RUMENTATION

The Desoto bridge strong motion monitoring array consists of a large number of sensors
installed over the full length of the bridge and its approaches (1.8Km). Installation economics
and reliability concerns dictate that the array be broken down into smaller standalone sub-array
systems; while recorder economics favor a single common recording and archiving facility . A
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synergistic relationship can be exploited by upgrading an existing strong motion recording
facility at the nearby Autozone building on the Memphis river front

Sensors will be wide temperature range accelerometers with direct to digital outputs yielding a
wide dynamic range with 16 bit resolution and 2G full scale sensitivity. Sensor bandwidth will
be from 0.1 to at least 50 Hz. All sensors and associated electronics will be housed in NEMA
4X style enclosures, which will be configured to facilitate mounting and leveling on varied
bridge surfaces. These enclosures also resist the extreme environmental conditions found in and
around the bridge. Multilevel transient suppression will be used on all signal and power cables
because of the frequent severe thunderstorms, which plague this region. UV resistant, flooded,
direct burial, shielded telephone cable will be used to connect the sensors to the telemetry
system nodes thus minimizing installation costs while maintaining high levels of signal
integrity and reliability .

Six to twelve sensors will be connected and concentrated at each radio telemetry system node,
thus necessitating approximately 11 radio telemetry systems to fully monitor the bridge .
Because of the short radio path length (2Km), low power radio equipment and small low gain
antennas can be used to implement the telemetry portion, which will also facilitate the use of
solar derived battery backed up power systems . Solar power also minimizes failures from
power line induced transients , while providing power during power outages that are likely to
occur during seismic events . Each telemetry node will be totally independent of the others
resulting in a greater degree of total system reliability.

The recording site for the bridge system will be co-located with an existing strong motion array
located in the only, seismically resistant constructed, building in downtown Memphis. Radio
signals originating from each telemetry node on the bridge will be received on the roof of the
building and travel on existing CAT 5 twisted pair cables to the recording room located on the
first floor of the building. These signals will be combined in the data acquisition system with
those generated by the internal building-monitoring array already installed . A new USGS
Earthworm PC based recording system will be installed as part of the upgrades to this facility as
well as a newer GPS based timing system. Data will be recorded and archived at the site for
redundancy while simultaneously being telemetered over a high speed (2Mb) microwave
Ethernet directly to CERI for real time processing and analysis . UPS and Extended generator
back up power are already provided by the building owners as well as high reliability building
infrastructure services.

Long term maintenance of this system will be facilitated by a real time calibration system which
will exercise each sensor on a weekly (or daily) basis in order to assess total acquisition system
performance. Sufficient spare components will be purchased initially to support operation and
maintenance of the system for its proposed 25 year life span. The only renewable items required
for maintenance of the system will bebackup batteries, which have a limited life cycle and solar
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panels, which may be subject to human vandalism. Operational expenses will arise from
recording and archiving media and computer hardware and software system upgrades and
replacements.

This system will provide valuable data on engineering performance of the bridge during a felt
earthquake . In addition, this system will be able to provide immediate data on the dynamic
characteristics of the bridge excited by high winds. Both kinds of information are significant in
evaluating the possible applications of bridge design and retrofit concepts in the Eastern United
States. In addition, the 1-40 bridge instrumentation will provide a downtown Memphis free
field strong-motion station, which will strengthen the four-station Memphis-Shelby County
network. In view of the scarcity of seismic strong-motion instrumentation of bridges in this
region, the 1-40 bridge system may become the single most important strong-motion installation
in the Eastern United States.

Data that can be collected from a felt earthquake will be invaluable in a realistic, quantitative
assessment of earthquake hazards of this region. Valuable lessons have been learned from the
study of data obtained from well-instrumented structures. For example, the Imperial County
Buildings, during the moderate-sized Imperial Valley earthquake (Ms 6.5) of October 15, 1979
(Cassaro et al. 1987 and Rojahn and Mork, 1982) and many buildings in San Francisco, during
the Lorna Prieta of October 18, 1989 (Krawinker et al. 1991) provided invaluable data about
seismicity and structural performance. The collected data can ' be used in future code
modifications and improvement of existing seismic codes.
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ENGINEERING AND SEISMOMETRIC SERVICE IN THE BUILDINGS
OF TASHKENT AND TASHKENT REGIONS

T.RASHIDOV
Institute of Mechanics and Seismic Stability ofStructures of the Uzbekistan
Academy ofSciences. Akademgorodok, 700143 Tashkent, Uzbekistan
e-mail: iskan~eismo. com.uz

Abstract

Tashkent city is located in the zone where 1=8-9 (Mercalli intensity scale) and some faults
are in the adjoining regions. Microseismozoning carried out with due regard for the soil
conditions showed that there are areas on the city territory where 1=7,8,9 and areas exposed
to landslides and dilution of soil under earthquakes . The buildings constructed in Tashkent
are of different constructive schemes. Stations of engineering and seismometric service
(SESS) are located in the 20-storeyed panel administrative building, in the 9-storeyed
dwelling house of a special construction, in the 4-storeyed brick building of the Hotel
Tashkent, in the 5-storeyed brick buildings of research institutes, in the 17-storeyed
building of the Hotel Uzbekistan. Seismodetectors are installed in ground and on different
levels inside these constructions.

The stations record ground motions caused by earthquakes if 1>4. Equipment of these
stations was constructed in the former Soviet Union and is obsolete at present. Besides that
tracking of underground communications and the Metro where SESS has been installed is
also carried out. The Charvak reservoir whose water storage reach 2 milliard cubic metres
is at 60 km' distance from Tashkent. Dam of the reservoir is in the vicinity of a seismic
fault. If the dam whose altitude is 167 m is destroyed the Tashkent oasis will be flooded.
Detectors have been incorporated into the dam and seismometric service was organised. At
present equipment of the station is obsolete but is in a serviceable condition.

Ground motions recorded by these SESS were used for improvement of the map of
microseismozoning, Constructive Standards and Regularities and for calculation of city
buildings for seismic stability. Now organisation of common network for seismometric
control in Tashkent and Tashkent regions, use of new-type machinery for registration of
strong ground motion caused by earthquakes are actual .

1. Charackteristics Of Seismicity Of Tashkent Region

Tashkent is situated in the transition zone from Tien-Shan mountains to Turan plate.
altitude 480 m above sea level. Several active faults crossed the territory of Tashkent city
and its surrounding. The length of those faults is 60-220 km, width is 10-15 km and
seismic potential is estimated within magnitudes 5.0-7.3. These faults can produce
earthquakes in Tashkent with intensity 1=8. According to the map of General seismic
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zoning Tashkent is situated in the zone of intensity 8 (MSK scale). Ground conditions of
Tashkent city territory are presented mainly by loess soils macroporous, dusty. By
seismic properties this soils divided into 3 categories. More than 50% of the territory is
covered with soils of the third category, which are characterised as weak, with high
possibility of settlement and high level of underground water. Because of these conditions
on the most part of the territory earthquakes producing intensity 8 lead to effect of
intensity 9, which is taken into account on the seismic microzoning map of the city.
Information about destructive earthquakes is available since 1494. Total number of
earthquakes with magnitude 4.0 < M < 7.5 and macroseismic intensity 6-7 on Tashkent
territory since 1868 is 14. Recurrence period of shocks with macroseismic effect for
Tashkent: intensity 6 - 20, 7 - 50, 8 - 100 years. For the period 1981 to 1995 years on the
territory of the city 186 earthquakes were registered of intensity 2 to 6. For the last 60
years twice (in 1946 and 1966) Tashkent suffered from earthquakes of intensity 8. In 1966
the epicentre was located within the territory of the city. Consequences of this
earthquake are studied in details, materials collected, analysed and published [1].

2. Engineering And Seismometric Service In Tbe Buildings

Financial difficulties of the last years do not allow modernising the SESS in Tashkent
with new-type machinery. At present in the Tashkent buildings functionate only three
SESS of six existing. These SESS are installed in the building of the Institute of
Mechanics and Seismic Stability of Structures (IMSSS), in the 20-storeyed
administrative building located on the Mustakillik square and in the building of the Hotel
Uzbekistan (fable 1).

All SESS intended for strong ground motion registration and recording. Strong ground
motions caused by the Kirghiz earthquake of August 19, 1992 (1=8 in the epicentral zone)
are among the records obtained. Instrumental data from the SESS/2 show that
intensity of the earthquake in Tashkent was 1=6 [1).

The administrative building where the SESS/2 has been installed is situated on the site
of possible seismicity 1=9 (Mercalli intensity scale). The engineering and geological
conditions of the cite are listed in the Table 1. Foundation of the building has been
constructed in the form of a monolithic reinforced concrete plate 6-7 m high. Its
dimensions are 50 x 45 m. Distance between columns in the surface part is 6.0 x 5.2 x 4.5
m. The monolithic stiffening diaphragms provide spatial stiffness of the reinforced
concrete frame.

The station includes 9 measuring points, 5 of them for vertical axis to determine form and
regularities of the building motion (Table 1). Twin observation points are organised on
the ground (+3.3 m) and 19th technical (62.7 m) floors to register relative motion of the
ground part of the building. All seismodetectors are fixed on the metal support and
record longitudinal, transversal and vertical ground displacements and accelerations
caused by earthquakes with 1=4+9 on the basis of galvanometric registration method. 15
records from 5 points of observation placed on the following levels: -12.3 m, + 10.8 m,
+30.6 m, +50.4 m, +67.2 m were chosen to analyse how the earthquake of August 19,
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1992 affects the 20-stireyed administrative building. Duration of the records is 13 seconds,
numbering was carried out with constant subinterval t=0.05 seconds. Motion of ground and
overlap was used to determine dynamic parameters of the buildings (periods of damping
forms and decrement). Autocorrelation function of the ground motion and covariational
function between the ground motion and overlap are constructed by the correlation
method. Weight function for the building is obtained from the Wiener-Hopf equation.
Correlation spectral properties of the weight functions are studied to determine some
dynamic parameters of the building.

Tab le I. Characteristics of SESS in the buildings ofTas hkent city.

Number Construction Geological section Observation points Param eters
of of building ofregistration
Stat ion and dimen sions, m
I Ground water level - On the ground Displa cements,

5-storeyed brick 1.7 - 2.5; in bunk er 35 m acce lerations.
building of IMSSS Subsidence loess-like distance;
45.4 x 15.8 x 18.8 loam - up to 2 m; Ground floor +0.00

Not subsidence ground m'
sand loam - 15-16 m 2nd floor +7.20 m;
Below - thi ck layer 3rd floor + I0.80 m;
of grave l Garret +18.80 m.

2 20-sto reye d administ- Ground water level· Lower level of Displacements,
rative building of frame- 14.0 - 17.0 m; basement - 12.30 acce leratio ns.
work constructi ve Fill-up soi l - 1.5 m; m;
system Sand loam - 7.5 m; 3rd floor + I0.8 m;
with stiffening Loam - 17.0 m; 9th floor +30.60 m;
diaphragms Stone loess - 30 .0 m 15th floor +50.40
46.0 x 40.0 x 67 .2 m'
depth of the underground Roof +67.2 m.
part - 12.3 m

3 17-storeyed building of Ground water level - Lower level of Displacements,
the Hotel Uzbekistan of 14.17m; basement of the accelerations.
framework metal Fill-up soil - 2.5 m; central part, right
construe- Loess-like loam - and left wings -
tive system consisti ng of 27.5 m; 8.60 m;
central part, right and Gravel - 50.0 m; Eighth floor of the
left wings and Below - ston e loess central part
underground +25.80 m;
part 8.60 m deep Roof ofthe centra l

part, right and left
Wings +53.70 m.

The spectrum of the weight funct ions contains information about period of the motion and
the autocorrelation funct ion - about decrement of the motion. In the present case the
periods of four forms of motion: T = 1,1; 0,65; 0,5; 0,35sec, and decrement of motion of the

building equal to 8 = 0,32; 0,28 are determined. Use of the results obtained in the
calculation shows the sufficient seismic stabili ty of the building, which is in a good
agreement with the design ed data.
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3. Engineering And Seismometric Service In Tashkent Metro

Functioning of the Tashkent Metro whose lines are in the region of high seismicity and
subsidence grounds and whose construction is notable for originality and novelty is of
interest for instrumental control of constructions and their interaction with ground
during earthquakes. Method for SESS organisation in the Metro has some features
consisting in the fact that its span tunnels and stations located in different soil conditions
are of different constructive design .

The parts of the Metro complex where few constructions (platforms, escalators,
station premises and other part of the station complex, span tunnels adjoining the station)
adjoin each other on the relatively small area are of the greatest interest. It is also
expedient to install measuring points of SESS in constructions located in the zones of sharp
change of the Metro depth or physical and mechanical properties of soil and in the
places of span outcrop and metro trestle .

Two SESS have been organised in the first line of the Tashkent Metro as a result of
analysis of its engineering and geological conditions and constructive design . The regional
complex of the rust SESS is located near the station Hkarnza. Measuring points are
installed in the station lining of single-arched type made of monolithic reinforced
concrete, in span tunnel of solid sectional lining and in the Metro trestle over the Ak-Tepe
canal. Measuring points of the second SESS located at the station Pakhtakor in zone of
the first and the second metro lines crossing are in the constructions of columnar type made
of prefabricated reinforced concrete elements and in span tunnels of circular shape
including span tunnels under the Ankhor canal .

Experiment seismostation for registration of instrumental observations from 13 bases
installed in construction of the station and in adjoining span tunnels has been
constructed. Seismodetectors of the experiment station are installed in constructions of the
right span tunnel as moving from the station Mustakillik Maidoni to the station
Pakhtakor.

The span tunnel of rectangular shape made of five solid sectional lining adjoins the
station tunnel being the constructive extension of the station through the functional joint.
Further towards the station Pakhtakor the span tunnel 22 m long of rectangular shape, two
sections of circular tunnel made of prefabricated reinforced concrete blocks with
antiseismic joints adjoin each other tluough the functional antiseismic joints. The
measuring points of the experiment station are located in the ends of the sections under
investigation from both sides of the functional antiseismic joints.

They are completed with detectors of two types (for displacement and acceleration
recording) oriented along the longitudinal and transversal axes of the tunnel. To
avoid influence of the electromagnetic field caused by the rails on the engineering
seismometric registration channel the measuring points are placed on the side of the
station and span tunnel walls .



www.manaraa.com

549

The detectors are installed on special horizontal platforms on the level of the rail head
or rail base. Depth of the tunnels is 18-20 m. The experiment station recorded actions of
few earthquakes occurs in the last years including the Nazarbek earthquake on
tunnel constructions (2,3]. Values of intensities in the region of seismostation
caused by earthquakes of December II, 1980, December 30, 1980 and January I , 1981
were 6, 4 and 3 respectively.

The instrumentally obtained records of displacements and accelerations were processed
according to the method of spectral analysis i.e. they were approximated by the Fourier
series. Comparison of amplitude-frequency spectra of longitudinal and transversal
displacements and accelerations recorded in different points was carried out. The
maximum values of longitudinal displacements caused by the earthquakes of December II ,
1980 and January 1, 1981 refer to the frequencies f=0 .3 Hz and f=0 .7 Hz respectively.
The maximum longitudinal acceleration refers to the frequencies 20-25 Hz.

4. Engineering And Seismometric Service In Charvak Dam

The Charvak reservoir whose water storage reaches 2 milliard cubic metres is at 60 krn'
distance from Tashkent. Dam of the storage is in the vicinity of a seismic fault. It relates to
the rock filling type of constructions, has transversal profile with the central core of loam ,
lateral prisms of limestone and two-layered conversion zone of sandstone and gravel.
If the damwhose altitude is 167 m is destroyed the Tashkent oasis will be flooded. Control
system of the dam includes 21 points of registration situated in the most typical point of
the dam and canyon: four points are situated along the dam crest , two points - along the
canyon side (in adits), four - along the foundation contour, six - in the alignments, four 
in the core (inspection shaft) and one point - outside the dam . Registration includes 3
component records along the main axes of the construction. Number of registering channels
is 105, the amplitude dynamic diapason of seismic motion registration is 120 dB
(0,000002+2 m/sec), frequency band - 0.5-20 Hz, duration of the record for any seismic
event - 0.5-1 minute (4).

5. Conclusion

Ground motion recorded by these SESS was used for improvement of the map of
microseismozoning and the Constructive Standards and Regularities, for calculation of
seismic stability of buildings constructed on the city territory. At present one of the actual
questions is the question of a common network for seismometric control in Tashkent and
Tashkent region organisation and its supply with new-type machinery providing
registration and recording of strong motions caused by earthquakes.
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Abstract.

In this paper the performance of two numerical methods of solving the problem of a time
dependent moving force on the surface of an elastic continuum will be evaluated . One
method is the finite element method (FEM) formulated in convected coordinates coupled
with an absorbing boundary condition of the impedance type. The other method to be
considered is the boundary element method (BEM), where a new formulation using Green's
functions transformed to a moving coordinate system is introduced. The methods are tested
by the classic wave propagation problem of a Ricker pulse propagating from the surface of
an elastic halfspace. The time integral net impulse of the considered loading must be null
for the considered FEM to work. Further, the FEM is unable to absorb Rayleigh waves,
since the considered impedance condition has been tuned to P- and S-waves. By contrast
the BEM is able to handle also these cases. The disadvantage of the BEM is the increased
calculation time.

Keywords: Boundary element method, finite element method, impedance, absorbing
boundaries, moving force.

1. Introduction

Traffic induced vibrations are a known source of discomfort and damage problems in
nearby buildings, either directly in the form of vibrations of the buildings or through
structure borne noise. During the last couple of decades the general amount of traffic has
increased considerably and along with heavier trucks this has emphasized the problems of
traffic induced vibrations. But also train induced vibrations have been given some attention
in recent years, mainly due to the dramatic increase in speed, (Krylov, 1995) . Especially the
greater number of underground railway systems in urban areas have resulted in severe noise
and vibration problems. A considerable effort has been done to minimize or soften the
efiects of the trad'ic induced vibrations by developing e.g. vibration and noise barriers and
construction of vibration rails and roads, see e.g. (Nelson, 1996). With respect to analysis,
semi-empirical methods for estimating the vibrations have been introduced and some
numerical methods used to estimate the vibrations have been introduced, but mainly in the
frequency domain.
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Simulation of traffic induced vibrations in an elastic media can be
achieved as a sum of moving concentrated forces due to the superposi
tion principle. Thus, the basic problem that must be solved to simulate
traffic induced vibrations is the problem of a moving time dependent
concentrated force on the surface of an elastic half-space. When using
the FEM or BEM to solve this problem an important problem arises.
With an element mesh of finite size the moving force will soon move
beyond the boundary of the mesh. Therefore, it will be preferable to
formulate the problem in a coordinate system moving ;;long with the
force.
In this paper both FEM and BEM formulations for moving coordi
nate systems are presented and the obtained results for a classic wave
propagation problem are compared.

2. Convected coordinates

t3

x2
) ? 7~

vi(l-T)
) xl ?2

x3

Figure 1. Moving force with velocity Vi in fixed and moving coordinate systems.

A Cartesian (Xl, X2 , X3)-coordinate system is introduced, which fol
lows the moving force, with velocity components Vi, see figure 1. ~i
signifies the coordinates of the force in the moving coordinate sys
tem. The two coordinate systems coalesce at the time t = T which
corresponds to the Galilean transformation

(1)

The equations of motion in the fixed coordinate system are then
given as

8aij _ 82ui _ 0 (2)
B«, p 8t2 -

J

a ij is the Cauchy stress tensor, Ui is the displacement vector and
p is the mass density. In (2) the summation convention of Cartesian
tensors has been applied. (2) is transformed to the moving coordinate
system by introducing the partial differentiation operators
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(3)

Hereby the equat ion of motion in the moving coordinate system
'reads

Oo-ij ( 02Ui 02Ui 02Ui )
OXj - P ot2 - 2vj OXjot + VjVk OXjOXk = 0 (4)

Ui(X, t) is the displacement field in the moving coordinate system.
The coordinate transformation (1) and the equat ion of motion in the
moving coordinate syste m (4) are the basis of both the FEM and BEM
formulations in convecte d coordinates.

3. FEM formulation

(4) forms the basis of the finit e element formulation in convected coordi
nates. The equation of motion in convected coordinates , (4), is brought
to the weak formulat ion by multiplication with a vir tual displacement
field Ui , followed by integration over the volume and use of the di
vergence theorem. Hereby the following vari ational equations may be
obtained, (Krenk et al., 1999)

(6)

where N i(x j ) and N i(x j) are the shape functions of the displacement
field and the variational field and Ui( X, t) and Ui( X, t) are the nodal
values of the displacement and var iational fields .
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4. Impedance absorbing boundary condition

The surface traction Ti = aijnj on the artificial boundary expresses the
reaction force from the surrounding elastic media on the modelled field.
For a class of problems it can be shown that Ti is proportional to the
velocity on the boundary as follows

(7)

A boundary condition of the type (7) is known as c:n impedance
boundary condition, a designation borrowed from acoustics, where an
expression of the type (7) is formulated between the pressure and the
velocity at the artificial boundary. For plane P- and S-waves in a ho
mogenous isotropic medium, an expression for the impedance tensor
Zij in moving coordinates was derived by (Krenk et al., 1999)

(8)

(9)

2/-L ( P) P P x PZij = - nkrk ri rj + -nirj +
Cp Cp

i: (nkrl) (bij - 2rfrJ) + .!:!...rfnj
cs Cs

/-L and ), are the Lame material parameters, Cp = JA~2/l: and

cs = fii are the P- and S-wave phase velocities. rf and rf are the

propagation directions of P- and S- waves in the moving coordinate
system. which are different, even if the source is common, see (Krenk
et al., 1999). The boundary condition (8) will be perfectly transparent
for plane P- and S-waves. All other wave components will be more or
less reflected .
Insertion of (8) into (5) and use of (6) provide the following system of
discretized FEM differential equations

Mii(t) + Cu(t) + Ku(t) = P(t) (10)

where P(t) is the load vector K, C and M signify the stiffness-,
damping- and mass matrices given as

(11)
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(12)

(13)

(14)

where Ni,j(x) = at Ni(X), The impedance boundary condition of
the type (7) and (8) is not able to sustain static loading. Further
permanent displacements occur, if the net impulse .f~oo P(t)dt f O.

5. BEM formulation

(2) is the basis for th e differential equations for Green's functions ,
therefore (4) gives the differential equations for Green 's functions in
a moving coordinate syst em

(15)

9ik(X , t; e, r ) is Green's function for the displacement field Ui( X, t)
in the moving coordinate system and similarly for Green's function for
the surface traction aijk (x , t; e,r ). Introducing the coordinate transfor
mation (1) in (15) gives the following equations for 9ij as functions of
the fixed coordinates Xi

fr fP -
(Jijk _p~ + 6ik6(x - v(t - r ) - e)6(t - r) = 0 (16)
aXj at2

Since 6(x - v (t - r) - e)6(t - r ) = 6(x - e)6(t - r), (16) reduces to
the normal differential equations for Green's functions. Hence

9ik(X - v(t - r ), t ;e, r ) = 9ik(X, t - r; e, 0) =>
9ik(X , t ;e, r ) = 9ik(X + v(t - r) , t - r; e, 0) (17)

Green's function for Cauchys stress tensor aijk(x , t;e, r) is obtained
upon insertion of (17) into the constitutive equations for the consid
ered linear elastic material. Since these only involve spatial differential
operations with resp ect to x , the result is seen to be



www.manaraa.com

(20)

556

Q-ijk(X, t; e, T) = CTijk(X + V(t - T), t - T; e, 0) (18)

Hence, a BEM formulation in the moving coordinate system that
calculates the displacement field following the force can be established
by using the Green's functions 9ik(X, t; e, T) and Q-ijk(X, t; e, T) as given
by (17) and (18) instead of the original ones. Notice that this result is
valid even for non-homogeneous or anisotropic linear materials. Using
the Betti reciprocal theorem and the symmetry properties of Green's
functions Somigliana's identity in 2D can then be written, see e.g,
(Banerjee et al. , 1987)

c+(X)ut(:x, t) =

i lot 9013 (x, t - T;e,O)tt(e, T)dTdS(e) -

tlot CTo'Yl3(x, t ;e,O)n'Y(x)ut(e, T)dTdS(e) (19)

where

{

I , x E A+
C+(x) = 0, x E A

I - S
2 ' x E

A+ signifies the media, A- the surrounding continuum and S the
boundary. The last singular integral in (19) should be interpreted in
the sense of a Cauchy principal value. Discretization of (19) in time
and space leads to the BEM in time domain.

6. Numerical results

The problem of a Ricker impulse on an isotropic, homogenous linear
elastic 2D plane strain halfspace is analyzed with both methods. The
medium is subjected to a moving time dependent surface loading per
unit length P(t) (Ricker impulse). The time variation of the loading is
given as

P(t) = pOT(1 - T2)2 }
T = 2tIT - 1 -1 < T < 1

(21)

This pulse has vanishing derivatives at t = a and t = T.
The example is performed with the following parameters : Intensity of
force Po = 1 MN, J1. = A= 100.106 N1m2 and p = 2.0.103 kg/rn''. This
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gives the wave velocities for the P- , S- and Rayleigh waves, respectively,
Cp = 387 mis, Cs = 224 mls and CR = 206 us]«.
The force is distributed in triangular shape over an area of 16 m. 160
m of the surface is discretized and the force is applied at the centre.
The applied FEM mesh is rectangular with depth 80 m. The BEM
mesh consists of 4 m 2 node line elements with linear interpolation and
similarly the FEM mesh consists of 4 m by 4 rn, 4 node quadrilateral
elements, see figure 2.

a) ••••••••••••••••••~~~~••••••••••••••
P(t)

b)

Figure 2. a) BEM and b) FEM meshes .

The horizontal, Ul and vertical, U2 displacement histories at ( Xl, X2, X3)

= (+20 m, 0 m, 0 m), 'in front of the force' and at ( Xl ,X2,X3) = (-20
m, 0 m, 0 m) , 'behind the force' are presented in the following figures.
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Figure 3. Horizontal displacements at (XI,X2, X3 )=( +20 m, 0 m, 0 m) obtained using
BEM (top) and FEM (bottom) for VI =o· cs - , VI = 0.2 · cs -- and VI = 0.5· cs
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Figure 4. Vertical displacements at (X I, X2, X3 )= (+20 m, 0 m, 0 m) obtained using
BEM (top) and FEM (bottom) for VI =o·cs - , VI = 0.2 · cs -- and VI = 0.5 · cs

Comparison between figures 3 and 4 shows that the minimum dis
placement increases with greater speed and that the maximum dis
placement decreases . However, for VI = 0 . cs the BEM results for
the minimum displacements are significantly larger than the equiv
alent minima from the FEM results. When VI approaches null the
solution of the time integrals of the Green functions become unstable
and therefore, the results for very small velocities are not reliable.
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Figure 5. Horizontal displacements at (XI, X2, X3)=(-20 m, 0 m, 0 m ) obtained using
BEM (top) and FEM (bot tom) for VI = O· cs - , V I = 0.2 · Cs -- and V I = 0.5 · cs
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Figure 6. Vertical displacements at (XI , X2, X3)= (-20 rn, 0 m, 0 m) obt ained using
BEM (top) and FEM (bot tom) for VI = O· Cs - , VI = 0.2 · Cs -- and V I = 0.5 · cs

In all the figures 3-6, but especially in figure 6, the FEM results show
tendencies to reflect Rayleigh waves from the boundaries. However , the
BEM results do not show any signs of reflection in any of the figures .
Furthermore, noti ce that the amplitude of the displacements do not
increase for VI --+ CR . The calculation time for the FEM solution was
62 seconds on a 200 MHz PC while the calculation time for the BEM
solution was severa l hour s on a SiliconGraphics Ind y R4400.
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7. Conclusion

FEM and BEM formulations in a moving coordinate system have been
formulated. The formulation for the FEM uses an impedance boundary
condition as absorbing boundary. The BEM formulation introduces
Green's functions for a moving force and shows how the normal BEM
formulation for a non moving coordinate system can be modified to a
formulation in the moving coordinate system by using Green's functions
for a moving force.
Finally, 2D results from the formulations have been compared and good
agreement is found.
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Abstract

In the paper some physical phenomena in natural soils are considered, provided by intensive
seismic excitation. On the basis of regressive analysis of Racha earthquake instnunental data
and so-called "dimensionality method", the new parameters, which are tightly connected with
absorbing indexes and non-linearity of natural soils have been obtained. The consideration of
corresponding correlation linkshas shownthat in epicentral zone of earthquake (30-40 km) the
absorption of seismic energy in soft soil is inversely proportional to earthquake magnitude and
not significantlydepends on acceleration. In rocks the absorption is directly proportional to the
acceleration and slightly depends on magnitude. This fact explains considerably the difference
degree of buildings' and constructions' damage on soft and rock soils.

It was detected the degrees of non-linearity and non-elasticity of soils. Also, it was considered
the usage of offered parametersduring solving of practical issuesof seismic microzonation.

It was shown the uncertainty of differentiation of strong and weak motions. The properties of
strong motion is being analyzed, based on corresponding behavior of geomaterial at linear
elastic, nonlinear-elastic, non-elastic deformation.

Partially, it was obtained the empirical quantity for account of intensitylevel of seismic impact.
Following leads to a conclusion about necessity of registration strong motion not only in
maximum narrowband of spectrum, but also in wide frequency band of spectnun.
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1. Introduction

It is known, that damageof structures, buildings(and anyphysical system) during earthquake is
caused by their inability to absorb corresponding seismic energy. Then, after partial damage,
the system obtains an extra absorptionability, which preserves the systemfrom future damages
at the given level of impact Duringthe exceedingimpact,the systemwill be damagedin bigger
degree or absolutelydestroyed. Anothertype of system's behavior is the well-known building's
or structure's leaving from resonance condition by the way of partial damage followed by
changes of rigidity and correspondingly of natural vibrationfrequency of buildings (stIUctures).
In this connection it is very important the issue of appraisal adequacy of seismic energy
absorption by different types of physical systems (soils, buildings, structures, etc.). The
theoretical solutions in this field is often differed from the real results. Such uncertainty
appraisals areespecially significantat strong motions. This leads to big scientific and practical
interest to the resultsof analysesof strong motion instrumental records.

Not less important is the phenomena of non-linearity during strong motion. The quantitative
assessment of non-linearity degree of materials or any physical system presents sufficiently
complex and uncertainproblem.

Non-linear distortions of wave shapes, occurred in so-called "bimodular" medium, is shown
itself in "spreading" of spectrum in the area of low and high frequencies. These mediums are
real soils, the compression module of which is significantly differed from strain one. The
simple quantitativedegreeof "spreading" processis the width or areaof normalized spectrum.

2. Soft and rock soils

What's the differencebetweensoft and hard soils? On the basis of analysis it was obtainedthat
area of normalized spectrum in rock soils (Oni station) is increasing, and in soft soils
(Ambrolauri station) insignificantly decreasing, as the averageweightedvibration frequency of
soils is increasing (Fig.la). Amplitude of spectraof soft and hard soils is directly proportional
to accelerationof soil vibration(Fig.1b).

The value of acceleration is widely used in very different analyses of engineering seismology
and theory of dynamics of structures. At the same time it is well-known its often poor
correlation with seismic energy, which is inverse proportional to the frequency of oscillation
(easily obtained from the recordings). This fact provided the research of dependence of
oscillations maximal frequency on acceleration. It should be noted very fastidious property of
this dependence at some areas (Zemo Bari, Iri stations). So, it is significant the conclusion
about opportunity of existence of high frequencies as for low accelerations, as for high ones
(Fig.la), appreciatingthe fact that the frequencies themselves are linked tightly, as a rule, with
values of magnitude, it is clear the dissimilarity of correlation between magnitudes and
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accelerations. During high accelerations the characteristic of dependence of areas frequencies,
contained in soft soils is close to rock ones. So, at low initial values of acceleration, as they are
increasing, the curve (acceleration - maximal frequency) declines and the vibrations are
characterized by low frequency. Further, as the acceleration is increasing, the frequency of
corresponding vibrations increases. This fact explains the existing concept [4], that during low
frequencies, the building is damaged by acceleration (e.g. the amplitude level of acceleration is
significantly high), and the absorption of energy is minimal, because the frequency of vibrations
is low. "Average amplitude level" of acceleration can cause the significant damages in
sufficiently elastic buildings, and at the same time accelerations of high frequency
(considerably high), have exceeded some "elastic area" of its quantity, are fading fast because
of high absorption. Perhaps, by this fact can be explained, sometimes, little damages during
high-frequent vibrations.

In Fig. 2 dependence of real spectra areas on acceleration for rock soil vibration (Fig. 2atand
for soft soil (Fig. 2b) are shown. It is evident. that in rock soils area of spectrum is increased
with increasing of accelerations and is decreased in soft soils.

It should be noted that during research it was obtained for the behavior of viscous-elastic body
that the real part of motion equation solution corresponds to the increasing of rigidity on
frequency [2]. ImaginaIy part of equation's solution corresponds to insignificant decreasing of
value of parameters on frequency (Fig.2c).

Comparison of experimental and theoretical data shows their good coincidence. Thus, area of
the real spectrum of vibration is, firstly, reliable indicator of physical state of medium and,
secondly, characterizes its deformability or degree of its behavior's deviation from Hoock's
linear-elastic law.
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Figure J. a) Dependence ofnonna1ized spectnJm area andvibrations' average-weighted frequency on
accelerat ion (Racha Earthquake, 1991); b) Dependence ofspectnJm maximal amplitude and vibration real
spectrum area on acceleration.

In Fig.3 is shown the dependence of real spectmm'sarea of vibration on acceleration (Array
SMART-I, Taiwan). It is clearlyshown a sharp turns at acceleration a=O.Ig. It is interesting to
note, that according to [1] the changeof shear to longitudinal wavesvelocity ratio (this quantity
directly characterizes physical condition of medium) has two sharp turns at acceleration O.lg
and O.2g (Fig.4). Comparingwith Fig.lb (ZemoBari) showsclear correspondence.



www.manaraa.com

565

c)

oS,
15 • a

• 7 1.-&10 ",S • ~

5 u( 5 •
1.2 !
1.0 ~

0 • 8.-
10 15

.. ..
qact'OYa, 1'll 110:4 ee ••• • . 0.8 II

.s~ ~3 0.6 I15 d

E
••

•
1 2

. 0.4 Ii10

•• 1 0.2
5 '0 •

I ..
0~~ .. ,. 3)0 '00

5 10 15 UO'.r01'a. I'Jt'll8O'!'CWa. III

Figure 2. Dependence of real spectrum area for rock. (a, Oni) and soft (b, Ambrolauri) on soils' vibration
frequency. c) Dependence of rigidity and materiaJloss coefficient on frequency ofvibrations..

-,
::tic'
II' S MA~T 1

" ... 0 .. til IlJI

Figure 3. Dependence of area of "real" spectrum of vibrat ions on acceleration (Taiwan) .



www.manaraa.com

566

~ 0.'"'.-

0I.r--..,....--.----r--,

Figure4. Dependenceof shear wave to longitudinalwave velocityratio on soil acceleration [I ].

So, the area of real spectrum is importantindicatorof soils'behaviorpropertiesat different level
of excitation.

3.Ground Strong Motion

What is strong motionand how it differs from weak? Whythe rigid, weight building destroys ?
Currently is well known the significantinfluenceof non-linearphenomena on seismic effect or
intensityof earthquake.

The first research in this field, in fact, was the investigation, conducted under direction of
A.Nikolaev from Joint Instituteof Physics of the Earth (Moscow) in the end of fifties in Russia.
Much later, he has publishedwith the great difficulties the first theoretical researchdedicated to
the problem of non-linearity [3]. This was explainedby the fact that the non-linear effects are
presentedby most of seismic events as insignificant becauseof numberof factors, determining
the intensityof earthquake.

In 1988 K.Aki wrote, that except of case of liquefaction, nonlinearity practically is not
significant in seismological data. Later he recognized the necessity of existence of visible non
linearity in soils' behavior and the necessity of non-linearity accountingduring seismological
analysisof events [9]. So, non-linearity of soils is expressed in dependence of all parameters of
soil vibrationon intensityof earthquakes.

In 1987 I carried out an experiment on study of soils' behavior under high dynamic loading.
This experiment was carried out in the region of the new by-pass highway near Tbilisi city.
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Soilspresentedan artificialembankment with40 m thickness. Seismographs were set - one at a
depth of 1m and second at a depth of 5m into the embankment soil. On the surface of the
embankment an impulseimpactof a moving part of the scraperwas applied. In the seismogram
one can see a predominant peak of high frequency, which attenuates quickly with depth. It is
known that nonlinear distortion of signal is appeared in its enrichment in high-frequency
spectrum. Thus, high frequency peak is due to nonlinear deformations in the embankment In
other words, at intensive effect in near zone of earthquake a high frequency excitation can
predominate in soft soils. At that it is clear, that a rigid structure can be destroyed because of
resonance phenomena in a highfrequency diapason of spectrum.
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Figure5, a) Profileof measurements, b) Recordof soil vibrations (I exciter)c) Recordof soil vibrations(II exciter),
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Figure 6. Comparison ofaccelerograms and Fourier spectra with or without taking into accou nt the non
linear effect. The dotted line is for the linear solution.

At the sector contained from powerful sediments of sands, in 1996, Russia, we made
experimental researchdependenceof spectrom changing on level of influence [5J. As a source
of vibration we have experienced the powerful pulse, source with two exciter. In Fig. 5 is
presentedthe oscillationsof soils caused by near (b) and far (c) exciters. Duringclose strike HF
peak is domain in oscillation spectrum, and which is absorbed upon increasingof distance. As
the seismo-recievers we used Russian, special developed, three-component accelerometers and
English one-eomponent Willmore accelerometer. Recording and data processing was carried
out with special GEMIS-WIN software [7J.

In this connection, it is interesting to compare the obtained data with calculations (Fig.6). It is
clearly shown, that during elastic non-lineardeformations, the energy "downloaded" to HF area
of spectrum. It should be noted, that during change from linear-elastic deformations to non
linear-elasticones, the square of real spectrum remainsthe same. At the sametime the square of
real spectrum is decreasingduring non-elastic deformations, characterized buy lossesof energy.
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At the basis of buildings' damage analyses during earthquakes, someengineers explain damages
by significantly high accelerations, much bigger than 2g. In every case, it can be said, that in
some conditions in soft and especially in rock soils, the main energy can be situated in HF
spectrum area.

4. Seismic coercion and reaction of soil-structures.

As a result of analysis of instrumental entries of strong earthquakes and special experiments the
following equation was obtained [5,7,8]:

(1)

where: a. is the parameter of an absorptionof oscillationsby a soil;
Sn is the area of the normalizedspectrum of oscillations.

It has been determined that the area of a peak Fourier spectrum SR, is related to the
normalizedarea by a following relationship:

(2)

where A, being a peak amplitude of a spectrum of oscillations, characterizes a parameter of
nonlinearityof grounds. From (1) and (2) we receive, that:

(3)

A spectrum area is integrated performance of the phenomenaof a absorption and nonlinearity.
A parameter of absorption, excluded, we shall obtain "pure" nonlinearity (parameter of
nonlinearityof a soil):

(4)

Thus, the product of maximum amplitude of a spectrum of vibrations of a ground by average
weighted frequency of oscillations is an elementaryandeasily measurable quantity descnbing
the special property ofsoil nonlinearity.

The formula for calculating of intensity modification on the basis of account of nonlinear
properties of grounds with obligatory use of high-power impulse or vibration sources were
obtained.
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On the basis of account is of nonlinear - elastic behaviors of grounds, the following
relationshipis obtained:

M=KIg AJwi
cr: (5)

(6)

h (AJ,Jnf' (Aofltilt r f nlin . f hed d dard ilw ere ' , are parameters0 no eanty 0 researc an stan ~ s
in near and far zones of effect.

By special researches was obtained, that in soft soils the absorptionwithin 10-40Ian

a- f.)
1M

where t is duration of oscillations, M- magnitude of earthquake.

from a source (of earthquake aftershocks with M = 1.2~.3) is proportional.
In rockyor rigid grounds the absorption is proportional:

where: a is a peak groundacceleration;
r - epicentral distance.

(7)

(8)

Thus, the absorption in soft soils practically does not depend on acceleration. Its level
completely is determined by magnitude - the more magnitude, the less absorption. In rocky
groundsthe absorption is directlyproportional to acceleration. The relationsare valid within the
given soils statistical number.

On the other hand, on the basis of comparison of parametersof nonlinearity for soils as S, / f

(as a - f ), we shall obtain from (3), taking into accountthat A - M
2 S
~:
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(9)

The formula allows to evaluate influence of a modification of power to the intensity
modification.

Let M - E (energy of effect of an artificial source). Taking into account. that for a

. M e M; t. ~to a~A2, .
VIbrator I 'I' we obtain:

which is similar to expression(5).

Iffrequencies do not differ much,then fwi ~ f wo, also we shall obtainan expression

M=KJg~
Ao (11)

Thus, seismic hazard or earthquake intensity is defined by magnitude, seismic focus depth,
epicentraldistance. This is the so-called"averaged" intensity of the given territory. At the same
time, variations of intensity on a territory are defined by other, no less important parameters.
These are a technical state of buildings and constructions, their orientation in relation to the
arriving seismic impact. underground relief of bedrock, power of soil thickness, surface relief,
soil types, their physical condition, etc. Damagesof buildings and constructions, causedby soil
conditions, may take place due to amplification of the arriving oscillations (from the bedrock)
by loose substanceor due to the unevensettling of buildings and constructions. In the first case,
soil-construction interaction presupposes elastic deformation, and in the second case-unelastic
one. Amplification of vibrations will be the highest in case of coincidence of natural
frequencies of vibrations of buildingsand constructions with natural frequency of soil substance
under the foundations. Damageswill also increase in case of the above mentionedliquefaction.

5. Conclusions

I. At the bases of strong motion instrumental recording analyses, have been obtained
parameters, tightly linked with absorptionand non-linearity of soils (and any physical system).
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2. It was shown the difference of absorption phenomena of seismic energy in soft and hard
(rock) soils. In soft soils absorption is mainly caused by magnitude of earthquake and in rock
soils by acceleration. By the way, in common types of soils the absorption is directly
proportional to average-weighted frequency and duration of oscillations.
3. During strong motion the main energy in soft and especially in rock soils is situated in high
frequent part of spectrum. During changing linear-elastic deformation to non-linear-elastic
deformation the energy of oscillations remains constant During non-elastic deformation the
energy of oscillations decreases. It is clear, that in conditions of large strain it should be the
most significant decreasing.
4. The modem level of strong motion instrumentation is considerably high (USA, Japan,
Switzerland, etc.). Its opportunities are used non-fully. The obstacle is from one hand the low
information density of analyses of data, that have traditionally used, and from the other hand -
properties of measuring- resolution of system itself.
5. The results of the work give opportunity to conclude that in spite of using type of equipment,
the main properties of ground strong motion is similarly reflected in corresponding recordings,
from earliest to the recent From the other hand it is necessary to pay special attention to the
range of resolution in high-frequency area of spectrum of oscillations. Here it should be upped
the level of soils acceleration registration from widely used value of 2g. It gives opportunity to
register significantly high accelerations, if they accompany strong motion. As it seems they
accompany them. Besides, it is necessary to increase radically the level of resolution of record
of strong motion for obtaining momentary and "short-living" ultra-high accelerations. And, at
last, it is preferred creation of these strong motion instrumentation, that will give opportunity to
register directly passing seismic energy, e.g. to create so-called "energometer". This will give
opportunity to exclude the necessity using the big number of parameters of instrumental
recordings and simplify calculations of buildings and constructions upon seismic influence. In
last years, it was a number of trials to present in such calculation the seismic influence in
energy type.
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Abstract
A two-storey building was temporarily instrumented with two horizontal seismograph
stations installed on the roof, basement and at the free field. Local earthquakes with
magnitude 3.0-4.0 at a distance of 45-80 km were recorded. These week records are
utilized to derive the building transfer function. The fundamental frequencies of the
longitudinal and transverse vibrations of the buildings are found to be within 8-10 Hz
and the corresponding damping ratios between 6-7%. The ambient vibration data were
not used since the low-intensity ambient excitations do not put the building into
resonant motion. The estimated parameters were then checked by cross-wise
convolution - the input from one earthquake record is convoluted with the transfer
function derived from the other in order to derive the building response caused by the
former earthquake.

The linear dynamic characteristics, determined from the low-amplitude test, are used
to forecast the buildings response, convoluting them with selected strong ground
motion (the available accelerograms from EilatlAqaba Gulf earthquake with magnitude
Mw=7.1). The building response is assessed from the derived accelerograms. The
values obtained are compared with their counterparts, as determined from structural
analysis, according to the guidelines of the Israeli Design Code for this type of
structure .

Introduction

The town of Eilat is located in a seismically active segment of the Dead Sea Transform
(DST) which, according to [IS) , could experience earthquakes of magnitudes greater
than 6.0 on the Richter scale at close proximity to the town. The largest earthquake
measured on the DST occurred on November 22, 1995 (Mw=7.l) and its epicenter was
located about 100 km south of the town. The registered peak ground surface
accelerations in EW, NS and vertical directions are O.ll , 0.122 and O.llg,
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respectively. Recent ongoing paleoseismicity investigations in the area [I] reveal the
repeated occurrence of high magnitude earthquakes on a time scale of thousands of
years, within a few kilometers of the center of Eilat.
Earthquake risk analysis is currently very limited owing to insufficient information
regarding the vulnerability of existing buildings to ground shaking. An important step
toward better evaluation of the earthquake risk to Eilat is associated with this study
which focuses on determining the dynamic parameters of existing buildings [20, 21].
Reliable estimates of modal frequencies, stiffuess and damping of structures are
essential to the prediction of dynamic response under loading conditions associated
with serviceability or structural safety . This is particularly important in areas where
most of the buildings have not been subjected to seismic effects and their weaknesses
are not yet clearly understood.
Studies of recorded responses of instrumented structures constitute an integral part of
earthquake-risk reduction programs leading to improved design in many countries.
Such investigations have not yet been carried out in Israel. The extensively
instrumented structures facilitate a comprehensive study of their response [2, 4, 6, 8,
16]. The dynamic characteristics of real structures can be determined experimentally
by simply monitoring the shaking of the structure caused by ambient excitation [5,6, 7,
9, 11, 12, 13, 17, 18, 19]. However, this method has not been applied to determine a
building frequency response function because of the unknown system input
characteristics.
In this paper, our objectives are: (1) to assess the building dynamic characteristics from
its response due to the recorded weak ground motions; (2) to forecast the building
response under another recorded ground motion by means of the derived dynamic
characteristics from the low-amplitude test and (3) to compare the estimated peak
response values with their counterparts but calculated in accordance with the present
Israeli Design Code 413 (IDC-413) requirements.

Data Acquisition

Ground motion was recorded using PC-SDA, a multi-channel, PC-based, digital data
acquisition system [14]. The seismometers used are sensitive velocity transducers with
a natural frequency of 1.0 Hz. The data are amplified, filtered within 0.2-25 .0 Hz
bandpass and sampled at a rate of 100 samples per second with a 12-bit/word digitizer.
The instrument transfer function is checked and determined prior to performing
measurements in order to facilitate the record signal transformation into true particle
velocity data . The calibration is carried out by placing all seismometers at the same
location and parallel to each other. These measurements also provide relative
calibrations between the channels of the entire monitoring system.
The building was instrumented by placing the seismometers on the roof and in the
basement - Figure 1. Each station was equipped with a pair of horizontal
seismometers, placed perpendicular to each other and parallel to the outer walls of the
structure. We defined the longitudinal axis as the NS direction and the transverse axis
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as the EW direction. An additional vertical seismometer was placed adjacent to the
station in the basement.
During the observation period, two seismic events with good signal to noise ratio were
recorded. Both events are local earthquakes which occurred in the Gulf of Eilat
approximately 40km (ML=2.8) and 80km (ML=4.1) from the town. Microtremors
(seismic noise) were also recorded during the observation process. Each recording
session was 3 minutes long and automatically repeated every 30 minutes. Spectra
estimation of the ambient noise was performed using the same procedure as for the
earthquake recordings.

Building Description

The building is a low-rise, two storey, reinforced concrete structure (see figure 1). It is
an irregular convex polygon in plan with an external staircase, contiguous to one of its
edges. The roof and the second floor slabs protrude slightly over the first floor contour.
In the vertical direction, two well-defined stories could be distinguished, as well as a
basement located under part of the first/ground floor. The first floor is designed as
service premises while the second floor is a large hall housing control devices. An
architectural drawing from the preliminary design phase is the only information at our
disposal; estimation of the structural scheme is, therefore, just an assumption. Most
probably, the lateral resisting system of the building is a spatial two-storey irregular
frame formed by columns and both floor slabs. The columns of the first/ground floor
level are placed rather unevenly whilst, on the next level, they are, or could be,
distributed evenly along the floor contour sides. This fact together with the multiple
infill wall layout render the first floor stiffer and, hence, introduce irregularity into the
vertical stiffness distribution.

Analysis of Low-Amplitude Data

Figure 2a shows typical particle velocity motions measured on the roof and in the
basement with their corresponding Fourier amplitude spectra under ambient excitation
(Figure 2b). The spectral amplitude graphs do not exhibit distinct peaks. Apparently
the low-intensity wind excitation does not put the building into resonant motion (the
energy from this type of ambient excitation is concentrated in the low frequency
range). We could, however, detect the characteristics of the motion by using the
spectral ratio between simultaneous measurements made on the roof and in the
basement. The spectral ratio (Figure 2c) shows enhanced levels in the frequency ranges
of 0.6-3.0 Hz and 8-10 Hz. The first band corresponds to the horizontally "pushing"
wind, while the second band corresponds to the fundamental mode of the building.
During measurements, the building was exposed to some forced excitation (machine
ignition or other sources). We have not identified this source, but it could be used to
determine the building responses as shown in Figure 3a for both NS and EW
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directions. The spectra of these records are shown in Figure 3b. The highest spectral
amplitude at the basement is observed within the frequency range of 6-12 Hz, whereas,
on the roof, the dominant peak spectral amplitudes were consistently observed at
frequency 8.4 Hz (NS direction) and 9.7 Hz (EW direction). Figure 3c displays the
transfer function of the building inferred from the spectral ratio of the roof vibrations
with respect to those at the basement. Hence, the dominant frequencies in NS and EW
directions were detected 8.4 Hz and 9.9 Hz, respectively.
The Fourier spectra and the respective transfer functions of the building from the
unidentified forced excitations are shown in Figure 4. Two distinct peaks at 8.4 Hz (for
the NS direction) and at 9.5 Hz (for the EW direction) can also be identified. These
frequencies are interpreted as the fundamental modes along both horizontal axes of the
building. At this point, it should be emphasized that similar frequencies were
concluded from different groups of records obtained at different times. Figure 5
illustrates NS components velocity seismograms of first earthquake which occurred in
the Gulf of Eilat and was recorded on the roof and in the basement. The figure also
shows the Fourier spectra and the estimated transfer functions of the building obtained
from this event. The dominant feature of the roof spectra is high amplitudes in the
frequency range about 6-10 Hz, whereas for the basement, a relative "bump" in the
frequency range 2 to 5 Hz is evident. However, the transfer functions (spectral ratio
"roofto basement") clearly exhibit peaks at 8.4 and 9.9 Hz. These peaks are associated
with translational modes for NS and EW directions, respectively. For comparison,
Figure 6 shows the estimated transfer functions using the earthquake excitation and
unknown forced excitation. Note that the transitional modes for both excitations have
the same frequencies and shape. Significant differences are observed in the frequency
range 0.6-2 Hz; however, these do not affect accurate determination of the dynamic
characteristics. We suggest that the observed differences are the result of the low
signal-to-noise ratio of the measured unknown forced excitation and the noise
contaminated the signals.
The consistency of the transfer/frequency response function that could be assessed from
the base-roof records from both weak ground motions is checked by cross-wise
convolution expressed in the following relations :
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H (f) - st-(f) H (f) - s~(f)
1 - S~(f)' 2 - S~(f)

u (1)

~tot( (f) = H 2(f) .A1- (f), A~(f) = HI(f) .A~(f)

where s;aselroo/ - power spectral density of the base, respectively the roof; A;base lroo/_

Fourier amplitude spectra of the base, respectively the roof; Hi(f) - frequency

response function , derived from each of both earthquakes; A\tot( estimated roof

amplitude spectrum, using H2(j); A~ - estimated roof amplitude spectrum, using

HI(j), ;=1,2.
Both estimated roof amplitude spectra are then inversely transformed into the time
domain and compared with their recorded counterparts as shown on Figures 7 and 8.
The results are quite encouraging with a slight advantage to the transfer function
derived from the first earthquake deconvolution. This conclusion is also confirmed by
the calculated cumulative energy indexes of the original and estimated signals and
depicted as Husid graphs in Figure 9.
The consistency of the frequency response function derived independently from each of
the recorded earthquakes is further checked through the coherency function:

r;= I Sbrj (f) 1

2

(2)
Sb&,(f)·S"i(f)

with Sbr. - base-roof cross-spectral density functions; Sbb - input/base(b);power
, I

spectral density; S" - output/roof(r) power spectral density, ;=1,2.
J

From Figure 10 it is evident that the measurements are reasonably reliable with a fair
amount of small noise effect. The deconvoluted transfer function could, thus, be
utilised in further estimation of the building response.
In addition, the damping ratio , ~, of this building, is estimated using the so-called

dynamic amplification factor D [3] evaluated at resonance

1
.;=2D (3)

The damping at the fundamental mode is 6% and 7% for NS and EW directions,
respectively.

Building Response to Strong Motion

Having verified the consistency and accuracy of the derived frequency response
function, we then proceeded with the estimation of the building response under other
recorded ground motions. We selected the Eilat/Aqaba Gulf earthquake as the
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strongest ground motion ever recorded in Israel. The procedure is a straightforward
convolution in frequency domain and successive inversion in the time domain. The
time history of the estimated roof response along both building axes is given in
Figure II. The peak acceleration values show that the structure would have been
slightly to moderately excited by this earthquake.

IDC-413 Seismic Design Forces

Bearing in mind the sparsity of information about the structural resistance elements ,
the only analysis that might be performed is the equivalent static analysis. According
to the code description, the building is regular in both plane and height. The lateral
loads in IDC-413 are specified in terms of the base shear, defined according to:

FH =Cj~GI'
I

where Cd is the design seismic coefficient and G; is the effective dead load of the i-th
floor.
The design seismic coefficient is in turn given by the expression

C _ R. ·J·Z
j - K '

S
in which Ra - the site coefficient, specified by R = 1.25 ._-, S - spectral

• T Z13

magnification factor depending on the local soil conditions, T.- fundamental vibration

period of the structure determined by T = 0.049· H lI
< , H - overall building height,

I - building importance/significance factor, Z - seismic zone factor, taken from the
seismic zone map, K - factor accounting for the provided ductility level.
For the current case and specific conditions, the parameters take the following values:
RII =2.75, S= 1.2, J= I ,Z= 2, K= 3.5, H= 2 h, h =3.00, G1 =vG, G1 =G.
Here, because information is scarce, the floor dead loads are taken implicitly via their

. G)
ratio - u =-.

Gz

After a sequence of straightforward algebraic operations and assuming the first mode
ordinates to be proportional to the floor mass elevations, the following expression is
obtained for the normalised roof acceleration

a z 2(u+ I) O.25u + I RJZ .
g=--;;+2. O.5u+1 .~ ' (6)

Figure 12 shows the normalised root acceleration as a function of the floor dead loads
ratio factor - u for different ductility levels. As may be observed the roof acceleration
values derived in accordance with the design code prescription (equivalent static
analysis), are much greater (even for high ductility) than the peak values derived
through standard convolution operations (Figure II). Such a relationship between the
values obtained by the two methods suggests linear building response which is
confirmed by the inspection carried out shortly after the considered event.
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Conclusions

Our major conclusions are as follows:

1. AS the low-intensity ambient excitations do not put the building into resonance
motion the ambient vibration data were not used.

2. . The use of relatively simple spectral analysis techniques of low amplitude seismic
motions facilitates determination of the significant dynamic characteristics of the
analysed building. The fundamental transitional modal frequencies, for the building
for either orthogonal axis, are 8.5-10 Hz. The damping percentages are 6-7%.

3. The fundamental frequency of a reinforced concrete structure calculated according
to the Israeli Design Code predicts natural frequency of approximately 5 Hz for two
storey buildings. The difference between the calculated and the observed natural
frequency is more critical regarding estimation of structure vulnerability to seismic
loads, particularly for Eilat.

4. According to the results of the comparative analysis the examined building should
has behaved linearly, which is indeed the conclusion reached after it was visually
screened after the selected event.

5. Dynamic characteristics of low-rise buildings obtained from seismic measurements,
combined with knowledge for the dominant site frequency, form the basis for
seismic risk zonation and earthquake scenarios for the Eilat urban area.
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Figure 2: (a) Response of the building under ambient excitation; (b) the
corresponding Fourier spectra obtained on the roof and in the
basement; (C) spectral ratio (roof over basement).
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1. Abstract

A number of strong earthquakes have taken place in last several years, and they were
characterized by suddenly high peak values of accelerations (0.4-2 .0 g). The existing
position of structural engineers and scientists at the usage of so-called design
accelerations is based on rather formal connection between acceleration and seismic
intensity . So, according to Mercalli seismic scale (MMI), the design acceleration, which
corresponds to earthquake intensity 9 degrees, has changed 5 times (from 0.1 to 0.5g)
over the last 40 years. From the other side during high accelerations (2.0g, Nortridge,
1995 etc.) the intensity has reached even above-mentioned intensity of 9. At the same
time a buildings designed at the intensity of 7 (e.g. 0.1g), very often can endure the
seismic intensity of 9 degrees (O.4g, Sakhalin , 1995).

The existing factors of seism ic hazard are correlated badly with instrumental
characteristics of earthquakes. All above-mentioned sets the problem for selection of
parameter. which is directly connected with destructive seismic effect.

Based at this and other views, the paper shows necessity of such type of equipment
(strong motion instrumentation) which will give opportunity to test the reaction of
buildings at seismic effect accurately, based on direct energy parameters or more closely
on parameter which characterizes seismic effect (acceleration, velocity etc .),

In the regions with low seismic intensity (Georgia), which means the country where
the return period of strong earthquakes is rather long, it should be used the equipment
(strong motion instrumentation) which would have widen working characteristics, in
order to accept the weak signals .

The paper contains economical aspects of planning of urban areas, based on hazard
mitigation and vulnerability of buildings and structures in the case of their provision by
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corresponding strong motion instrumentation. The following part contains
considerations about the creation of monitoring instrumental systems in buildings and at
major structures of urban areas of Georgia.

2. Introduction

The obtaining the high qual ity field records is in direct connection with quality and
regularity of receiving and recording type of equipment. The equipment traditionally
used in former USSR, is very well known (SSRZ etc.). The majority of the CIS countries
spec ialists, in their researches over the last few years , have used foreign equipment. The
well-known Kinemetrics Inc. (Pasadena, California) has made significant contributions
to the development of world instrumental networks , and offers variety of systems,
differing by their function and characteristics: Accelerograph of the strong motions
"Etna" (3 channels, 18 bits , volume range 108 Db) etc. Also it should be noted Swiss
accelerograph of strong motions "SMACH" which has been used successfully during
Spitak (Armenia, 1988) and Racha (Georgia, 1991) earthquakes. During establishment
of ARRAY SMART-I (Taiwan, 1982-1987) and during Chernogorya (Yugoslavia,
1979), it were used "SMA-I" and "SMA-2" accelerographs. The result of different
indicators analyses of the ground motion, which we obtained after elaboration of
instrumental recordings of strong earthquakes, have shown the high reliabil ity of the
mentioned-above equipment.

The hardware in former USSR was not so lacked as few years before. But at the
same time the known examples of modem seismographs in USSR traditionally lacked to
the foreign analogues even from the external point of view (exterior, overall dimensions,
weight etc.) and require a radical restructuring.

It should be noticed, that Sov iet equ ipment , used in researches (for example in
seismic microzonation), often hasn't corresponded to the purposes to which it was
designed. Examples: big weight, necess ity of manual or semi-automatic way of
convention of received data for calculation of oscillation spectrum, irregularity of the
technical parameters, causing the necessity of complex works for calibration of
equipment (Fig. I).

Nevertheless, the set problems, were generally solved at sufficiently high level. The
characteristics of seismic microzonation methodology, based on confrontation of the
same-type parameters of soil movement gives opportunity to bypass many difficulties
and receive outcomes authentic enough.
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Figure I. Calibration of instrumentation on a vibration table

3. Instrumental observations at strong earthquakes

The resultant ground motion is divided by energy potential formally into two groups :
weak motion from remote or weak earthquake and strong motion from close or strong
earthquake. During the elaboration of seismic hazard they generally operate by
parameters of the strong ground motion [13]. Therefore in absence of strong earthquakes
it is necessary to obtain records in the near-field region of earthquake [5, 6], because
acceleration peaks damping as strong as we move from epicenter [10, II] .

In early researches they traditionally consider that the applicat ion of accelerations, is
the best way to characterize the earthquake hazard. Earthquake engineers and specialists
preferred especially these applications, because it gives them the possibility to obtain the
seismic forces. Generally they used horizontal values of acceleration, although the
vertical acceleration can reach significant values. The high values of vertical
accelerations (1.3-1.4 g) were registered in 1976 (f. USSR). There was only one such
high horizontal acceleration registered before - 1.15-1.25g (USA, 1971). Concerning the
relationship of peak accelerations variations range with destructive potential, we can
consider the following example .

At Mexico earthquake (1985) with M=8.1 the maximal value of acceleration reached
0.17g, besides in that region a big number of buildings were damaged and thousands of
people died. The earthquake at northeast of Ohio State (USA), four months later, has
made only mild damages (ceilings , window-glasses) . The ground motion recorded at
NPS in town Perri (17 km from epicenter) has reached 0.18g. But there were no
damages and even no sensations of the event. The recordings in Mexico-city were got by
long-period motion, which was continuing for two minutes, in Perri- by short-period
motion for only one second [19,20].

Deriving from this , as a destructive potential we can use the value of ground motion
duration [15] the increasing of which, during equal accelerations, depends upon peak
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ground accelerations. So, the displacement and velocity of particles in soft soils are
greater than ones in rock soils, but the accelerations in both coincide. The destructive
potential of earthquake isn't very reliable at different levels [11]. So, during acceleration
ofOA4g only weak damages were observed. [8, 18,21].

During Neftegorsk earthquake (Russia, 1995) in Sakhalin, over the 2/3 of the
population in little town, who lived in the buildings constructed without seismic
protection measures, died. At the same time, buildings constructed according these
measures and designed at the earthquake intensity of 7 degree (0.1g) endured the
earthquake with the degree of 9-10 (OAg). This fact delights the formality of usage the
peak accelerations as characteristic of seismic effect, and also showed the high potential
of seismic protection measures, and at last the high quality of code buildings in former
USSR.

It was increased the number of oscillation velocity usage in calculations over the last
year, because their application gives opportunity to estimate directly the kinetic energy
absorbed by the considered object. It is completely not clear, which acceleration is the
borderline between weak and strong motions. If we judge from above mentioned MM
scale, we can see that value of peak accelerations increased at least five times and
reached respectively degree of 7-8 (0.1-0.5g). at the same time the registrations of
accelerations, which exceed the gravity force, show the infinity and illegality of the
application of this parameter in seismic constructions at the first sight. It should be noted
that although peak values of acceleration play the important role in seismic
constructions, the application of only some effective value is more suitable for this case.
For instance for Pakoma segment, the effective acceleration was determined at 0.75g.

Based at theoretical researches of Ambraseys, it was shown possibility of earthquake
with 2.0g. Generally, the engineers during examinations of epicentral zone of strong
earthquake, have concluded that there should be a strong acceleration. Before
appearance of first recordings of strong motion, the corresponding accelerations was
calculated using displacements of some objects etc [1].

The calculations of Ambraseys were confirmed 20 years later. In Iran (1990), they
registered the peak accelerations of 0.5g and the epicenter accelerations of 0.7g [17].
During Hokaido earthquake (Japan, 1993) the acceleration reached OA-0.9g, with
earthquake magnitude M=7.8, and during aftershocks of the same earthquakes (M=6A)
the acceleration reached 1.6g. It is necessary to mark, that the second horizontal part
showed the four times less acceleration- OAg (Kudo, 1995). It gave the reason to doubt
about the verity of the registrations. The registration of acceleration during Nortridge
earthquake (1994) with value of 1.8g, finally approved the conclusion about absence of
sharp outer border of acceleration scale [9]. At the same time, the experience showed,
that it is impossible to determine the seismic coercion force at certain point by one
constant value of acceleration, depended upon magnitude and epicentral interval, during
estimation of seismic danger. It should be noted that damage of buildings were very
minor at the segment, where was registered the high value of acceleration 1.6g [16].
Author explains this phenomena by unlinearity of soil motion.

In the case of earthquake of given magnitude and distance, the distribution of
acceleration is held under normal logarithmic law. The vacillation of accelerations
strongly influences the probability of exceeding the given threshold by forecasted
acceleration (Bender, 1984). From the engineer point of view, the frequency
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characteristics of soil vibrations of building bases and buildings itself, are very
interesting. As it was mentioned above, many specialists consider velocity as more
reliable parameter of damage. Unfortunately non-of the parameters has become such
indicator (even velocity). The different measuring based on combination of parameters
characterized by variable success [2].

The analysis of 250 recordings established that the best correlation between
beginnings of damage and soil movement can be processed with the help of Arias
intensity [4]. But it should be noticed that coincidence of results is very seldom
achievement. In such conditions , the practical and scientific interest presents the usage
of early accepted into seismic microzonation experience parameter, which directly
related with amplitude, frequency, and duration of oscillations . Under this parameter we
can count the area of sub-spectral segment of the area of "real" spectrum [24] of strong
earthquakes .
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Figure 2. Rachaearthquake (Georgia, 29.04.1991): a) general viewanddamages after mainshock
of hostel building of technical trainingcollege in Arnbrolauri; b) collapse of middle partofa
building afteran after-shock (3.05.1991)
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Among the misunderstandings of seismicity and models of seismic risk, the major
role play the estimations of magnitude and intensity that aren't following the same
distributions. Deriving from this, the distribution of acceleration peaks can not be
equally distributed neither in near-field zone, because of independence from magnitude,
nor in distant zone, because of infinite distributions of magnitudes themselves. In other
words the usage of acceleration peaks, as index of damaging is not quite sufficient
(7,12,14].

In other words, usage of peak ground accelerations, as a parameter of damage is not
sufficient. Their usage should be grounded also on full information picture of statistical
correlation. In such sense instead of peaks of accelerations, probably, it is much more
expedient to use not an efficient value of acceleration (Newmark), being attempt to
cobble damaged building of aged representations, but a quantitative expression of a
spectrum. Then the allocation of more "thin" parameters of reaction of a ground strata or
system will have other, quite practical output.

The positive experience of international scientific cooperation, received at the Spitak
earthquake (Armenia, 1988), has facilitated arrival of international epicentral expedition
to Georgia after the main shock of the Racha earthquake, organizing a network of digital
Swiss recording accelerometers SMACH on May 2, 1991 and recorded the following
day an earthquake of M = 5.3 with peak ground acceleration - 0.53g . The network
included 5 digital tree-component autonomous recording accelerometers established in
different sites of this region [3]. The operational frequency of instrumentation was 0.3
30 Hz.

It is known , that the damage of a building, structure and any physical system is
anticipated by absorption of seismic energy. After excess of capabilities of absorption of
a structure, local damages occur, which one augment absorption etc.

The analysis of instrumentation recordings of a number of strong earthquakes by the
help of the multifactor regression analysis for a near-field region of earthquakes
(Armenia, 1988; Georgia, 1991) has allowed to receive expression for a parameter of
absorption of seismic energy by a soil massif[24] :

a <=:::0.82%

where: fee- an average weighted oscillation frequency of a soil ;

_L fA .
L; - L Ai '

t - duration of ground vibration; M - magnitude of earthquake.

(1)

(2)

Thus, the absorption of seismic energy in soft soils is directly proportional to
average-weighted frequency and duration of vibrations and in inverse proportion to a
magnitude of earthquake. Last circumstance is well known from the data of engineering
macroseismic examination of territories, subjected to destructive earthquakes and
according instrumentation data.
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In rocky soils ratio [24] the relationship is:

(3)

where: a - ground acceleration; r - epicentral distance .

Thus in rocky soils the absorption is directly proportional to acceleration and does
not depend obviously on a magnitude.

This circumstance apparently is the cause of poor comprehension of connection of
acceleration with the intensity of earthquake. Confrontation of the indicated outcomes
to the data, obtained on instrumentation recordings of ARRAY SMART 1 (Taiwan) and
other earthquakes has shown good conformity [22]. It is necessary to continue
researches in this direction. Necessity of analysis of databases of digital records of
ground strong motion follows from above-mentioned. In this connection serious
attention should be given to more full information output of records of strong motions .
Still there are complexities of data retrieval from international centers especially for the
users from CIS countries. At the same time not all data cam be registered now with the
help of available strong motion instrumentation. In particular, for allocation of
nonlinearity a condition of underground systems [21] sometimes is used.

In conditions of regions with not high seismicity (for example, Georgia) i.e. in
country, where the repeatability of strong earthquakes is rather low, usage of such
equipment (strong motion instrumentation) is desirable, which have amplitude
frequency characteristic, enhanced in the party of reception of slight signals . It will
allow to store the seismological data in absence of strong earthquakes, to investigate a
different kind of features of a region, to control activity of stations etc.

The planning of urban territories represents an attempt of a linkage of the different
parties of activity of the population in conditions of space, saturated with buildings,
structures, environmental control systems and equipment of a definite functional
orientation . One of the parties of human activity is the noticeable change of
environment, geologic and hydro-geological conditions of a habitation (cut of declines ,
moving of soils, waterlogging etc.) . Thus, population of urban territories considerably
changes its seismic hazard. Thus, the adequate estimation of a vulnerability of buildings
and structures to seismic effect is in close connection with equipment them with strong
motion instrumentation. Now vulnerability of buildings and structures (equipment,
environmental control system etc.) estimates enough by reference level of effect
characterized also by a conditional oscillation frequency . The indicated parameters are
elected on the basis of a restricted statistical sequence of data of tests on other buildings
or structures (even of the same type) . In conditions of Georgia (and CIS countries) with
the definite technical equipment of building industry and culture of building, such
approach is extremely unsafe, dispersion of dynamic parameters of structures is rather
high, specially in conditions of intensive loads. In other words, there is a concreteness
and accuracy of researches. Many of indicated problems are removed automatically at
the analysis of predictable motion of buildings or structures on the basis of the
instrumental data of observations.
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The participation (1969-1981) of one of the authors [23] in activities on organization
and subsequent exploitation of engineering seismometric stations, arranged in habitation
and public buildings, and also installation of similar temporary stations in epicentral
zone of strong and destructive earthquakes demonstrates, that the equipment of a
building with strong motion instrumentation allows to forecast behavior of buildings and
structures 'enough confidently in conditions of varied seismic effect. A data analysis of
vibrations of buildings and structures at strong ground motion (Chernogory, 1976;
Dmanisi, 1978; Gavazi, 1981; Spitak, 1988; Racha, 1991 and etc.) demonstrates, that
buildings and structures notably change indicated technical parameters, that can serve
for a reliable parameter (index) of their amortization and accordingly of augmentation
of their vulnerability. It is known, that the real objects are characterized by capacity of
accumulation of damages. The effect, due by weak earthquakes, is not taken into
account, as a rule, by engineers. At the same time, it is known, that the integral effect of
several weak earthquakes can correspond to effect of one strong earthquake.

The seller's high cost of instrumentation also hampers the development of researches.
The efforts are indispensable on a broad intrusion of new engineering solutions with the
purpose of cost reduction of strong motion instrumentation and its availability for the
users from less developed countries. It is necessary to raise the level of advertising of the
equipment and necessity of its acquisition for government officials, businessmen,
scientists etc. This will allow to provide more efficiently distribution of state financing.

The instrumentation will really allow to estimate changes of parameters of buildings
and structures under seismic effects and to estimate seismic risk of residing or activity in
the indicated objects. Thus, installation of instrumentation in definite quantity of modern
standard buildings (for example , in one per urban quarter) and in responsible structures
(hydroelectric power station Inguri, chemical plant in Rustavi etc.) is recommended.
The collocation of data of observations will allow to determine a vulnerability of
buildings, the seismic risk and will serve as the reliable basis for their cost equivalent in
the market of the real estate, and also in insurance policy. The indicated data can be
utilized together with capabilities of GIS technology permitting visually demonstrate
technical state of building. On the other hand, the exploratory capabilities of the
indicated technologies are not used completely. In particular, they can be directly
utilized for the characteristic of features of urban territory. The availability of a set of
different records of strong motion will allow to make reliable extrapolation of the data
and to model a combination of definite seismic effects with anticipated reacting of
building. In other words, a possibility occurs of creation of the real scenarios of
earthquakes. As a rule, such scenarios are not enough accurate, and the losses of the
population estimated by different algorithms, for example, vary within limits of 1-30
and more percents. Last circumstance is due by not very reliable initial information and,
apparently, by absence of the data of strong motion instrumentation. Installation of
strong motion instrumentation in urban territories will allow to lower anticipated
economical damage and will facilitate to urban authorities to accept the adequate
solutions to decrease seismic risk.
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4. Conclusions

1. The efforts are indispensable on a broad intrusion of new engineering solutions
with the purpose of cost reduction of strong motion instrumentation and availability for
the users from less developed countries. It is necessary to raise the level of advertisingof
the equipment and necessity of its acquisition for government officials, businessmen
scientists etc.

2. Introducing of new parameters of absorption of seismic energy in soils will allow
to design buildings and structures on energy based methodology, determining a degree
of energy dissipation in corresponding elements of construction. Standardization of
seismic effect provides an increasing of statistical series on the basis of valuable usage
of databases of digital records of strong earthquakes.

3. It is represented expedient to organize in Georgia installation of strong motion
instrumentation on standard buildings of modem construction and on responsible
structures, and also directly on soils. The equipment of objects in Georgia with standard
instrumentation will allow to include country into civilized scientific space, to raise
considerably the status of routine seismological observations and to bring doubtless
economiceffect.

4. The data retrieval with strong motion instrumentation will allow to create the own
databases and to exchange with large international Centers. The participation in the
international projects will allow to use more essentially capabilities of scientific
potential of Georgia.
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