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FOREWORD
The Joint NCREE/JRC Workshop on “INTERNATIONAL COLLABORATION ON EARTHQUAKE
DISASTER MITIGATION RESEARCH (Methodologies, Facilities, Projects and Networking)” to be
held from November 17th to 20th, 2003 in Taipei, Taiwan is organized in the framework of the
bilateral Collaboration Agreement on “Methodologies, Technologies and Tools for Seismic
Protection” between the National Center for Research on Earthquake Engineering (NCREE) and the
Joint Research Centre (JRC). Moreover, Earthquake Disaster Mitigation Research is one of the key
areas in which it has been decided to establish Scientific and Technological Cooperation after the
Consultation between EC and Taiwan through the Official Representative of Taiwan in Brussels.
Collaboration on Earthquake Disaster Mitigation Research is progressively taking place at
international level. NCREE has been an observer in the European Thematic Network on Structural
Assessment, Monitoring and Control (SAMCO) in which a division for promoting the international
collaboration is structured. This workshop will be the first relevant contribution to this international
chapter of SAMCO. In addition, both JRC and the US Network for Earthquake Engineering
Simulation (NEES) sponsored by NSF are partners of a proposal for networked research entitled
“Facilities for Earthquake Disaster Mitigation Research” launched by National Institute for Earth
Science and Disaster Prevention (NIED) in Japan. The workshop should thus contribute to the success
of a tri-lateral initiative by facilitating closer ties among all the partners.
The Joint NCREE/JRC Workshop will provide an excellent opportunity for discussing the state of the
existing international collaboration on Earthquake Disaster Mitigation Research by allowing exchange
of research ideas on structural assessment methodologies, experimental facilities, ongoing projects
and existing / future networked research. The workshop should further contribute to enhancing
international collaboration between key institutions to share knowledge, methodologies, tools and
results of past and future research. International collaboration can be installed through networking,
joint participation to international projects and contribution to national projects of common interest.
The present proceedings collect the papers to be presented in the Joint NCREE/JRC Workshop. The
technical program consists of two days of oral presentation on the following topics: methodologies for
vulnerability assessment, facilities for earthquake disaster prevention research, international projects,
international networks and perspectives. A poster session has also been organized to introduce a wide
range of researches conducted in NCREE. In addition, a final discussion session is organized in order
to exchange ideas on how to effectively organize and further develop the international collaboration
on Earthquake Disaster Mitigation Research.
The organizers of the workshop would like to thank all participants for their dedicated effort and
support. The workshop was made possible thanks to the financial support of the National Science
Council of Taiwan through NCREE. To this, all participants of the workshop express their sincere
thanks and appreciation.
Workshop Co-Chairs
Chin-Hsiung Loh
Keh-Chyuan Tsai
Vito Renda
November 2003
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THE U.S. GEORGE E. BROWN, JR. NETWORK FOR
EARTHQUAKE ENGINEERING SIMULATION (NEES)
Joy M. Pauschke, Ph.D., P.E.
Division of Civil and Mechanical Systems
National Science Foundation, Arlington, VA USA
jpauschk@nsf.gov

Abstract
The U.S. George E. Brown, Jr. Network for Earthquake Engineering Simulation (NEES) will be a
shared national network of 15 earthquake engineering experimental equipment sites, a centralized data
repository, an archive of earthquake engineering simulation software, and collaborative and
visualization tools, all linked together by ultra-high-speed Internet connections and protocols. The
NEES infrastructure will complete construction by September 30, 2004. NEES will be operated from
October 1, 2004, through September 30, 2014, by the nonprofit NEES Consortium, Inc. The NEES
Consortium will provide the national leadership and focal point for NEES through operation of the
NEES infrastructure; maintenance of the data and simulation tools repositories; coordination of
research scheduling at the equipment sites; training, education, and outreach activities; and ties with
U.S. and international partners. NEES unique experimental and cyberinfrastructure capabilities will
facilitate a variety of innovative experimental research approaches, which, in turn, will lead to a better
understanding of how civil and mechanical infrastructure responds during an earthquake.
BACKGROUND ON NEES
As a result of over a decade of planning by the U.S. earthquake engineering research community, the
National Science Foundation (NSF) Directorate for Engineering initiated in fiscal year (FY) 2000 the
five-year construction period for the George E. Brown, Jr. Network for Earthquake Engineering
Simulation (NEES) to significantly improve our understanding of earthquakes and their effects. (Note:
The U.S. federal government fiscal year begins on October 1 of the previous year; e.g., FY 2000
started on October 1, 1999.) The $81.8 million NEES project was named in honor of the late George
E. Brown, Jr., former chairman of the House Science Committee and a champion of engineering and
science in Congress for more than 30 years. Representative Brown authored the legislation creating
the interagency National Earthquake Hazards Reduction Program in 1977, which, in turn, led to the
creation of NEES.
NEES will network 15 geographically-distributed, shared use experimental earthquake engineering
research equipment sites, with teleobservation and teleoperation capabilities, with a community
curated data repository, collaboration and visualization tools, and unprecedented access to leading
edge compute resources and open source simulation tools. As such, NEES will transform the
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environment for earthquake engineering research and education through collaborative and integrated
experimentation, computation, theory, databases, and model-based simulation across the NEES
network to develop new fundamental knowledge in earthquake engineering, seismic design
methodologies, mitigation technologies, and computational tools. Ultimately, the goal of NEES is to
reduce earthquake losses in the U.S. through improved seismic design and performance of civil and
mechanical infrastructure systems made possible through discoveries and new technologies enabled
by NEES. A NEES web presence will facilitate remote participation in experiments by faculty and
students at institutions that do not have experimental facilities of their own. A portion of the web
presence will also provide educational information and outreach to the public. Figure 1 shows the
concept for the U.S. NEES Program and the shared NEES infrastructure to be operated by the NEES
Consortium.

National Science Foundation
Partnerships
Partnerships
Division of Civil and Mechanical Systems
George E. Brown, Jr. Network for Earthquake Engineering Simulation
(NEES)

Partnerships

Coordination

NEES Consortium, Inc.

NSF NEES Research Program
(NSF 03-589)

Executive Director
15 Equipment Sites
Geotechnical Centrifuges

Partnerships

Grand Challenge

NEESgrid Cyberinfrastructure

Small Group

Education, Outreach, & Training

Collaborative Tools (CHEF)

Undergraduate

Field Testing Equipment

Curated Data Repository

Graduate

Instrumented Field Sites

Distributed Experimentation

K - 12

Large/Full Scale Laboratories

Simulation Tools

Practitioners

Shake Tables

Telepresence

General Public

Tsunami Wave Basin

Access to Compute Resources

Individual Investigator

Grid Services
Support Services

Figure 1. Concept for the U.S. NEES Program
The NEES infrastructure is being constructed during FY 2000 – FY 2004 through 18 awards
(cooperative agreements) to 16 university and nonprofit organizations. Table 1 lists all the NEES
construction awards. These awards are the outcomes of four competitive NSF program solicitations.
The NEES Consortium, the 15 NEES equipment sites, and the NEESgrid cyberinfrastructure are
discussed below.
NEES CONSORTIUM, INC.
The NEES infrastructure (15 equipment sites, NEESgrid cyberinfrastructure, and education, outreach
and training activities) will be operated from October 1, 2004, through September 30, 2014, by the
NEES Consortium, Inc. The NEES Consortium was formally incorporated as a public benefit,
nonprofit organization in January 2003. The Consortium will be the funding mechanism through
which NSF provides support for operation of the 15 NEES equipment sites and the NEESgrid
cyberinfrastructure. In its leadership role in the U.S. for NEES, the NEES Consortium will also
coordinate the scheduling of experimental research time at the equipment sites; facilitate research
planning by potential proposers to funding agencies; lead education, outreach, and training activities;
and develop connections with U.S. and international partners. A critical role of the Consortium is to
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develop and implement policies governing open access to and use of NEES research facilities and
data. The Consortium will also foster broad participation in NEES by all sectors of the earthquake
engineering community, including researchers, teachers, students, and practitioners. NSF envisions
that other major earthquake engineering equipment sites that bring unique experimental capabilities to
NEES, both within the U.S. and abroad, will participate in NEES. The Consortium of Universities
for Research in Earthquake Engineering (CUREE), under an NSF NEES construction award, led the
project to establish the NEES Consortium, Inc. The Civil Engineering Research Foundation (the
research arm of the American Society of Civil Engineers), the Earthquake Engineering Research
Institute (EERI), faculty members from academic institutions across the U.S., and practicing
engineers were partners in the Consortium’s development.
During FY 2005 – FY 2014, the NEES Consortium, Inc., will:
• Manage NEES resources, including shared use operations at the 15 NEES equipment sites and the
NEESgrid cyberinfrastructure.
• Establish policies and procedures for issues such as shared use access, user fees, and
reimbursement of operating costs for the NEES equipment sites, as well as data policies and
protocols for the curated data repository.
• Facilitate the integration of NEES resources to form a linked system of experimentation,
computation, theory, databases, and model-based simulation.
• Plan, conduct, and coordinate education, outreach, and training activities for the NEES equipment
sites and the earthquake engineering community.
• Develop relationships with other U.S. and international experimentation, computational, grid, and
visualization programs that can bring unique and complementary capabilities to NEES.
• Explore technological advances to enhance the capabilities of the NEES experimental facilities
and cyberinfrastructure.
• Interact with NSF and earthquake hazard reduction programs at other Federal agencies.
The Consortium is run by a Board of Directors. Those involved in the organization’s planning,
leadership, and management broadly represent the earthquake engineering community. During
calendar year 2004, the Consortium will ramp-up operations and hire an Executive Director who will
handle day-to-day operations. The Consortium has individual, institutional, and equipment site
members. In addition, the Consortium has six committees to develop and oversee policies and
procedures for the use of the NEES infrastructure and to facilitate its own organizational operations:
• Site Operations
• Information Technology
• Data Sharing and Data Archiving
• Education, Outreach, and Training
• Nominations
• Finance
Further information about the NEES Consortium, Inc., is available at http://www.nees.org/.
NEES SHARED EQUIPMENT SITES
With NSF support, as well as institutional and other agency contributions, 15 universities in the U.S.
are creating, expanding, or upgrading specialized experimental equipment sites to be used in
earthquake engineering research and education. These 15 NEES equipment sites, listed in Table 1,
include shake tables [one large uniaxial shake table with a high velocity input pulse, two relocatable
6DOF shake tables, and three relocatable 2DOF shake tables], reaction wall and strong floor
laboratories, facilities for testing soil-foundation-structure interaction, lifelines/pipeline testing facility,
geotechnical centrifuges that include biaxial shakers and robots for in-flight testing, a tsunami wave
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basin, mobile structural and geotechnical field testing equipment, and permanently instrumented field
sites in southern California. These facilities will overcome many of the past limitations on testing the
seismic performance of geomaterials, foundations, structures, nonstructural components, and systems.
Each equipment site will be available as a shared use equipment site for researchers, educators, and
practitioners around the U.S. These facilities may be used on-site or remotely through teleobservation
and teleoperation.
Table 1. Awards Made for NEES Construction during FY 2000 – FY 2004
NSF
Award
Number
0086612
0086624
0217293
0086555

Principal
Investigator

Awardee Institution

Bruneau,
Michel
Buckle, Ian

SUNY Buffalo

Restrepo,
Jose
Dobry,
Ricardo

0086566

Kutter, Bruce

0086571

Yim,
Solomon
Bruneau,
Michel
French,
Catherine
Moehle, Jack

0086611
0086602
0086621
0086592
0217366
0217393
0217325
0086605
0086596

Shing, P.
Benson
Stewart,
Harry
Ricles, James
Elnashai,
Amr
Stokoe II,
Kenneth

0217421

Wallace, John
W.
Youd, Leslie

0117853

Spencer, Bill

0126366

Reitherman,
Robert

Project Title

Versatile High Performance Shake Tables Facility
towards Real-Time Hybrid Seismic Testing
University of Nevada,
Development of a Biaxial Multiple Shake Table
Reno
Research Facility
University of California, Large High Performance (LHP) Outdoor Shake Table
San Diego
Rensselaer Polytechnic Upgrading, Development and Integration of Next
Institute
Generation Earthquake Engineering Experimental
Capability at Rensselaer's 100 g-ton Geotechnical
Centrifuge
University of California, A NEES Geotechnical Centrifuge Facility
Davis
Oregon State University Upgrading Oregon State's Multidirectional Wave Basin
for Remote Tsunami Research
SUNY Buffalo
Large-Scale High Performance Testing Facility towards
Real-Time Hybrid Seismic Testing
University of Minnesota A System for Multi-Axial Subassemblage Testing
(MAST)
University of California Reconfigurable Reaction Wall-Based Earthquake
at Berkeley
Simulator Facility
University of Colorado, Fast Hybrid Test Platform for the Seismic Performance
Boulder
Evaluation of Structural Systems
Cornell University
Large Displacement Soil-Structure Interaction Facility
for Lifeline Systems
Lehigh University
Real-Time Multi-Directional Testing Facility for
Seismic Performance Simulation of Large-Scale
Structural Systems
University of Illinois at Multi-Axial Full-Scale Sub-Structuring Testing and
Urbana-Champaign
Simulation Facility
The University of Texas Large-Scale Mobile Shakers and Associated
at Austin
Instrumentation for Dynamic Field Studies of
Geotechnical and Structural Systems
University of California, Field Testing and Monitoring of Structural Performance
Los Angeles
Brigham Young
Permanently Instrumented Field Sites for Study of SoilUniversity
Foundation-Structure Interaction
University of Illinois at NEESgrid: A Distributed Virtual Laboratory for
Urbana-Champaign
Advanced Earthquake Experimentation and Simulation
Consortium of
NEES Consortium Development Project
Universities for
Research in Earthquake
Engineering
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Several of the NEES equipment sites already have operational equipment (e.g., Oregon State
University; University of California, Los Angeles; University of Colorado, Boulder; University of
Nevada, Reno; University of Texas, Austin). The remaining sites will have operational equipment by
September 30, 2004. By September 30, 2004, a web-based searchable database will be available at
http://www.nees.org/ that provides detailed information about the equipment, sensors, and
instrumentation at each equipment site.
The NEES equipment sites, shown in Figures 2 – 6, bring new testing capabilities to U.S. researchers.
For example, various components representing parts of a large structural system might be tested in
different NEES laboratories through distributed experimentation and teleoperation control protocols.
Hybrid methods based on real-time dynamic testing are being developed at several NEES equipment
sites and could lead to more efficient ways of testing critical components. This approach entails
testing the seismic performance of a critical substructure component while simulating the response of
the rest of the structure by computer. As another example, soil and rock, in both natural deposits and
engineered fills, are the least investigated, most variable, and least controlled of all materials, but they
significantly affect the performance of the built environment during earthquakes. NEES field
equipment will enable researchers to advance our fundamental understanding of how natural and
engineered geologic materials; earth structures such as dams, levees, and retaining walls; and soilfoundation-structure systems respond to earthquakes.

Figure 2. NEES Equipment Sites (from upper left, clockwise): SUNY Buffalo - Dual Relocatable
6DOF Shake Tables; University of Nevada, Reno – Three Relocatable Biaxial Shake Tables; Oregon
State University - Tsunami Wave Basin; and University of California, San Diego - Large Uniaxial
High Performance Outdoor Shake Table.

15

Figure 3. NEES Equipment Sites (from left to right): University of California, Davis - Geotechnical
Centrifuge; Rensselaer Polytechnic Institute - Geotechnical Centrifuge.

Figure 4. NEES Equipment Sites (from upper left, clockwise): University of California, Berkeley Reconfigurable Reaction Wall; University of Minnesota - Multi-Axial Subassemblage Testing
Facility; University of Illinois at Urbana-Champaign - Multi-Axial Full-scale Sub-Structuring Testing
and Simulation Facility; and University of California, Boulder - Fast Hybrid Testing Platform.
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Figure 5. NEES Equipment Sites (from left to right): Lehigh University - Multi-directional Reaction
Wall Facility; Cornell University - Lifelines Testing Facility.

Figure 6. NEES Equipment Sites (from upper left, clockwise): Brigham Young University Permanently Instrumented Field Sites and Soil-Foundation-Structure Test Structure; University of
Texas at Austin - Geotechnical Fielding Testing Equipment; University of California, Los Angeles Structural Field Testing Equipment.
NEESGRID CYBERINFRASTRUCTURE
The NEESgrid cyberinfrastructure will link the 15 experimental equipment sites, experimental and
simulation data, and other shared tools. NEESgrid builds upon the existing U.S. Internet network,
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National Middleware Initiative (NMI) software (http://www.nsf-middleware.org/) and grid framework,
Globus toolkit, and the CompreHensive collaborativE Framework (CHEF) [CHEF is being developed
by the University of Michigan http://www.chefproject.org/index.htm]. The result will be a layered,
modular architecture, shown in Figure 7, which allows the NEESgrid system to be adapted during the
10-year operation of NEES to accommodate new applications, services, and experimental equipment.
When fully linked, these resources will form a seamless, integrated laboratory. NEESgrid is being
developed by the University of Illinois at Urbana-Champaign, in partnership with Argonne National
Laboratory, University of Michigan, University of Oklahoma, and University of Southern California.

Portal, Web and 3rd Party End User Interfaces
APIs, Tools and Libraries Supporting End User Interfaces
Collaboration
Services

Data & Information
Services

Telepresence
Services

Simulation &
Analysis Services

APIs Supporting Higher Level Information Services
Grid Resource Management Middleware

System Resources: Compute, Network, Data Storage, Testing Sites

Figure 7. NEESgrid Architecture
NEES is designed to promote the integration of physical testing with simulation and visualization.
NEESgrid will enable researchers to develop more comprehensive computational tools for modeling
the response of the built environment to earthquakes by providing Internet-based resources that
include the following:
• Telepresence technologies. Researchers, engineers, and students without direct access to
specialized equipment sites can remotely observe (teleobserve) and teleoperate experiments.
Through teleoperation control protocols under development, researchers will also be able to
conduct distributed experimentation across the NEES equipment sites.
• Centralized data. Experimental data and protocols, analytical results, models, and other
information will be stored in a curated central data repository. Standard formatting and
information exchange protocols will facilitate data integration and access. An e-Notebook format
will be available for capturing and archiving experimental information.
• Simulation tools and computing power. The software codes required for simulations of
earthquake-related problems, along with grid support, will be available to investigators through an
online library. Access to high-performance computing capabilities will speed the processing,
analysis, and sharing of data and results. The NEESgrid computational infrastructure plans to
incorporate the open-source, object-oriented software framework OpenSees (Open System for
Earthquake Engineering Simulation) currently being developed by the NSF-funded Pacific
Earthquake Engineering Research (PEER) center headed by the University of California,
Berkeley, and Matlab. More information about OpenSees is available at
http://opensees.berkeley.edu/.
• Collaboration and visualization tools. CHEF will enable students and researchers worldwide to
collaborate in designing and conducting experiments.
• Grid services. Services such as user authentication and authorization, security, and monitoring of
NEESgrid resources will enable users to conduct most network transactions and security checks
in a single sign-on.
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•

Support nodes. Help desks and online databases will offer tutorials and other information on
NEESgrid resources and how to employ them.

As NEESgrid capabilities are being developed, the software, APIs, and technical reports about
services and protocols are being released on the NEESgrid web site and workshops are being
scheduled for system administrators and users. NEESgrid software version 2.0 was released in
October 2003. Subsequent versions will be refined using experiment-based deployment at the 15
equipment sites. Version 2.1 is scheduled to be released in December 2003 and version 3.0 will be
released in June 2004.
Information about NEESgrid software capabilities and release dates,
NEESgrid project schedule and workshops, and technical reports is available at
http://www.neesgrid.org.
NEESgrid is incorporating existing simulation tools into its archive since NEES construction is not
funding the development of advanced simulation and visualization tools for earthquake engineering.
Instead, researchers are encouraged to pursue other sources of funding within and outside of NSF for
such development. NSF funded the NEES Consortium, Inc., in September 2003 to hold a community
workshop at the University of Kansas, Lawrence, on December 1-2, 2003, to develop long-term
concepts for an advanced computational simulation and visualization environment for NEES
(https://www.fastlane.nsf.gov/servlet/showaward?award=0337807).
NEW RESEARCH CAPABILITIES PROVIDED BY NEES
NEES will provide unique opportunities to pursue high-priority research, to demonstrate the validity
of design concepts and guidelines, to speed the transfer of research into seismic design guidelines and
specifications, and to develop well-informed preparedness and recovery strategies. To help guide
NEES research through the next decade, a panel organized by the National Research Council of the
National Academies has developed a long-term research agenda for the earthquake engineering
research community – Preventing Earthquake Disasters: The Grand Challenge in Earthquake
Engineering (A Research Agenda for the Network for Earthquake Engineering Simulation) (August
2003) available at http://www.eng.nsf.gov/nees. In addition, the EERI published a research plan in
2002 for earthquake engineering field entitled Securing Society Against Catastrophic Earthquake
Losses.
NEES research will provide the foundation for the development of new technologies in critical areas
such as
• High-performance materials used to strengthen buildings, bridges, soils, and critical lifelines;
• Performance-based engineering involving codes and decisions related to seismic risk, new design,
and retrofitting;
• Structural controls to protect buildings, bridges, and other structures;
• Monitoring tools and sensors to conduct rapid post-earthquake condition assessment of the built
environment;
• Advanced warning systems to protect coastal regions from earthquake-generated tsunamis;
• In situ site evaluation and remediation to improve and stabilize soil response during earthquakes;
• Improved techniques to protect critical lifelines such as above- and below-ground fuel, water, and
sewer pipelines and electrical, communication, and transit systems during earthquakes;
• Improved simulation tools for analyzing more complete and comprehensive models of seismic
performance; and
• Methods to improve decision making with regard to planning and evacuation, emergency
response, and post-earthquake recovery.
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NSF NEES RESEARCH PROGRAM
In August 2003, NSF initiated the first year of the planned ten-year competitive George E. Brown, Jr.
Network for Earthquake Engineering Simulation Research (NEESR) Program Solicitation
http://www.nsf.gov/pubsys/ods/getpub.cfm?nsf03589.
Research projects funded under this
solicitation must make use of one or more of the 15 NEES equipment sites operated by the NEES
Consortium. Research will be funded under this solicitation as follows:
• Individual Investigator (II) awards will be made to individuals and small research teams to
address a significant problem in earthquake engineering.
• Small Group (SG) awards will be made to cross-disciplinary, and preferably multiorganizational, teams of researchers to address a significant problem in earthquake engineering
requiring extensive use of the NEES equipment sites.
• Grand Challenge (GC) awards will support geographically distributed, cross-disciplinary, and
multi-organizational teams that take a comprehensive systems approach to address a significant
problem in earthquake engineering requiring extensive use of the NEES equipment sites.
The GC and SG NEESR projects offer a unique opportunity for researchers outside the project team
to utilize the project's test set-up to accommodate a considerably smaller experimental investigation of
a "payload" component, referred to as a "payload project." The payload concept is modeled after the
payload projects aboard the U.S. NASA space shuttle flights. A NEES payload component is not
necessarily part of the main structural, geotechnical, or infrastructure system, e.g., the payload may be
a mechanical, control, sensing, or nonstructural component that may detect or support operation of the
overall system, but is not part of the load carrying system. Payload projects also may concern the
load carrying structural system or its components. The GC or SG project's test set-up would provide
the vehicle for testing the payload component(s). GC and SG projects may identify and include
potential payload projects as part of the base proposal submission to this program solicitation.
Alternatively, after a GC or SG award is made, NSF may fund payload projects separately, either to
the project team or to researchers outside the project team, through the NSF Small Grants for
Exploratory Research (SGER) program.
For NSF-funded NEESR projects, access to and scheduling and announcing of experiments at the
NEES equipment sites will be coordinated by NEES Consortium, Inc. As it becomes available,
information about the use of NEES resources, i.e., the evolving policies on the shared use of the
NEES equipment sites, sharing of data, and the evolving formats for data, metadata, and E-Notebooks,
can be found at http://www.nees.org/ and http://www.neesgrid.org. Because these policies and
formats are currently being developed by NEES Consortium, Inc., and the NEESgrid system
integration project in conjunction with the earthquake engineering community, NSF expects
researchers funded under this program solicitation to comply with these policies and formats, when
established, for equipment facilities usage and documenting and sharing of NEESR experimental and
analytical results. An important component of all NSF NEESR funded research is that all
experimental data generated must be submitted electronically to the central NEES data repository.
Data includes all measurements, calibrations, observations, analyses, images, commentary, reports,
logs, notes and/or electronic notebook entries which relate directly to the conducted
experiments. Any data (as described above), which is recorded in hardcopy of any form, must be
losslessly transcribed/converted into an appropriate searchable format on to electronic media. In
addition, this information must be properly characterized with appropriate metadata descriptors and
then subsequently stored into one of the NEES accepted digital formats to facilitate archiving in
accordance with the data, metadata, and formats and policies established by the earthquake
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engineering community through NEES Consortium, Inc., and the NEESgrid system integration
project.
EDUCATION, OUTREACH, AND TRAINING
NEES provides national resources for developing, coordinating, and sharing new educational
programs and curricular materials to train the next generation of the earthquake engineering
workforce. The NEES infrastructure has been designed to make it easy for researchers to share their
expertise with educators and students, other scientists and engineers, professionals, and the public,
often while experiments are being conducted. NEES can also enrich lessons for K-12 students and
teachers by making them “virtual partners” in the process of experimental discovery and analysis.
Learning about earthquake engineering research will make students aware of the importance of such
research to society and may inspire some of them to become researchers and engineers. To facilitate
the use of NEES for integrating research and education, in September 2003 NSF funded the NEES
Consortium,
Inc.,
to
develop
an
educational
strategic
plan
for
NEES
(https://www.fastlane.nsf.gov/servlet/ showaward?award=0337808). This project will hold three
workshops during FY 2004 to develop an educational strategy. More information about the education
workshops will be available at http://www.nees.org.
PARTNERSHIPS
NEES will lead to a new era of collaboration in earthquake engineering research and education.
Teams of experts in the U.S. and around the world will have unprecedented opportunities to jointly
plan, conduct, and analyze the results of experiments and models. Easy access to NEES resources will
facilitate broad participation—both informally and through official partnerships—by many
communities of users, including researchers, educators and students, engineers, government agencies,
professional organizations, industry, and disaster preparedness and response teams. The NEES
Consortium, Inc., will facilitate the development of formal partnerships within the U.S. and
internationally to expand the capabilities of NEES.
TO LEARN MORE ABOUT NEES
NEES inaugurates a new generation of earthquake engineering research capabilities in the U.S. and
provides a pathway to engage broad participation in research and education by the earthquake
engineering community. Partnerships with international facilities and resources will complement and
expand the capabilities in the U.S. Ultimately, enhanced understanding of earthquakes and seismic
performance made possible by the use of the NEES infrastructure for research and education will lead
to innovative, cost-effective measures for better protecting the vast civil and mechanical infrastructure
of facilities and services on which we all depend.
Further information about NEES resources and opportunities is available as follows:
•
•
•
•

George E. Brown, Jr. Network for Earthquake Engineering Simulation
http://www.eng.nsf.gov/nees
NSF Directorate for Engineering, Division of Civil and Mechanical Systems
http://www.eng.nsf.gov/cms
NSF NEES Research Solicitation (NSF 03-589)
http://www.nsf.gov/pubsys/ods/getpub.cfm?nsf03589
NEES Consortium, Inc.
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•
•

http://www.nees.org/
NEESgrid Cyberinfrastructure System Integration
http://www.neesgrid.org/
NEES Equipment Sites
o Brigham Young University
http://nees.crustal.ucsb.edu/
o Cornell University
http://nees.cornell.edu/
o Lehigh University
http://nees.atlss.lehigh.edu/
o Oregon State University
http://nees.orst.edu/
o Rensselaer Polytechnic Institute
http://nees.rpi.edu/
o State University of New York, University at Buffalo
http://nees.buffalo.edu/
o University of California, Berkeley
http://nees.berkeley.edu/
o University of California, Davis
http://nees.ucdavis.edu/
o University of California, Los Angeles
http://www.cee.ucla.edu/nees
o University of California, San Diego
http://www.structures.ucsd.edu/NEES/
o University of Colorado, Boulder
http://ceae.colorado.edu/NEES
o University of Illinois, Urbana-Champaign
http://www.cee.uiuc.edu/research/nees
o University of Minnesota, Twin Cities
http://nees.umn.edu/
o University of Nevada, Reno
http://nees.unr.edu/
o University of Texas, Austin

http://nees.utexas.edu/
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ON COLLABORATION IN GEOLOGY, SEISMOLOGY AND
EARTHQUAKE ENGINEERING
FOR DISASTER MITIGATION IN PAN-PACIFIC AREA
- IN RELATION TO SEISMIC DESIGN CODE
Heki Shibata, Professor-Dr.
National Institute for Earth Science and Disaster Prevention, NIED,
Contact Address (home): 1-5-203, Sakurajosui 4
Setagaya, Tokyo 156-0045, JAPAN
Fax. 81/3-3303-2591

Abstract
This paper will deal with the necessity of collaborations of regional persons for the disaster mitigation
induced by seismic event and other hazards by earthquakes in the Pan-Pacific region. For this, we
need the collaborations of geologists, seismologists and earthquake engineers, not only in our region,
but also all over the world. Even though, the necessity of establishing regional code and standard is
also emphasized.
INTRODUCTION
There are two big issues for us, Pan-Pacific earthquake engineers. For the disaster-mitigation in a
particular area, we should study on the specific key issues in each local areas.
In Pan-Pacific area, two major types of earthquake mechanicsms are dominant, that is, the shallow
earthquake in crust and the large magnitude earthquake in the plate boundary. The vibration
characteristics, duration and other factors of ground motions of an earthquake, which has the effect on
local structures, are quite different point by point. So, to establish the good practice for the
protection and counter-measure of seismic disasters caused by failure of local structures and facilities,
we should study on geology and seismology as well as earthquake engineering.
Another key issues, how to overcome the difference of local structures for generalizing a local code or
standard. There are many traditional techniques to build structures as to meet their environment,
local climate, soil condition, available materials and so on. Also, it should be pointed out, that there
are modern structures, which are controlled by active, semi-active systems in city-areas, whose
seismic conditions are much serious compare to other seismo-techtonic areas.
The Design Basis Earthquake is a starting point for seismic design code to mitigate our seismic
disaster in general. Since Landers earthquake-1992, the empirical green function method has been
extremely developed by seismologists. By using this method for deciding DBE, the scenario of
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deciding asperities of active faults is one of key issues. To establish the good scenario, the
co-operation of geologists, seismologists and engineers is important. The author has been discussing
on subjective nature of scenario, and tries to become it more objective through such an activity.
The author will treat major topics by over looking such key issues for the collaboration of these three
fields. The Institute, NIED organized the 2003 Pan-Pacific Symposium for Earthquake Engineering
Collaboration last October, and to invite OECD/NEA Workshop “Seismic Input for Nuclear Power
Plant” in 2004 in this regard,. The author will try to list up the subjects of the sessions both for these
Symposium and Workshop.
Through these meetings, we should examine the possibility to establish our regional code and standard
based on the discussion about regionability of seismic input and local structures. And in the near
future, we are going to work together for our final target, establishing our regional code and
standard.
ASIA AND EUROPE
Both areas have long cultural histories, and they have densely populated areas. However, the feature
of towns and local structures are quite different. And the seismic hazards of both areas are different.
Even we ignore the difference of religions and customs in each area, features of seismic disasters
would be different. Of course, the difference of seismic disasters in Europe are very large area by
area. Back to the code, especially “Building Code” is rather uniform.
For industrial matter, countries in South-east Asia have been using British Standard, B.S. in general.
However their Building Codes are based on UBC except Japan. Recently, the proposal of European
Building Code has been drafted. The author doesn’t have enough knowledge of it, but he
understands it aims that the uniformity through European nations.
The recent modern structure, such as ultra-highrise building are enormous in Asiantypical cities. On
the other hand, there are various kinds of regional structures in Asia, and they are different from
European style buildings including most of them in Balkan Peninsula, where destructive earthquake
should be expected. Again, the author doesn’t know their details on materials in Asia, but he
imagines that most of structural materials have been prepared based on BS or ASTM and so on in
Asia.
In conclusion, most of areas in South Asia have been strongly influenced by European code and
standards and we need the original code for seismic design. Even through, in the industrial view
point, the collaboration between Asia and Europe is necessary.
LOCALITY
The author has had chances to most of these countries, but only once or twice. Therefore, he can say
that he doesn’t know well the locality of structures in these areas as well as environmental conditions.
Even though, he dares to list up these as follows:
i)

Major effects of various types of earthquake
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ii)
iii)
iv)
v)
vi)
vii)
viii)
ix)
x)
xi)

Soil conditions
Tsunami effect
Geological configuration
Population density
Type of local housing
Type of modern structures
Environment, climate and living
Configuration of urban area
Infra-structures in urban area
Lifeline system in areas, both urban and low density area, or different configuration of areas.

We have been discussing on the disaster prevention and mitigation of modernized, and
densely populated areas like large cities in Asia, U.S. and Europe. Those of some areas are not much
different from the situations where we have been discussing, but those of most of areas in South Asia
are different from we are discussing in some factors.
The author can’t refer to the details. Here only points out these factors related to keep seismic safety
in the region. Also, we should consider combined situations which we have been never considered in
the area like Japan, where established the standard countermeasure under their own conditions.
COLLABORATION BETWEEN EARTHQUAKE ENGINEERS AND REGIONALS
Most of engineers are working in large engineering companies, organizations and universities in
general, and rather few such engineers are working for design and construction of local structures.
The engineer working for local structures are mostly technicians with highly trained skills according to
the situation of the region. They have various experiences to build their local structures. However,
against on a destructive earthquake, they can’t protect their own structures, because they have never
experienced it in a particular region in general, where an earthquake comes every several hundred
years. In such areas, we need collaboration or education for them to exchange our knowledge and
utilize their skills and experiences for improving their structures.
Higher level engineers sometimes try to combine their own structures with recent new
techniques. They have been using maisonry structures since European came to their region. And
they modified it to meet their environmental condition well. And now they develop them as a
reinforced maisonry structures. However, the population density of urban areas in Asia is usually
high, and they want to make it higher and higher.
The ordinary maison structures in Europe are usually several stories, and also consideration of vertical
force. Especially, after crashing its walls by seismic motions, the behavior of vertical column should
be considered through testing and theoretical analysis. This has been done, and this is an example of
collaboration(1) through Edm, NIED.
Large cities in Asia, highrise buildings are well developed, and now many of them have various kind
of structural control devices. In general, such cities less experienced ground motions of a
long-distance, high magnitude earthquake in general. However, actually they must expect such an
event in someday in the near future. Therefore, they need seismic hazard map on such long distance
earthquake in regard to long period ground motions.
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The exchange of knowledges between local engineers including designers and seismologists,
geologists and specific earthquake engineers with wider scope in their special area.
PAN-PACIFIC SYMPOSIUM
Our NIED had been planned “the 2003 Pan-Pacific Symposium for Collaboration in Earthquake
Engineering” since the summer of 2002. Then the preliminary meeting was held in December 2002
in NIED, and the Symposium was held in October 2003, last month in also NIED (Table 1). This
Symposium is in relation to E-Defense, which has been constructed in Miki city for the future we use
of shaking test upto 1,200 ton speciment. The details of E-Defense is talked by Mr. Ohtani(2) in this
meeting.
Edm, Earthquake Disaster Mitigation Research Center, NIED had the 5th Workshop for the
Asia-Pacific Region in December 2002 in Bangkok for almost the same purpose. Both groups in
NIED organized such Symposium and Workshop for the same target; Collaboration in Earthquake
Engineering and Disaster Mitigation Work. Edm has been working for the regional collaboration, not
only for the theory and testing, but also their implementation. On the other hand, our target of NIED
is, how to utilize E-Defense for future engineering studies in the region.
The Pan-Pacific Symposium was organized three themes and six topics. These themes are, hazard,
vulnerability and risk, and these three are almost the same as those by Edm. To concentrate more
collaboration of testing and research, the six topics had been listed as follow:
Topic 1,
Topic 2,
Topic 3,

Ground Motion in Different Locality.
Earthquake Resistant; Local Structures including Historical Structures.
Practical Lowcast Base-isolation and Vibration Control Techniques.

The above three topics are major, and next three are more specific ones,
Topic 4,
Topic 5,
Topic 6,

Seismic Instrumentation Networks in Low-populated Area; as well as lifeline
systems.
Ground-motions and Countermeasures in Widely Spreaded Soft-soil Area.
Establishing Asian Earthquake Engineering Network.

The some areas including Japan Island are facing to the Pacific Ocean, this means we should
expect trench-type huge magnitude earthquake from Alaska to Oceania. And site in inland, we
should expect near-fieled type earthquakes by the activity of seismic fault near by the surface.
As the author discussed in the previous chapters, the effect of large magnitude events, the long-period
ground motions may be very significant for the safety of highrise buildings in the densely populated
areas in some cities.
And the disaster of tsunami triggered by earthquakes of rather near-field in critical because of the short
duration and direct effect of waves. We had many loss of lives killed by tsunamis caused by large
magnitude earthquakes in the Ocean, but some recent disasters came from short duration tsunami.
But islands in Oceania region also have serious disasters combined both type, which flew over a
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populated area of low highland from the sea level.
There are wide soft soil areas near by sea and isolated towns are scattered. We need the information
of future earthquakes, and practical design of lifelines including a seismic instrumentation network in
such an area, however, no one working for such subjects for low populated area.
The author doesn’t want to enter the details of each topic, because he is not specialized in them.
REGIONAL STRUCTURES AND SEISMIC CATALOG
In China, they have a record of an eclipse in B.C. 4¢. I don’t remember well how the oldest
earthquake in China, but that in Japan is A.C. 5¢. The period of occurrence of a destructive
earthquake in a particular region is distributed from 30 years to 20,000 years and more. To estimate
the time of occurrence of such a periodic earthquake, the seismic catalog is very important. In Japan,
several seismologists have been working for the survey of old records since Meiji era, 1900’s.
Musha collected the records in 1940’s, and Kawasumi established the concept of “Seismic Catalog”
and since 1925’s the catalog has been published as a part of “Rikanenpyo”, (Annual Table of Scientific
Events) from Maruzen Pub. Co. every year. In the first edition, edited by Imamura, 312 earthquakes
were listed. Eleven Korean earthquakes between A.C. 27 and 664 were included. Since
early-1980’s, Usami has been working for the survey and publishing the results as “Nihon Jishin
Sohran(3)” under the financial support of the Japan Electric Association. The reprint of the original
documents reached more than one meter thickness, and his activity is still continuing. To convert the
original description in documents on failures of structures, such as Shrine, Temple, various type of
local residential houses, commercial buildings, castle ware house, various kind of civil engineering
structures and stone walls, and liquefaction to the modern intensity scale like JMA Sale, we should
know the strength of these various type of structures at that time where the earthquake came.
In Japan, the previous intensity scale is combined one of a subjective scale and an objective scale.
JMA Intensity IV or higher, key description is “failure of several typical structures” and “liquefaction”.
Liquefaction is quite independent to the era of earthquakes, but the details of structural failure is
changing era by era.
We haven’t paid much attention on this issue to decide the intensity distributions of historical
earthquakes in Japan. However, Korean, Seoul Nat’l Univ. and Korean Atomic Energy Research
Institute, KAERI, have been working for several kinds of simulated historical structures including
civil engineering structures, stone wall and old monumental stones, for calibration of failure levels of
historical structures in documents. Recently this study developed into local wooden houses. The
author believes that this is quite unique study. In Japan, some engineers and research groups have
been working for modern wooden structures and its improvement of seismic strength, because of large
number of loss of lives by the failure of wooden residential houses.
PROTECTION OF MEDICAL FACILITIES
The study on base isolated surgery operation room is planned by Univ. of Southern California and also
FEMA, U.S.A.. After we talked together with Prof. Masri, USC, it will be developed to technical
meetings and a symposium of “protection of medical facilities under and after destructive earthquakes.
How we need utility supply for continuing the surgery operation undergoing when strong ground
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motions come. Of course, structural safety of medical facilities is important, then it should be
protected by base-isolated system and/or other structural control device. However, even though they
are protected enough, still we need utilities for continuing the function of various kind of medical
cares and operations to keep their daily functions under the over burden for emergency treatments.
Addition to ordinary utility functions, it is important to keep the continuous supply of medical material
and medicine as well as food supply.
These subjects are usually considered for densely populated areas like urban area. However, how to
keep the function of those facilities in low-population area is also significant, including transportation
of patients to them. In this occasion, the author is going to learn the situation of the study in Taiwan.
CONCLUDING REMARKS
Even though the author emphasizes to establish a regional code and standard, he feels difficulty as
discussed in Chapter 2.
We need to continue the survey on seismic environment in individual area. In some areas like Manila,
the survey has been done well, but we should have the map of seismic faults and the seismic catalog in
each significant urban areas through the regions.
We need much studies on potential seismic event in the ocean near by. We don’t know about both
shallow earthquakes near by coast lines and those in plants. Both effects are serious; this is a feature
of destructive earthquakes in our region.
We need to know the specific feature of traditional local structures and the history of seismic damages.
And also it is quite new area how to combine recent development of modern techniques like structure
control and traditional construction technique and structure.
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Table 1, Programme of
2003 Pan-Pacific Symposium for Earthquake Engineering Collaboration
Sept. 30 (Tue)
Morning Session
10:00 ~ 11:20
10:00 ~ 10:15
10:15 ~ 11:00

11:00 ~ 11:20
Afternoon Session
13:00 ~ 14:30
13:00 ~ 13:30
13:30 ~ 14:00
14:00 ~ 14:30

14:30 ~ 15:40
14:30 ~ 15:10
15:10 ~ 15:40
15:50 ~ 16:20

16:20 ~ 16:50
16:50 ~ 17:30

Oct. 1 (Wed)
Morning Session
09:00 ~ 09:10
09:10 ~ 09:40
09:40 ~ 10:20
10:40 ~ 12:25
10:40 ~ 10:55
10:55 ~ 11:10

11:10 ~ 11:25
11:25 ~ 11:40

Chaired by K. Ohtani
Opening Session
Welcome Speech
T. Katayama
Special Lecture:
Liquefaction Potential and Following Settlements of Deposits
K. Ishihara
Purpose of Symposium, Three Themes and Topics
H. Shibata
Chaired by C. H. Loh
Session 1: Three Main Themes
Report on “Defining the Hazard”
K. Irikura
Report on “Reducing Vulnerability”
S. Cherry
Report on “How to Achieve Acceptable Performance of Civil
Infrastructures against Extreme Earthquake Motion”
H. Iemura
Session 2: NIED and E-Defense
Activity of NIED and E-Defense Research Project
T. Hayama
E-Defense and E-D net
K. Ohtani
MEXT Research Project ： Enhancement of Earthquake Performance
of Infrastructures Based on Investigation of Fracturing Process
M. Hamada
Seismic Performance of Wooden Structure in Japan
–from Tradition Buildings to Modern Houses
I. Sakamoto
Invited Lecture (1) Seismic Protection and Keeping the Function of
Medical Facilities
S. F. Masri

Chaired by S. Cherry
Introduction of Task Group Assignment for Third day and Short
Discussing
H. Shibata
Preliminary Lecture (1) Wind Hazard Prediction–a new approachY. Fujino
Preliminary Lecture (2) Policy for Promotion of Researches on
Earthquake and Disaster Mitigation
S. Itakura
Session 3: Topic 1, Hazard, Ground Motion and Instrumentation
Y. Okada, Recent Progress of Seismic Observation Networks in
NIED
C. H. Loh, Strong Motion Array, GPS Array and Building/Bridge
Array Network in Taiwan: Emergency Response and
Researches
J. Cui, Effect of Solid Phase Deformation and Soil Layers on
Ground Motion
K.-L. Wen, Study the Ground Motion Characteristics in the Urban
Area by Using the Microtremor Survey
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11:40~ 11:55

11:55 ~ 12:10
12:10 ~ 12:25
Afternoon Sessions
13:30 ~ 14:00
14:00 ~ 15:00
14:00 ~ 14:15
14:15 ~ 14:30

14:30 ~ 14:45
14:45 ~ 15:00
15:30 ~ 17:00
15:30 ~ 15:45
15:45 ~ 16:00
16:00 ~ 16:15
16:15 ~ 16:30
16:30 ~ 16:45
16:45 ~ 17:00
17:00 ~ 17:45

P. Warnitchai, Reducing the Vulnerability of Buildings and
Structures in Bangkok to the Effects of Distant Large
Earthquakes
A. G. Lanuza,
Discussion
Chaired by H. Iemura
Preliminary Lecture (3), Historical Structure, Record and Testing,
J.-M. Seo
Session 4: Topic 2, Historical Record of Damage, Wooden Building,
Local Structure, Real Time Network
C. Minowa, A Collapsing Behavior of Timber Structure House
Subjected to Seismic Motion
Y. Hayashi, Comparative Study on Wooden House Damage
Between 1995 Kobe Earthquake and 2000 Tottori
Earthquake of Japan
J. Lin, Post-earthquake Field Safety Assessment of Buildings
Discussion
Session 5: Topic 3, Base Isolation, Structural Control and Response,
Low-cost Base Isolation, Post Earthquake Inspection
T.-C. Pan, Building Response to Long-Distance Sumatra
Earthquake
J. S. Hwang, New Design Formulations of Structures with Viscous
Dampers
K.-C. Chang, Evaluation and Demonstration of a New Seismic
Isolation Bearing
H. D. Setio, Experimental Simulation of Active Mass Damper of
Two Story Structure Using Artificial Neural Network
K.-C. Tsai, Networked Pseudo-Dynamic Testing in Taiwan:
Framework and Applications
Discussion
Invited Lecture (2), Role of Earthquake Geology for Earthquake
Disaster Mitigation
Y. Kinugasa

Oct 2 (Thu)
Chaired by S. F. Masri
K. Seto

09:00 ~ 09:30

Preliminary Lecture (4) Low Cost Base-Isolation

09:30 ~ 11:45
09:30 ~ 11:30

Closing Session
Chaired by S. F. Masri
Themes and Topics
Topic 1
C.-H. Loh & K. Irikura
Topic 2
S. Cherry & C. Minowa
Topic 3
S. F. Masri & H. Iemura
Closing Lecture; Future Direction for Pan-Pacific Collaboration
W. D. Iwan
Final Report on P.-P. Symp.,
T. Hayama

11:00 ~ 11:30
11:30 ~ 11:45
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PSEUDO DYNAMIC EXPERIMENTAL RESPONSES OF
A FULL SCALE CFT/BRB COMPOSITE FRAME
K.C. Tsai, B.C. Hsiao, J.W. Lai, C.H. Chen, M.L. Lin and Y.T. Weng
National Center for Research on Earthquake Engineering, Taipei, Taiwan
kctsai@ncree.gov.tw

Abstract
A full scale 3-story 3-bay concrete filled steel tube (CFT) column and buckling restrained braced
(BRB) composite frame was tested using pseudo dynamic testing procedures and four earthquake
accelerations. The key features of the structural system include using three different types of
beam-to-CFT column moment connection and three different types of BRB. The CFT-BRB frame was
designed using the displacement based seismic design procedure considering a target inter-story drift
limit of 0.02 and 0.025 radians for the 10% and 2% chances of exceedance in 50 years, respectively.
The pseudo dynamic responses of the specimen observed during the application of the earthquake load
effects are discussed. During the first test, the gusset for the 1st story brace to beam connection was
buckled. The buckled gusset was then heat straightened before welding stiffeners at the free edges of
the gusset at the brace to two column bases and at all the brace to beam connections. The pseudo
dynamic tests were successfully completed with the experimental responses satisfactorily predicted by
analysis conducted before the tests. This experimental program illustrates that the experimental
response data and the video images of the specimen has been effectively disseminated through the
Internet during and after the tests.
INTRODUCTION
Through international collaboration between researchers in Taiwan, Japan, and the United States, a
full-scale 3-story 3-bay RC column and steel beam RCS composite moment frame was tested in
October of 2002 in the structural laboratory of National Center for Research on Earthquake
Engineering (NCREE) in October 2002 (Chen et al. 2003). In the year 2003, a full-scale 3-story 3-bay
CFT column with the buckling restrained braced composite frame (CFT/BRBF) specimen has been
tested in October in a similar manner. The 3-story prototype structure is designed for a highly seismic
location either in Taiwan or United States. The typical bay width is 7m and typical story height is 4m.
The total height of the frame, including the footing, is about 13m. The 2150mm wide concrete slab is
adopted to develop the composite action of the beams. Measuring 12 meters tall and 21 meters long,
the specimen is among the largest frame tests of its type ever conducted. The frame has been tested
using the pseudo-dynamic test procedures applying input ground motions obtained from the 1999
Chi-Chi and 1989 Loma Prieta earthquakes, scaled to represent 50%, 10% (DBE), and 2% (MCE) in
50 years seismic hazard levels. Following the pseudo-dynamic tests, since none of the brace was
fractured, quasi-static loads have been applied to cyclically push the frame to large inter-story drifts up
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to the failure of the braces. It provides valuable data to validate possible failure mechanism and
analytical models for large deformation response. Being the largest and most realistic composite
CFT/BRB frame ever tested in a laboratory, the test provides a unique data set to verify both computer
simulation models and seismic performance of CFT/BRB frames. This experiment also provides great
opportunities to explore international collaboration and data archiving envisioned for the Networked
Earthquake Engineering Simulation (NEES) or the Internet-based Simulations for Earthquake
Engineering (ISEE) (Wang et al. 2003) research programs launched recently in USA and Taiwan,
respectively. This paper summarizes the displacement-based seismic design procedures adopted in the
design of CFT/BRB frame specimen. During the planning stage, extensive nonlinear dynamic analyses
were also carried out in order to ensure the possible seismic demands would not exceed the force and
displacement limits of the test facility. The analytical predictions were broadcasted along with the real
time experimental results during each test. This paper describes the experimental and analytical results
and evaluates the seismic performance of the frame specimen.
DISPLACEMENT BASED SEISMIC DESIGN OF THE CFT/BRB FRAME
The 3-story CFT/BRB frame shown in Fig. 1 is employed in this experimental research. The prototype
three-story building consists of 6-bay by 4-bay in plane. In the two identical prototype CFT/BRB
frames, only the two exterior beam-to-column joints (Fig. 1) in each floor are moment connections, all
other beam-to-column connections are assumed not to transfer any bending moment. The details of the
moment connections are schematically given in Fig. 2 for the top through the first floor beams. The
BRBs are installed in the center bay. Square CFT columns are chosen for the two exterior columns
while the center two columns are circular CFTs. Story seismic mass is 31.83 ton for the 1st and 2nd
floors, 25.03 ton for the 3rd floor for each CFT/BRB frame (half of the building). All steel is A572
GR50 with an yield strength of 350 Mpa and the infill concrete in the CFT columns are 35 MPa. The
multi-mode displacement-based seismic design (DSD) procedures adopted for this frame specimen
have been studied and can be found in the reference (Weng 2003). But it is found that the results are
not very different from applying the DSD procedures proposed by others (Loeding et al 1998;
Medhekar and Kennedy 2000) assuming that the CFT/BRB frame specimen vibrates essentially in a
single mode. The detailed DSD details of the specimen can be found in the reference (Tsai et al. 2003).
It includes:
1. Select acceptable (target) maximum story drift levels. Figures 3a and 3b consider Taiwan seismic
code draft updated in 2002. The 5% damped Sa values for TCU082EW (1999 Chi-Chi Taiwan
Earthquake) record are also shown on Figs. 3a and 3b. The corresponding PGA values for the
10/50 (DBE) and 2/50 (MCE) levels of excitations are 0.46g and 0.62g, respectively, for the
TCU082EW record. Similarly, for the LP89g04NS (1989 Loma Prieta) record, the corresponding
PGA values for the 10/50 and 2/50 levels of excitations are 0.42g and 0.54g, respectively. For the
10/50 and 2/50 events, the inter-story drift limits are set at 0.02 and 0.025 radians, respectively.
2. Calculate the maximum displacement profile. It is assumed that structural first modal design
displacement profile can be simplified as an inverted triangle. Under the 10/50 and 2/50 events, the
story drift limit is 0.02 and 0.025 radians, respectively. The corresponding target roof
displacements are 24cm and 30cm for the 10/50 and 2/50 events, respectively.
3. Calculate the system displacement for the two events. This step essentially translates the actual
MDOF structure to the substituted SDOF structure through displacements.
4. Estimate system ductility from the properties of buckling restrained braces. The relationship
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between the inter-story drift and the deformation of the BRB is approximated as given in Fig. 4.
The inelastic axial strain demand in the BRB can then be estimated considering the ratio of its
energy dissipating segment length and the work point to work point dimension. The profile of the
BRB is given in Fig. 5. The ductility demand on the BRB in each story can be estimated given the
target inter-story displacement computed in Step 3. The averaged (of the three stories) system
ductility demands imposed by the DBE and MCE events are 7.28 and 9.10, respectively.
5. Compute the effective structural vibration period. This is done first by applying the Ry-µ-T
relationships suggested by Newmark and Hall (1982) on the elastic design acceleration response
spectra given in Figs. 3a and 3b to construct the inelastic displacement response spectra (IDRS)
given in Fig. 6 for the two ductilities computed in Step 4. The effective periods under the DBE and
MCE excitations can be found by intersecting the effective target roof displacements (Step 3) with
the IDRS as shown in Fig. 6.
6. Calculate the effective mass.
7. Calculate the effective stiffness Keff. Effective stiffness of the frame under the two events is
computed using the effective mass and periods obtained from Steps 5 and 6.
8. Calculate the design ultimate and yield base shears. Two ultimate base shears are computed by
multiply the two effective stiffnesses (Step 7) and the corresponding system displacement obtained
in Step 3. Design yield shears are calculated from the ultimate base shears and the corresponding
system ductility assuming the system post-yield stiffness is 10% of the initial elastic stiffness. It is
found that the design yield base shear is larger for MCE than that for DBE, therefore MCE governs
the design.
9. Distribute the design base shear over the frame height. The design yield base shear is distributed
following the triangular deformed structural shape assumed in Step 2.
10. Conduct structural analysis and design the members for the CFT/BRB frame. Assuming the BRBs
in each floor resist about 80% of the story shear, the cross sectional area of the brace core is
computed for all BRBs. After a few iterations, it is found in the elastic model that the final
selection of structural members (Table 1) considering the actual material coupon strength (Table 2)
satisfies all the requirements noted above. In particular, the BRBs in each story will reach yielding
at the proximity of the design story shear. The total double-cored cross sectional area for each
individual set of brace is 15, 25 and 30 cm2 for the 3rd, 2nd and 1st story, respectively. The
supporting beams above the BRBs satisfy the capacity design principal considering the strained
hardened BRBs and an unbalanced vertical load resulted from the difference of the peak BRB
compressive and tensile strengths. The fundamental vibration period of the four design results
noted above ranges from 0.68 to 0.72 second. In addition, the effects of varying the flexural
stiffness of the CFT columns from fully composite (using LRFD specification) to the bare steel
have been found insignificant, only change the fundamental vibration period from 0.68 to 0.71
second.
Three different types of moment connections, namely through beam, external diaphragm and bolted
end plate types, varying from the first floor to the third floor were fabricated for the exterior
beam-to-column connections (Fig. 2). Three types of BRBs, including the single core, double-cored
and the all-metal BRBs, were adopted in the three different stories. In particular, two single-cored
unbonded braces (UBs), each consisting of a steel flat plate in the core, were donated by Nippon Steel
Company and installed in the second story. Each UB end to gusset connection uses 8 splice plates and
16-24mmφ F10T bolts. The two BRBs installed in the third story are double-cored constructed using
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cement motar infilled in two rectangular tubes (Tsai et al. 2003) while the BRBs in the first storey are
also double-cored but fabricated with all-metal detachable features (Tsai and Lin 2003). Each end of
the double-cored BRB is connected to a gusset plate using 6- and 10-22mmφ F10T bolts at the third
and first stories, respectively. No stiffeners were welded to the free edges of any gusset before the
testing.
EXPERIMENTAL PREPARATION
Inelastic static and dynamic time history analyses have been conducted using PISA3D (Tsai and Lin
2003) and OpenSees (Open System for Earthquake Engineering Simulation), developed at National
Taiwan University and Pacific Earthquake Engineering Research Center (PEER), respectively. In the
PISA3D model, all BRBs were modeled using the two-surface plastic (isotropic and kinematic) strain
hardening truss element. All the beam members were modeled using the bi-linear beam-column
elements. The CFT columns were modeled using the three-parameter (stiffness, strength and pinching
degradation) degrading beam-column element. The P-M curve of the CFT columns was constructed
using EC4 (CEN 1992) before multi-linearized. In the OpenSees model, all the CFT columns and steel
beams of the frame were represented using the flexibility-based nonlinear beam-column element with
discretized fiber section model. All the BRBs were modeled using the truss element with bilinear
isotropic strain hardening. A leaning column has been introduced in both the PISA3D and the
OpenSees models in order to simulate the 2nd order effects developed in the gravity columns. Two
ground acceleration records, 1999 Chi-Chi Taiwan and 1989 Loma Prieta Earthquakes as shown in Fig.
7 scaled to various hazard levels were utilized in the nonlinear time history analysis. Four earthquake
load effects of three different hazard levels, namely 50/50 (using TCU), 10/50 (using LP), 2/50 (using
TCU), another 10/50 (using LP) were scheduled for the frame test (http://cft-brbf.ncree.gov.tw).
Predicted floor displacement and story shear time histories were webcasted before, during and after
the test. Analytical results suggest that the arrangement of 4, 3 and 3 actuators, each having ±980kN
force and ±50cm stroke capacities, is appropriate for the 1st, 2nd and 3rd floor, respectively. Each
footing was anchored down using four 69mm diameter post-tension bars to the strong floor. A
displacement reference frame was erected as shown in Photo 1 in order to accurately impose the target
displacements onto to the specimen.
NETWORKED PSEUDO DYNAMIC TESTING TECHNIQUES
During the pseudo dynamic tests, several computers were networked to do various tasks: including
computing the target displacements (analysis engine), drive the servo-controller (facility control),
perform the data acquisitions, distributing experimental and video data to Internet viewers. This is
achieved from a Platform for Networked Structural Experimental (PNSE) developed for the
Internet-based Simulation for Earthquake Engineering (ISEE) launched in NCREE (Wang et al. 2003).
The Newmark explicit numerical integration scheme with a time step size of 0.005 second was
adopted. During the pseudo dynamic tests, each time step 0.005 second cycle took about 1.0 second to
execute but required about 4.0 second to write the 460 channels of experimental data to the hard disk
in the data acquisition computer. In order to save time, complete data recording was executed at every
4 cycles of 0.005 second time step. In addition, while writing the data to the hard disk, the
actuators were also imposing next time step’s target displacements. Therefore, for an earthquake
duration of 40 seconds, it took 8000 integration steps but only 2000 steps of experimental data were
completely acquired and some of the key data were made available to the Internet viewers. Without
counting the stopping to inspect the specimen, it took about (1+1+1+4) seconds × 2000 steps = 14,000
seconds (about 4 hours) to finish a pseudo dynamic of the CFT-BRB frame under a 40-second
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earthquake load effects. In each test, the leaning columns’ second order effects were incorporated into
the computation of the target displacements by modifying the equation of motion as follows:

and

m!x! + cx! + Rˆ = − ma g
Rˆ =R − V X / H
i

i

i

(1)
(2)

where R is the restoring force matrix constructed from the actuator load cell readings, Vi, Xi, and Hi are
the gravity load, lateral displacement and the height of the ith floor respectively.
EXPERIMENTAL AND ANALYTICAL RESPOSNES
As noted above, four earthquake ground accelerations scaled to three different PGAs were planned for
the PDT of the CFT/BRB frame specimen. However, in the Test No. 1, due to the buckling of the
gusset plate occurred at the brace to beam connection in the first story, stiffeners were added at the
free edges of all the gusset plates underneath the floor beams. A total of six PDTs were conducted
before the final cyclic loading test.
Test No. 1 (50/50, TCU082EW, PGA=0.276, Oct. 3)
The PDT was stopped at the time step of 9.25 seconds without finding anything unexpected. Some
bangs resulted from the slippage of the bolted beam connections were experienced. However, at the
time step of 12.3 second, the out of plane buckling of gusset plate (Photo 2) at the north BRB-to-beam
connection was detected at the first story. It was decided to install stiffeners at the free edges of the
three gusset plates underneath the floor beams as shown in Fig. 8 before further tests. The north BRB
in the first story was removed from the frame and the buckled end was heat straightened. After the
buckled gusset at the first story was straightened, five stiffeners each of 12 mm thick and 200 mm
wide were welded to the gusset’s free edges and the web of the supporting beam (Fig. 8) at all floors.
The straightened top end of the first story north BRB was reversed and connected to the column to
foundation joint. The repair of the gusset, the installation of the stiffeners and the reinstallation of the
north BRB at the first story were completed before October 5. The analytical predictions and the
experimental responses broadcasted through the Internet are given in Fig. 9.
Test No. 2 (50/50, TCU082EW, PGA=0.276g, Oct. 5)
Test resumed using the same ground accelerations as that for Test No. 1 on October 5, the analysis
predicted the experimental roof displacements satisfactorily as shown in Fig. 10. The experimental
peak story drift reached 0.0052, 0.0043, 0.0038 radians respectively. Some minor flaking of the white
wash near the beam-to-column moment connection was observed. All the six beam-to-column
moment connections appeared to remain essentially elastic. More but still scattered bangs resulted
from the bolt slippages were evident during the test.
Test No. 3 (10/50, LP89g04NS, PGA=0.426g, Oct. 5)
The subsequent PDT continued on the same day using the ground accelerations and the intensity as
planned. Fig. 11 indicates that the analysis predicted the specimen’s roof responses rather
satisfactorily. During the tests, the concrete slab near the two brace-to-column joints was crushed.
More frequent bangs resulted from the bolt slippage were evident during the test. Some additional but
minor flaking of white wash near the second floor north beam-to-column moment connection was
observed.
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Test No. 4 (2/50, TCU082EW, PGA=0.622g, Oct. 6)
Using the strongest earthquake load effects in this series of the PDT, test No. 4 was started and
continued smoothly as shown in Fig. 12 for the roof displacement time history. At the time step of
about 5.0 second, the bangs started to present. The PDT was stopped at the time step of 12.54 second
in order to photograph the experimental observations. Cracks on the top of concrete foundation near
the gusset plate for the south BRB-to-column joint were observed. Moreover, the slightly-bent
situation of the north BRB was observed near the north BRB-to-column joint where heat straightening
had applied after the Test No.1. It was decided to stop this test and stiffeners be added at the free edges
of the gussets at the two brace-to-column base connections (Photo 3) before further testing. One pair
of angles (Photo 4) was installed bracing the stiffener to the two anchoring steel blocks in order to
prevent further out of plane deformation of the slightly-bent section of the north BRB.
Test No. 5 (2/50, TCU082EW, PGA=0.622g, Oct. 6)
The tests resumed on the Oct. 7 by applying the same earthquake accelerations as that for Test No. 4.
More frequent bangs resulted from the bolt slippage were evident during the test. At the time step of
about 27.0 second, a loud but relatively low sound was experienced. In addition, a sudden actuator
load drop was also observed. However, the test was continued with the specimen’s strength recovered
(Fig. 13). The test was successfully completed and the experimental time history responses were
accurately predicted by the two analytical models (Fig. 14). After the test was completed, it was found
that the concrete footing supporting the first story south BRB to column base was cracked at the
corner (Photo 5). It has resulted in the prestress loss in the tie downs and the subsequent slippage of
the footing by 15mm toward north.
Test No. 6 (10/50, LP89g04NS, PGA=0.426g, Oct. 7)
After un-tighten the four tie downs of the footing, the footing was pull back toward south direction by
11mm using an actuator force of about 1000kN applied at the 2nd floor. A steel cross beam was placed
over the cracked side of the footing before re-applying the prestress in the four tie downs. The test was
resumed and completed with the experimental responses accurately predicted (Fig. 15).
Test No. 7 (Cyclic Increasing Story Drifts from 0.01 to 0.025 radian, Oct. 8)
After stiffening the gussets and the application of six earthquake load effects, the peak story drift
demand reached 2.5% at the second floor during the Test 4. However, it appears that the beam-to-CFT
column moment connections have undergone relative minor nonlinear deformations and all UBs and
BRBs have not been damaged. High-mode buckling of south BRB (all metal construction) at the first
story was visible. It was decided that cyclic increasing uniform inter-story drifts (4 cycles 0.01, 4
cycles of 0.0125, 4 cycles of 0.02, 4 cycles of 0.025 and 2 cycles of 0.0375 radians) be imposed on the
specimen to examine the failure modes. At the 4th 0.02 radian cycle, the gusset buckled out-of-plane at
the brace-to-column joint for 3BRBS (the south BRB in the 3rd story). The 1BRBS high-mode had also
buckled severely. On the first 0.025 radian cycle, the top end of the two UBs in the 2nd story had been
found fractured and deformed the supporting beam laterally at the gusset to 3rd floor beam connection.
The cyclic tested was therefore stopped.
Repairing the Buckled Gussets and Replacing the BRBs for the Phase-2 Tests
The twisted gusset under the 3rd floor beam had been removed before installing a new one. In addition,
stiffeners were welded at the free edges of the gusset at the brace to column joints. Six new BRBs, two
all metal double cored construction for the 1st story, four concrete filled double cored for the 2nd and
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3rd stories, have been installed. Further tests have been conducted on October 31 and November 1. All
the key test results are available through the web site (http://cft-brbf.ncree.gov.tw). Test results have
confirmed that welding the stiffeners at the free edges of the gusset are extremely effective in
preventing the buckling to the gusset.
CONCLUSIONS
Based on the test and analytical results, summary and conclusions are made as follows:
!

!

!

!

!

!

Since most the story shear is resisted by the BRBs, test results confirm that the global dynamic
responses of the 3-story 3-bay CFT-BRB frame specimen can be satisfactorily predicted using
both the two analytical models presented herein. This is primarily because the nonlinear
responses of the BRB can be accurately represented by the elastic strain hardened constitutive
models adopted in the two types of truss elements.
The peak story drift reached 0.025 radian after applying the 2/50 design earthquake on the
specimen. It appears that the DSD procedure adopted in the design of the specimen is effective in
limiting the ultimate story drift under the effects of the design earthquake.
CFT/BRBF performed extremely well after the application of six earthquake load effects. Very
minor changes on stiffness and damping are observed as evidenced from the free vibration tests
conducted after each earthquake pseudo dynamic test.
Stiffeners added along the free edges of the gusset plate are effective in preventing out-of-plane
instability of the brace-to-column connections. However, it also introduces flexural demands on
the BRBs. Further research is needed to study the BRB end connections.
All the moment connections survived all the Phase-1 and Phase-2 tests without failure. The BRBs
effectively control the story drift and reduce the nonlinear demand imposed on these moment
connections.
Tests confirmed that the PNSE architecture implemented for the ISEE is very effective in
disseminating real time test results through the Internet.
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Table 1 Selection of member sizes and grades
Member
Beam Sizes and Core Cross Sectional Area of Braces (A572 GR50)
Location
1FL
2FL
3FL
Beam (mm)
H400×200×8×13
H450×200×9×14
H456×201×10×17
Brace (cm2)
30
25
15
Dimension of Columns (A572 GR50) unit : mm CFTs: C1: Tube: 350×9, C2: Pipe: 400×400×9
Table 2 Material strength

3FL
Steel
2FL
(A572Gr.50)
1FL
C1(Tube-400-9)
C2(Pipe-400-9)
Concrete

Positions of Sampling
Flange
Beam
Web
core steel material
BRB3
Flange
Beam
Web
core steel material
BRB2
Flange
Beam
Web
core steel material
BRB1
Steel
Steel
f c′ =35 MPa
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fy (MPa)
372
426
373
414
482
397
370
354
421
374, 488
543

fu (MPa)
468
493
483
503
538
545
486
485
534
488
584

3@2.33m

2@3.5m

3@2.33m

3@4m

6@7m

3B2

3B3

2B1

BRB3
2B2

2B3

1B1

BRB2
1B2

1B3

b1

b1

C1

3B1

Plane Frame

b1

b1

b1

C2

b1

b1

b1
b1

b1

b1

b1

C2

b1

b1

b1

b1

b1
C1
b1

2.15 m

4@7m

BRB1
3@7m

Fig.1 Floor framing plan and elevation

(a1)

(a2)

(a3)

(b2)

(b1)

(c2)

(c1)

Fig.2 Moment connection details (a, b, c for 3rd, 2nd and 1st floor, respectively)
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Fig. 8 Added Stiffeners and ribs after the Test No.1
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Fig. 11 Roof displacement time history in Test No.3 Fig. 12 Roof displacement time history in Test No.4
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Fig. 15 Roof displacement time history in Test No.6

Photo 1 Experimental set up of the PDT of a full scale 3-story 3-bay CFT-BRB composite frame
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Photo 2 Out of plane buckling of
gusset plate in the Test No.1

Photo 3 Stiffeners be added at the
free edges of the gussets at the
two brace-to-column base
connections after the Test No.4

Photo 4 One pair of angles was
installed bracing the stiffener
after the Test No.4

Photo 5 The concrete footing supporting the first story south BRB to column base was cracked at the corner
after the Test No.5
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Abstract
The development, integration and development of knowledge and technology for health monitoring
systems are essential for decisions pertaining to replacement and repair needs of constructed facilities.
This paper describes the structural health monitoring and control researches in NCREE. Several
methodologies for system identification and damage detection are developed and implemented in
buildings and bridges to establish the knowledge-based seismic assessment data bank. To quantify the
damage assessment through system identification a benchmark model will be developed and tested at
shaking table. Methodologies on structural health monitoring will be verified through the test data.
Structural control researches using this benchmark model will also be examined on the control
effectiveness, particularly the application of MR dampers.
INTRODUCTION
Throughout the world, strong motion instrumentation networks have been installed on buildings,
bridges, dams and power plants. Recent strong motion earthquakes, Loma Prieta (1989), Lander(1992),
Northridge (!994), Kobe (1995), Chi-Chi (1999) have yield a wealth of structural response data from
instrumented structures. A particular emphasis shall be put on establishment of a strategy for
instrumentation of structures and a methodology for utilization of the obtained results in mitigation of
the existing seismic hazard related to certain structures. More specifically, 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, (ii) determine the importance of nonlinear behavior on the overall and local
response of the structure, (iii) determine the effect of nonlinear behavior on the frequency and
damping, (iv) correlate the damage with inelastic behavior. Besides, the immense number of structures
which are in used today requires more attention in the fields of preservation and rehabilitation. The
costs for these measures are increasing enormously. It is necessary to develop and enhance methods
for a precise service life prediction of engineering structures by means of innovative monitoring
methods. The aim of structural monitoring is to recognize negative deviation from planned properties
of the structures resulting from build-in fault, systematic changes of damages, to control development
and, if necessary, to renovation. The monitoring of structures done either from time to time advice in
the selection of measurement parameters, measurement locations, and transducers. The diagnostic
model serves for damage detection, damage localization, the study of damage causes, and for damage
assessment. This paper describes the structural health monitoring methodologies that have been
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developed during the past few years at NCREE and NTU. Implementation of the methodologies to the
seismic response data of buildings and bridges are introduced. As for the structural control research at
NCREE, the semi-active control using MR damper is introduced. To quantify the effectiveness on the
damage detection using system identification techniques as well as the control research a benchmark
model will be developed.
DEVELOP MODEL PARAMETER IDENTIFICATION MODULES
The design and implementation of the health monitoring systems necessitate the integration of (i)
smart sensors, (ii) structural modeling, (iii) algorithms for detection of damages, (iv) on-line
adjustment of current state condition. Figure 1 shows overall working frame on SHM. The goal of
SHM will be the development of predictive model for damage prognosis and the predictive model of
future loading and structural responses. The algorithms for detecting damages depend on using (i)
output measurement only or (ii) both input and output measurement. Depends on linear time-invariant,
or time-variant system, or nonlinear system, the identification algorithms are shown in Figure 2. Most
of the methods have been implemented to identify the seismic response data of bridges and buildings
under Taiwan Strong Motion Instrumentation Program (TSMIP). A knowledge-based seismic
assessment which includes (i) observation of time-varying model parameters (such as including
damping ration, natural frequency), (ii) quantification the contribution of nonlinear response from the
result of identification, and (iii) perform damage assessment, are constructed. In relating to damage
measure through SHM several indices are discussed: (1) change in flexibility and stiffness matrix, (2)
change in mode shape or curvature, (c) change in resonance frequency and damping ratio.
To account for the wide scope of engineering structures, the future work will focus in the field of
earthquake engineering hazard mitigation. This research is subdivided into the four research fields:
a. Check and develop the efficiency of available monitoring techniques together with Information
produced by simulation (including risk and weak-point oriented assessment methods),
b. Develop damage characterization strategy (including stochastic state-space realization, extraction
of flexibility proportional matrices from the realization results, localization and quantification of
the damage),
c. Develop criteria for evaluation and decision of planning, evaluation and iterative optimization of
structural monitoring,
d. Develop knowledge based system (modules of the expert system) for data acquisition and
assessment in monitoring structures,
Usage Monitoring
Loading & Operating
Identification/measurement
1. Instrumentation
2. Data Management

Structural Health
Monitoring

Damage Prognosis

System Assessment
Model

Predictive Model

Modeling & Simulation
Future Loading Estimation
Predictive Loading
Model

Figure 1: Framework of structural health monitoring
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EMD+HHT Method
Hilbert Marginal Spectrum

Output Measurement Only

Parametric Time-Frequency Method
(AR Model)

Model Parameter Identification

Least Square method
Eigensystem Realization Algorithm

Identification on
Time-Invariant system

Linear Multi Stage Method

Prediction Error Method
Recursive Lease Square with Variable Forgetting
Recursive Least Square with Constant Trace

Identification on
Time-Varying System

Parametric Time-Frequency Method
(ARX model)
Wavelet Analysis
Linear Parameterized Method
(Identify Restoring Force)

Nonlinear System

Extended Kalman Filter Method
Neural Network

Figure 2: List of developed methodologies on model parameter identification.
BENCHMARK MODEL FOR SHM
In order to verify the developed structural health monitoring & identification methodologies, a
benchmark model will be constructed. As shown in Figure 3, two types of floor system will be
constructed for the benchmark model: rigid floor and flexible floor. The first two model frequencies of
the structural system are shown in Figure 4 for these two different floor systems. Through numerical
simulation it is found that for ground motion excitation at PGA=500gal, in the case of rigid floor
system, the first floor will have significant inelastic responses both in weak and strong axes. As for the
case of flexible floor system when PGA= 300gal the first floor will have significant inelastic responses
both in weak and strong axes. Several research works can be studied through the test:
(1) Overview of Local and Global health monitoring techniques, develop identification of input forces,
develop new generation signal processing approach for structural health monitoring (such as
vibration-based damage assessment module, on-line linear and non-linear damage detection
techniques),
(2) Establish model-aided monitoring and diagnosis and the model has to be adjusted on-line to the
current state condition (adaptive model for SHM),
(3) Development of structural monitoring strategies and procedures on a deterministic and
probabilistic basis, measurement techniques, adaptive models which can adaptive themselves to a
changing system, and the application to real structures.
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Flexible floor

Rigid floor

Figure 3: Detail column & floor system of
benchmark model for SHM.

(a)

C olum n: H 125x125x6.5x9

/

B eam : H 100x100x6x8

=
M ode 1: Freq.=0.6858 H z

M ode 2: Freq.=0.80601 H z

Mode 1: Freq.=1.4266 Hz

Mode 2: Freq.=2.3713 Hz

(b)

Figure 4: Identified first two modes of benchmark model; (a) Flexible floor, (b) Rigid floor.
STRUCTURAL CONTROL RESEARCHES
One of the most important roles of structural control is to mitigate hazards due to disturbances induced
by large earthquake or severe wind forces. For the past few years there has a rapid growth in the
development of passive, active and semi-active control algorithms and devices. Several critical issues
arise in structural control: (i) control effectiveness and costs among different control algorithms and
devices, (ii) too many degrees of freedom in a real structural system with limited information available
from the structural response measurement, (iii) reliability and fail-safe mechanism related issues. To
clarify these issues a similar benchmark model will also be developed for structural control researches.
Figure 5 shows the model structure (2m x 3m in plane and 3m for each story, 6.0 ton/per floor). From
NCREE point of view semi-active control with MR dampers will be the focus of this control study.
Lower power consumption, higher reliability and fail-safe mechanism make the semi-active control
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technique one of the promising approaches for the seismic mitigation of civil engineering structures.
Magnetorheological (MR) damper is one of the prosperous semi-active control devices [P. Y. Lin, L. L.
Chung, C. H. Loh, C. P. Cheng, P. N. Roschke and C. C. Chang (2002)]. MR damper resembles an
ordinary linear viscous damper but the cylinder of the MR damper is filled with special fluid that
contains very small polarizable particles. The fluid can be changed drastically from liquid to solid and
vise versa by adjusting the magnitude of the magnetic field produced by the coil wrapping around the
piston head of a MR damper. When no current supplied to the coil, a MR damper behaves as an
ordinary viscous damper. On the other hand, when current is sent through the coil, the fluid inside a
MR damper becomes semi-solid and its yield strength depends on the current applied. Since the
control force is not applied directly to the structure but it is just to be utilized to adjust the parameters
of a MR damper, the control instability never occurs and only small amount of energy is required.
Therefore, MR damper is reliable and fail-safe.
Based on the developed MR-damper in NCREE several performance tests were conducted. The
Bouc-Wen model was utilized to establish the numerical model of the MR device in order to simulate
the control feasibility. Fuzzy Logic control algorithm was then utilized to determine the command
voltage of the MR damper. Through numerical simulation of an isolated bridge, the effectiveness of
the system controlled by MR dampers using the Fuzzy Logic control algorithm was investigated [Loh
et al. 2003]. A full-scale building structure with only one story is also used to verify the control effect
of this MR damper through shaking table test. The semi-active control system is design by
“NEFCON”[Lin et al. 2002]. The “NEFCON” block is the main parts of the design of semi-active
controller. In this block, control parameters in three parts have to be assumed. The first part is to define
an error definition surface. The second part is to set the input limits and output gain (for
example:1.5m/s2 and 50 m/s3 for the acceleration and jerk inputs; 4volt for the output gain). The last
part is the control parameters setting in the “learning algorithm” block. (for example: 11 and 8
membership functions for input and output; 2, 3, 4 cycles for phase 1, phase 2 and optimization; 0.04
for the learning rate ---- semi-active control/case 6). The future research on the application of
semi-active control using MR damper will be the implementation of MR damper to raised floor in
order to control the secondary structure for high-tech Fab.

Figure 5: Benchmark model for structural control: bracing system & isolation system.
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CONCLUSIONS

It is worth to stress that the primary target of the structural health monitoring techniques is to provide a
synthetic index of the structural state. A useful structural monitoring system should be able to discern
critical event and perform a preliminary evaluation from the measures data. Through sensing system
one can monitor the structure through its fabrication phase, provide in service monitoring of its state of
health through to the end of its useful life. The smart structure can be developed. Besides, for the
enhancement of performance of infrastructure, structural control needs to be implemented. Figure 6
shows the confluence of sensing system, actuation system and neural network system to set the stage
for a broad class of structure. Integrated researches can be conducted through such a framework.
Structural System Identification
Structural H ealth M onitoring:
→ Sensing system ,
→ Sm art structure,
→ N eural netw ork system ,
→ C ontrol structure

Perform ance-based D esign:
→ Structures,
→ C ontrol structure,
→ Sm art structure,
→ A ctuation system ,

Structures

A ctuation
System

Control
Structures

Sm art
Structure

Sensing
System

N eural N etw ork System

Figure 6: Vann diagram indicating the types of future structure by
the confluence of different research field.
REFERENCES

Loh, C.H., C.C. Huang and C.Y. Lin, “Time Domain Identification of Frames under Earthquake
Loading,” ASCE, J. of Engineering Mechanics, Vol.126, No.7 July, 2000, 693-703.
Z. K. Lee, T. S. Wu and C. H. Loh, "System Identification on Seismic Behavior of an Isolated Bridge",
J. of Earthquake Engineering and Structural Dynamics, 32, 2003, 1797-1812.
Loh, C. H., L. Y. Wu, and P. Y. Lin, “Displacement Control of Isolated Structure Using Semi-Active
control Devices,” J. of Structural Control, 10, 2003, 77-100.
Lin, P. Y., L. L. Chung, C. H. Loh, C. P. Cheng, P. N. Roschke and C. C. Chang, “Experimental Study
of Seismic Protection for Structures Using MR Dampers,” 12th European Conference on
Earthquake Engineering, Paper No. 259, London, 2002.
Loh, C. H., “Structural Control Research in Taiwan,” Proceedings of the 3rd WCSC (Editor: F.
Casciati), Vol.1, Como, Italy, 2002, 115-124.

50

E-MOI
EUROPEAN MONITORING INITIATIVE
Helmut Wenzel
VCE – Vienna Consulting Engineers, Vienna, Austria
wenzel@vce.at

Abstract
Our built environment is aging effecting structures as well as equipment and high-tech vehicles. Health
monitoring is the measurement of the operating and loading environment in relation to the critical
responses of a structure, a vehicle or a plant. It tracks and evaluates the symptoms of operational
anomalies, incidents, and/or deterioration or damage indicators that may effect operation, service ability
or safety reliability. Integrated health monitoring means to use this information for the assessment and
management of structures or objects of the built environment. The twofold transition towards
knowledge based society and sustainable development demands new paradigms of production and
consumption. E-MOI shall help to move from resource based approaches towards more knowledge
based ones, from quantity to quality (i.e. from sensors producing gigabytes of data to smart sensing
solutions that automatically provide knowledge about the structural health) and from mass produced
single use products to new concepts of higher added value. Ending in eco-efficient and sustainable
products, processes and services (i.e. longer service lifetime of structures, plants and equipment by
improved monitoring and management concepts).
Needs: Integrated health monitoring and management systems are required by owners of buildings to
manage their facilities, public authorities to maintain the safety and operation of their structures, owners
of plants to ensure service ability, HVAC engineers to check and maintain their millions of rotating
machines, builders and operators of vehicles to permanently check and assess their structural integrity,
users of innovative materials to demonstrate their abilities and durability, the energy sector to ensure
sustainable power supply, the traffic managers to avoid breakdowns, the aircraft builders to increase
safety and security the environment to make the new phenomena understandable and last but not least
society which needs integrated knowledge based systems which will transform into a knowledge based
society.
Breakthroughs: The link from singular to integrated systems shall be made by an electronic decision
support system (DECIS, an intelligent integrated tool for plants, structures, equipment, vehicles and
almost any other form of the built environment), based on neural computing technologies. The payoff in
integrated operational and structural health monitoring is therefore significant. In this context, health
monitoring is analogues to human health management, serving as the backbone of an integrated asset
management program at the systems levels from civil infrastructures to automotive and aeronautic
bodies as well as complex plants like an offshore wind energy park. Health monitoring and risk
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assessment of structures and equipment has gained importance considerably world wide. In our vision
ten years from now the world should look different in this field.
Partnership: The project shall consist of a Consortium which comprises of 5 lead partners (VCE, LMS,
BRE, JRC, KUL) and 27 core partners, from all over Europe and strong participation of Candidate
Countries. For the work the best party shall be looked for by means of competitive calls. Typical project
management tools will be used as applied in major engineering projects. A professional management,
supported by appropriate tools, will be established for that purpose. The core group has long standing
cooperation experience and are the European leaders in health monitoring. Professional project
management is exercised by the coordinator in his commercial activities since long time. A concept of a
consortial agreement for proper project steering is proposed.
INTRODUCTION
Breakthrough/radical innovations expected
Our vision in health monitoring and asset management is:
! The synthesis of different methodologies from different countries and engineering areas
! Synergy effects and efficiency progress of health monitoring in plant control
! Improved safety assessment and lifetime prediction by decision support systems
! Increasing of EU competitive capacity in plant engineering
! Increase of safety availability and economy of European engineering structures
HEALTH MON ITORING PROCESS
H2
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Fig. 1: Management and assessment process of the built environment
Structural health monitoring is to become standard industrial technology within the next 10 years. It is
expected to be widely applied in the aeronautics, mechanical, civil and other sectors. Future structures
will be integrated systems, equipped with embedded sensors, computers, software, as well as actuators
for control and adaptation. These systems will be capable of continuously gathering behavioural and
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environmental data, analysing them, determine the current condition and status (intelligent diagnostics),
their life expectancy (residual life prediction), and their required maintenance actions and periods. Their
behaviour will be optimised and controlled and the structures will be capable of continuously adapting
to new situations and conditions (reconfiguration). These structures will thus be economical to be
maintained, very reliable and extremely save.
Our vision is a substantial improvement of diagnostic methodologies, tools and assessment processes.
Large increase of quality and quantity of recorded and accumulated data require more effective
organisation of databases, easier access and sorted information. Lifetime and actual stage identification
will be carried out through extensive macro and local micro investigation and verification performed by
a neural network.
Our major vision might be that intelligent integrated health monitoring systems, sometimes in
combination with active control systems will be installed everywhere on every structure and complex
system. A lot of damage detection techniques will cope with the characteristics of material behaviour
and operating conditions. Complex neural networks will provide real time analysis of health conditions
and will offer comprehensive decision support to the owners. The circle of maintenance, safety, risk,
performance and related costs are the major drivers in the subject. The joint competence of engineers
cooperating in different areas will lead to new ideas and concepts utilising the existing know how and
jointly developing prospective solutions.
A typical vision of the owner of a freeway is the development implementation and application of a fully
tested health monitoring system of automated damage detection, reliability and safety assessment of
bridge structures. It shall be incorporated as a valuable component in existing bridge management
systems to support decision making regarding cost effective strategies for system maintenance,
inspection, repair and safety.
Structure of E-MOI
The points of contact between vertical activities and horizontal approach shall be determined by the
management. The internal architecture of the project is demonstrated in the figure below. 6 vertical main
objectives, encompassing the value chain from knowledge production and technology development to
their transfer are implemented comparable to traditional R & D projects. They include all principal stake
holders like end users, authorities and practicing engineers to make sure that the expected impact is
achieved. They are supported by 6 horizontal initiatives covering the multidisciplinary nature of the
project avoiding parallel development and providing the necessary scientific and technological
components. The vertical and horizontal activities shall be integrated generating first of all a common
approach strong enough to become a world standard. To support this integration training,
demonstration, protection and dissemination of knowledge as well as take up activities are designed.
They are expressed in a demonstration shell covering all activities and for distinct support tools.

53

Bridge Assessment, Database
Environmental Conditions

Transportation Industry,
Embedded Sensors, LICYMOS

Assessment of High-rise
Buildings, Wind Loads

V2

V1

V4
Integrated Monitoring of
Wind Energy Plants

V3

Re-evaluation of Buildings,
Natural Hazards

V5
Smart Structures, TESS

V6

EUREKA
National Programs
and
Related Initiatives

Damage Detection,
System Identification

H1

Sensor Development

H2

E-DECIS Expert Systems

H3

Standardization,
European Data Reader & Format

H4

Risk Assessment,
Life Cycle Engineering

H5

Laboratory Tests &
Demonstration

H6

CRAFT
Projects

Database and
Document
Exchange
Platform

EI
B
ne
er
in
g
IP
R
an
d
A
dv
ic
e

Fi
na
nc
i

Le
ga
l

s&
ic

NAS Integration Shell

NSF, USA

Mr. Mufti

Mrs. Pauschke

RIESDP, Japan NCREE, China

Mr. Ohtani

Mr. Loh

2
W

ISiS, Canada

cs
ni
ha
ec
M

E1

Exploitation Shell

1
W

t
au
on
er

w
do
in
W
ar
le
uc

Management Shell
Steering Tools
A

els
od
Pm
PP

E2

,N

al
En
gi

EA

Tr
ai
ni
ng

En
gi
ne
er
in
g

A
S
N

,N
D
EC
,O

E3

EO

E4

IA

In
te
gr
at
io
n

COST
Actions

AIT, Thailand

Mr. Nukulchai

International Collaboration

Fig. 2: Structure of the Project
POTENTIAL IMPACT
Economic impact
The estimated total value of the built environment that could be effected by the methodology has been
estimated to be € 300,000 billion (current value). Another estimate is that annually 1.5% of this sum is
invested in maintenance and rehabilitation, which amounts to € 4500 billion annually.
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The problem is further characterised by the fact that due to the change from new investment into
maintenance costs either more money or better assessment methods are necessary to keep the safety
level at the current standard. Recent catastrophes (refer to the space shuttle Columbia and the tanker
Prestige disaster) show us that the time has come where the age of a built investment becomes the
critical factor for the assessment.
For example: The German Federal Ministry for regional policy, civil engineering and urban
development as well as market analysis estimate annual costs of 10 billion € resulting from building
deficiency in Germany only. Although extensive codes and standards as well as related laws exist,
several new structures are faced with design and construction defects. In addition there is an enormous
amount of failures which are not cost-effective, yet resulting from the last years and decades. In
particular concerning construction defects and problems advanced monitoring technologies could help
to identify minor problems within a construction and thus preventing considerable costs which are
required to improve serious damage or failure of a structure.
The optimisation of lifecycles of high reliability structures in industry will be managed and such
increase the quality of the built environment. Due to the circumstance that the average age of structures
and bridges in particular is increasing, rapid and accurate assessment is of growing importance. The
peak period for assessment in Europe will be between 2005 and 2015. Then the number of structures to
be assessed will be more than tripled compared to present values. Different studies show figures for the
maintenance costs between 1.5% and 4% of the value of the structure. The bridge maintenance budget
evolution in Europe is estimated at:
1996:
2005:
2015:
2030:

1,844 million €/year
2,000 million €/year
3,320 million €/year
2,000 million €/year

Thus, the costs for assessment are estimated at about 150 million €/year. It is estimated that only 15% of
the maintenance costs are really justified, the rest covering the risks of not knowing the real health
status. To improve these figures it is essential to make the assessment process more effective and more
efficient. Advanced monitoring technologies are a key factor for this improvement. The economic
implications of deploying monitoring systems to improve the maintenance process are:

! Reducing the costs of inspection. It is expected that the use of (continuous) monitoring systems can
reduce these costs by 20% to 50% for each structure.

! Keep the infrastructure maintenance budget stable at around 2,000 million €/year after 2005.
This would lead to huge annual savings (500 million €/year). Early detection of damage, the
possibility of adopting an optimum repair strategy and avoiding detailed tests of safe bridges.
! Keeping the infrastructure in operation. In all developed countries, infrastructure is the backbone
for economic activities. Keeping this infrastructure in operation is a major priority. The quality of
infrastructure is a competitive element of a region.
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Fig. 3: Economic Impact of E-MOI on the Built Asset (Example: Construction Sector)
SCIENTIFIC AND TECHNOLOGICAL IMPLEMENTATION PLAN
S&T objectives
Several issues have been identified in order to implement meaningful and beneficial applications of
integrated health monitoring and management (for graphic display refer to fig. 3):
! Issues related to reliable, robust and economic sensors
! Issues related to the treatment of data from acquisition till final storage management
! Issues related to damage detection and system identification technologies
! Issues related to neural networks, expert systems and decision support systems for application of
the built asset management
! Issues related to standardization, data formats, data transmission and treatment tools
! Issues related to risk assessment and lifecycle engineering
! Issues related to laboratory tests and demonstrations carried out to prove technologies
These horizontal integrating activities shall be supporting vertical research and development
activities, selected for their significance or current practice in the field:
! Issues related to bridge assessment, environmental conditions and all kinds of database aspects
including the acquisition of Europe wide data
! Issues related to the reevaluation of buildings particularly focused on seismic issues and other
natural hazards
! Issues related to the transportation industries covering cars, trains, ships or any other moving
stock
! Issues related to the challenge of huge offshore wind energy platforms
! Issues related to smart structures covering all aspects of safety as well as environmentally
friendly economy
! Issues related to high rise buildings from the not yet standardized wind loads to the assessment
of aging facades and considering eventual terrorist impacts
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These 6 horizontal integration activities and 6 vertical object oriented tasks shall lead to integrated
approaches related to the following issues:
! Issues related to the nuclear industry from seismic re-evaluation till save operation and
maintenance aspects
! Issues related to aeronautics and mechanics where these technologies partly derive from
! Issues related to the integration of the candidate countries (CC)
! Issues related to knowledge transfer, training and exchange of researchers
! Issues related to financial engineering, company spin offs and investments
! Issues related to legal questions and IPR subjects
! Issues related to new forms of infrastructure models such as public private partnerships (PPP)
! Issues related to the international collaboration to take advantage of the international practice
! Issues related to the integration of national projects, EUREKA programs, CRAFT or COST
initiatives into the integrated works
The decision support system (DECIS) shall be designed in a modular way allowing the
implementation of any new development or new found methodologies. The database behind shall be
structured in a way to allow at the same time the storage and transfer of basic knowledge as well as case
studies.
State-of-the-art
Civil engineers have applied heuristic forms of health monitoring through visual inspection. So have
mechanical and aeronautic engineers developed simple diagnosis systems based on the monitoring of
singular phenomena such as the vibration characteristic. Further notable is the importance of
information technologies in this fast growing field of operational monitoring. However, integrating the
operational and structural health monitoring with decision support systems has been attempted only in
narrow sectors. A wide and covering approach is desired. The issue is therefore to transform the current
practice into a more integrating, rational and effective one. This new asset management approach will
start with the accumulation of objective, accurate, and sufficiently comprehensive data to serve as a
basis for reliable evaluation and forecasts by neural decision support systems. The ultimate goal that
promises the maximum payoff and justifies the investment required for successful health monitoring
and system integration research and development is the implementation of a generally applicable
integrated asset management approach.
Knowledge based multifunctional materials are used in special cases in aeronautics nowadays and first
research programs are made in the mechanical industry. The new materials and the related sensors /
actuators are not known in the civil and plant engineering as well as nuclear industries. It would be a
breakthrough to transfer existing knowledge between the industries and develop adapted systems for
special purposes. A common support by an expert system or neural network is thinkable.
The current trend is that computers take over increasingly complex tasks which have to be controlled
by decisions made based on monitored data. A key question is the treatment of eventually false and from
time to time contradictive data, based on which decisions of most importance shall be made. These facts
draw the attention of otherwise competing technologies such as telecommunication, fuzzy logic
development and infrastructure management. Already Galileo Galilei said 400 years ago “We have to
monitor what ever can be monitored and we have to develop monitoring wherever we are not able to do
it.”
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Radical innovation(s)
It seams clear that in 10 years powerful and very cheep computers will be embedded into almost every
device. Therefore any concept of a single sensor will become obsolete. There will be only devices able
to perform complex tasks, whether alone or cooperating with other devices. The challenge is to built
huge distributed systems able to deal with the complexity and uncertainty existing and with sufficient
adaptive and learning capabilities. The major vision therefore is in this decision support process
promoted by this proposal.
Health monitoring systems will be equipped with homepage nano server, which can be accessed by the
authorised users to browse the measured and stored data. Such solutions will be platform independent.
Databases with operation history for critical structures will be available for users supported by a
decision support system based on neural network solutions. The vision for health monitoring is that
after 2010 thousands of structures are equipped with smart sensors, which communicate on a standard
format with a database able to manage a million sensors at a time. An expert system based on neural
network practice will care for the huge amount of data to enable selection, classification and decision
making support. This fully internet based system will be operated remotely and support all registered
users depending on their level of authorisation.
Our vision for 2010 would be a decision support system developed from an expert system and neural
network basis to a tool near to artificial intelligence. This visionary objective means a tool that is able
to recognize incoming signals, sort them accordingly and enable analysis for any kind of the built
environment. The basic tool shall become a European standard used in all kind of industries.
Our major vision in health monitoring is:
! The synthesis of different methodologies from different countries and engineering areas
! Synergy effects and efficiency progress of health monitoring in plant control
! Improved safety assessment and lifetime prediction by decision support systems
! Increasing of EU competitive capacity in plant engineering
! Increase of safety availability and economy of European engineering structures
Our vision is to develop inexpensive and precise enough technologies for global structural monitoring
and fault assessment. The development of in-service monitoring devices that employ appropriate and
precise monitoring methods for most structures like airplanes, nuclear containers, engines, plants,
vehicles, etc. is a very important strategic direction.
Health monitoring should be foreseen already at the design stage and shall be embedded during
construction. Smart instrumentation and expert systems for structural assessment that require minimal
human intervention are desired. This technology shall be employed crossover all industries. Structures
will be considered as intelligent or smart, able to make a self-diagnosis and reporting autonomously on
its structural health. We will have better and more sensitive methods for the evaluation of the measured
raw data and interpretation which enables the operator to make safe decision on further maintenance and
operation. The under laying neural network will take care of methods to automatically detect sensor
defaults, system failures or environmental exceptions. Better understanding of damage mechanisms and
their effects on the behaviour will be understood by the expert systems. Within the next 8 years
structural health monitoring should be able to demonstrate and convince operators and manufacturers of
structures that the new methods are ready for application and that they can increase reliability of the
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structures and reduce maintenance costs by early detection of damage. The danger of heavy accidents
due to overseen damage in structures should be widely reduced.
We expect that structural health monitoring is to become standard industrial technology within the
next 10 years. It is expected to be widely applied in the aeronautics, mechanical, civil and other sectors.
Future structures will be integrated systems, equipped with embedded sensors, computers, software, as
well as actuators for control and adaptation. These systems will be capable of continuously gathering
behavioural and environmental data, analysing them, determine the current condition and status
(intelligent diagnostics), their life expectancy (residual life prediction), and their required maintenance
actions and periods. Their behaviour will be optimised and controlled and the structures will be capable
of continuously adapting to new situations and conditions (reconfiguration). These structures will thus
be economical to be maintained, very reliable and extremely save.
Our vision is a substantial improvement of diagnostic methodologies, tools and assessment processes.
Large increase of quality and quantity of recorded and accumulated data require more effective
organisation of databases, easier access and sorted information. Lifetime and actual stage identification
will be carried out through extensive macro and local micro investigation and verification performed by
a neural network.
Another major vision relates to intelligent integrated health monitoring systems, sometimes in
combination with active control systems will be installed everywhere on every structure and complex
system. A lot of damage detection techniques will cope with the characteristics of material behaviour
and operating conditions. Complex neural networks will provide real time analysis of health conditions
and will offer comprehensive decision support to the owners. The circle of maintenance, safety, risk,
performance and related costs are the major drivers in the subject. The joint competence of engineers
cooperating in different areas will lead to new ideas and concepts utilising the existing know how and
jointly developing prospective solutions.
New technologies require many years to become accepted by the general public. The innovative
character of the proposed IP is that the basis for such an acceptance shall be provided. At present the
parties involved in technology development (such as IASC, on the academic level) organise their
meetings and conferences completely independently from those who should apply the technologies
(such as IABSE, on the end users level). The overwhelming response to the offer of participation to such
an IP from both scientific and the practical side shows that there is a large gap to be bridged. To make
sure that it is the End Users requirement that counts, the IP is organised by a private SME.
DESCRIPTION OF THE CONSORTIUM
The project shall consist of a Consortium which comprises of 5 lead partners (VCE, LMS, BRE, JRC,
KUL) and 27 core partners established at the beginning of the project. All steering functions for the
vertical programs are with the leaders. For the work the best party shall be looked for by means of
competitive calls. This allows a flexible management and a very effective work. Furthermore forces can
be concentrated on specific items and no conflict of interest will arise. A key to success will be that the
project is given enough freedom to select the necessary research topics, resources and players. Typical
project management tools will be used as applied in major commercial projects. A professional
management structure will be established for that purpose.
The Consortium has been selected based on the principle to have all effected groups represented and to
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achieve a critical mass for success. The consortium is structured into several levels:
! The core group, those 5 partners leading the project
! The core partners, 27 important participants responsible for single activities
! The project participants, about 40 important entities allocated to the several work tasks
! Objective oriented partners, about 60 partners with specific limited objectives within the project
! The academic pool, a source of excellence, ready to bid for the work defined and called for tender
! Observers, an unlimited number with special access rights to the results
! International cooperation partners connected by a Memorandum of Understanding (MoU)

Fig. 4: Geographic spread of Partners
International Collaboration shall be established to coordinate activities with the United States, Japan
and China. Looking at recent US activities it is expected that there will be a major competition with an
US initiative in near future. Anyhow the current European advantage should be kept. Another objective
here is to disseminate the results outside of Europe to open the way to business. The introduction of a
virtual institute with other major laboratories or partners involved could be discussed. This concerns
particularly the wish of Prof. Ohtani from Japan and Prof. Loh from Taiwan. A connection to the US
NSF activities in this field is wanted by both sides. The level of these internationalization activities shall
be decided later. There is a clear benefit for the Project through this cooperation because it opens doors
and helps to disseminate results in the right place and at reasonable costs.

ISIS
NSF

NIED
AIT NCREE

Fig. 5: Geographic spread of global cooperation
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PROJECT MANAGEMENT
To manage such a complex undertaking it needs a combination of management experience and a drive
for innovation. Strict management rules will be necessary nevertheless allowing the necessary freedom
of research.
Organisational, management and governance structure
The proposed management structure represents the classical vertical hierarchy with a strong project
manager, who is supported by an experienced team.
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INTERNATIONAL COLLABORATIVE ACTIVITIES
IN STRUCTURAL CONTROL AND MONITORING
Sami F Masri
University of Southern California, Los Angeles, California, USA
masri@usc.edu

Abstract
An overview is provided of the international collaborative activities in the broad field of Structural
Control that the International Association for Structural Control (IASC) has been fostering since its
inception in 1993. Specifically, the major accomplishments and future plans of the IASC Working
Group on Control and the IASC Working Group on Monitoring are described. A general framework
entitled “International Initiative for Intelligent Infrastructure Control (I4R) envisioned by the
Structural Control community to conduct multi-disciplinary and multi-national collaborative research
and development studies is described. Information is also provided about the goals and agenda of the
forthcoming Fourth International Workshop on Structural Control (4IWSC) to be convened in the
USA in 2004.
INTRODUCTION
The objectives of the International Association for Structural Control, which was established in 1993,
are the advancement of the science and practice of structural control and monitoring of civil
infrastructure systems, by means of education, research and application of knowledge. An important
mission of IASC is to foster international collaboration and information dissemination through the
activities of its Working Groups and through the convening of periodic Workshops and Conferences.
This summary report provides (1) an overview of a general framework envisioned by the Structural
Control community operating under the umbrella of IASC to conduct multi-disciplinary, and
multi-national collaborative research and development studies, (2) a brief report on the activities of the
Working Groups of IASC, and (3) some information about the goals and agenda of the forthcoming
Fourth International Workshop on Structural Control (4IWSC) to be convened in the USA in 2004.
INTERNATIONAL COOPERATION IN CIVIL ENGINEERING RESEARCH
The nature of cooperative research that will be of particular importance in the coming years includes:
reduction of natural disasters of earthquake, wind, flood, landslide, tsunami, and wildfire. In addition,
the retrofitting and upgrading of the civil infrastructure is of great importance in the United States and
also in other countries. For example, countries in the Pan Pacific region have the same problems of
natural disasters and also of building and retrofitting the civil infrastructure, so cooperative research
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could be of great benefit to all these countries.
Cooperative research could be of several types:
1)
2)
3)

Different aspects of the same problem could be studied in two or more countries in a
coordinated program;
A large experimental project could be undertaken in one country and subsidiary projects by
researchers from other countries could piggyback on the main project;
Researchers on related projects in two or more countries could meet annually in a workshop
to exchange information and make recommendations for future projects.

In the past, one of the difficulties in establishing a coherent cooperative program has been the
identification of the problem and bringing together appropriate researchers to cooperate. For example,
the organization of the relevant public and private agencies in the United States, Japan, and China
differ so greatly that it is difficult to arrange cooperative projects between appropriate researchers.
This is unfortunate because the success of cooperative research depends mainly upon a good match of
the interests and plans of the researchers involved.
Improvement in cooperative research programs could be achieved by coordination on a planning level
in which a Planning Panel is established in each country whose function is to keep informed on the
research projects underway and to identify such projects that would benefit from international
cooperation. Representatives from each of the Panels would constitute an International Oversight
Committee that would meet at intervals for the purpose of identifying, initiating, facilitating, and
coordinating cooperative research projects. The members of the Oversight Committee would serve for
a prescribed term of office, perhaps three years, and an orderly procedure established to retire existing
members and bring in new members. In this way there would be continuity in the functioning of the
Oversight Committee and, consequently, a continuity in the cooperative research program.
The Oversight Committee would not undertake research projects but would focus on strengthening
the cooperative research program between the countries. The Oversight Committee would act as a
standing Advisory Committee whose value would be enhanced by its continuity of service. The name
International Initiative for Intelligent Infrastructure Research (I4R) has been proposed to identify the
activity of the Oversight Committee.
Figure 1 shows a sample organizational structure of I4R; Figure 2 shows the organizational structure
of a sample I4R initiative, and Figure 3 shows the suggested organization of a specific I4R initiative
on cracked steel joint problems
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Figure 1: I4R Organizational Structure.
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Fig 2: Sample I4R initiative.
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Figure 3: Specific I4R Initiative on cracked steel joint problem.
RESEARCH NEEDS IN STRUCTURAL CONTROL
As a result of recent earthquakes, the consensus of the Structural Control community, as reported in
several recent IASC Workshop proceedings (Agbabian and Masri, 1988; Housner and Masri, 1990;
Chen and Beck 1991; Housner et al, 1992; Kobori 1992; Housner and Masri, 1993; Housner et al
1994; Kobori 1994; Chen 1996; Kobori 1998; Bourquin 2000; Casciati 2002), is that certain areas of
structural control especially require further study:
1. Use control to improve the seismic performance of existing structures, especially
steel-frame buildings.
2. Develop more effective combinations of methods of control for design of new buildings.
3. Develop control methods for improving the seismic resistance of bridges.
4. Carry out experimental verification of integrated control and monitoring systems under
realistic conditions.
5. Develop standardized benchmark tests for comparison purposes.
6. Carry out tests on full-scale buildings that have been provided with control systems.
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7. Develop closer cooperation between research in structural control and research in smart
materials and smart structures.
8. Study protective control of critical facilities such as emergency response centers,
emergency communication systems, fire and police response systems, etc., which must
continue to function during earthquakes.
9. Expand the studies of structural control to include protection of such items as large
computer facilities, hospital facilities including large medical equipment, electrical
generation and distribution systems, TV and radio facilities, and other items that are
important for emergency earthquake response.
10. Improve the competence of practicing engineers by preparing explanatory documents,
giving seminars and short courses, etc.
An alternate way of describing the future of structural control research is to state recommended goals.
These can be divided into short range goals and long range goals:
Short-Range Goals:
(a) Expanded application of passive control devices,
(b) development of active control methods for moderate oscillations,
(c) cost-effective control of existing structures,
(d) health monitoring of civil infrastructure systems, and
(e) experimental verification of large scale, if not full-scale, control applications.
Long-Range Goals:
(a) Cost-effective methods of integrated control,
(b) control systems for very large earthquakes and very strong winds,
(c) post-earthquake damage detection,
(d) development of appropriate design codes for structural control, and
(e) collaborative international research.
IASC WORKING GROUPS
The US Panel on Structural Control Research has established three Working Groups in collaboration
with the ASCE Engineering Mechanics Dynamics Committee in 1999
• Task Group on Benchmark Control Studies
• Task Group on Structural Health Monitoring
• Task Group on Codes for Structural Control
These Working Groups are cooperating with parallel task groups in other regions.
The Working Group on Structural Control is coordinating a number of benchmark control studies in
various stages of development: wind and seismic, building and bridge, etc. Benchmark problems
provide common structure and common evaluation methodologies, making direct comparison of
control strategies feasible
Past and current benchmark problems include:
• nonlinear seismic building benchmark (1999-2003)
• wind-excited building benchmark (1999-2003)
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• seismically-excited cable-stayed bridge benchmark (phase I and phase II) (2000-2004)
• controllable base isolated building benchmark (2003-?)
• asymmetric wind building benchmark
• typical highway bridge benchmark
Further details about the research activities of this Working Group are available in the 1998 Special
Issue of the Journal of Earthquake Engineering and Structural Dynamics, Volume 27, Number 11,
which was fully devoted to papers reporting on the activities of this Working Group.
The Working Group on Health Monitoring is coordinating a number of benchmark Structural Health
Monitoring (SHM) studies in various stages of development. Benchmark studies, coordinated by the
Working Group, provide mechanisms for comparing SHM strategies on a common problem.
Several phases of a benchmark study in SHM have been defined by the task group:
!

!

!

phase 1 simulated data (12DOF identification model; different excitation models; known vs.
unknown excitation; Six damage patterns generated by eliminating or reducing stiffness in
one or more braces)
phase 2 simulated data; Same structure, but add more realism (improved modeling error;
modest damage with simple spatial distribution; brace and connection damage); Results
presented at 3IWSC (Paris, 2002)
phase 2 experimental data; Same structure, but actual experiment; data taken in numerous
configurations at University of British Columbia; Damage simulated by removing bracing or
loosening bolts; Full data sets and video describing the methodology is on the Task Group
web site http://wusceel.cive.wustl.edu/asce.shm/experim_phase_2.htm

Several possible benchmarks are under investigation: typical highway overpass bridge; long-span
bridge (cable-stayed or suspension). Further details about the research activities of this Working
Group are available in the work of Johnson et al, 2004).
FOURTH INTERNATIONAL WORKSHOP ON STRUCTURAL CONTROL (4IWSC)
The U.S. Panel on Structural Control Research and the International Association for Structural
Control (IASC), in collaboration with the Organizing Committee at Columbia University in New York
City, are planning to convene the Fourth International Workshop on Structural Control. The purpose
of this meeting is to review progress, promote research cooperation, and make recommendations for
further research in the general field of active/hybrid vibration control and monitoring of civil
infrastructure systems under the actions of earthquakes, wind, and extreme loads. The Workshop will
focus on topics related to building structures, adaptive structures, intelligent/smart materials and
systems, health monitoring and damage detection, actuators, sensors, and hybrid vibration control of
civil infrastructure components under the action of dynamic loads. Among the specific topics to be
addressed by the Workshop Working Groups are: (1) Building and Bridge Control, (2) Structural
Health Monitoring, (3) Research Needs in Structural Control (involving adaptive materials, innovative
sensing hardware, wireless technology, and novel actuators), and (4) International Collaboration
involving recent national and multinational collaborative initiatives in North America, Asia and
Europe.
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This meeting is planned to be a genuine workshop and not a mini-conference with presentations only;
meaning that the emphasis is on maximizing the amount of interaction by the attendees and the various
Working Groups so as to discuss research progress, exchange technical information, and work
collaboratively within the existing IASC Working Groups to advance the state-of-the art of the broad
field of Structural Control by continuing to advance the planning and implementation of large scale
collaborative projects involving physical benchmark problems, as envisioned by the concept of the
International Initiative for Intelligent Infrastructure Research (I4R), which was presented by Professor
Housner at the First International Workshop on Structural Control, held in Hawaii in1993
A brief outline of the Workshop is provided in the Appendix. Further details regarding the 4IWSC
program, registration, housing information and paper format can be obtained from:
http://www.civil.columbia.edu/4IWSC
CONCLUSIONS
The International Association for Structural Control is coordinating several collaborative international
activities through the operation of its Working Groups on Control and Monitoring. A framework
proposed by IASC for conducting multi-disciplinary, multi-national collaborative research in the broad
field of structural control and monitoring is presented. Improvement in cooperative research programs
could be achieved by coordination on a planning level in which a Planning Panel is established in each
country whose function is to keep informed on the research projects underway and to identify such
projects that would benefit from international cooperation.
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APPENDIX: Program for Fourth International Workshop on Structural Control
International Association for Structural Control (IASC)
First Announcement for

4th International Workshop on Structural Control (4IWSC)
Columbia University
New York, NY, USA
Thursday-Friday, 10-11 June 2004

Thursday 10 June 2004
7:00-8:00 Breakfast
8:00-8:30 Registration
8:30-8:45 Welcoming remarks (Columbia U people, IASC President, NSF person)
8:45-12:00 about 2.5 hours [150 min] net (with 30 min break) for presentations
• Panel technical reports from USA
• Panel technical reports from Japan
• Panel technical reports from Europe
• Panel technical reports from China
• Panel technical reports from Korea
• USA NEES and International Collaborative Efforts
• Japan Miki Shaker Collaborative Efforts
• European Testing Facilities Collaborative Efforts
12:00-1:30 lunch
1:30-5:00 [3 hours net including 30 min break] break participants into Working Groups
• WG1 Benchmark Problems in Control [buildings, bridges]
• WG2 Benchmark Problems in Monitoring [sensors, methodologies, models]
• WG3 International Collaboration Involving NEES, Miki shaker, Europe, etc
NOTE: brief (15 min) summary papers can be accommodated within WG meetings
6:30-10:00 dinner boat-cruise around Manhattan

Friday 11 June 2004
8:00-10:30 Special Session on “Distributed Sensing for Structural Systems in the USA”
•
Overview of State-of-the-Art in “Sensor Nets”
•
State-of-the-Art in Wireless Sensing
•
NEES Nodes Sensor Capabilities and NEESgrid Capabilities
•
High-Accuracy GPS-based Relative Position Dynamic Sensing
•
Overview of State-of-the-Art in Model-Based Simulation & the Interface with Sensing Data
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10:30-11:00 coffee break
10:45-12:00 Research Needs in Structural Control and Monitoring Areas (smart materials, innovative
sensing hardware, wireless technology, semi-active actuators, simulation, etc)
12:00-1:30 Lunch
1:30-2:15 WG summary reports (each about 15 min with discussion)
2:15 - 3:00 pm General discussion
3:00 pm Adjourn
The proceedings, including the presentations, highlights of the group discussions, and
recommendations, will be published in the form of a book. In addition to presentations by invited
Plenary Session speakers, there will be an opportunity for participants to present brief overview papers
during the Working Group sessions. Contributed papers slated for publication in the 4IWSC
Proceedings should not exceed 6 pages total.
Further details regarding the 4IWSC program, registration, housing information and paper format can
be obtained from: http://www.civil.columbia.edu/4IWSC.
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SEISMIC VULNERABILITY AND PROTECTION
OF NONSTRUCTURAL COMPONENTS
T.T. Soong and D. Lopez Garcia
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Abstract
An area of earthquake disaster mitigation research of growing interest in the U.S. is one of assessing
seismic vulnerability and developing mitigation measures for nonstructural components in buildings,
particularly critical facilities. This area of research has had limited international collaboration, but has
strong potential for broader international involvement.
The research activities in the U.S. in the area of nonstructural components has the broad objective of
developing knowledge, assessment tools, analysis and design procedures, fragility data, and protective
measures. These activities are designed, in part, to contribute to efforts underway to prepare guidelines
for performance-based earthquake engineering and reduce economic losses in future earthquakes.
Reported in this presentation are some completed and current work in the nonstructural components area.
They address two important technical issues associated with their seismic performance: seismic
vulnerability and protection strategies.
INTRODUCTION
Nonstructural components of a building are those systems, parts, elements, or components that are not
part of the structural load-bearing system, but are subjected to the building dynamic environment causes
by, for example, an earthquake. Typical examples of nonstructural components include architectural
partitions, piping systems, ceilings, building contents, mechanical and electrical equipment, and exterior
cladding. While seismic design of buildings has been well developed and is being continually updated
and improved, nonstructural components housed in buildings are rarely designed with the same care or
under the same degree of scrutiny as buildings. As a result, buildings that remain structurally sound
after a strong earthquake often are rendered unserviceable due to damage to their nonstructural
components.
The importance of nonstructural component issues in seismic design and performance evaluation is now
better recognized by researchers as well as practicing engineers. The subject received special attention
after the San Fernando earthquake in 1971 when it became clear that damage to nonstructural
components not only can result in major economic loss, but also can pose real threat to life safety. For
example, an evaluation of various Veterans Administration hospitals following the San Fernando
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earthquake revealed that many facilities still structurally intact were no longer functional because of loss
of essential equipment and supplies.
Economic loss due to seismic nonstructural damage can also be considerable. A case in point is the
seismic damage sustained by buildings during the 1994 Northridge earthquake. With the loss of
approximately $18.5 billion due to building damage, nonstructural damage accounted for about 50% of
this total (Kircher, 2003). From the viewpoint of economic investment, sample data shown in Figure 1
illustrate typical investment in structural framing, nonstructural components and building contents in
office, hotel and hospital construction. Clearly, the investment in nonstructural components and
building contents is far greater than that for structural components and framing.
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17.0%
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80%
60%

62.0%

40%
20%
0%

Nonstructural

70.0%
48.0%
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Contents
Structural

8.0%

Hospital

Fig. 1: Typical investments in building construction (after E. Miranda)
As a result of past earthquake losses and the level of investment in nonstructural components and
contents, considerable attention has been paid in recent years to this subject area to develop a better
understanding of the seismic behavior of nonstructural components, to realistically assess their seismic
vulnerability and performance, and to develop effective protection strategies. These issues related to
nonstructural components have been an integral part of the research programs conducted at the three
NSF-funded U.S. Earthquake Engineering Research Centers. It is the purpose of this paper to briefly
summarize the key features of these research activities in the areas of seismic vulnerability and
protection strategies related to nonstructural components.
SEISMIC VULNERABILITY
In order to improve seismic performance of nonstructural components and to develop effective
protection strategies, seismic vulnerability of these components must be first established. While many
approaches can be followed, the development of fragility information for these components can be very
useful. Fragility information not only quantify seismic risk for these components under specified site
conditions, but also provide information on the effects of key parameters on the fragility results, leading
to the development of effective protection strategies.
One approach in developing fragility information for nonstructural components in a systematic way is to
first group nonstructural components into the following three main categories:
•
•
•

Unrestrained nonstructural components
Restrained nonstructural components
Nonstructural systems which consist of systems of nonstructural components
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Fragility information for the first two groups can be developed analytically and experimentally under a
variety of failure modes (e.g., Zhu and Soong, 1998; Chong and Soong, 2000; Lopez Garcia and Soong,
2003a,b). For example, sliding fragility of unrestrained equipment is studied in Chong and Soong (2000)
and Lopez Garcia and Soong (2003a,b). Using floor response spectra to characterize excitation inputs,
fragility curves such as those shown in Fig. 2 can be determined to allow a quantitative assessment of
seismic risks for this class of components under sliding. Specifically, fragility curves in Fig. 2 are
obtained when the coefficient of dynamic friction (µd) is 0.4, the threshold displacement (xo) is 2 in, and
when k varies from 0 to ½, where k is the ratio of the vertical to horizontal component of the peak floor
acceleration. Figure 2 shows that a key parameter of interest in this case is k. As k increases, the
sliding-related risks increase significantly, which is consistent with damage patterns of nonstructural
components that have been observed in recent earthquakes. It underscores the need to consider vertical
base motion in seismic vulnerability assessment of unrestrained equipment.
Another significant finding in this study is that the absolution acceleration, thus the inertia force,
induced by base excitation at a threshold displacement of the component is relatively insensitive to the
base motion but only sensitive to µd. Surface properties of the component and the base thus become
important when impact with neighboring objects become an issue in seismic design.

Fig. 2: Fragility curves for µd = 0.4 and xo = 2 in
Analytical studies of fragility of some of the restrained nonstructural components have been completed
(Lopez Garcia and Soong, 2003a,b). Many stand-alone nonstructural components and medical
equipment are anchored or restrained. Some typical restraint schemes are shown in Fig. 3. Two possible
failure modes are of primary interest in this case. They are restraint breakage, which generally renders
the equipment damaged and nonfunctional, and excessive acceleration levels experienced by the
equipment, which causes internal damage to sensitive equipment such as computers, communication
and monitoring systems, and medical instruments and equipment.
Figure 4 gives an example of fragility curves obtained when the failure mode is restraint breakage.
These results are functions of four parameters: µ = coefficient of kinetic friction, Teq = natural frequency
of the component in the absence of friction, β = normalized initial restraint tension, and k = ratio of
vertical to horizontal peak base accelerations. It can be deduced from these results that (a) fragility is
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significantly influenced by µ, β, and Teq, (b) influence of vertical acceleration coefficient k becomes
increasingly important with increasing µ regardless of β and Teq, and (c) assuming that fragility curves
for k = 0.75 are more realistic, fragility curves obtained without considering vertical ground
accelerations (i.e., k = 0) are always unconservative.

Fig. 3: Equipment with restraints
For the third category in which a nonstructural system consists of many connected individual
components, fragility information can be obtained from those of individual components through the
construction of a logic tree as illustrated by Fig. 5 for a medical gas supply system (Yao, 1999).
Depending on the way in which the components are connected, fragility equations can be established
which relate system fragility to the component fragilities. The logic tree approach can also be used for
sensitivity analysis to identify critical components of the system, and to determine confidence intervals
for the system fragility. For example, Fig. 6 illustrates a healthcare facility with a nonstructural system
consisting of a water tank and a pipeline, and a sample fragility surface for the water tank.
PROTECTION STRATEGIES
Clearly, better protection of structures through better design or use of more advanced technologies
improves performance of nonstructural components and systems in which they reside. In a recent study
(Kircher, 2003), economic losses for non-residential buildings were re-calculated for the 1994
Northridge earthquake region under hypothetical improvement of building performance with a viscous
damping system or a base isolation system. Table 1 shows potential savings in direct economic loss
using these technologies. As seen in the table, as much as 51% savings can be realized using the
damping system technology and 63% savings using the isolation technology.
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Improved protection at the nonstructural-component level can also produce significant benefit. In this
case, results on seismic vulnerability can guide the development of improved design and protection
guidelines for nonstructural components. In a majority of cases, easy and inexpensive solutions can be
found which can significantly reduce the risk of seismic damage to nonstructural components (FEMA,
1994). For example, restraint design for computers and data processing equipment at a data center was
recently carried out (Meyer et al., 1998). In this work, an attempt was made to provide a sound basis for
designing tethers or cables using site-specific response spectra. The important design parameters were
initial angle of cable orientation, initial tension in the cable, and stiffness coefficients of the cables. A
preliminary design guide was developed and, in general, the following were noted as important
considerations:
Table 1: Reduction in direct economic loss through improved building performance
of non-residential buildings (adapted from Kircher, 2003)

Nonstructural
System
Drift-related
Acceleration-related
Contents/Inventory
Total

•
•

•
•

•
•

As
Constructed
$1,086
1,952
2,162
$5,200

Economic Loss (in millions)
With
With
Damping
%
Isolation
System
Benefit
System
$ 407
63
$ 303
1,013
48
777
1,124
48
862
$2,544

51

$1,942

%
Benefit
72
60
60
63

The relative displacement is dramatically increased by steep cable angles, by increases in
pre-tension, by reducing the stiffness, and by increasing the equipment weight.
The optimum angle between the floor slab and the cable can be determined. Increasing the angle
causes the equipment acceleration and cable tension to increase significantly compared to
decreasing the angle. Accordingly, flattening the cable angle to avoid an obstacle is preferable to
steepening the angle.
Increasing initial tension results in a near equal increase in peak cable tension.
Doubling friction at the equipment-floor interface causes a 60% increase in acceleration, but has
minor effect on displacement and cable tension. Low friction is advantageous for protection of the
equipment. This implies that unlocked casters are sometimes helpful.
Reducing cable stiffness significantly increases displacements, but not accelerations or cable
tension.
Increasing the tributary weight to a cable significantly increases displacements. Accelerations
decrease slightly, and cable tension increases modestly.

Direct application of passive energy dissipation systems to nonstructural components and systems have
also been studied and proposed. For example, the use of tapered metallic yielding devices (Fig. 7) were
examined to guard against overall collapse and failure of brittle nonstructural components in essential
facilities. In another study, as an added protective measure, installing a tuned mass damper on the
counterweight of an elevator has been suggested for improved elevator performance due to earthquake
induced motion (Rildova and Singh, 2003).
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Fig. 4: Fragility curves for restraint breakage limit state (Lopez Garcia and Soong, 2003b)
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Fig. 7: Tapered energy dissipation device (after B. Goodno)
More complicated nonstructural components may require more advanced protection techniques. For
example, in the case of rotating machines, it presents a dual isolation problem consisting of isolation of
housing structures from the machine vibrations and protection of machines during an earthquake to
maintain their functionality. The desirable characteristics of machine mounts for the above two
purposes can differ significantly due to the difference in the nature of the excitation and in the
performance criteria in the two situations. For example, work has been performed on the development
of a semi-active mount which can accommodate different seismic and operational requirements (Rana
and Soong, 1998). A functional diagram with a variable damping element for this scheme is shown in
Fig. 8. This scheme includes a sensor which can detect the start of a seismic event and send ON/OFF
signal to a switch in a variable damper and/or spring element which can change the property of the
element.

Fig. 8: A semi-active mount design
INTERNATIONAL COLLABORATION AND CONCLUDING REMARKS
Nonstructural damage to critical facilities caused by past earthquakes underscores the importance of
addressing the nonstructural issue in seismic design and installation. There is an urgent need to develop
stringent seismic design and installation guidelines to insure not only structural integrity, but also
functionality of critical facilities, which require protecting nonstructural components, as well as
structures, from seismic damage under strong ground shaking.
Recently, efforts are underway in the U.S. to develop a systematic framework for performance-based
design of nonstructural components (Bachman et al. 2003). International collaboration on this
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development is timely and can be highly productive in view of the demonstrated importance of this
research effort. This development may involve the following tasks:
Task 1 - Develop a Catalog of Nonstructural Components, Systems and Contents. Identify, organize
and catalog the various types of nonstructural components, systems and contents that are vulnerable to
loss.
Task 2 - Identify Nonstructural Performance Measures. Identify how nonstructural performance can
be characterized or damage measured. These can be loss of functionality, leakage rates, crack widths,
breakage, etc.
Task 3 - Identify Engineering Demand Parameters. Review and evaluate input engineering demand
parameters (EDP’s) that have been proposed. These EDP’s may include floor acceleration, drift,
ductility demand, cumulative dissipated energy demand, or other similar parameters.
Task 4 - Develop Damage Database. Develop damage database based on available fragility data,
publicly available experience data, vendors, and existing test programs. Also, as part of the task,
develop a comprehensive electronic master database of building nonstructural components including
seismic fragility of the components.
Task 5 - Establish Comprehensive Testing and Certification Protocols. Develop testing protocols,
sampling rules, certification testing rules and testing laboratory certification.
Task 6 - Performance Evaluation Case Studies/Testbed Checks. Verify evaluation procedures that
have been developed and illustrated how they work through case studies and standardized tests on
shaking tables.
For nonstructural components in critical facilities, higher performance levels demand a more rigorous
approach to assessing their seismic vulnerability and to developing appropriate protection strategies.
This paper has outlined some of these approaches that can be followed in a systematic development of
seismic vulnerability methodologies and protection strategies for nonstructural components. A possible
work plan for international collaboration is also outlined.
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Abstract
In order to promote researches in seismic hazard analysis, engineering structural damage assessment,
and socio-economic loss estimation in Taiwan, the National Science Council started the HAZ-Taiwan
project in 1998. The National Center for Research on Earthquake Engineering also develops the
associated application software "Taiwan Earthquake Loss Estimation System" to integrate various
inventory data and analysis modules. The analysis framework of TELES follows the approach of
HAZUS, which has been developed in the United States. However, individual analysis modules and
parameter values have been modified according to Taiwan local environment. There are three main
functions in TELES. First, it helps to obtain reliable estimates of potential seismic hazards and losses
soon after the occurrence of earthquakes. Second, it helps to simulate earthquake scenarios and to
provide useful data when local governments propose their seismic mitigation plans. Third, it helps to
provide seismic hazard assessment and catastrophic risk management tools, such as the seismic
insurance policy for residential buildings. This paper focuses on the analysis modules used in early
loss estimation sub-system including assessment of ground motion intensity, soil liquefaction potential,
building damages and the induced casualties.
BACKGROUND
In general, risk can be defined by probability of occurrence of a seismic event, exposure of people and
property to the event, and consequences of that exposure. Based on the previous definition of risk, an
earthquake loss-estimation methodology, integrated with geographic information system (GIS) and
designed to run on personal computers, has been developed in the United States. The methodology
and associated application software are contained in HAZUS (RMS, 1997). Essentially, the
HAZ-Taiwan project and the associated application software "Taiwan Earthquake Loss Estimation
System" follow a similar approach used in HAZUS. However, TELES has made major
modifications in analysis models and parameter values, not only to accommodate the special
environment and engineering practices in Taiwan, but also to reflect the state-of-the-art technology
after the introduction of HAZ-Taiwan project in 1998. Furthermore, TELES has functions to
estimate automatically the induced disastrous regions and scales soon after the occurrence of strong
earthquakes, and to integrate probabilistic seismic hazard analysis and loss estimation. HAZUS does
not have the similar features of early loss estimation and seismic risk assessment.
The results of the HAZ-Taiwan project help to plan and stimulate efforts to reduce risk from
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earthquakes, and to prepare for emergency response and recovery from an earthquake. It also
provides a standard risk assessment and loss estimation methodology. Expected benefits of a
standard methodology include consistency of approach, more economic use of available resources,
improved sharing of knowledge, and more consistent performance measurement in hazard mitigation
efforts, and providing effective means to set local, regional and national priorities.
FRAMEWORK OF METHODOLOGY
The HAZ-Taiwan project is mainly composed of three parts: collection of database; development or
modification of analysis modules; and update of application software, as shown in Fig. 1. The input
database consists of three types of data: inventory data with GIS information, earthquake hazard and
geologic data maps, and analysis parameters. The analysis modules take the required inventory data
and analysis parameters as inputs, conduct risk and loss estimations based on the site-specific outputs
from hazard analysis, and output estimates in the result databases. The third part, integrated with
commercial GIS software, is the PC-based application software to execute user's requests, to display
input/output databases in both tabular and graphical forms, to generate summary reports, and so on.

Analysis Parameters

Potential Earth Science Hazard Analysis
Physical Damage Assessment
Induced Physical Damage Assessment

I/O Interface

Inventory Data

Earthquake Hazard and Geologic Data Maps

Direct Social/Economic Loss Estimation
Indirect Economic Loss Estimation

Fig. 1: Methodology framework of HAZ-Taiwan.

The analysis part contains four groups of analysis modules, namely, potential earth science hazard
(PESH) analysis, direct physical damage assessment, induced damage assessment, and
social/economic loss estimation. These modules and sub-modules are interdependent. The output
from one module acts as input to another. The modular approach allows estimates based on
simplified models and limited inventory data. Addition or replacement of existing modules/data may
be done without reworking the entire methodology. The modular approach also facilitates the rapid
transfer of information and technology between the academic/research communities and the end users.
Specific regional analysis models and data can be incorporated in the framework. Another advantage
of modular approach is that it enables users to limit studies to selected losses, which may be desirable
because of limited budget and inventory constraints. In general, each module requires a
comprehensive loss estimation study. However, the degree of required sophistication and associated
cost varies greatly by user and application. It is necessary and appropriate that the modules accept
multiple levels of detail and precision of input data.
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ESTIMATION OF GROUND MOTION INTENSITY
The PESH module generates estimates of ground motion intensity and ground failure extent. Based
on the source parameters of a scenario earthquake and the local site conditions, the ground motion
demands are generally in terms of response spectra and peak values (PGA and PGV). The response
spectra are simplified and mainly determined by S as and S a1 , which represent the short-period and
the long-period spectral accelerations, respectively. So far, the ground failure estimations consider
only the effect of soil liquefaction and are in terms of occurrence probability and the induced
permanent ground deformation (PGD). Other related earth science hazards, such as tsunami and
inundation, may affect social/economic environment, but are not considered in the current framework
of TELES.
The first step in scenario simulation is to set source parameters. In general, there are three ways to
define source parameters in a deterministic approach, that is, historical events, active faults and
arbitrary events. The basic source parameters include event date, time, magnitude, epicenter location
and focal depth. If the earthquake accompanies fault rupture, the fault mechanism (reverse, normal
or strike), orientation of trace, inclination angle, length and width of rupture plane are required to
define the source parameters. In case there is no information about the rupture fault, it may be
assumed to be a rectangle passing through the hypocenter of scenario earthquake. If the active fault
traces are known, they may compose of many line segments, though not necessarily continuous, to
depict the traces realistically. Default length and width of the rupture plane are provided using Wells
et al (1994) empirical formula; however, they can be customized to match the actual observation.
Since different attenuation laws use different definitions for earthquake magnitude and source-to-site
distance, TELES internally converts magnitude scale and selects proper definition for source-to-site
distance. Both moment magnitude ( M w ) and local magnitude ( M L ) are generally used in Taiwan.
They are converted by using the following equation (Wu et al, 2001),

M L = 4.533 ln M w − 2.091

(1)

For example, Jean (2001) uses local magnitude and shortest distance to fault plane, while Boore et al
(1994) uses moment magnitude and shortest distance to the horizontal projection of fault plane. If
the rupture length reduces to zero, the source-to-site distance automatically uses the definition of focal
distance in the attenuation laws. TELES can consider the effect of seismogenic rupture zone when
evaluating the source-to-site distance.
Estimation of ground motion intensity due to a scenario earthquake may divide into three steps.
Referring to Fig. 2, the first step uses the attenuation laws to predict the intensity at bedrock level.
The second step uses the local site modification factors to obtain the intensity at ground surface.
Finally, if the monitored data at nearby strong-motion stations are available in early seismic loss
estimation, the local intensity can be updated accordingly. HAZUS classify the local site conditions
into six categories by soil profiles and properties, such as shear velocity and SPT-N value. The site
modification factors depend on the soil type as well as the ground motion intensity. However,
topography and geology are very complex in Taiwan, basin effects or topographic conditions may
influence the ground motion intensity significantly. To overcome the shortage of rough classification
scheme of soil types, micro-zonation of site effect is necessary. Since the strong-motion stations
installed by the Central Weather Bureau are dense enough, the site modification factors for each
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chun-li are determined from both the recorded accelerograms and local geology (Yeh et al, 2003).
T = 0.3
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and Dip Angle

Local Site-Soil Conditions
Wave Propagation―
Intensity Attenuation and
Frequency Filtering

Fig. 2: Procedures in estimation of ground motion intensities.

ESTIMATION OF SOIL LIQUEFACTION POTENTIAL AND SETTLEMENT
When saturated loose soil subject to cyclic loadings, the particles in the soil rearrange their relative
positions and the volume of the soil tends to shrink due to gravity. The excessive pore water cannot
be drained out in a short period and thus causes rapid increasing in the pore-water pressure. If the
vibration is large enough and lasts for a long time, the effective shear strength of the soil will reduce to
zero and liquefaction phenomenon will happen. Thus, the influence factors in soil liquefaction are
the intensity level and the time duration of ground excitation and the ground water depth. The peak
ground acceleration (PGA) is commonly used to indicate the excitation intensity, while the earthquake
magnitude is used to indicate the duration of excitation.
Yeh et al (2002a) analyzed more than 11,000 borehole data in Taiwan and proposed a classification
scheme to identify the liquefaction susceptibility category of each borehole. The soil liquefaction
susceptibility is classified into six categories, that is, "very high", "high", "moderate", "low", "very
low" and "none". Based on the knowledge of liquefaction susceptibility for each borehole, the
liquefaction susceptibility map for each chun-li is roughly estimated.
Furthermore, the
semi-empirical formulas to estimate the liquefaction probability and the amount of settlement due to
liquefaction are obtained from nonlinear regression analysis and statistics (Yeh et al, 2002b). The
influence factors in the semi-empirical formulas include earthquake magnitude, peak ground
acceleration and ground water depth.
DAMAGE ASSESSMENT OF GENERAL BUILDING STOCKS
The general building stocks consist of many buildings of different structural types, seismic response

86

behavior and usages. They are grouped into several model building types, seismic design levels, and
specific occupancy classes in order to facilitate damage assessment, casualty and loss estimation.
The building tax data from ministry of finance and local governments have been used to calculate
various statistics of general building stocks, since it is the only database that provides consistent
format and up-to-date information of buildings in Taiwan. The model building types are mainly
defined by their construction material and building height. There are 15 model building types,
namely, wood (L), steel (L, M, H), light steel (L), reinforced concrete (L, M, H), pre-cast concrete (L),
reinforced masonry (L, M), un-reinforced masonry (L), and steel reinforced concrete (L, M, H)
buildings. The letters L, M and H in the parenthesis indicate low-rise, mid-rise and high-rise
buildings, respectively. Each modeling building type is further divided into four seismic design
levels, namely, high-, moderate-, low- and pre-seismic design levels. The total floor areas for each
model building type and seismic design level are calculated according to their construction years,
seismic zoning factors, and local site conditions.
PESH Spectral Response
Reduced for Damping/
Duration Effects

P[DS = ds|SD or SA]

P[DS ≥ ds|SD or SA]
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Fig. 3: Damage assessment of general building stocks.

Some inventory data, such as bridges and tunnels, may be treated as point objects. Some others, such
as highway segments and airport runway, may be treated as line objects. However, for general
building stocks, it is neither necessary nor practical to evaluate individual building. In this case, the
mapping scheme of specific occupancy class to model building type plays an important role in the
framework to estimate various social impacts and economic losses. Since the model building type
and the occupancy class in each record of building tax data are available, it is possible to obtain the
mapping scheme of specific occupancy class to model building type for each chun-li.
TELES evaluate the damage state probabilities for each model building type and seismic design level
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due to site-specific ground motion intensity and liquefaction-induced settlement. The procedures in
building damage assessment are depicted in Fig. 3, where damages in structural systems and
nonstructural components are evaluated separately. The effects of hysteretic damping and system
degradation are taken into consideration in calculating the seismic demand. The seismic capacity and
fragility curves for each model building type and seismic design level are determined by reference to
seismic design codes in various periods, nonlinear push-over analysis, and historical data collected
after Chi-Chi, Taiwan earthquake.
CASUALTY ESTIMATION
TELES consider only the casualties due to damage or collapse of buildings. Although other factors,
such as fire following earthquakes, sudden failure of critical dams, unseat of bridges, etc may cause
significant casualties, they are not considered in the current methodology. Referring to Fig. 4, the
first step in casualty assessment is to estimate the spatial distribution of population at different times.
For simplicity, only three population migration patterns are taken into consideration, that is, daytime,
nighttime, and commute time. It is assumed that the population density (number of persons per unit
floor area) can be estimated for each specific occupancy at the different times. Since the total floor
area of each specific occupancy class has been obtained from the building tax data, multiplication of
the population density and the floor area of each specific occupancy class in each chun-li obtain the
population migration patterns. Assuming the population is uniformly distributed within the same
occupancy class, the mapping schemes of specific occupancy class to model building type are used to
calculate the number of people in each model building type.
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Fig. 4: Assessment of casualties caused by building damages.

The output of casualty module contains estimates breakdown into four injury severity levels. The
four severity levels are "injuries requiring basic medical aid without hospitalization," "injuries
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requiring a greater degree of medical care but not expected to threaten life," "injuries requiring
adequate and expeditious treatment to avoid loss-of-life," and "instantaneous killed or mortally
injured." The casualty rates for different model building types and in various damage states are
calibrated considering the effects of structural and nonstructural damages. Buildings in complete
damage state are further divided into collapse and without collapse. By combining casualty
information with loss-of-function estimates for hospitals, alternate plans may be prepared for
treatment of victims outside of the affected area.
SOFTWARE ARCHITECTURE
The application software, TELES, is written in Visual C++, which is an object-oriented programming
(OOP) language, and MapBasic, which is the language used to communicate with MapInfo. Through
the object linking and embedding (OLE) technology, the TELES integrate functionalities and custom
usages of MapInfo, which is famous application software of geographical information system (GIS).
The main functions of MapInfo in TELES are to view and to edit records and map objects in various
kinds of database. All the numerical analysis is written in C++ and FORTRAN. The software
architecture of TELES has module design, so addition and modification of individual module will not
affect the other modules. TELES allows users to open multiple documents and multiple map
windows at the same time, so the users can compare different thematic maps and obtain in-depth
understanding of the relationships between input and output database. TELES allows users to
monitor the earthquake occurrence and run scenario simulation in separate application windows at the
same time, so the users will not miss any message sent from the Central Weather Bureau.
APPLICATION OF EARLY SEISMIC LOSS ESTIMATION
Like HAZUS, TELES is used to simulate earthquake scenarios. The results facilitate to propose
local seismic disaster mitigation plans and to rank the priorities of local and national resources.
Since the damage assessment of engineered structures depend on the completeness of inventory
database, it is necessary to collect spatial distribution and to calibrate seismic resistant parameters of
essential facilities and lifeline systems. However, the analysis should be auto-trigger and easy-to-use
when TELES acts as a decision support system in emergency responses. Therefore, the analysis
procedures and items are prescribed before earthquake occurrence.
An early seismic loss estimation module has been developed and integrated in TELES. When an
earthquake occurs, the Central Weather Bureau detects it within 90 seconds and sends earthquake
reports to all clients. Since TELES monitors the mailbox continuously, it will be triggered
automatically and start analysis when a strong earthquake happens. The time delay between
earthquake occurrence and analysis start is normally within two minutes. The affected region of the
earthquake is determined by ground motion intensity. All the towns with PGA greater than 80
cm / sec 2 are selected in the study region. The ground motion intensity, soil liquefaction potential
and induced settlement, damage-state probability and quantity of general building stocks and casualty
assessment are calculated for each town. Some of the important outputs are saved in the formats of
raster map and digital table automatically. Those maps and tables can be used in the presentation to
chief commander of central emergency response center, or in the notification to local governments,
and so on. Since the required work force and equipment are different to rescue people in a low-rise
or a high-rise building. Statistics of severe-damage building counts are obtained for each town and
for low-rise, med-rise and high-rise buildings, separately.
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In practice, application of early seismic loss estimation system divides into three stages. At the first
stage, only earthquake magnitude, focal depth and epicenter location are available. So, it uses point
source model to predict the ground motion intensity and the associated disasters, when TELES receive
email from the Central Weather Bureau. If the earthquake is large enough, it is likely to company
with fault rupture. Before the actual source mechanism is available, reasonable assumptions can be
made about the orientation, inclination, length and width of the rupture fault. Therefore, the second
stage of early seismic loss estimation uses several artificial sets of source parameters to predict the
disaster scale and distribution. In the meantime, actual disaster information are gathered and studied
to identify the true source mechanism. Once the true source mechanism and rupture fault are
identified, early seismic loss estimation enters the third stage and obtains the most reliable results.
Figures 5, 6 and 7 show the estimated results of PGA, building damage count and induced casualty in
1999 Chi-Chi Taiwan Earthquake. These figures are only part of the raster maps that are
automatically generated by TELES after occurrence of strong earthquakes.
CONCLUDING REMARKS

Taiwan Earthquake Loss Estimation System (TELES) is part of the research accomplishment of
HAZ-Taiwan project. It can be applied in proposing local seismic disaster mitigation plans and act
as a decision support system soon after occurrence of strong earthquakes. In the near future, TELES
will also integrate probabilistic seismic hazard analysis and may have applications in proposing
maximum probable earthquakes for each county and in proposing adequate seismic insurance policies.
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Fig. 5: Estimated distribution of peak ground acceleration in Chi-Chi Taiwan earthquake.
black line represents the trace of Chelongpu fault.

The

Fig. 6: Estimated distribution of building counts in at least severe-damage state in Chi-Chi Taiwan
earthquake.
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Fig. 7: Estimated distribution of casualties in injury levels 3 and 4 in Chi-Chi Taiwan earthquake.
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ASSESSMENT, MONITORING AND CONTROL OF THE
EUROPEAN BUILT ENVIRONMENT
Vito Renda and Georges Magonette
EC/JRC/ELSA, Via E. Fermi, 21020 Ispra (VA), Italy
Fax: +39 (0332) 785645; E- mail: vito.renda@jrc.it

Abstract
The European Laboratory for Structural Assessment (ELSA) is engaged since many years in research
toward supporting the development and validation of techniques and devices for the control of vibration
of structures. The experimental campaign, originally focused on passive systems for the reduction of the
consequences of strong earthquakes (base isolation, energy dissipation systems), evolved to include also
control of vibration due to normal operational conditions. This leaded to investigate the effectiveness of
active and semi-active control systems for cable stayed bridges and other applications. The next step
was to investigate the effectiveness of non-destructive innovative diagnostic systems to assess the
damage and the residual lifetime of the bridge cables. A new project proposal (E-MOI, European Built
Environment Assessment and Health Monitoring Initiative) is under preparation and focused on
structural health monitoring. It will be finalised end 2003 and submitted to EC-DG-Research for funding.
If the project will be selected and funded, it should start mid 2004 for duration of 4 years. The proposal,
consisting of several subprojects, includes also Partners from overseas stimulating the International
collaboration mainly in full/large scale laboratory and demonstration tests.
INTRODUCTION
The Joint Research Centre (JRC) is a General Directorate of the European Commission (EC). JRC is
engaged since many years in investigation on techniques for structural control. In particular the
European Laboratory for Structural Assessment (ELSA), at the JRC site of Ispra (Varese, Italy),
contributed in supporting innovation in the field of control of vibration. The active and semi-active
control techniques are investigated through the participation to shared cost actions of the EC
DG-Research with other Partners from different countries of the European Union. In general the
contribution of ELSA is mainly in the field of the demonstration of effectiveness and validation of the
innovation technologies due to its unique characteristics allowing testing on full/large-scale model of
structures (Renda et al. 1999).
As regards Active Control, a European Consortium executed the EC project ACE (Active control in
Civil Engineering). JRC contributed to the validation of the active control system performing a testing
campaign on a large-scale mock-up of cable-stayed bridge. The aim was to strongly damp the cable and
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deck vibrations by using active hydraulic actuators in series with two cables (Magonette et al., 1999 and
2001). The results showed that the system induces very high damping in the structure (until about 13%)
and contributes to a very strong reduction of the bridge-deck vibration (from about 40 cm to 2-3 cm).
Other technologies, based on magneto-strictive materials, have been proven to be effective but not
suitable for bridges due to the reduced force-displacement performance; these actuators are of interest
for higher frequencies and reduced force-displacement requirements.
The success obtained with the project ACE, induced a partially new Consortium to investigate the
effectiveness of semi-active control (needing lower energy demand) obtained with hydraulic actuators
as well as actuators based on magneto-rehologic fluids.
The EC project CASCO (Consistent semi-Active Structural COntrol) investigated the potentiality and
limits of this technology. Its application, for damping vibrations and consequent acoustic discomfort
produced by trains running in galleries, was proved and validated at the ELSA laboratory.
After CASCO, JRC is moving in the direction of structural health monitoring in the framework of the
EC DG-Research project IMAC (Integrated Monitoring and Assessment of Cables). Large-scale cables
loaded by both ambient and forced induced vibration, will be monitored with non-destructive innovative
monitoring-assessment systems. The damage and life prediction obtained from the systems will be
compared with observation on the cable with destructive tests at the end of the experimental campaign.
The most meaningful and publishable results obtained from the above-mentioned projects will be
diffused through the Thematic Network SAMCO (Structural Assessment, Monitoring and COntrol) and
its Database installed and managed at JRC-Ispra. All these activities in structural control and health
monitoring brought JRC to become core partner in the Integrated Project proposal E-MOI (European
Built Environment Assessment and Health Monitoring Initiative), which will be submitted for funding
to DG-Research in FP6 research actions.
SUMMARY OF THE PROJECT ACE
The main objective of the project ACE (Active control in Civil Engineering) was to develop and validate
a technology to upgrade the damping of long bridges and consequently to mitigate the vibrations
induced in the stay cables and in the deck.
The theoretical basis of an innovative control technique has been established at Brussels University and
an exhaustive experimental analysis has been carried out at ELSA to validate the performance of this
innovative control technique. A large-scale bridge mock-up (30 m long) has been constructed in the
laboratory. A typical cable stayed bridge is shown in Figure 1 (Pont de Normandie) and a large-scale
mock-up (not related to Pont de Normandie) built at JRC-Ispra is shown in Figure 2.
Taking advantage of the unique capabilities of the laboratory in large-scale structure dynamic testing,
the mock-up was subjected to very severe forcing inputs to verify the damping capability of the system.
The structural control scheme consists of a number of important components such as sensors, controllers,
actuators, and power generators that must be part of an integrated system. Moreover, a number of
implementation aspects must be addressed such as intermittent and fail-safe operations, integrated
safety, reliability and maintenance.
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The results of dynamic vibration are shown in Figure 3 (case without control) and in Figure 4 (case with
active control). The effectiveness of the system is evident.

Figure 1: Typical cable stayed bridge

Figure 2: Cable stayed bridge model at ELSA

Figure 3: Bridge deck displacements without
active control

Figure 4: Bridge deck displacements with active
control

SUMMARY OF THE CASCO PROJECT CASCO
CASCO (consistent semi-active structural control) is executed by an international consortium. It is
related to the use of semi-active devices to damp vibrations in railway tunnels generated by trains. The
concern for the environmental and the quality of life of citizen forces policy makers to transfer the
transportation of goods from the traditional heavy trucks to railways. However railway companies are
subjected to strong resistance and objections to build new railway lines until the problem of vibration
exposure to citizen is solved.
The effects of noise and vibration on European citizen were proven to have a negative impact on the
quality and comfort of life, performance levels, health and working environment. Among the most
familiar ones are motion thickness, deprivation of sleep, physiological effects such as fatigue and
psychological effects such as irritability. Reducing or eliminating noise and vibration to the human body
will thus have a positive impact on health, safety and well being of citizen.
Innovative methods are required to notably reduce noise and vibration, at the same time minimising
energy and material use. One of the goals in this project is to use advanced materials (rheological fluids)
to increase the effectiveness of damping elements, while at the same time minimise their geometric
dimensions. Rheological actuators must be installed at critical locations throughout structures and
underneath railway tracks to eliminate vibration. Thus, kinetic energy is dissipated locally before it is
transferred to other components or to the ground. As a consequence, the size of individual viscous
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dampers is reduced, allowing a more effective use of materials and minimisation of resource
consumption.
Simple possible active and semi-active control schemes are shown in Figure 5 and in Figure 6.

Figure 5: Active control scheme

Figure 6: Semi-active control scheme

A test campaign performed at the ELSA laboratory allowed verifying the effectiveness of the
semi-active systems for damping of vibrations. Tests were performed initially on the same mock-up
used for ACE project with semi-active hydraulic actuators. The hydraulic actuator used for damping the
vibration of the cable-stayed mock-up gave, for bandwidth noise, the results of Figure 7 and Figure 8.

Figure 8: Energy dissipation
(actuator hysteretic loop)

Figure 7: Bandwidth noise without and
with control (moderate and high gain)

The results obtained and the comparison with ACE project shoved that semi-active systems are
promising for possible application in bridges, which are structures of strategic value.
The test campaign underway at ELSA foresees the use of two other mock-ups. The first, shown in
Figure 9, consists of a concrete slab simulating the bearing structure of the railway in a tunnel. The
second, shown in Figure 10, is part of an old Austrian railway bridge. The concrete slab mock-up was
used also to perform experimental tests on various types of dampers and mixed spring/dampers devices
based on passive energy dissipation, some of them having possibility to adjust the stiffness and the
damping characteristics. This testing campaign is considered of relevant interest by the industrial
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partners of the project because of the acceptability of passive solutions by the railway owners.

Figure 9: Concrete slab mock-up

Figure 10: Part of old Austrian railway bridge

As regards the rheologic actuators, some of them has been delivered and will be characterized at ELSA.
The test campaign will provide some preliminary information on the capability of this type of device for
damping structural vibrations. In fact for reasons of costs the industrial partner engaged in designing and
manufacturing such devices will provide only a limited number of them for testing at the ELSA
laboratory.
OVERVIEW OF THE PROJECT IMAC
IMAC (Integrated Monitoring and Assessment of Cables) is a European project having as main
objective the development and validation on innovative non-destructive diagnostic systems for bridge
cables. The project, which is now underway, is well integrated with ACE and CASCO and is an
important step toward structural health monitoring.
The new diagnostic systems will be tested and validated mainly in the new ELSA testing facility
designed and constructed to this end. The facility is essentially composed by the Reaction Wall and a
new testing platform about 40 m long embedded in the soil as shown in Figure 11; a view of the Platform
under construction at ELSA is showed in Figure 12.

New Platform
Reaction Wall

Figure 11: Reaction Wall and Platform general view
(The facility allow testing cables about 40 m long)
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Figure 12: Platform under
construction at ELSA

Other experimental activities will be performed with a steel frame allowing testing of cables 16 m long.
The cable will be maintained in tension and put at different angles compared with the soil as shown in
Figure 13; the steel frame is shown in Figure 14. This test campaign is planed to investigate the effect of
the dead load and consequent deflection on the cable vibration.

Figure 13: Steel frame in angular position

Figure 14: View of the steel frame

OVERVIEW OF THE SAMCO NETWORK
SAMCO is a Thematic Network funded by DG-Research under the Programme GROWTH with the
main aim collect, organize and make available for all interested people the deliverables (knowledge,
results and reports). It is organized in various areas including an End Users Forum, Scientific Thematic
Groups and a Certification Consulting Point. It will include all deliverables available from the partners
and all projects in which they contributed; also deliverables from other consortia will be included when
available.
The main objectives of SAMCO
!
!
!
!
!
!
!

To create a centre of knowledge and reference at JRC in Ispra, Italy.
To carry out recommendations for code for monitoring, assessment and control of structures.
To provide information about the experimental testing capabilities and allow a big audience to see
the tests, use the capacities and learn from it.
To address the specific situation of the transportation sector, particular the railways, where huge
investments are foreseen in Europe.
To organise summer academies for improvement of the education situation.
To create a certification agency to help to overcome duplication and costly parallel development.
To compare the European knowledge, standards, technologies and testing techniques with
non-European countries.

SAMCO consists of twenty partners and more than hundred participants both from Europe and
non-European countries. The Database at JRC-Ispra will be the focal point of the knowledge junction
and transfer through the Network and the Participants. The Database will be accessible via Internet and
the consultation will available for all the participants. The most relevant data and reports will be
organized following the indication provided by the End Users Forum to assure the best outcome as
regards the usefulness of the information.
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THE INTERNATIONAL SAMCO PROPOSAL
Closely link to the SAMCO Thematic Network, a new proposal (selection underway) has been
submitted to EC DG-Research aiming to give to SAMCO an International dimension. In fact in the field
of Structural Assessment, Monitoring and Control there have been several European activities focusing
on basic research (in FP4 and FP5) as well as on industrial research aiming at the market introduction
and practical application of novel technologies. Also intensive networking activities in the frame of the
EU thematic networks have been carried out (SAMCO, E-Core, etc.), mainly targeting at a European
exchange and transfer of knowledge. Nevertheless a holistic initiative to strengthen the European
Research Area (ERA) is yet lacking in the field of structural assessment, monitoring and control. This
project is an attempt to contribute actively to the exchange of knowledge and dissemination of the
results from European networks, in particular of the SAMCO network, to third country organizations, in
order to identify possible lacks and deficiencies in European R&D and to identify future focal points for
the European research and development. In most R&D fields, collaboration between European and
non-EU research teams is essential to ensure exploitation of research results at al global scale and to
build interoperable technology solutions.
SUMMARY OF THE E-MOI PROPOSAL
The integrated project EMOI is designed to generate the knowledge required increasing Europe's
competitiveness in the subject of health monitoring and structural assessment. It is an objective driven
research initiative, where the primary deliverable is new knowledge generated through targeted basic
research, and developed till a realistic exploitation level. It contains long term or "risky" research
objectives down to societal needs driven methodology development.
A structuring effect of European research is achieved by co-ordinating all relevant resources and parties
into a single initiative. Isolated health monitoring systems will develop into a more general use. More
structures will have more standard monitoring systems and operate on a common data assessment
platform.
A major vision in health monitoring is:
!
The synthesis of different methodologies from different countries and engineering areas;
!
Synergy effects and efficiency progress of health monitoring in plant emission control;
!
Improved safety assessment and lifetime prediction by decision support systems;
!
Increasing of EU competitive capacity in plant engineering;
!
Increase of safety availability and economy of European engineering structures.
Health monitoring should be foreseen already at the design stage and shall be embedded during
construction. Smart instrumentation and expert systems for structural assessment that require minimal
human intervention are desired. This technology shall be employed crossover all industries.
The sub-project “laboratory tests and demonstration”
The main objectives of the sub-project Laboratory Tests and Demonstration are:
!
Networking of Laboratories and Testing Facilities offering to the sub-projects a service of
laboratory testing capability for the validation of diagnostic systems, technologies and tools for
structural assessment;
!
Manage and organize demonstration tests to prove to end-users the effectiveness of monitoring
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!
!

and structural control and/or protection systems for application in real cases;
Contribute to training of young scientists in experimental techniques acting as hosting
laboratories;
Contribute to NAS integration both by hosting in EU laboratories Visiting Scientists and
including NAS Laboratories in the Network.

The research approach
The research approach will consist in offering the following services:
!
Allow performing measurements before and after testing of full/large scale structures in order to
assess the effect of the damage on the structure and calibrate diagnostic systems (this action takes
advantage from the large number of structures tested, for various projects, in the facilities of the
Network);
!
Perform laboratory tests on structures including specifically designed for the project and
including innovative instrumentation and diagnostic systems in order to assess their performance
and validate them by comparison with traditional systems and/or inspection of the structure;
!
Act as Network of hosting Institutions for training of EU and NAS young scientists and visiting
scientists including them in the Teams performing experimental activities underway during their
period of permanence (this will allow also training in overseas hosting laboratories included in the
international collaboration);
!
Contribute with the appropriate experimental background to design and manage demonstration
tests on large installations (or real structures) to enhance the acceptance of the technologies and
systems to the End-Users owners of relevant structures and transport infrastructures.
The International Collaboration
Since the preliminary preparation of the proposal, the Consortium accepted the JRC suggestion to
include Partners from overseas setting-up International Collaboration in structural health monitoring.
Being E-MOI a proposal to be submitted for funding to the European Commission DG-Research, the
International Partners cannot be funded by the project. It is necessary that the project content be of
interest to the International Partners to reach agreement on the collaboration content, which could
include tests performed in various laboratories and coordinated in a unique tests campaign.
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EARTHQUAKE ENGINEERING IN AUSTRALIA –
International Collaborations and Future Directions
Michael C. Griffith
Dept. of Civil & Env. Eng., The University of Adelaide, Australia
mike.griffith@adelaide.edu.au

Abstract
This paper highlights the key issues faced by earthquake engineers working in low seismicity regions
such as Australia and how some of the research I have been involved with has benefited from
collaborations with researchers from the JRC in Ispra, the University of Pavia and the University of
Rome in Italy. In particular, 3 collaborative projects that I have been involved with will be discussed.
These deal with: (1) the seismic assessment of older concrete frames with and without brick masonry
infill walls; (2) the seismic strengthening of concrete columns in soft-storey frames to increase
displacement ductility; and (3) the seismic behaviour and assessment of unreinforced brick masonry
buildings.
INTRODUCTION
By world standards, the earthquake hazard in Australia is comparable to much of Asia, eastern Europe
and central and eastern North America (refer Figure 1). The effective peak ground acceleration
coefficient used for seismic design in Australia ranges from 0.05g to 0.11g over most of the continent,
with 0.08g applied in both Sydney and Melbourne where nearly 50% of the nation’s population is
concentrated.

Figure 1 – Global seismic hazard map (from Giardini et al, 1999).
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While the earthquake hazard is comparatively low in Australia, the vulnerability of buildings to
earthquake effects is high. This is largely due to the widespread use of gravity load dominated
reinforced concrete (RC) frames and, more significantly, unreinforced masonry (URM) construction.
The URM construction is comprised mainly of low to medium-rise buildings, many of which are for
domestic use. Australian research to date suggests that most URM buildings, if well built and not
badly deteriorated over time, should survive the “design magnitude” earthquake (500 year return
period with EPGA ≈ 0.1g). Most concrete structures will also behave satisfactorily during a “design
magnitude” earthquake (DME). For example, shake table tests on a 1/5-scale RC frame at the
University of Adelaide indicated that a “code-compatible” RC frame would respond “elastically”
under the DME. Figure 2, which shows the maximum base shear versus the peak shake table
acceleration recorded during the series of tests, suggests that the structure only began to respond
inelastically at base shear levels in excess of 25% of the weight of the structure. This was confirmed
with an experimental static pushover test that was conducted on the frame after all dynamic testing
was completed.
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Figure 2. Shake table test results for 1/5-scale 3-storey RC frame (Griffith and Heneker, 1995).
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Figure 3. Static pushover of 1/5-scale 3-storey RC frame (Griffith and Heneker, 1995).
The data, plotted in Figure 3, shows again that the structural response does not become significantly
non-linear until quite large base shear is reached – well in excess of the 4% - 6% normally used in
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design checks by assuming an inelastic response modification factor (Rf) of 4 (for non-seismic
concrete frames). The overall lateral drift was only 0.9% (corresponding to a roof displacement of 18
mm when collapse was imminent) although in the bottom storey where most of the deformation
occurred the effective storey drift was roughly 2.5%. Thus, while both URM and RC frame
construction appears to have the seismic capacity to resist the DME, there is little doubt that a bigger
than expected earthquake (e.g. a 2000-year return period event) will place significant inelastic
demands on both of these forms of construction.
This begs the question as to what is the chance of a bigger earthquake, say in excess of 0.3g. Figure 4,
taken from Paulay and Priestley (1992), suggests that for low seismicity regions there is a big increase
in acceleration for small increases in return period in the 500 to 2000 year return period range. It is
unlikely that much ductility exists to save these structures in an overload situation. This raises an
important question – should Australia be designing for longer return period earthquakes?

Figure 4. Relationship between PGA and annual probability of exceedance for different seismic
regions (from Paulay and Priestley, 1992).
INTERNATIONAL COLLABORATIONS
In this section, three areas of research activity will be described that involve significant international
research collaborations. Each of these activities has been facilitated to a large extent by the initial
work conducted on R/C frames with masonry infill by staff (and the author) at the European
Laboratory for Structural Assessment (ELSA) at the JRC in Ispra, Italy. The contacts made with other
European earthquake engineers during the author’s 5 month period working at ELSA on that project
enabled further collaborations on the topics of composite retrofit of RC columns/frames and the
seismic behaviour of URM buildings. The collaborative nature of these projects is described below.
R/C frame + URM infill project
In this EU funded project, two full-scale, 4-storey reinforced concrete (RC) frames were constructed
for testing by ELSA staff at the JRC, Ispra. One frame was tested as a bare frame; the second frame
had unreinforced masonry infill placed in each bay of the 3-bay, 4-storey RC frame structure. Figure
5(a) shows the two frames after they were positioned in the laboratory adjacent to the reaction wall.
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Figure 5(b) shows a close-up view of the damage to one of the infill walls at the ground floor after
initial testing. Further details can be found in Pinto et al (2002). Results, in the form of ground floor
shear versus storey drift is shown in Figure 6 for both the frames with and without infill where it can
be seen that the infill strengthened the frames by almost 400%. Furthermore, the RC frame reached its
peak strength at a lateral drift of about 0.5% while the infill frames maximum strength was attained at
a drift of about 0.1%.

(a) overview of ELSA RC frames.

(b) damage to URM infill in ELSA RC frame.

Figure 5 – Full-scale RC frame tests at ELSA facility at JRC, Ispra.
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Figure 6 – Storey shear versus drift for ELSA test frames (from Pinto et al, 1999).
In tests at Adelaide, the ductility of typical Australian RC frames and columns has been shown to be
extremely limited. Figure 7(a) shows the load-deflection curve for a ½-scale concrete frame without
URM infill subjected to quasi-static cyclic loading. The beam-column joint failed at about 1% drift
without showing any significant signs of inelastic response beforehand. As with the ELSA tests, the
frame with infill was stronger than the bare frame (refer Figure 7(b)), although in this particular case
only 50% stronger.
A similar result was observed in quasi-static tests conducted on RC columns where the column
strength was reached at drifts of about 1.5% with little usable ductility exhibited during static and
cyclic tests (Figure 8). Clearly, such frames in Australia may well suffer complete collapse during a
bigger than expected earthquake.
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Figure 7. Test results for ½-scale r/c frame subject to cyclic loading (from Griffith and Alaia, 1997).
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(c) Cyclic test of r/c column.

Figure 8. Test results for 200x200mm R/C column (Wu et al, 2001).
Composite retrofit of RC columns
One of the outcomes of the JRC/ELSA tests on the two RC frames discussed above was that several
seismic retrofit strategies were subsequently applied and tested. Of these, two specifically addressed
concrete columns using either (a) metal straps wrapped around the columns in the region of maximum
bending moment to improve column displacement ductility (Figure 9(a)); and (b) metal jacketing plus
additional concrete to increase the strength and ductility of the column cross-section (Figure 9(b)).
In Australia, there are many examples of weak column-strong beam frames that have been designed
primarily to resist gravity loads and, as shown earlier, have only nominal lateral strength and ductility.
Thus, following on from the JRC/ELSA research, a small research project commenced in 2000 at
Adelaide to see if it was possible to improve a rectangular concrete column’s strength and/or ductility
using composite interaction without relying on complete jacketing to achieve improved confinement.
The reason for this is because of difficulties in achieving effective confinement in columns with
rectangular cross-sections. The system considered at Adelaide employed steel plates which were
bolted to the flexural faces of the column and, due to the end boundary condition, only attracted a
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compressive force in the segment between the first bolt and the beam/column joint (refer Figure 10).
Hence, the compression plate delayed crushing of the concrete and was shown experimentally (also
numerically and analytically) to be capable of substantially increasing ductility and/or strength. The
cyclic load deflection test data is shown in Figure 11 where it can be seen that the plated column
(specimen 4ACP6) had more strength and improved post-peak load behaviour than the bare RC
column (specimen 3ACR). Specimen 4ACP6 had 6mm thick steel plate bolted (without adhesive) to
the column compression and tensions faces. Photos of the test specimens at the conclusion of testing
are presented in Figure 12. Complete details can be found in Wu, Griffith and Oehlers (2003).

(a) ductility retrofit of RC columns

(b) strength + ductility retrofit of RC columns

Figure 9. Seismic retrofit of columns in ELSA frames.
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Fig.11 Cyclic test results

Based on the promise exhibited by this alternative retrofit scheme, collaborative work
commenced in 2001 with Professor Monti from the University of Rome to model the
composite behaviour using the research finite element analysis tool, FedeasLab. To date, two
post-graduate research students from the University of Rome have spent extended periods
working at Adelaide on this research. A conference paper is currently in preparation to report
on the behaviour of concrete frames retrofit in this manner. An application for follow-up
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funding is in preparation to study this system when subjected to bi-directional loading and the
possible use of FRP instead of steel plating.

(a) 3ACR (∆=-56~65mm)

(b) 4ACP6 (∆=-82~150mm)

(c) 4ACP6 at +150mm

Fig.12 Conditions of the cyclically tested specimens (from Wu et al, 2003).
Seismic behaviour or URM buildings
Another area of collaborative research activity to follow from the author’s work at ELSA concerns the
seismic response and design of unreinforced brick masonry construction. In Australia, it appears that
URM construction can be made to “work” under the DME (due to over-strength, not ductility) but
little or no capacity exists to cope with a larger seismic event. Work is in progress to attempt to better
estimate the seismic demands, in terms of displacements, that are likely during Australian earthquakes.
This information, when used in conjunction with a displacement-based method of assessing the
seismic capacity of URM walls subject to out-of-plane motion (Doherty et al, 2002) will enable
engineers to make better judgements as to just how much (or little) reserve seismic capacity exists in
Australian URM construction. Of interest here is that this work attracted the attention of Italian
researchers who saw the potential for use of a displacement-based assessment method in the
performance of regional seismic risk assessment in Italy.
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Figure 13. Force-displacement relationship of URM wall.
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In work with Magenes from the Rose School at The University of Pavia, the author verified the
accuracy of predicting the maximum response, ∆max, of a masonry wall in vertical bending using a 5%
damped displacement response spectrum with a period of T1 and T2 corresponding to the stiffnesses K1
and K2 shown in Figure 13, respectively. The results are shown in Figures 14 (a) and (b) where it can
be seen that using the initial linear elastic stiffness K1 (and corresponding period T1) that good
estimates of the actual maximum wall displacement ∆max are obtained when the maximum
displacement is less than 50% of ∆U (refer Figure 14(a)). On the other hand, when the max
displacements are greater than 50% ∆U, better estimates are obtained using the stiffness, and period,
going through the trilinear curve at ∆2 (refer Figure 14(b)). This result was confirmed using 8
different accelerograms and a wide range of wall geometries and boundary conditions (refer Griffith et
al, 2003) as shown in Table 1 where the mean error using T2 was only 2% greater than ∆max when ∆max
> 0.5∆U as opposed to the mean estimates using T1 when ∆max>0.5∆U which were 49% less than the
actual maxima.
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(a) Response spectrum predictions using T1 values for period.
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(b) Response spectrum predictions using T2 values for period.
Figure 14. Assessment of prediction of maximum displacement from elastic displacement spectrum
using different effective periods. Artificial accelerogram, all walls (from Griffith et al, 2003).

108

Table 1. Mean and standard deviation of the error Err(T)=[Sd(T)- ∆max]/∆max using different definitions
of effective period, for all walls and all accelerograms (from Griffith et al, 2003).
Displacement range
50%∆U > ∆MAX > 0
∆MAX > 50%∆U
∆MAX > 70%∆U

Err(T1)
-17%
24%
-49%
19%
-53%
19%

Err(T2)
125%
152%
2%
25%
-5%
20%

Err(TS)
61%
47%
51%
74%
47%
69%

mean
st. dev.
mean
st. dev.
mean
st. dev.

The outcome of this research is that the use of a simple tri-linear force-displacement curve can be used
to describe the “capacity” of a URM wall subject to vertical bending. This curve could be used in
conjunction with a “demand” curve in a capacity spectrum approach for use in conducting seismic risk
assessments on a regional basis where buildings would be checked first to ensure that no out-of-plane
failure occurred before then considering the overall building response which would be governed by the
in-plane response of URM walls. Collaborations on this topic are continuing to extend the
methodology for use in walls where bi-axial (two-way) bending takes place.
FUTURE DIRECTIONS
It should be clear by now that URM and RC construction are of primary interest to earthquake
engineers in Australia. The areas of research priority, in my opinion, should be in two broad areas:
• the assessment of the seismic capacity of URM and RC structures; and
• the development of appropriate seismic retrofit strategies for both of these forms of
construction.
As noted earlier, current research collaborations are underway with Magenes to develop improved
building capacity curves for use in regional seismic risk assessment models for URM buildings
accounting for out-of-plane failure modes as well as in-plane wall/building response. Collaboration is
also occurring with Monti to develop improved analytical models for RC members that have been
seismically retrofit using FRP and steel plating and jacketing. These and many other areas of activity,
however, require attention. For example, the seismic response of non-seismic detailed RC buildings is
still not well understood where moment frames carry gravity loads and shear walls resist lateral
wind/earthquake loads. Gaining an improved understanding of how URM and RC structures respond
during earthquake motion will enable us to develop more efficient seismic retrofit and strengthening
techniques.
CLOSING REMARKS
Earthquake hazard in much of Europe, North America and Asia is similar to that in Australia. Hence,
there are many similar seismic design and risk issues that make international collaboration attractive
and potentially of benefit to all. The international collaborations discussed in this paper have already
proven to be exceptionally useful in advancing the practice of earthquake engineering in Australia.
Given the fierce competition for research funding in Australia (no doubt overseas too), making the
most of our research through logical international collaborations on topics of mutual interest makes
sound economic sense.
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Abstract
In first part of this paper, the seismic capacities of brick wall and RC wall are proposed by a rational
crack path concept. For brick wall subjects to in-plane lateral load, the anti-symmetric crack paths start
from two opposite corners and go along stair steps of brick-mortar interface until these two crack paths
meet the central line of the wall, and then connect with each other horizontally or vertically. For RC
wall subjects to in-plane lateral load, the crack path starts from top corner and inclines 45- degree to
the bottom of the wall, and then propagates horizontally through the whole wall bottom. The ultimate
shear capacity of brick wall or RC wall may be calculated from the complete crack path. In the second
part of this paper, a simple seismic assessment method is proposed. Assuming shear-building mode
and using the sum of Q-∆ curves of RC wall, brick wall and RC column, four low-rise RC buildings
which collapsed or moderately damaged in the Chi-Chi Earthquake are illustrated to verify the
assessment results.
INTRODUCTION
The structural system of the traditional street buildings in Taiwan is rather unique. The width of each
unit is about 4.5m. The depth of each unit is from 15m to 23m. In general, it is 3 to 4 stories in height.
There is a pedestrian corridor on ground story. The ground story is used as commercial; the second
story and above are used as residential. The seismic capacity of the traditional low-rise street building
in Taiwan depends tremendously on the amount of shear wall in the direction of assessment. Because
there are lots of shear walls in the direction perpendicular to street; but few walls in the direction
parallel to street. So the seismic resistance in the direction perpendicular to street is very strong but
rather weak in the direction parallel to street.
The structural system of RC school building in Taiwan is very similar to that of street building. That is
classroom on one side and corridor on the other side. There are many shear walls in the direction
perpendicular to corridor but few walls in the direction parallel to corridor. Almost all the shear walls
of street building and school building in Taiwan were made of brick before 1980. And then transferred
to RC walls gradually due to increase of labor cost after 1980. Now most of the walls of street building
and school building are made of RC. The in-plane shear capacities of brick wall and RC wall are
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introduced in this paper by a rational crack path concept. The calculation of Q-∆ curve for RC
columns and the seismic assessment method using shear-building mode had been introduced at Sheu et
al [*1]. They will not be reported again herein. Three low-rise RC buildings, which collapsed or
moderately damaged in the Taiwan Chi-Chi Earthquake 1999, are illustrated to verify the assessment
method in this paper. Another reinforced brick street building designed according to the Taiwan
Building Code is used to demonstrate the seismic performance evaluation by the assessment method in
this paper.
Q-∆ CURVE OF BRICK WALL UNDER LATERAL LOAD
In general, when subject to in-plane lateral force, brick shear wall fails by stair-step likely inclined
cracks. After many experimental and field observations, the inclined shear crack path might be
classified into 3 patterns as shown in Fig.1 [*2, *3]. For four-side confined wide brick wall as shown
in Fig. 1(a), two anti-symmetric cracks initiate from two opposite corners and then go stair-step likely
until they meet horizontal central line of the wall. Finally, a horizontal crack along closest central line
of mortar interface connects these two stair-step cracks. For four-side confined narrow brick wall as
shown in Fig. 1(b), these two anti-symmetric cracks will terminate at vertical central line of wall.
Finally, a vertical crack has to connect them along closest vertical central line of mortar interface.
However, half of the vertical crack in Fig.1 (b) goes along vertical mortar interface but the other half
of the vertical crack has to split the brick obstructing on the crack path. For three-side confined brick
wall as shown in Fig. 1(c), crack path can not be anti-symmetric. One half of the anti-symmetric crack
will stop at the centroid of the wall and then goes along horizontal mortar interface to the free side of
the wall.
The slope angle of inclined stair-step, θ, is different for different lay out of the brick blocks such as
Flemish bond (θ≒21°), English bond (θ≒30°), and stretching bond (θ≒29°) etc. The sum of the
lateral forces to accomplish a complete inclined crack is the ultimate lateral capacity of the brick wall.
The ultimate lateral capacity of brick wall is consisted of 3 components: frictional strength of
horizontal mortar interface, tensile strength of vertical mortar interface, and vertical splitting strength
of brick block. The ultimate strength of these 3 components may be calculated as follows from
regression of experimental data [*2, *3].
The ultimate frictional strength of horizontal mortar interface is:

τ f = 0.022( f m ')0.9 + 0.189( f m ')0.322 ⋅ σ n

( 1 )

The ultimate tensile strength of vertical mortar interface is:

f mbt = 0.103( f m ')

0.329

( 2 )

The ultimate vertical splitting strength of brick block is:

f bt = 0.22 f b '

( 3 )

where f m ' and f b ' are compression strength of mortar block and brick block, (MPa); σ n is normal
compression stress acting on brick wall (MPa). The units of τ f , f mbt , and f bt are in (MPa).
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So the ultimate lateral capacity of brick wall in Fig.1 (a) is:

(

Qu = t ⋅ W ⋅ τ f + φH ⋅ f mbt

)

( 4 )

The ultimate lateral capacity of brick wall in Fig.1 (b) is:
Qu = t ⋅ [ W ⋅ τ f + φW tan θ ⋅ f mbt + φ (H − W tan θ )( f mbt + f bt ) / 2

]

( 5 )

The ultimate lateral capacity of brick wall in Fig.1 (c) is:

(

Qu = t ⋅ W ⋅ τ f + 0.5φH ⋅ f mbt

)

( 6 )

in which t is the thickness of brick wall (mm); W and H are the net width and net height of brick wall
(mm); φ is reduction factor due to construction quality and tensile brittle failure and taken as 0.9;

Qu is ultimate capacity of brick wall in (N).
The ultimate lateral deflection of brick wall is [*4]:
∆u =

and

Qu
Eu t

 H

W

2

 H   W
2
.
375
2
+

   + 3
 W    H






( 7 )

E u = 582c f b '

where c = 0.161(W / H )

0.99

( 8 )
for 3 sides confined; c = 0.269(W / H )

1.82

for 4 sides confined; E u is the

secant modulus of elasticity at ultimate point (MPa); ∆ u is in (mm) and no more than 0.01 H .
Once the ultimate point (∆ u , Qu ) is located, the equation of entire lateral load-deflection Q-∆
is regressed as polynomial:
  ∆
Q = Qu 3
  ∆u


  ∆
 − 3
  ∆u

2


 ∆
 + 

 ∆u





3






curve

( 9 )

Fig.2 shows the Q-∆ curves of a group of brick walls with 4 sides confined. The thickness and net
height are 230mm and 3000 mm for all walls. The net width changes from 1000mm to 6000mm. It
shows Qu not necessarily proportional to W. Qu is maximum when W = 3000mm. For W greater
than 3000mm, the stronger vertical splitting crack path is getting smaller and transferring into weaker
horizontal friction path. For W = 5000mm, the vertical splitting crack path disappears. So Qu
becomes minimum. Once W > 5000mm, the horizontal frictional path is getting longer to provide
some more additional capacity.
Q-∆ CURVE OF RC WALL

RC wall is considered as a big column for flexural strength with point of inflection located at 0.75H.
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But its shear capacity is calculated in different way from general column. In elastic stage, Q-∆ curve
of RC wall is linear. From crack point to ultimate point, it is proposed as logarithmic curve in this
paper. The crack load Qc is the minimum of flexural crack load and shear crack load. The ultimate
load Qu is also the minimum of flexural ultimate load and shear ultimate load. That is:

(

)

( 1 0 )

(

)

( 1 1 )

Qc = min Q fc , Qsc
Qu = min Q fu , Qsu
where

Q fc = 1.33

M cr
H

( 1 2 )


Ag '  


N  
H

⋅ 1 − 0.11.9
− 2.6 1 + 2
Q sc = 0.167 f c ' Ag 1 + 0.0714


Ag  
Ag 
 WT


Q fu = 1.33

Mu
H

(13)

(14)

Q su = Q sc + Q ss

(15)

M cr and M u are crack and ultimate bending moments of wall when considered as a big column (Nmm); Ag is the gross cross –sectional area of wall including boundary columns (mm2); Ag ' is the
gross cross-sectional area of boundary columns (mm2); WT is the total width including boundary
columns (mm). In Equ. (15), Qss is the shear capacity contributed by all the reinforcement of wall and
columns across diagonal crack path as shown in Fig.3 and calculated by Equ. (16):

(

)

(

Q ss = 0.324 Ach f fh + Awh f y + Av1 f y + 0.48 Av 2 f y + N

)

(16)

In which Ach and Awh are hoop of column and horizontal reinforcement of wall cut by 45 degree
inclined path (mm2); Av1 is the total vertical reinforcement of column and wall cut by 45 degree
inclined path (mm2); Av 2 is the vertical reinforcement of wall and columns cut by horizontal path
(mm2); f yh and f y are yield strength of column hoop and other rebars (MPa); N is normal load acting
on the wall (N).
The lateral deflection at crack point or ultimate point is the sum of corresponding flexural deflection
plus shear deflection. For flexural deflection, the point of inflection is assumed at 0.75H from bottom
of RC wall. For conservative concern, ∆ u of RC wall is no more than 0.015H.
∆ c = ∆ fc + ∆ sc

(17)

∆ u = ∆ fu + ∆ su

( 1 8 )
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where

∆ fc =

H 3 Qc
6.86 0.3E c I g

∆ fu =

H 3 Qu
6.86 cE c I g

(

(

c = 0.0012

( 1 9 )

)

( 2 0 )

)

ρv f y
A '
I '
H
+ 0.0693
+ 0.0048 HWT − 0.278 b + 0.2359 b
WT
fc '
Ag
Ig

( 2 1 )

∆ sc =

2.4 HQc
0.33E c Ag

( 2 2 )

∆ su =

3.3HQu
cE c Ag

( 2 3 )

In which, ρ v is the reinforcement ratio of vertical rebars of wall; Ab ' is the cross-sectional area of
boundary columns in the portion protruding from wall (mm2); I b ' is the moment of inertia for Ab '
with respect to neutral axis (mm4); the unit of HWT is in (m2); E c is modulus of elasticity of
concrete and taken as 4700

f c ' in (MPa).

The Q-∆ curve between crack point of wall and ultimate point of wall may be regressed as a
logarithmic equation [*4]:
Q=

Qu − Q c
Q ⋅ ln (∆ u ) − Qu ⋅ ln (∆ c )
(ln ∆ ) + c
ln (∆ u ) − ln (∆ c )
ln (∆ u ) − ln (∆ c )

( 2 4 )

ILLUSTRATED EXAMPLES OF STREET BUILDING

From field observations of the damaged low-rise RC buildings [*5] and from shaking table tests of
small scale RC building structures [*6], it is believed that shear-building model is reasonable for
seismic assessment of low-rise RC building. The details of the assessment method had been presented
by Sheu et al [*1]. The same assessment method is employed here to verify the damage conditions of
3 low-rise RC buildings after the Taiwan Chi-Chi Earthquake 1999. The same assessment method is
also used to demonstrate the seismic performance evaluation of a reinforced brick street building
designed according to the tentative Taiwan Building Code.
[Example 1] collapse of a 5-story single street building at Tong-Su Town
Fig.4 shows the plan, elevation, column reinforcement, and collapse photo of the single bay street
building at Tong-Su Town. Fig.5 is the Q-∆ curves in x-direction for each vertical RC column. Fig.6 is
the seismic performance diagram of this street building. From this diagram, the analytical collapse
ground acceleration is 0.168g. But the actual EPA of the Chi-Chi Earthquake from record of the
Central Weather Bureau (CWB) was 0.477g. This was the reason why it collapsed.
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[Example 2] collapse of a 3-story row street building at Chu-San Town
Fig.7 shows the plan, elevation, column reinforcement and collapse photo. Fig.8 shows the seismic
performance diagram of this building. The analytical collapse ground acceleration is 0.07g. But the
actual EPA of the Chi-Chi Earthquake from record of the CWB was 0.38g.
[Example 3] moderate damaged row street building at In-Lin County
Fig.9 is the plan of a 3-story row street building located at In-Lin County. Fig.10 is the seismic
performance diagram of this building. The analytical collapse ground acceleration is 0.38g. The actual
EPA of the Chi-Chi Earthquake from record of the CWB was 0.27g.
[Example 4] demonstration for seismic performance of a 3-story reinforced brick street building
The so-called reinforced brick building in Taiwan is different from that in America or Europe.
Fig.11 is the typical plan of a 3-story reinforced brick row street building designed according to the
tentative Taiwan Building Code. For this type of building, brick wall is laid out first. Two weeks later,
the concrete of RC column, RC beam, and RC slab is poured. Once concrete shrinks, the brick wall
inside the RC frame will get confinement compression force to increase the frictional strength. Fig.12
is the seismic performance diagram of this brick street building with f c ' =20.6MPa; f b ' =14.7MPa;
f m ' =9.8MPa; f y =274MPa. It shows that if street building is designed according to the descriptive

rules of the tentative Taiwan Building Code without any structural analysis, the collapse EPA of the
brick street building is about 0.37g.
CONCLUSIONS

1.
2.

3.
4.

The ultimate shear capacity of brick wall and RC wall may be calculated by the crack path
concept proposed in this paper.
The proposed seismic assessment method, by assuming shear-building mode, is feasible for
low-rise RC buildings. It has been verified with some actual street buildings and school
buildings damaged in the disaster area of the Chi-Chi Earthquake, Taiwan, 1999.
The proposed assessment method may be used for seismic performance evaluation for low-rise
RC buildings w/o shear wall.
Once verification with some more damaged low-rise RC buildings is finished, a simple chart for
quick check of collapse EPA will be provided.

ACKNOWLEDGMENT

This joint research is supported by the Earthquake Disaster Mitigation Research Center at NIED,
Japan. The kind help of Prof. Tetsuo Kubo, PI of counter part and Team Leader of EDM, NIED is
highly appreciated from the authors.
REFERENCES

1.

2.
3.

Maw-Shyong Sheu, Hsin-Yi Kuo, and Sai-Hong Tang, “Fast Seismic Evaluation of School
Buildings and Street Buildings”, Journal of Chinese Civil and Hydraulic Engineering, No.1,
Vol.13, pp161-169, March, 2001 (in Chinese)
Yi-Pei Liu, “Seismic Evaluation of Brick Buildings”, Master Thesis, Dept. of Architecture,
National Cheng-Kung Univ., Tainan, Taiwan, July, 2002(in Chinese)
Yi-Hsin Chen, “Seismic Assessment of RC Buildings with Infilled Brick Walls”, Doctor

116

4.
5.
6.

Dissertation, Dept. of Architecture, National Cheng-Kung Univ., Tainan, Taiwan, Jan, 2003. (in
Chinese)
Hsin-Yi Kuo, “Fast Seismic Evaluation of RC School Buildings”, Master Thesis, Dept. of
Architecture, National Cheng-Kung Univ., Tainan, Taiwan, June, 2000 (in Chinese)
Maw-Shyong Sheu, Shang-High Yeh, “Report on Damage of Buildings after the Chi-Chi
Earthquake, 1999”, Structural Engineering, No.3, Vol.14, Dec., 1999 (in Chinese)
Yi-Hsuan Tu, Maw-Shyong Sheu, and Su-Yi Hsu, “Shaking Table Test of One-Third Scale RC
School Buildings”, Report of National Center for Research of Earthquake Engineering, Taipei,
Taiwan, April, 2002 (in Chinese)
800
W=3000mm
600

Q(kN)

W=4000mm
W=6000mm
W=5000mm

400

W=2000mm

200
W=1000mm
0
0

10

20

30

∆ (mm)

(a) tan θ ≧H/W

(4-side confined)

Fig.2

Q-∆ Curves of Brick Walls with 4-Side
Confined
WT

H

(b) tan θ ≦H/W

(4-side confined)

(a) High-rise Shear Wall
WT

H

(c) Brick Wall with 3-Side Confined
Fig.1

Crack Paths of Confined Brick Walls
under In-Plane Force

(b) Low-rise Shear Wall
Fig.3

117

Crack Paths of RC Walls under In-Plane
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Fig.4
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Abstract
On September 9th, 1999, a violent earthquake stroke Chi-Chi located in Nantou County. It caused
unprecedented damage to the buildings and nearly twenty thousand houses complete or partially
collapsed. In consideration of the extensive destruction made this time, the anti-seismic ability of
houses has become the most critical issue in earthquake engineering of these days. This study is
basically divided into two parts; first, a database of buildings damaged by the earthquake was
established. Second, a building damage assessment model was set up via the data collected from
Chi-Chi Earthquake. To obtain the fragility curve of various buildings, a couple of important subjects
will be discussed in this research, there are: strong motion attenuation form, strong motion correction
factor, and spatial statistics (Kriging) and building damage risk analysis. Upon establishment of these
relations, we can use result to evaluate the destruction level and the collapse probability of various
categories of buildings. Besides, they can be served as a reference of design specifications for the
buildings in the fault neighborhood as well as a simulation practice against seismic disasters in the
future.
INTRODUCTION
A violent earthquake stroke Chi-Chi, a town of Nantou county in Taiwan at the 1:47 (AM), September
21, 1999 (GMT: 12.6 sec. 17:47, Sep. 20). The epicenter was located at 23.87o NL, 120.75o EL, which
was about 12.5 KM away from the west of Sun Moon Lake. The focus depth was about 7 to 10 KM
and the scale was ML = 7.3 (CWB) or MW = 7.6 (USGS). Chi-Chi earthquake was an inland shallow
layer earthquake triggered by Che-Long-Pu Fault in central Taiwan. The length of the main fault
resulted from the quake was about 83 KM and that extending to northeast was about 22 KM with a
total length of 105 KM approximately. A total number of about 20,000 buildings were half or
complete collapsed in Chi-Chi Earthquake, and its cause heavy casualties of over 2,400 dead
(including missing people) and more than 8,000 injured (Huang and Jian, 1999). Thus, it can be
termed as the most serious seismic motion with the biggest number of casualties in Taiwan recently.
Generally, the seismic vulnerability curve/fragility curve（hereafter called fragility curve）of a building
refers to the probability of different levels of damage at various Strong Motion Index (ex: PGA, PGV,
etc.). Ge and Chen (2000) express the fragility curve could be obtained in three ways, which were
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“Nonlinear Static Analysis Procedure”, “Nonlinear Dynamic Analysis Procedure” and “Earthquake
Damage Investigate Statistic Method”. For “Nonlinear Static Analysis Procedure”, three methods are
further divided. The first method is to get the Global Damage Index through Nonlinear Static Analysis
Procedure prior to drafting the fragility curve. The Capacity Curve is obtained in the second method of
equivalent static analysis procedure and the Demand Spectrum is spectral transformed from the
structural response. Damage status is determined by spectral displacement of the building. Combining
the above three parameters and the scale of the earthquake will result in the damage chance of the
building, which is the approach HAZUS 97 of the U.S.A. adopts for the fragility curve (Yeh and Chen
1999). The third method is to apply Nonlinear Static Analysis Procedure to construct the Capacity
Curve (Multi-degree of Freedom) before getting the fragility curve. For “Nonlinear Dynamic Analysis
Procedure”, methods consist of Finite Element Method, Shear Beam Model, Hybrid Model, Discrete
Hinge Model and Single Degree of Freedom Model, etc. These types of methods are to make use of
the results of nonlinear dynamic analysis to describe the global damage index of the building and use
this results to estimation the fragility curve (Ge and Chen, 2000). The third method is use the
“Earthquake Damage Investigate Statistic Method” procedure to estimation the fragility curve, but this
method requires complete data of damaged building after earthquake (Shinozuk, 1999; Yamazaki et al.,
1999; Yamazaki & Murao, 2000; Murao et al., 2000). Shinozuk (1999) applied the measurement data
obtained from the Hyogoken Nanbu Earthquake of 1995 to estimate the fragility curve for the hazard
of bridges. The fragility curve in his study was established by logarithmic normal function (Nonlinear
Dynamic Analysis Procedure) and the double parameters inference by the Maximum Likelihood
Method. Yamazaki et al. (1999) used the same measurement data and considered various factors (ex:
the building structure, the year of construction, etc.) to set up fragility curves for various types of
buildings. The main type of building concerned in the research was wooden and construction an
assessment model of building damage risk model for the Tokyo government. Lee et al. (2001)
collected household-based damage data in Nantou area after Chi-Chi earthquake and basic information
of the household from the National Tax Administration (NTA) database. They transform and
normalization the data format, a database based on the properties of the buildings was established,
which resulted in various buildings fragility curves in Nantou County. However, the “Earthquake
Damage Investigate Statistic Method” is the most reliable approach among the three methods
mentioned above and its results can be served more information for risk assessments of building
damage (Hsieh, 2000). The major reason of this procedure is because the results are actual facts
obtained from seismic data, but this method required the complete and clear investigation on the
properties of the buildings after earthquake.
In this study, we collected the Strong Motion Index of Peak Ground Acceleration (PGA) and analyzed
the impact of the building damage. The GIS system was applied to collect and establish data, these
data included the original information on house taxes provided by revenue service units, an inventory
of name for complete or half collapsed houses after earthquake, and various town-based numeric data
like the average strong motion index, etc. Finally, we can construct the database and estimation
fragility curve for evaluate of building Risk analysis, and formulated of anti-seismic design laws and
reduce disaster impact for the buildings in the future.
STUDY AREA AND DATA DESCRIPTION
Study Area
The epicenter of Chi-Chi earthquake was located near Chi-Chi, Nantou County and great casualties
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were caused in central regions of Taiwan. In order to explore the impact upon buildings imposed by
strong motion of the earthquake, study areas will be decided in the central of Taiwan (Nantou county
& city, Taichung county & city). The study area and location of the epicenter of Chi-Chi earthquake
shows in the Figure 1.

Figure 1. Location map of study areas
Building Damage Data collection
To achieve the purpose of create Chi-Chi earthquake database and evaluating building damage risk,
the study collected household-based damage data in central of Taiwan area from Town Administration
Office (TAO) and basic information of the house or building data from the NTA. The TAO data in the
disaster region offer the complete or half collapsed building data, and this data format is a
household-based unit will be applied precise statistics in this study. Besides, The NTA data offers the
original information on 1.02 million house buildings in 859 townships and towns (this data include the
year of construction, type of structure, area and purpose, etc.). In order to combine the two principle
database, this study using GIS system to transfer data base code (financial codes to Big5) and
standardization of address information, the various types of percent number of total damaged buildings
in a township or town is created. Data sources of damaged buildings in Chi-Chi Earthquake are
indicated in Figure 2.

Figure 2. Establishment of Building Damage Database in Chi-Chi Earthquake
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On the other hand, as the original information provided by revenue services was based on household
floor area, it would be an over-statement for Reinforced Concrete (RC) buildings when the earthquake
damage was concerned. Thus, the household-based “floor area” of all buildings would be transformed
into the “base area” in this study; i.e., the base area of a building will become an analysis unit to solve
this problem. Therefore, the building damage percentage in the research can be defined.
Strong Motion data
Data were collected from the strong motion observation stations in central regions of Taiwan, this data
including Miaoli, Taichung, Nantou and Chiayi counties with a total number of 103 sites. Besides,
this data have three directions (E-W, N-S and Vertical) were recorded by Central Weather Bureau
(CWB). Horizontal strong motion data (E-W, N-S) were geometric average processed and converted
into single force data for data interpolation. Statistic features of data collected from 103 strong motion
observation stations are listed in Table 1.
Table 1. Statistic features of strong motion index in horizontal direction (gal)

PGA

Max. Value

Min. Value

Avg. Value

760.08

41.99

202.30

Extract sampling data in study area
Because of strong motion effect on the site of each area decreases as the distance from the fault
increases and the level of building damage reduces as well. As the purpose of this research is to
analyze the ability of the building against strong motion, the fragility curve of building damage has to
be obtained. Therefore, take sampling data in the study area is requirement (hereafter call empirical
area). Generally, movement on the surface of the earth in fault zones is the major cause of building
damage. As a result, Che-Long-Pu fault line was the center of sample segments and a range of 15 KM
was extended there from for building sampling and analysis (Figure 3).

N
W

E
S

15km Buffer
Che Long Pu Fault Line
County within 15 km region
county outside 15km region

20

0

20 Kilometers

Figure 3. Empirical region
As these areas have a dense population, effect of strong motion index can be reflected effectively
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through the type, quantity and damage status of buildings distributed within the areas. At here the
building damage is defined as a completely collapsed and structure category selection is mainly based
on building materials, which can be divided into four types, there are: “RC”, “Reinforced Bricks”,
“Bricks” and “Pure Clay”. Because of the RC buildings are the major structure among these four types
in empirical areas, and we divided RC database again. As a result, three stages will be separated for
RC buildings database. The first stage is before 1982, the second stage starts from 1983 to 1989, and
the third stage is between 1990 and 1998. These stages are mainly based on the project report of
“Analysis & Statistics of Building Damage from 921 Earthquake” (Hsiao, 2001).
STUDY METHODS AND PROCESS
Methods of Estimating Strong Motion Index
1. Equation of horizontal attenuation relationship
Attenuation relationship plays an important rule while estimating the hazard of buildings. According
to the observations of seismologists in the past, especially the data obtained around the near-fault
rupture surface, vibration on the surface of the earth attenuates along with the increase in the distance
from the fault. Thus, the distance between the building and the fault is an important parameter (Yeh
and Hong, 1999). The Bao (1992) point out that better results might be using Campbell Form for was
strong motion PGA index in Taiwan. Therefore, Campbell form is used in this research as the source
of horizontal attenuation relationship (Campbell, 1997).
2. Correction factor for strong motion index
The attenuation relationship model of Campbell Form was the outcome of various seismic
measurement records collected by seismic scholars after earthquake, which is not exactly the same as
the data collected from Chi-Chi Earthquake. To be consistent with the measurements of the Chi-Chi
Earthquake by applying the equation of horizontal attenuation relationship, correction factor is
required as follows
n

min ∆ = ∑ PGAT − αPGAE
i =1

(1)

Where α is correction factor; the number of observation stations is n . In Eq. (1), PGAT represents
the data collected from each observation station during Chi-Chi earthquake (103 sites) and PGAE
express for the result calculated by Campbell Form.
Geostatistical Theory
1. Basic theory of regionalization variable
A group data in the space or phenomenon have specific spatial structure, its called regionalization
problem. On the other hand, because of strong motion problems resulted from earthquakes, strong
motion data are characterized with random variable features and can apply to the following equation:
Z ( x) = M ( x) + Y ( x)
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(2)

The variable Z (x) expresses a Regionalized Variable (RV) at x . The variable M (x) expresses the
regular and continuous variation of the Random Fields (RF); i.e. the called trend or drift effect
(deterministic function). Its value equals to the expectation of Z at x ( M (x ) = E [Z (x )] ). The
variable Y (x) means erratic fluctuations in space and its expectation value equal to zero. For seismic
analysis, trend effect as horizontal attenuation relationship (e.g. Campbell Form). Subtract regional
trend effect of M (x) from strong motion observation data Z (x) , and we have the result consistent
with the hypothesis of the regionalized variable theory (2nd order stationary hypothesis). Consequently,
interpolations data in space can be using Kriging Method. Finally, we can add regional trend effect
data and estimation data in the whole space and get the finally result. The relationship between
regional trend (or drift) and erratic fluctuations is shown in Figure 4.

Figure 4. Relationship of trend effect and erratic fluctuations in strong motion data
2. Semivariogram
Semivariogram represents spatial variation in the observation data and is the kernel of Kriging
estimation theory. In the Ordinary Kriging (OK) method as assume to E[ Z ( x)] = E[ Z ( x + h)] , and
calculation of experimental semivariogram may be conducted through equations (3) and (4) (Isaaks
and Srivastava, 1989; Journal and Huijbregts, 1991).
If Z (x) is stationary, then:
γ ( h) =

1 n 1
2
∑ [ Z ( x) − Z ( x + h)] 
n i =1  2


(3)

The Z (x) , Z ( x + h) expresses two random observation values in space; n is the number of observation
data. The h expresses the relative distance between observation values.
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If Z (x) is non-stationary, then:
γ ( h) =

1 n 1
2
∑ [Y ( x) − Y ( x + h)] 
n i =1  2


(4)

Y ( x) = Z ( x) − M ( x)

After removing trend function out of strong motion data, strong motion data can be deemed stationary
and experimental semivariogram can be calculated by equation (4). On the other hand, after getting
experimental semivariogram and model need fitting by the theoretical semivariogram. There are four
major fitting models that are commonly used and there are: (1) Model in h r , (2) Spherical Model, (3)
Exponential Model and (4) Gaussian Model.
3. Ordainary Kriging system
When we estimated the γ (h) by semivariogram function, the random variables of space structure will
be revealed. The optimum estimation of spatial data can be conducted by the Kriging System equation.
The Ordinary Kriging Method was used in this study for estimation of the Strong Motion data. The
forms of Ordinary Kriging system equations are as follows:
n

∑ λ j γ ( xi − x j ) + µ = γ ( x 0 − xi )

j =1

(i = 1,2..., n)

(5)

n

∑ λ i = 1.0

i =1

Its presented in a matrix from, then:
γ 11 γ 12 γ 13 ⋅ ⋅ ⋅ γ 1n 1  λ1  γ 10 

    
γ 21 γ 22 γ 23 ⋅ ⋅ ⋅ γ 2 n 1 λ 2  γ 20 
γ 31 γ 32 γ 33 ⋅ ⋅ ⋅ γ 3n 1 λ3  γ 30 

⋅
 ⋅
 ⋅
⋅

⋅
 ⋅
γ
γ n2
 n1
1
 1

with γ ij = γ (| x i − x j |) =

⋅
⋅
⋅

γ n3
1

⋅
⋅
⋅
⋅
⋅

⋅
⋅
⋅
⋅
⋅

⋅ ⋅
⋅ ⋅
⋅ ⋅
⋅ γ nn
⋅ 1


⋅
⋅

⋅
1

0

   
 ⋅ = ⋅ 
 ⋅   ⋅ 
   
 ⋅   ⋅ 
λ  γ 
 n   n0 
 µ   1 

(6)

1
E{[ Z ( x i ) − Z ( x i )] 2 } , (i, j = 1,2,..., n) .
2

The matrix [γ ij ] in Kriging system represents correlated characteristics among observation data and

[γ i 0 ] means correlated features between observation point and estimation point. When the
semivariogram function is estimation, weighted factor [λi ] determined directly by the relative
distance of the Kriging system and the variogram result will instead of observation data from
observation points.
Probability density function of building damage
In the nature, the Normal distribution is almost assumed population of phenomena. The probability
distribution is determined by two parameters (there are: mean µ and standard deviation σ ). But not
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all natural phenomena are characterized with normal distribution. Therefore, properties of the data
have to be converted for better statistic distribution. As for seismic problems, a lot of seismologists
hypothesize lognormal distribution between strong motion and building damage (Shinozuka, 1999;
Yamaguchi & Yamazaki, 1999; Murao, 1999). Finally, the probability density function f X ( x) is
shown as equation (7) as follows:
f X ( x) =

1
2π σx

exp

1 ln x − µ 2
− (
)
σ
2

−∞ < x < ∞

(7)

Risk analysis of building damage
The “Risk of Building Damage” in this study is defined as the analysis of damage rate of the building
resulted from strong motion index. In other words, risk probability of building damage P f refers to
the probability when resistance of the building against strong motion index ( R ) is smaller than
significance of strong motion ( S ), shown as the follows:
R

P f = P < 1
S



(8)

Since building damage is related to building properties (e.g. type of building, age of building and
geological conditions, etc.), joint probability distribution under several conditions needs to be taken
into consideration for a comprehensive understanding of the seismic problems. Therefore, joint
probability distributions for different types (building strength) under different topographic conditions
(various terrains impact for building by strong motion) are explored in this research. The probability of
building damage can be defined as follows:
Pf =

1

∫f
0

Z

(9)

( z )dZ

As statistics of resistance of the building against strong motion index ( R ) and significance of strong
motion ( S ) are conducted independently, a natural logarithm of performance variable Z (Let
Z = R / S ) has to be obtained and converted to LnZ = LnR − LnS . The LnZ expresses to the building
damage probability in lognormal distribution and the mean and the standard deviation are
µ Z = µ R − µ S and σ Z = σ R2 + σ S2 respectively. Thus, the joint probability density function P f is

shown in equation (10) as follows:
f Z ( z) =

If y =

LnZ − µ Z

σZ

1

1
2π σ Z

∫ exp

1  LnZ − µ Z
− 
2 σ Z

0






2

dZ

(10)

, equation (11) can be converted to the following:

f Z ( z) =

1

2π ∫

µZ
σZ

−∞

1
− y2
2

exp

µ
dy = 1 − Φ Z
σ Z





(11)

Equation (11) represents the risk probability of building damage. The Φ(β ) stands for the cumulative
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probability distribution and β is also called reliability index.
When the difference types of building damage ratio under estimation, the risk probability of complete
collapsed buildings of all types can be evaluated. Apply the estimated strong motion index and the
investigation results. The risk value of buildings in each region can be estimation through Eq. (12).
Pi =

∑k ( N k × wkl )

(12)

Where is suffix k represents ”the type of building ” and l represents “geology condition”; Pi : Risk
rate of building collapse; N k : Percentage of k type building; wkl : risk weight.
RESULTS AND DISCUSSION
Processing of strong motion data
Campbell Form model after correcting the factor and observation points (PGA) during Chi-Chi
earthquake are integrated in Figure 5. Its express that strong motion data reduce is about the distance
of faults. On the other hands, the corrected Campbell Form model is converted to spatial data through
GIS technology. The above data are further transformed into a raster format and 1 Km ×1 Km is
defined as one grid for integration of the trend effect model and other spatial estimation data.
Campbell form for acceleration
921 chi chi earthquake data

Horizomtal Peak Ground Acceleration (g)

1.00

0.10

0.01

0.00
0.10

1.00

10.00

100.00

1000.00

Closet distance to rupture surface (km)

Figure 5. Deterministic function model for PGA
Spatial estimation of strong motion index
1. Fitting model of semivariogram
It is important to analyze the spatial structural characteristics of the data while estimating spatial
problems with Kriging methods. If the data have spatial structural characteristics, the parameters
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obtained can be served as a reference for spatial estimation. The analysis of spatial structure here
refers to semivariogram analysis. Semivariogram analysis for PGA is shown in Figure 6. The fitting
parameters of semivariograms are show in Table 2.

Figure 6. Semivariograms for PGA
Table 2. The model fitted parameters
C0

C0 + C

a

0.0032

0.0245

47100

R2

0.883

Fit Model
Spherical

2. Estimation spatial data for PGA
The Ordinary Kriging method is applied for data estimation and comprehensive spatial data of strong
motion index (Figure 7). It is apparent that enormously strong motion effect triggered by earthquakes
concentrates at Che-Long-Pu and decreases gradually towards both sides of the fault. On the other
hand, there is an area with a higher value (the square area in the figure), which is verified to be Pu-li
basin. The region in the Pu-li town has the “basin effect” occurs in this study when an earthquake
strikes.
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Figure 7. Spatial data interpolation of PGA (g)
Building Damage Databases of Chi-Chi Earthquake
The general structure of building damage databases of Chi-Chi earthquakes applied in this research is
shown as Figure 8. It is mainly divided into building database (denominator) and building collapse
database (numerator). For building database, information on original properties is focused, including
name of the owner, household register address, year of construction, building structure, number of
floor and floor area of the building, etc. Different conditions are further specified for information on
year of construction, building structure and number of floor as data sources of fragility curves.
Furthermore, household-based floor area is converted to site area to eliminate magnified measurement.
Building Owner's Name
Building Address
Before 1982
1983~1989

An era of Building

After 1990
Reinforced Concrete
Reinforced Masonry

Building Database

Building Structure

Masonry

Chi Chi Earthquake Building
Collapse Database

Mud-Brick
Others
The Numbers of Floors

The Floor Numbers
The Numbers of Total Floor

The Area of Building Floor

Base Area

Collapse Building Owner's Name

Collapse Building Address
Before 1982
1983~1989

An era of Collapse Building

After 1990
Reinforced Concrete

Building Collapse
建築物損害資料庫
Database

Collapse Building Structure

Reinforced Masonry
Masonry
Mud-Brick
Others
The Floor Numbers

The Collapse Numbers of
Building Floors

The Numbers of Total Floor

The Area of Building Floor

Base Area

The Collapse Extent

Half Collapse
Complete Collapse

Figure 8. Building Damage Databases of Chi-Chi Earthquake
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Fragility curve for building damage
In order to understand the effect of strong motion index on building damage, two fragility curves for
“Complete Collapsed RC Buildings Constructed in Different Years” and “Complete Collapsed
Buildings of All Types of Structure” are explored in this study. The principle purpose of age
classification for RC buildings is to explore the effect of time factor on building materials and changes
of regulations. On the other hand, analysis of fragility curve for complete collapsed buildings of all
structural types, the main goal is to probe resistance capability of buildings against strong motion
index in Chi-Chi earthquake. Results are shown in Figures 9 and 10 and Table 3. Figure 9 express
clearly that earlier buildings (before 1982) have weaker anti-seismic capability. Buildings with
medium anti-seismic capability range from 1983 to 1989 and the best anti-seismic buildings were
constructed after 1990, which also explains that changes of time indeed result in substantial changes of
the anti-seismic capability of the buildings.

Figure 9. Fragility curves of complete collapsed RC buildings built in different years
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Figure 10. Fragility curves of complete collapsed buildings of all structures
Table 3.

Statistical characteristics of fragility curves for all types of buildings
Mean

Standard
Deviation

R2

Before 1982

6.76

0.48

0.76

1983~1989

6.87

0.45

0.79

After 1990

7.06

0.56

0.80

Reinforced Bricks

6.72

0.45

0.86

Pure Clay

6.19

0.33

0.79

Bricks

6.48

0.40

0.79

RC

6.92

0.51

0.89

Building Category

RC

On the other hand, the damage probability for four types of structures is physically reasonable (Figure
10). The order is as follows: “Pure Clay”, “Bricks”, “Reinforced Bricks” and “RC” construction.
Buildings constructed by “Pure Clay” are the weak structure because and they begin to have damage at
about 150gal; however, “RC” buildings with the most excellent resistance structure and start to be
damaged at about 280gal. Statistical characteristics of all types are shown in Table 3. All buildings
types have high correlation of PGA and damage ratio. Thus, its results will be used for a reference of
building collapse risk assessment in the future.
Building Damage Risk analysis
1. Building damage PDF curve under various geological conditions
Because of different geological conditions cause different levels of damage on the buildings,
geological conditions in the database will be categorized. Three geological regions divided in the
empirical areas, first, the villages and towns passing through Che-Long-Pu fault will be defined as the
near-fault areas, second, the footwall refer to places on the left side of Che-Long-Pu fault, third, the
locations on the right side of Che-Long-Pu fault will be specified as hanging wall. After getting the
mean and standard deviation of PGA, the probability density function (PDF) figure under certain
geological conditions can be plotted (Figure 11).

Figure 11. Building damage PDF curves under different geological conditions
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2. Assessment of weighted risk
Building damage can be evaluated by the weighted risk under this process (c. f. equation 12). For
example, the damage probability of “RC” buildings built before 1982 with the geological conditions of
the hang wall region is 4.94% and other results under other conditions are listed in Table 4. Table 4
expresses that buildings of “Pure Clay” have the highest damage ratio, it has 25.39% damage ratio in
near-fault region. The “RC” buildings built in footwall region in 1980’s have the lowest damage ratio
(0.49%.). However, the results of Table 4 show the weighted risk process is available the buildings
damage problem of the empirical areas.
Table 4

Building damage represented under two conditions（%）

µS
σS
RC

µR

σR

-

-

Hang wall

Footwall

Near-fault

-

-

5.89

5.39

5.92

-

-

0.20

0.35

0.24

Geology condition

Before1982

6.76

0.48

4.94%

1.11%

6.06%

1983~1989

6.87

0.45

2.40%

0.49%

3.15%

After 1990

7.06

0.55

2.37%

0.54%

2.94%

Reinforced Bricks

6.72

0.44

4.43%

0.93%

5.60%

Pure Clay

6.19

0.33

21.83%

4.76%

25.39%

Bricks

6.48

0.40

9.32%

1.98%

11.39

Where µ R and σ R refer to the mean and the standard deviation of building damage fragility curve
respectively; µ S and σ R stand for the mean and the standard deviation with geological conditions in
the empirical region.
Building damage risk evaluation- a case study of Nantou County
The actual rates of collapsed buildings in Nantou County can be extracted from the “Chi-Chi
earthquake building damage database”. In this study the actual rates of building damage will be
divided into five levels and darker color regions mean a higher collapse rate (Figure 12-a). On the

(a) Actual data collapse rate (%)
(b) Estimation risk collapse map
Figure 12. Risk analysis of buildings in Nantou County
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other hand, the results of using the building damage risk assessment process in this study are shown as
Figure 12-b. After comparing these two figures, it is found that they have a similar collapse rates in
Nantou County. For process applied in this research, near-fault region will have a higher damage rate
and effect of earthquake damage also varies as the distance between the site and the fault changes. On
the other hand, the damage ratio in hang wall region is supposed to be higher that in footwall areas and
surrounding villages and towns will have lower damage levels (Ren-Ai Village & Hsin-Yi Village,
etc.). Finally, the above analysis process should be able to reflect building damage estimations resulted
from earthquakes. Therefore, the analysis results in this research can be served as an important
reference for analysis of earthquake damages in metropolitan areas in the future.
CONCLUSION
Conclusions and suggestions of this research are listed as follows:
1. As the destruction and damage imposed by earthquakes are extremely enormous and hard to
prevent, it is critically important to conduct building damage investigations after the disaster since
damage consequences will affect the anti-seismic analysis operation in the future (e.g. drafting of
fragility curves). According to the research, there are still a lot of shortcomings in the building
damage investigation this time. For instance, standards of building damage identification are not
consistent, professional personnel are not sufficient and there seems no spatial information on the
buildings in villages and towns established by county and city governments and disaster statistical
investigation forms are not complete (GIS data). Establishment of the above disaster prevention
potential information is indispensable if we want to face the calamity brought by earthquakes
seriously. Only when the aforementioned databases are set up and resistance capability of the
buildings against earthquakes is reinforced, we can rest assured to meet the attacks of earthquakes
bravely next time.
2. Semivariogram analysis is conducted to explore the spatial structure of strong motion index. The
results indicate that PGA fitting works quite well. Therefore, such data can be applied for spatial
estimation model of strong motion index.
3. Based on the results of building weighted risk assessment, the risk weight of near-fault region
“Pure Clay” buildings have the highest damage risk and “RC” buildings built in 1980’s in the
lower areas have the lowest weighted risk. As such assessment is consistent with the status quo, it
is applicable for building risk evaluation. On the other hand, the significance of applying weighted
risk assessment is to conduct simulation and evaluation of building damage due to earthquakes in
potentially hazardous areas prior to disasters. As long as the geological or geographical conditions
of that area are controlled in advance, impact on buildings imposed by earthquakes can be
analyzed and evaluated quickly once disasters really happen. So that, resources can be allocated
opportunely and urgent steps may be taken to solve disaster problems.
4. As for building risk estimation, Nantou County and City are selected as the empirical areas in this
research and verification results show that true building collapse rate is similar to spatial
distribution through the simulation assessment method. Consequently, the above analysis flow can
truly reflect the estimation of building damage imposed by earthquakes, which can be applied to
be an importance reference for earthquake damage analysis in metropolitan regions in the future.
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Abstract
This paper presents an overview of the long-term continuous monitoring system installed on the
Confederation Bridge and the processing and use of the monitoring data in studies of the dynamic
characteristics and behaviour of the bridge. Observations and research findings obtained from system
identification of dynamic monitoring data collected under different dynamic load excitations are
discussed. The variability of the extracted dynamic properties from different monitoring datasets is
investigated. The implications of using these results for structural condition assessment and health
monitoring are examined. The paper also presents ongoing research on development of data
processing and graphical user interface tools and applications to facilitate not only the processing and
evaluation of the monitoring data for research purposes, but also for timely practical applications and
use of the information in bridge operations and maintenance. The application modules developed
include real-time data processing, visualization and analysis of field monitoring data.
These
application modules form a platform for real-time health-monitoring of the bridge. The structural
health monitoring and condition assessment platform based on continuous field ambient vibration
monitoring can be applied to provide fast and accurate post-earthquake evaluation and assessment of
structural integrity of the facilities.
INTRODUCTION
Structural condition assessment or structural health monitoring is a relatively new field of research in
Civil Engineering which has seen many rapid developments in recent years. Monitoring systems have
been developed and installed in the field to collect information on the material properties and
structural behaviour of civil engineering structures and systems, such as buildings and bridges. In
structural evaluation, the challenges and research needs of using vibration monitoring data for
structural condition assessment are recognized and much research has been carried out by many
researchers to address the problems, such as the development of numerical system identification
techniques for accurate determination of dynamic properties from ambient vibration measurement data
of which the sources of excitation are not known or measured, and the establishment of consistent
baseline databases for long-term structural condition and performance evaluation purposes (Peeters
and De Roeck, 1999; Peeters, 2003; Zhang, 2000; Londoño, 2003). More recently, because of the
continuous streaming and availability of monitoring data from continuous monitoring systems, there is
the motivation and incentive to utilize the collected data to achieve more efficient operations and
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maintenance of the monitored systems and facilities. The development of a continuous monitoring
system to provide rapid and accurate condition assessment of the monitored structure either on a
continuous basis or after the occurrence of an extreme event, such as an earthquake, is the objective of
the current research. The research presents numerous challenges on the development of intelligent
automatic data processing and analysis, reliable condition assessment algorithms that take into account
the stochastic variations in data behavior, and the development of graphical user interface (GUI) and
visualization tools to facilitate engineering interpretation the monitoring information.
The Confederation Bridge Monitoring Project in Canada presents a unique opportunity to address and
explore these challenges. The structural monitoring system of the Confederation Bridge, in operation
since 1997, consists of a sophisticated network of sensor instrumentation and multiple continuous data
acquisition systems to capture the dynamic responses of the bridge under wind, traffic, ice impact and
earthquake loads. The monitoring system is designed with advanced automatic data collection
algorithms to record bridge responses under both normal ambient vibration conditions on a continuous
basis and triggered extreme loading scenarios. Monitoring the ambient structures responses on a
continuous basis, as opposed to capturing triggered data of events, provides a unique perspective
which allows detailed studies of long-term changes of structural properties, behaviour and
performance over time. An understanding of the signature characteristics and variations of the
observed structural properties determined from the ambient dynamic monitoring data by system
identification, and factors affecting these variations under different loading scenarios and
environmental conditions, is essential for the establishment and use of a baseline behaviour and
performance dataset needed for structural condition assessments that must distinguish between
changes in structural properties and behaviour due to damage/deterioration of the structure and
changes due to normally occurring variations.
CONFEDERATION BRIDGE MONITORING SYSTEM
Bridge Structure
The Confederation Bridge is 12.9 km long. It crosses the Northumberland Strait in Eastern Canada,
linking the provinces of New-Brunswick and Prince Edward Island. It is the longest bridge
constructed over ice covered water and one of the longest continuous multi-span bridges in the world.
The Confederation Bridge superstructure is a prestressed haunched concrete box-girder bridge. It has
21 approach spans of 93 m each, 2 transitions spans of 165 m and 43 main spans of 250 m each at a
typical height of 40 m above the mean sea level. The main span portion of the bridge is constructed of
rigid frames linked by simply supported drop-in spans. Each rigid frame is composed of two piers and
two 192 m double cantilever box girders linked by a continuous drop-in span. The depth of the box
girders varies from 14.5 m at the pier supports to 4.5 m at mid-span.
Continuous Monitoring System
A comprehensive long-term monitoring system of the Confederation Bridge has been in operation
since the bridge opening in 1997 to collect information about its behaviour and performance. The
monitoring system measures and records both environmental and bridge response data related to: ice
forces, short and long-term deflections, thermal effects, traffic loading, corrosion and dynamic
responses. The dynamic part of the monitoring system is designed and configured to measuring the
vibration responses of the bridge caused by significant sources of dynamic excitations, including wind,
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heavy traffic, ice loads and earthquakes. The vibration instrumentation comprises 76 accelerometers
distributed mainly along a typical structural unit of one rigid frame unit and a simply supported dropin expansion span. The response behaviour observed in this instrumented segment of the bridge is
considered representative of the behaviour of the main span portion of the structure. Vibrations of the
girders are measured in the vertical and transverse directions, as shown in Figure 1.

Fig. 1: Locations of accelerometers in continuous monitoring system
This setup permits the measurements of vertical bending, transverse bending and torsional vibration
modes of the bridge superstructure. The vibration sensors used in the monitoring system include
piezo-electric accelerometers and servo accelerometers. The measured analog accelerometer signals
are conditioned and filtered for antialiasing by an 8-pole 50 Hz low-pass Bessel filter. Signals are then
sampled and digitized by a network of distributed high-speed data loggers. The data-loggers may be
programmed to either collect data on a continuous or triggered basis. The data acquisition can either
be manually triggered or automatically triggered upon detection of specific dynamic events. Data are
collected at user specified sampling rates that typically vary between 100 Hz and 167 Hz. In
‘triggered’ acquisition mode, the time interval of data recording usually varies between 90 sec and 15
min and includes a 30 sec pre-trigger buffer. Details of the monitoring system setup have been
described in the reference (Montreuil et al., 1998; Cheung et al., 1997).
Data Transmission
Vibration responses are measured by accelerometers. The voltage signals from the accelerometer
sensors are conditioned and filtered prior to analog-to-digital (A/D) conversion by the data-loggers.
Sampled data are stored temporarily in logger memory until retrieval at specified scheduled intervals
from a remote network computer assigned to the control and operation of each logger. The logger
computer retrieves the data from the data logger and sends them to a centralized platform where they
are made accessible to researchers over the internet for data processing and analysis. Figure 2
illustrates the steps and processes of high-speed dynamic monitoring data collection.
The dynamics monitoring systems of the Confederation Bridge are designed for achieving the
following objectives:
i.
Verifications of design assumptions;
ii.
Monitoring and study of structural response under significant loading events such as
earthquakes, ship impacts, wind storms, heavy traffic and extreme ice loads;
iii.
Long-term condition assessment of the structure.
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Fig. 2: Schematic of Confederation Bridge dynamic data acquisition and transmission.
DATA PROCESSING AND ANALYSIS
Preprocessing
Preprocessing of the raw monitoring data is performed before any data analysis. The preprocessing
tasks include:
i.
Baseline adjustment of the accelerometer time-history signals, by mean removal or high-pass
filtering;
ii.
Data error corrections for small segments of data where duplication of data recording is
detected;
iii.
Data patches of missing sample gaps. Gaps are patched by cubic polynomial interpolation of
the recorded data.
iv.
Application of inverse RC filter to channels which are subjected to low-pass RC filtering at
the source.
v.
Resampling to bring all records to a common sampling rate and duration. This step is needed
only when different data loggers operate at different sampling rates.
vi.
Low-pass filtering to reduce noise in the band of interest (0-15 Hz). An eighth order
Chebyshev Type I low-pass filter is applied to the monitoring data with a cut-off frequency of
16.67 Hz.
vii.
Downsampling to one-third of the original sampling rate (125 Hz) is performed, resulting in a
reduced sampling frequency of 41.67 Hz. The result is a substantial reduction in the number
of samples without significant loss of resolution in both time-domain and frequency-domain.
System Identification
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System Identification techniques are employed to analyze the data signatures and to extract structural
dynamic properties of the bridge from the collected monitoring data. The extracted properties can be
used to gain insight into the structural behaviour, verify design assumptions related to the dynamic
responses of the bridge at the beginning, and later for condition evaluation of the structure. For large
scale complex structures like the Confederation Bridge, it is impractical or cost-prohibitive to set up
forced vibration measurements. Consequently, ambient loading without detailed knowledge of the
sources, is relied upon as the input excitations. In the system identification analysis of ambient
vibration data, output-only system identification techniques are required. Studies have shown that
among the numerous system identification techniques proposed for civil engineering structural
monitoring applications the stochastic subspace identification (SSI) methods are considered as more
robust output-only identification techniques compared to other available methodologies (Peeters,
2000).
Stochastic Subspace Identification
The SSI algorithm identifies a stochastic state-space model of the structure. The resulting model can
then be translated into a more convenient structural model form for engineering interpretation of the
results. The state-space model can be related to both modal model and Finite Element (FE) model
formulations. The dynamic behaviour of civil engineering structural systems is traditionally modeled
through discrete Finite Element approximations, which may be represented by the following matrix
equation of motion:
!!(t ) + cu! (t ) + ku(t ) = f (t ) = rp(t )
mu

(1)

For system identification from discretely sampled responses, it is more convenient to reformulate the
FE model into a discrete-time state-space model form, which can be obtained after suitable
manipulations:
x k +1 = Ax k + Bp k

(2)

y k = Cx k + Dp k

In this formulation, x is a state vector which describes the system displacement and velocity at the
instant k∆t, where ∆t is the sampling interval; pk and yk are the sampled input and output vectors
respectively.
The state-space model formulation of Equation 2 is entirely deterministic. However, in civil
engineering applications, especially in the context of continuous field monitoring, it is usually
impractical or impossible to measure the input excitations, pk. Thus, the identification algorithms
must rely on the measured outputs yk only. In the SSI algorithm the input terms Bpk and Dpk are
considered as random white noise terms. Thus, the discrete-time state-space model becomes:
x k +1 = Ax k + w k
y k = Cx k + v k

(3)

Both wk and vk are assumed to be white, zero-mean stochastic processes, independent of the state
vector.
From the stochastic state-space model formulation of Equation 3, it can be shown that the correlations
of the outputs Ri can be factorized into a triplet containing the state matrices (Peeters and De Roeck,
1999):
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(4)

R i = CA i −1G

where output correlation matrices Ri are defined as Ri = E[yk+iykT], where E denotes the expectation
operator; The subscript i indicates a time lag of i∆t; and G = E[xk+1ykT] is a “next-state-output”
correlation matrix.
Equation 4 represents the basis of the correlation driven output-only identification algorithm. It
indicates that suitable de-composition of the correlations can yield the state-space matrices, which in
turn contain the structural parameters of mass, stiffness and damping. Data correlations also offer the
advantages of eliminating uncorrelated noise and compressing the data while preserving the modal
information.
Correlations of data computed at a sequence of different time lags may be assembled into a block
Hankel matrix as follows:
H1 i

R1

= R 2
...
R
 i

... R i −1
Ri 
... R i
R i +1 
... ...
... 
... R 2 i − 2 R 2 i −1 

(5)

Suitable factorization of the Block Hankel Matrix together with Singular Value Decomposition (SVD)
yields the observability and controllability matrices from which the State–Space matrix A, which
contains the mode shapes and eigenvalues, can be extracted.
The eigenvalue decomposition of the discrete-time state matrix A yields:

[ ]

A = Ψ \ µ j \ Ψ −1

(6)

where Ψ is a complex eigenvector matrix and µj are the discrete-time eigenvalues, which are directly
related to the system poles λj or eigenvalues of the original second order system of Equation 1. The
system poles contain the modal frequencies ωj and damping ratios ξj:
λj =

ln(µ j )

∆t

= −ξ j ω j + i 1 − ξ j ω j
2

(7)

In practice, the SSI algorithm involves some approximations due to:
i.
Modeling and measurement inaccuracies;
ii.
The use of finite datasets to compute estimates of the correlations;
iii.
Data non-stationarity and non-linearity.
As a result, the true model order of the system is typically masked by the appearance of spurious
system poles which account for all the above effects. True or stable system poles must be
distinguished from the spurious poles using stabilization diagrams, which allow the analyst to
discriminate between them. Details of the SSI algorithm are given in the references (Peeters, 2000;
Bogunović Jakobsen, 1995).
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Verification of Dynamic Properties Study
The bandwidth considered for the extraction of modal properties is 0 - 5 Hz. This frequency range
includes most of the dominant vibration modes of the structure. A summary of the vibration modes
retrieved from the processing and analysis of 4 different field monitoring datasets is presented in Table
1.
Table 1. Summary of modal frequencies and damping ratios retrieved from the continuous
monitoring data and comparison with predictions from the analytical model.
Analytical
Frequency

1

2
3
4

5

6
7

Experimental
Frequency 1

Mode
Type 2

Damping
Ratio 3

MAC 4

Excitation Type 5

Hz
Hz
(%)
0.28
0.33-0.36
T
0.15-0.79
0.94
WS, W, Tr
0.33
0.39-0.40
T
0.35-1.02
0.93
WS, W
T
0.24-0.82
0.55
W, WS
0.46
0.47-0.48 6
0.58
0.65
V
0.10-0.76
0.86
W
0.62
0.65-0.71
V
0.24-1.48
0.96
WS, W
0.79
0.91
V
0.07
0.94
W
0.82
0.94-1.03
V
0.03-0.60
0.72
WS, W, Tr
1.08
1.17-1.21
V-L
0.39–0.81
0.78
Tr
V-L
0.04
0.83
W
1.60
1.62 6
V
0.05–0.25
0.94
Tr
2.34
2.69–2.83 6
7
3.30-3.50
V-L
0.01–0.40
0.57
Tr
3.15
----3.38
To
0.10
----Tr
----4.63-4.81
V
0.01-0.38
----W
4.43
4.96-5.20
V
0.04–1.05
0.85
Tr
For modes identified from different datasets, the range of identified frequencies and damping ratios
are given.
Mode types: T=transverse, V=vertical, To= torsional, L=longitudinal.
More accurate determination of damping ratios requires further study.
Modal Assurance Criterion (MAC) values presented are for analytical and experimental mode pairs.
For modes identified from different datasets only the highest MAC value is given
Indicates the predominant source of excitation, other types of excitation sources may also be present.
Excitation types: Tr= traffic, W=wind-triggered ambient vibration, WS=windstorm
Mode also retrieved in the variability study that is presented in this paper.
Analytical Mode of 2.73 Hz yields higher MAC value (0.89) with the corresponding experimental
modes. However, in the graphical displays there seems to be a better agreement with the 3.15 mode

The identification of the vibration modes is made based on one or more of the following criteria: (i)
power spectra indicate that the mode is one of the dominant modes in the vibration response; (ii)
extracted mode shape shows reasonable correlation with the analytical model mode, with a Modal
Assurance Criterion value of 0.70 or greater; (iii) there is reasonable alignment of the corresponding
pole in the stabilization diagram plot with peaks of relevant cross-power spectra estimates; (iv) the
same mode is retrieved from different datasets and/or using different reference channels. Figure 3
shows some of the experimentally retrieved mode shapes compared to those predicted by the
analytical model.
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It is observed that wind excitation tends to excite mainly the lowest frequency vibration modes in the 0
- 1.0 Hz band. This fact is corroborated by observation of the windstorm response power spectra. On
the other hand, power spectra for controlled truck traffic test responses indicate that heavy traffic
excites most significantly the modes in the 2.5 - 3.5 Hz band. However, due to the fact that ambient
excitations typically include a combination of different loadings, structural responses tend to contain
some structural modes not typically associated to the principal source of excitation. As an example,
the two modes in the 1.0 - 5.0 Hz band that are retrieved from wind-triggered data are most likely
traffic-excited modes since the wind-triggered dataset used in this study is also expected to include
traffic loading responses.

(a)

(b)

(c)

(d)

Fig. 3: Extracted and analytical mode shapes; (a) 3rd transverse mode: experimental 0.47 Hz,
analytical 0.46 Hz (b) 1st vertical bending mode: experimental 0.65 Hz, analytical 0.58 Hz
(c) 2nd vertical bending mode: experimental 0. 68 Hz, analytical 0.62 Hz (d) 7th vertical
bending mode: experimental 2.74 Hz, analytical 2.34 Hz.
There are important differences between the predicted and experimentally extracted modal properties.
The experimental frequencies are consistently higher than the analytical frequencies. It is noted that
the higher frequencies lead to higher seismic design spectral values and therefore result in higher
seismic loads. However, the significance of the resulting increase in seismic forces on the performance
of the bridge is considered in another study of the project. The frequency shift suggests that the real
structure is generally stiffer than estimated. The stiffness difference may be due to various factors,
most likely including an underestimation of the elastic modulus of concrete.
Variability Study
The results of the above verification study, summarized in Table 1, indicate that there is some
significant variability in the modal parameter estimates extracted from different monitoring datasets.
There are differences in the modal parameters extracted from datasets collected under different
loading scenarios, and also between datasets collected at different times of similar loading scenarios.
The variability in the identified structural parameters has significant implications in the use of the
monitoring data for structural condition assessments. The reason is that most vibration-based condition
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assessment algorithms rely on detecting changes in the dynamic or static properties of the structure.
Therefore, the variability in the identified modal parameters of the healthy structure must be
understood first, before attempts can be made in practice to determine whether observed changes in
the structural properties are in fact due to structural damage or deterioration, or simply a reflection of
the inherent variability in the identification results. Observed changes in the structural properties may
be due to one or a combination of the following effects:
i.
Environmental effects such as temperature variation;
ii.
Differences in the loading scenarios;
iii.
Computational inaccuracies and modeling assumptions;
iv.
Stiffness degradation due to deterioration or damage.
In order to perform accurate and reliable post-disaster condition assessments a thorough understanding
of these effects is needed. The continuous long-term Confederation Bridge Monitoring project
provides the ideal setting for research on the variability of structural dynamic properties determined
from ambient vibration data by system identification techniques.
In this section, ten independent datasets corresponding to ambient vibration responses of the
Confederation Bridge under normal operational conditions are analyzed in order to quantify the level
of variability in the modal parameter estimates obtained through system identification of the
monitoring data. Analysis is conducted through the SSI method described earlier. The variability
study considers 900 second datasets of similar loading scenario and similar environmental conditions.
The objective is to determine the baseline level of variability, which is attributable to the numerical
accuracy of the data and the identification processes. The determination of this baseline is essential
before the variability attributable to changes in the loading scenarios or environmental conditions can
be determined. The results of this study can be considered as a ‘lower-bound’ baseline estimate of the
variability in the modal parameters extracted from the monitoring data.
The environmental conditions associated with the different datasets used in the present variability
study are kept as similar as possible to avoid including significant variations in the structural
properties caused by changes in the environmental conditions. Acquisition times and dates for the 10
datasets and some relevant environmental parameters at the times of acquisition are presented in Table
2. It is assumed here that the influences of the small but inevitable variations in the environmental
conditions on the structural properties can be neglected.
The results of the variability study are summarized in Table 3. The four modes listed were identified
from all ten independent datasets. It can be observed that the frequency estimates are much more
consistent than the damping estimates. The standard deviations of the frequency estimates are all
below 0.6% of the mean, while the standard deviations of the damping estimates are between 34% and
55% of the mean values.
The large uncertainty in the damping estimates indicates that the damping mechanism of the structure
is more complex than that of the stiffness behavior.
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Table 2. Acquisition times and environmental conditions for the variability study datasets.
Dataset
Number

1

2

Approx 10-min
1-hour Average
average Wind Speed
Temperature 1
ºC
m/s
1
2003/03/10 11:17
-6.0
~10 2
2
2003/03/10 11:38
-6.0
~10 2
3
2003/03/13 12:32
-2.1
9.3
4
2003/03/13 12:47
-2.1
8.4
5
2003/03/13 13:02
-2.0
8.5
6
2003/03/13 13:17
-2.0
6.5
7
2003/03/14 11:57
-3.8
14.8
8
2003/03/14 12:12
-3.7
14.7
9
2003/03/14 12:27
-3.6
13.8
10
2003/03/14 12:42
-3.5
14.1
Temperatures are from thermocouple measurements at the midspan section of the rigid drop-in
(~accelerometer station 9), at deck level of the bridge girder, below asphalt.
Wind speeds for March 10 datasets are extrapolations from average speeds measured from time
14:00 onwards. Wind speeds at the time of the vibration data acquisitions were not recorded due to
technical circumstances. However, based on typical rates of change of wind speed averages, the
given extrapolated wind speeds can be considered to be representative of those at the times of data
acquisitions.
Starting Time of
Acquisition

Table 3. Summary of variability analysis results.
Mode Type
Transverse
Vertical
Vertical
Vertical

Frequency
Hz
0.474
1.641
1.828
2.774

σf
Hz
0.003
0.009
0.008
0.017

ξ
%
1.53
1.34
1.56
0.91

σξ
%
0.61
0.56
0.53
0.50

MAC
%
98.7
98.4
99.0
97.4

The correlation between the mode shape amplitudes of the identified modes is evaluated through the
Modal Assurance Criterion (MAC). The MAC provides a measure of the least squares deviation of the
modal displacements of any two given modes from an ideal straight-line correlation. An MAC value
of unity indicates perfect correlation while a zero value indicates no correlation. To assess the overall
consistency in the identified mode shapes obtained from the different datasets, an average value of
MAC is given in Table 3.
Despite the good overall agreement of the mode shapes identified from different datasets as reflected
in the average values of MAC, it is observed that there are some localized discrepancies between the
measured mode shapes and theoretical predictions. The magnitude of these localized discrepancies
could potentially be comparable to the magnitude of changes in the mode shapes caused by changes in
the structural properties associated with damage or deterioration of the structure. Hence, the observed
variability in the identified mode shapes represents a problem for structural assessment algorithms that
rely on detecting changes in the mode shapes.
Research is currently in progress to study the effects of the daily and seasonal environmental
variations and the effects of differences in loading scenarios on the identification results.
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Real-Time Data Processing and Analysis
The verification and variability studies described above relied on several separate processing and
analysis applications that required a significant amount of time and effort to process the large datasets
associated with continuous monitoring. In order to accelerate the processing of the data and to provide
analysis results on a more timely basis, there is the obvious need to develop more efficient real-time
data processing and analysis capabilities to allow faster engineering interpretation and utilization of
the monitoring information through data display, visualization, processing and analysis.
An application platform consisting of data visualization and animation, and data processing and
analysis engines has been developed with the objective to facilitate more efficient and timely
utilization of the monitoring information to assist bridge engineers in the operation of the bridge. The
efficiency of the data is improved by reducing the amount of time required to process large amounts of
raw data by automating and centralizing all parts of the process, which significantly reduces
cumbersome data porting.
This application platform consists of processing, visualization and analysis modules, which are all
accessible through a single graphical user interface (GUI), as shown in Figure 4(a). The processing
module receives as input the accelerometer measurements and performs all pre-processing tasks
discussed earlier. A copy of the data after each stage of processing is kept for further processing by the
visualization and analysis modules. Once the processing of the acceleration time histories is complete
they are numerically double integrated to obtain the corresponding displacement time histories.
The visualization modules include extensive plotting capabilities which provide a user friendly and
convenient platform to study large datasets in a reasonable time frame, as shown in Figure 4(b).
Displacement and acceleration time histories and spectral plots can be easily manipulated to obtain the
desired information on the behaviour of the structural system. Data may be viewed at any stage of
processing to qualitatively evaluate the processing results. This module also includes a 3D bridge
model for animation of bridge displacement responses. The animation module permits flexible user
interaction. Parameters of the animations include scaling factor, view angle and playback speed. The
animation and plotting capabilities are seamlessly integrated. There is also an option to record
animation sequences for playback on common media players.
The analysis module consists of a power spectral density analysis tool for preliminary evaluation and
identification of bridge responses in the frequency domain. Spectral analysis can be conducted on data
at any stage of the processing to allow a better understanding of the processing methods. A tool to
incorporate the stochastic subspace identification algorithm presented earlier in this paper is currently
under development. The objective of the integrated real-time data processing and analysis platform is
to facilitate timely condition assessment of the monitored facility based on evaluation of continuous
dynamic monitoring data.
The processing and animation modules are designed and adapted to run in a real-time mode. A tool
has been developed to automatically handle and redirect incoming data to the processing module and
to animate the resulting bridge displacements in real-time. Modules for automatic detection and repair
of common data error problems, gaps in sampling, duplication of records and lack of synchronization
in the incoming data files, have also been developed and implemented in the integrated platform. The
ability to visualize the bridge response in real-time adds a significant amount of engineering value to
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the monitoring data. Responses of the bridge under normal and severe conditions may be viewed and
assessed by operators of the bridge in near real-time with minimal time delay as limited by the
network speed.
(a)

(b)

Fig. 4: (a) GUI of monitoring data processing, visualization and analysis
application. (b) GUI of data plotting and analysis tool.
FUTURE DEVELOPMENTS
Collaborative research with a research group in applied physics at the University of Ottawa is
currently under way to study the feasibility of using distributed Brillouin-based fiber-optic sensors for
the monitoring of civil engineering structures. By measuring the frequency response of two counter

150

propagating laser beams, it is possible to determine the strain distribution along the optical fibers (Zou
et al., 2003). By installing sensing fibers over the entire span of a bridge structure, it is possible to
monitor localized changes at any point along the bridge span. This eliminates the need to
predetermine the specific sensor locations, which is a significant advantage of the new Brillouin-based
fiber-optic sensor monitoring technology compared to most other existing monitoring systems.
Laboratory tests have been conducted, to assess the feasibility of using Brillouin fiber-optic sensors to
detect impact loads and load locations on a simple beam specimen. The results of the tests will
provide valuable information regarding the potential of practical application of the distributed fiber
optic sensors as the basis of a viable monitoring system.
Another ongoing research is to develop and implement new analysis and system identification
algorithms based on new advanced data analysis techniques for non-stationary and non-linear data
such as the empirical mode decomposition (EMD) and Hilbert Spectrum (HS) analysis developed by
Huang et al., (1998). These techniques eliminate the leakage and loss of resolution caused by the
spurious harmonics that are needed in traditional Fourier based analysis and spectra to reflect the nonstationary and non-linear behaviours of the data. As a result, the EMD coupled with the HS analysis
allow a sharper, more accurate and more physically meaningful analysis of the data.
CONCLUSION
Recent studies on the verification and variability of the dynamic properties of the Confederation
Bridge have been presented. In the verification study, design assumptions of the bridge are evaluated
by comparing dynamic properties extracted from field monitoring data to those obtained from
theoretical finite element models of the bridge based on design drawings. The observation of
significant variability in the dynamic properties extracted from different monitoring datasets
demonstrates the need of the variability study to obtain a better understanding of the behavior of the
bridge and signature characteristics of the monitoring data. In the variability study, a baseline level of
variability is determined by comparing extracted dynamic properties under similar environmental
conditions and loading scenarios. In order to perform accurate and reliable post-disaster condition
assessments a thorough understanding of the variability of the extracted dynamic properties of the
healthy structure is needed.
The development of data processing and graphical user interface tools and applications has been
presented. The objective is to facilitate not only the processing and evaluation of the monitoring data
for research purposes, but also for timely practical applications and use of the information in bridge
operations and maintenance. The application modules developed include real-time data processing,
visualization and analysis of field monitoring data. These application modules form a platform for
real-time health-monitoring of the bridge.
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Abstract
This paper summarizes the applications of seismic passive control devices in Taiwan. Typical
construction examples for various passive control devices are introduced, accompanying with the
theoretical background of the devices.
INTRODUCTION
Research on the seismic control of structure has been conducted in Taiwan since early 1980s.
However, it was not until the 1999 Chi-Chi earthquake, the applications of various seismic passive
control devices have been extensive in Taiwan. To date the seismic control technologies including
base isolation design and energy dissipation design have been applied to the constructions of national
freeway bridges, Taiwan High Speed Rail brides, medical centers, high-tech industrial structures, bank
data center, residential buildings, elementary school buildings, etc. These applications include new
construction and retrofit design.
ENERGY CONSIDERATION
Integrating the equation of motion

MX!! + CX! + KX = MX!! g

(1)

with respect to the relative deformation of structure, the absolute energy equation is obtained as

1
M ( X! t ) 2 + CX! dX + KX dX = MX!! g dX g
2

∫

∫

∫

The equation can be represented in another form of
K .E. + D.E. + H .E. + S .E. = I .E.

(2)

(3)

where K.E. = kinetic energy; D.E.= damping energy; H.E.=hysteretic energy; S.E.=strain energy; and
I.E. = input energy. The sum of K.E., D.E., H.E. and S.E. is called the energy supply by the structure
while I.E. is the input energy or energy demand by the earthquake. For a structure to survive
earthquakes, it is required that the energy capacity of a structure is larger than the energy demand by
the earthquake. It is therefore the intent to add energy dissipation systems in appropriate loading paths
or resistance paths of the structure so that the energy dissipation systems can dissipate much of the
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input energy by the earthquake prior to the severe inelastic deformation occurring at primary structural
elements. This concept has led to the invention of various energy dissipation devices and energy
design methods. On the other hand, the seismic isolation design was to isolate the structure from the
energy demand by the earthquake and thus reduce the energy input to the structure. Various isolation
systems and design methods have been developed corresponding to different site conditions, building
functionality requirements and environmental circumstances.
CONSTRUCTION EXAMPLES

The energy dissipation systems used in Taiwan include the hysteretic type and velocity type dampers.
The hysteretic dampers include the triangular added stiffness and damping damper (TADAS),
reinforced ADAS damper (RADAS), low yield steel shear panel (LYSSP), Buckling Restrained
Braces (BRB) or unbonded brace, etc. Typical examples adopting these dampers are shown in Figs.
1-4. Among the hysteretic energy dissipation systems, the number of applications of the BRB is
increasing due to the reason that the brace can improve the weakness of the traditional concentrical
brace system and the eccentrical brace system. The velocity type of damper encompasses visco-elastic
dampers (VE), viscous dampers (VD) and viscous damping walls (VDW). The applications are given
in Fig. 5-9. Currently, there have been more applications using viscous dampers than other velocity
type dampers. This may be due to the facts that the design procedure for implementing the viscous
damper is relatively simpler and the analytical model is available in the popular computational tools
such as SAP2000 and ETABS.
Regarding the base isolation applications, the Tzu-Chi medical centers at Taipei and Tai-Chung are
typical examples. It is worthy of mentioning that the medical center at Tai-Chung is located 400
meters away from the surface rupture line of the 1999 Chi-Chi earthquake. Special consideration was
given for the design of isolation system. Lead-Rubber bearings with viscous dampers are designed to
resist possible near-filed type earthquake ground motions which may induce extraordinarily large
displacement at the isolation system. The reason to adopt the viscous damper in this isolation system is
to take the advantage of the 90 degree phase lag between the force and displacement of the damper. In
other words, the viscous damper can help minimize the displacement in the isolation layer while the
maximum base shear force transmitted by the isolation system will not be dramatically increased.
For some structural applications, a combination of energy dissipation and seismic isolation are applied
as shown in Fig. 10. The structure is basically designed with additional dampers to protect the
structural system. In addition, for some floors where important facilities such as computer servers are
located, floor isolation system id also implemented to further secure these important facilities.
DISCUSSIONS

The applications of seismic control devices to the construction of structures in Taiwan are flourishing
after the 1999 Ch-Chi earthquake. The general public and the builders seem to have learned the
lessons from the quake. The practical design and construction of these passive control devices have
fed back some precious research ideas regarding the theoretical development and the effectiveness of
installation. The current status is encouraging. However, certain aspects regarding the practical
applications such as quality assurance will need more efforts from the construction and design law
legislation, local manufacturing capability, etc.
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Hysteretic Type Dampers -- TADAS
Taipei County Hall

33 story steel structure
Designed before Chi-Chi
Experimental Investigation

Retrofitted after Chi-Chi

Fig. 1(a) Experimental Study of TADAS at NTU
and NCREE

Fig. 3(a) Application of BRB and LYSSP to
Taipei County Hall

Low Yield Steel Panel

京華城
Taipei Living Mall

BRB (Buckling Restrained Braces)

TADAS Installation

Fig. 1(b) Application of TADAS to Taipei
Living Mall

Fig. 3(b) Elevation View of one frame in Taipei
County Hall

Ambassador Hotel at Hsin-Chu
Shear Hysteresis Curve

Low Yield Steel
Shear Panel

Fig. 2 Application of LYSSP to Hsin-Chu
Ambassador Hotel

Fig. 3(c) Elevation View of one frame in Taipei
County Hall
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BRB Test Results
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Fig. 3(d) Experimental Study of BRB at NTU &
NCREE

Fig. 4(c) Details of LYSSP and BRB installation

Viscous Damper
宏盛帝寶
Taipei Treasure Palace

Fig. 4(a) Applications of LYSSP and BRB to
National Taiwan University of Sci. &Tech.
West Wing
LYSSP

Fig. 5(a) Application of VE dampers to Taipei
Treasure Palace

South Wing
BRB
Visco-Elastic Shear Wall

Fig. 4(b) Plane view of west and south wings

Fig. 5(b) VE shear panels in place
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Viscous Dampers

Plan

Elevation

Tai-Shin Bank

Fig. 6(a) Application of VD to Tai-Shin Bank
Data Center

Fig. 7(b) Plan and elevation view of the structure

Grand Palace of Taipei
Plan View

Elevation View

制震壁

Fig. 6(b) Plan and elevation view of the structure

Fig. 8(a) Application of VDW to Grand Palace
of Taipei

Taipei 101 Tower
Viscous Damper

Taipei City Hall

Headquarter of Buddhist Association

Site

Fig.7 (a) Application to Headquarter of Buddhist
Association

Fig. 8(b) Location of the structure at the core of
Taipei City
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中間層鋼板連接
上部抗彎構架

外部鋼板連接
下部抗彎構架

填充粘性體

基本構造圖

實績照片
剖面圖

Fig. 8(c) The details of VDW and the damper in
place

Fig. 9(c) Viscous damper in place

Bank of Taiwan

Tzu-Chi Hospital at Taipei

Fig. 9(a) Application of base isolation to
Tzu-Chi Medical Center at Taipei

Fig. 10(a) Applications of VD and floor
isolation to Bank of Taiwan

Plan View of Viscous Damper Installation

Fig. 9(b) Lead-rubber isolation bearing and coil
damper in place

Fig. 10(b) Plan View of VD installation
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Elevation View

X-B 立構圖

Y-6 立構圖

Fig. 10(c) Elevation view of VD installation

Plan View of Floor Isolation

Fixed-base
raised floor
Isolation Gap
Isolated
Raised
Floor

Fig. 10(d) Plan view floor isolation

Sectional View of Floor Isolation
Gap
Fixed
固定區

緩
衝
區

Isolated Raised Floor

可動區

高架地板

樓地版

Fig. 10(e) Sectional view of floor isolation
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THE CONTRIBUTION OF CONTROL TO EARTHQUAKE
MITIGATION
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Institute of Construction and Architecture, Slovak Academy of Sciences, Bratislava, Slovakia
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Abstract
The progress in active, hybrid and semi-active vibration control technique in various countries has
already led to some promising results, not only for the control of wind or machinery induced vibration,
but also for the seismic protection. Necessary verifications of reliability and safety interfere with
reasonable initial and service costs. Under these circumstances, the control software is a crucial part of
the methodology and vibration control techniques. The paper deals with the results of international
research related to those structures that due to different reasons are more vulnerable under the adverse
earthquake excitation. For verification of such systems reliability, the real time control algorithm and
software were developed and analysed in extensive numerical studies. The control device was the
subject of seismic tests while using variable seismic input and different structure composition.
The prototype for numerical and experimental verification of the proposed procedures was chosen like a
steel frame of two storeys, one bay and different brace composition in the first storey. The aim of control
was to decrease those vibration components that could substantially influence the failure risk of a
respective structure. The series of tests proved essential improvement of the seismic response in
comparison with the original structure composition. The questions and tasks are open for future research
and technology development, prevailingly in the design and optimisation of suitable devices and the
appropriate choice of control hardware and software. The obtained numerical and experimental results
have shown a positive effect of applied measures and create a base for future practical use.
INTRODUCTION
The construction of new structures, upgrading, strengthening and repair of existing ones are based on the
decision what will be the full or remaining life time. What degree of resistance capacity should be
provided to meet combination of dead and imposed loads and future accidental impacts of seismic or
other origin? When, where and how strong will be the next earthquake? What is the risk we accomplish
with the structure design and execution? What are the uncertainties resulting from the estimates of
loading, structure materials and systems, analysis and human errors? Which simplified methods are
sufficiently reasonable to replace more sophisticated calculations? What is the answer from
observations and experimental measurements either on full scale structures or on large scale models?
Such questions appear at the design of structures in seismic but also in non-seismic regions.
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Any structure shall be designed such that deterioration over its design working life does not impair the
performance of the structure below that intended. Environmental effects and anticipated level of
maintenance should be taken into account. However, the environmental conditions shall be identified at
the design stage so that significance can be assessed in relation to durability and adequate provisions can
be made for protection of the materials used in the structure. The environmental effects can influence the
structure safety both in view of action changes and the deterioration of material properties as well. The
customer, national authority or the designer can decide for higher design working life including
necessary changes in respective safety factors and other parameters dependent on design working life.
Tools applicable for such purposes belong to family of material and structure measures or special
response reduction systems.
DYNAMIC RESISTANCE CAPACITY
The analytical design model should be developed, leading to the derivation of a resistance function,
based on the observation of actual material behaviour and on theoretical considerations. The validity of
such model should be checked by means of a statistical interpretation of all available test data. The
analytical structural model to be used for determining the dynamic action effects shall be established
taking into account of all relevant structural members, their masses, strengths, stiffness and damping
characteristics, and all relevant non-structural members with their properties. The procedure for
determining the design resistance starts from design values of material or product properties including
the deviations likely to appear.
The expected modes of failure and related calculation models should be estimated and described. In
general, the structural member can possess a number of fundamentally different failure modes.
Structural behaviour can depend upon the effects of one or more actions that will not be varied
systematically. The response is interconnected with the resistance of materials used and both can depend
on time and duration effects, scale and size effects, different environmental, loading and boundary
conditions, and material degradation effects.
New materials in majority need the statistical determination of resistance models. This can be done for
new material alone or for composite systems using combinations of traditional and new materials. Not
only new materials but also traditional materials have recorded changes in their properties that should be
taken into account when the resistance is to be defined. The contribution of appropriately chosen new
materials used in composite system with traditional ones can be significant, e.g. Juhásová et al., 1998,
Severn et al., 2000, Juhásová et al., 2000, Sofronie, 1997, Sofronie et al., 2003.
Theory of strains and stresses in elastic and plastic bodies and media describes the options and
conditions for the failure, in general dependent on the contribution of shear and axial stresses and strains
in their tensors or in tensors of respective velocities. Properties of loading in space and time and strength
limits, with the contribution of damping and redistribution of carrying capability, control ultimate
resistance of the structure. For securing the proper progress, first of all should be clear in the borders of
static resistance usually related to vulnerable sections. Procedures proposed for simplified approaches
like "pushover analysis method", see e.g. Fajfar, 1999, Priestley, 1997, could be adapted to some degree
for the determination of design carrying capacity of new composite systems. The important issues are
interconnected with the structural integrity that is the appropriate tool helping the structure to overcome
the effects of large earthquakes, terrorist attacks or another accidental events.
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RESPONSE REDUCTION SYSTEMS AND CONTROL
The development in dynamic response reduction systems is interconnected with the theory, software
and hardware of control systems used as optional technology for the increase of total structural
resistance capacity. The control algorithms that were developed during the last years suggest more or
less convenient options applicable for the control of the dynamic response of the civil engineering
structures (e.g. Benchoubane et al., 2000, Loh et al., 1999, Juhás, 2000, Molina et al., 2002). These
algorithms were verified either by numerical simulations and parametric studies or directly by intended
experiments on models or on actual structures.
Special situation appears when the controlled structure has significant asymmetrical features caused by
structural system and distribution of masses. The asymmetrical structural system brings the seismic
response into remarkable non-uniform distribution of strains and stresses with the unpleasant
contribution of shear in torsion. They are usually much higher than respective values of static response.
Strength in shear is lower than strength in tension or bending. If the technological reason does not allow
symmetrical structure, the question arises how to mitigate the adverse stresses in seismic response. The
asymmetry in plan causes a combined dynamic response in which originally independent lateral and
torsion natural modes pass into combined lateral-torsion natural modes with the respective increase of
bending-torsion stresses in edge vertical elements. Decrease of rotation vibration components is an
important issue in ultimate states of deformations and stresses. Therefore, objectives of a presented
research were focused on the ability of the control in view of torsion seismic response reduction and
appropriate minimization of translate motions.
Several control algorithms were tested in the presented case studies to verify their stability, feasibility
and robustness under conditions of seismic input with variable properties in time and frequency regions.
In the first case – called ASI yaw control through kinematic torsion input was generated on the basis of
the knowledge of natural frequencies and modes of vibration. Taking into account the adverse effects of
those modes with remarkable torsion contribution the primary interest was to suppress these frequency
components in the control input with necessary filtering. In the second case – called TVC yaw control,
the control kinematic torsion input was generated in real time like simulation and with the imposed
condition of a minimum torsion vibration in the first storey of the frame. In case of brace control, the f2
force control was based on minimization of the first storey slab centre velocity that covers both translate
and rotation response. The df approach applied integral of force feedback for displacement brace
control.
An appropriately chosen prototype and model of a structure can serve for analytical and experimental
studies. The analysis followed the seismic response of a frame with the brace; the case of the braced
structure submitted to a torsion control at the base and the case when stiff brace is replaced by controlled
"intelligent" brace. The same idea concerns the experimental research and verification tests that were
carried out using 6DOF MASTER shaking table and second independent hydraulic system in Dynamic
Laboratory of ENEL.HYDRO - ISMES Seriate by teams from ICA SAS and FME SUT.
REALISED TESTS
The model was chosen as a two storeys steel frame, one bay, with asymmetrical brace situated in the first
storey. The view of the model is presented in Fig. 1. The seismic response of the basic asymmetrical
system depends on the seismic input properties in relation to brace stiffness. Consequently, optimum
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brace dimensions exist for any defined earthquake. The dynamic response increases or decreases in
dependence on brace stiffness and spectral properties of the seismic input. The intended improvement of
the response can be reached either through yaw control at the base or through "intelligent" brace.

Fig. 1: General view of tested frame model, left – with stiff brace, right – with the brace control
Calculation modifications followed the changes in the model structural properties, changes in seismic
input and changes in intended control procedure. In investigated frequency range the dynamic response
is affected by two natural modes in x direction and four coupled lateral-torsion modes in y-θ directions.
Experimental frequencies were determined from sequential impact tests by impact I1 up to I6 and from
sweep sine tests, see Table 1. Position of sensors and impact points is given in Fig. 2.

AR1

AR2

AB1

AB2

Fig. 2: Used tested frame model compositions, impact points and instrumentation
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The analysis and tests of seismic response consisted from following parts:
- basic seismic tests of model with stiff brace, earthquake input in y-direction, no control;
- seismic tests of model with stiff brace, earthquake input in y-direction, control via yaw table
input using ASI and TVC algorithm, respectively;
- seismic tests of model with "intelligent brace", earthquake input in y-direction, control of brace
force through displacement/force df mode and force f2 mode, respectively;
- seismic tests of symmetric model without any brace, earthquake input in y-direction;
- seismic tests of model with stiff brace on one side and :intelligent brace on the other side,
earthquake input in y-direction, control of intelligent brace force through displacement/force df
mode and force f2 mode, respectively.
As far as the atypical test composition needed the use of two independent laboratory hydraulic systems,
the supplementary jack tests were carried out before the use of “intelligent brace” control, Juhásová et
al., 2001. The sources of outside excitation were either impacts or external seismic steady vibration. Fig.
3 shows the jack test composition and the results obtained.

Fig. 3: The jack test composition and the effect of control in case of external steady excitation
ANALYTICAL STUDIES
In case of asymmetrical structures the stiffness centre does not coincide with the centre of mass. The
result is the presence of dynamic moments, which introduce torsion components into the response of the
structure in addition to the translate displacements. Deformation of any participating vertical element
consists of translate and torsion components. If equations of motion follow the centres of concentrated
floor masses, the seismic excitation in y direction is described by a system:

m2u!!2 (t ) + K x 2u 2 (t ) = 0,
m2 v!!2 (t ) + K y 2 v2 (t ) = −m2 (Y!!(t ) + v!!1 (t )),
!! (t ) + θ!! (t ))]....or....[− I θ!! (t )]
I 2θ!!2 (t ) + Kθ 2 (t )θ 2 (t ) = − I 2θ!!1 (t ).....or....[ − I 2 (Θ
1
2 1
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(1)

m1u!!1 (t ) + K x1u1 (t ) − K x 2 u 2 (t ) = 0,
!! (t ))]
m1v!!1 (t ) + K y1 (v1 (t ) − e x1θ 1 (t )) − K y 2 v 2 (t ) = −m1Y!!(t )....or....[−m1 (Y!!(t ) − e x1Θ
....or....[− m1Y!!(t ) + Fby ]

(2)

!! (t )]....or....[ F r ]
I1θ!!1 (t ) + Kθ 1θ 1 (t ) − Kθ 2θ 2 (t ) − K y1e x1v1 (t ) = 0...or...[− I1Θ
by x
Expressions in brackets mean changes due to control, the first one for yaw control, the second one for
brace control. Stiffness matrix includes participation of lateral and torsion stiffness members. The
parametric study of translate-torsion vibration in Juhásová, 1991 describes the changes in seismic
response and strain-stresses distribution throughout the structural elements. Stresses and deformation in
edge elements including shear in torsion are the primary reason of their failure. Such failure appears at
lower seismic input in comparison to the seismic carrying capacity of symmetrical systems with the
same lateral stiffness. The improvement can be reached either through control torsion input at the base
(if there exist conditions to arrange it e.g. in the framework of base isolation system) or through so called
"intelligent brace". Both variants were numerically analysed and afterwards tested on MASTER shaking
table in ISMES. However, physical principles of dynamic behaviour in these two cases are rather
different. In the case of control through base torsion input the changes in natural frequencies of the
superstructure are negligible. The partial effect can appear there due to changes in boundary conditions.
The case of "intelligent brace" control represents the stiffness-damping variation in time with respective
temporary changes in natural frequencies of the superstructure. The system under control tries to
optimise the response that finally means the increase of the total seismic resistance of the structure.
Before running the tests the respective analytical models were built and verified by numerical studies
and numerical experiment (Juhásová et al., 2002). Seismic input represents Alaska 1972 earthquake,
Sitka record N-S acting in y-direction; 0dB means full actual earthquake, Fig. 4.

Fig. 4: Response spectra of original and simulated seismic input for 2% and 5% damping
The experimental results were obtained from seismic tests carried out with different model
configuration (without brace, with stiff brace, with active controlled brace, with two braces – stiff and
active) and increasing intensity of seismic loading. The control approaches with base torsion input (yaw
control) ASI and TVC were applied and realised by predetermined input (Juhásová et al., 2002). The
filtering of ASI control input reflected the measured natural frequencies and modal contributions of
translate seismic input and yaw control input. Measured time histories of strains and absolute deflections
of the frame storeys show the positive contribution of the control. Strains in critical sections were
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directly measured. Their maximum values are reported in Figure 5 (left) comparing the original model
without any control, model with ASI control and model with TVC control. Similar comparison was
realised for brace control approach. Brace control represents interference of purposely modified
dynamic force from another independent hydraulic system. The seismic excitation in Fig. 5 corresponds
to Sitka 0dB NS earthquake applied in y direction.

Fig. 5: Max strains in the frame at Sitka input 0dB, left – S1+yaw control; right – S2+brace control
Table 1: Calculated and measured natural frequencies
Direction
(y-θ)1
(x)1
(θ-y)1
(y-θ)2
(x)2
(θ-y)2
Model I – f(j) (Hz)
4.33
5.42
6.39
12.41
16.81
23.27
Model II – f(j) (Hz)
4.94
5.11
7.42
14.01
16.88
26.88
Model III – f(j) (Hz)
4.21
5.28
6.23
12.40
16.88
24.72
Exp – impact I1,I2,I4,I5 *
4.14
7.74
13.18
26.64
Exp – impact I3,I6 *
4.52
16.59
Exp – sweep x - f(j) (Hz) *
4.33
16.59
Exp – sweep y - f(j) (Hz) *
3.96
7.74
13.18
27.19
Exp – impact I1,I2 **
4.2
7.6
14.2
24.8
Exp – impact I3,I6 **
4.45
16.5
Exp – impact I1,I2 ***
5.4
9.1
12.45
28.95
Exp – impact I3,I6 ***
4.45
16.35
NOTE: * - frame with stiff brace; ** - frame with blocked intelligent brace; *** - frame with stiff and
blocked intelligent braces.

Achieved effective behaviour represents decrease of stresses in critical sections up to 40 % or more.
Forecasting from calculations was even larger. The total energy coming into the tested structure was
remarkably reduced. The same effect can be observed on cumulative characteristics (e.g. Juhásová,
2003). The cumulative absolute velocity Vcum,abs like supporting characteristic is frequently used
nowadays
t2

T

∫

∫

Vcum,abs = abs(V (t ))dt = abs(V (t ))dt
t1

(3)

0

and represents the total cumulation of velocities or stresses due to dynamic effects with the same weight
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given to large or small amplitudes. It can be applied also on storey drifts, see Figs. 6 and 7.

Fig. 6: Cumulative storey drifts in displacements and rotations for Sitka input: SitkaNS – stiff brace, no
control; SitkaNS+TVC – stiff brace and yaw TVC control at the base of frame model

Fig. 7: Cumulative storey drifts in displacements and rotations for Sitka input: Seis2y – stiff brace, no
control; Sitka3ydf – displacement/force df brace control; Sitka3yf2 – force f2 brace control
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Table 2: Maximum measured strains in columns E10, E14 and in stiff brace E25
Maximum measured microstrains in the second storey
Excitation Sitka 0dB
E10-1
E10-2
E10-3
E10-4
Original, no control, S1
37.18
40.96
33.03
23.91
ASI yaw base control
21.31
26.34
22.36
19.37
TVC yaw base control
27.61
28.08
24.16
21.38
Maximum measured microstrains in the first storey
Excitation Sitka 0dB
E14-1
E14-2
E14-3
E14-4
Original, no control, S1
44.01
84.35
80.31
47.02
ASI yaw base control
31.92
62.01
61.26
31.85
TVC yaw base control
30.78
57.76
56.22
31.50

E25
58.06
41.85
66.37

Table 3: Maximum measured strains in columns E10; E14 and in control brace E26
Maximum measured microstrains in the second storey
Excitation Sitka 0dB
E10-1
E10-2
E10-3
E10-4
Original, no control, S2
26.13
27.37
21.32
17.52
intelligent brace control df
18.06
21.03
15.92
13.94
intelligent brace control f2
16.51
18.99
13.05
15.21
Maximum measured microstrains in the first storey
Excitation Sitka 0dB
E14-1
E14-2
E14-3
E14-4
Original, no control, S2
34.55
66.52
61.88
36.76
intelligent brace control df
29.42
43.60
40.42
29.09
intelligent brace control f2
34.56
44.78
41.02
33.80

E26
49.64
6.19
5.46

CONCLUSIONS

Presented theoretical, numerical and experimental analyses of control gave results that indicate
remarkable mitigation of the seismic response. Different control algorithms were successfully adapted
and calibrated. Experimental results confirmed acceptable dynamic behaviour of the tested models. This
was reached both by base torsion control tests and also by successful tests with the use of intelligent
brace control. The applications secure the increase of safety and reliability of existing and newly built
structures. Consequently, also the secondary transfer of seismic inputs through floors to equipment
recorded effective improvement.
The designer should decide whether using of traditional upgrading measures in view of
stiffness-mass-damping adjustments, or promising integrity improvements could secure sufficient
degree of structural safety and the appropriate life time. Response reduction systems developed at the
boundaries of civil, mechanical and electronic engineering create another group of tools for the increase
of structural safety. Robustness of mechanical-structural systems, reliability and cost aspects and next
developments will influence the penetration of these advanced technologies into everyday construction
industry.
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Abstract
Both of cyclic dynamic test and drop hammer test are performed to the identical fluid dampers.
Physical properties detected through both of the test data are compared with ignorable error.
Consequently, it is emphasized that drop hammer test is not only low cost but also simpler on the
purpose of detecting the damping factor of the fluid dampers.
PREFACE
Recent earthquake disasters experienced around the world, locally occurred in Taiwan as well, have
alerted people to improve seismic engineering in the countries with high rate of earthquake occurrence.
Due to these experiences, structures with seismic isolation devices such as LRB isolator, and some of
the passive control devices, including energy dissipation devices such as VE-damper, fluid damper etc.,
have increased in their applications. Structural engineering integrating control devices has become one
of the core technologies.
Some efforts have been done for the designing, manufacturing, and application of the fluid dampers
(Taylor, 2002; Pekan et al., 1999; Fu, Y. and Kasai, K., 1998; U.S.P. 5870863, 1999; Constantinou et
al., 2000). Testing and experimental work is certainly plays essential work in the developing stage of
dampers (Taylor, 1995; Constantionu, M.C. and Symans, M.D.; 1992).
Experiment plays one of the very important roles for engineering applications. For example, design
step can not be ignored before the steel reinforce member is settled in reinforce concrete structures. In
the design procedure, Young’s modulus of the steel member is certainly needed to be known so that
the design can be done accordingly. Sampling test is necessary to investigate the properties of the
materials to be used. Why only few of element is tested in sampling test? Because most of the test
specimen be failed during test action. It is impossible to test every single member that is going to be
used. We can not use a member that has already been failed under test action. There is no alternative
that we have to take sampling test. It is recognized that we are not hundred percent assure the quality
of the members which we used be satisfied the design requirements.
When we are talking about seismic devices, it is necessary to know the insight properties and the
operation functions of the seismic devices before it can be designed and installed in the structures. No
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matter the device is displacement dependent or velocity dependent, test, not only static test, but also
dynamic test, is needed to know its behavior functions. It is recognized that even the manufacturing
process is specified controlled, the properties of the seismic devices are still very sensitive to the small
differences of the relative variables, specially for those of velocity dependent devices, for example, the
resisting force produced with the excitation velocity is highly sensitive to the orifice ratio of the piston,
to the density of the fluid, etc., for the fluid damper devices. It is fortunate that for most of dampers
installed to take dynamic excitations for energy dissipation can be tested without failure. That means
test can be done to each of the dampers going to be installed in the structures. The properties of the
damper devices can be investigated not only by sampling test, but by testing performed to each of the
individual dampers.
The essential reasons of this are two folded: (1) Non-failure test can be executed to the damper devices
and (2) the property function of damper devices are highly sensitive to the primary variables related.
That is why it is required in the SEAOC(Structural Engineers Association of California) Blue Book
recommended:
“All devices should be tested to confirm acceptable behavior under large earthquake loading.” (Taylor,
2002).
Furthermore, it is recognized that the analysis, design and construction issues associated with the use
of energy dissipation devices, specially for fluid viscous velocity dependent devices, are not well
understood by most of design professionals and building officials. With the installation of such devices,
panel review for the design and the tests to the devices will be much more important.
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Full scale cyclic test be certainly considered can reflect the actual property function of the energy
dissipation devices be installed in the structures, particularly for the velocity dependent energy
dissipation devices. One of the typical examples for the cyclic test result is shown in the Fig.1. The
hysteresis loop (force – displacement relationship) and the force vs. velocity relationship for a small
scaled fluid viscous damper are plotted in Fig.1(a) and Fig.1(b), respectively.
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Fig.1: Cyclic test result for a small scaled fluid viscous damper (frequency 1.0Hz, amplitude 25mm).
In real projects, problems faced are not trivial. It is not so easy to fulfill the requirement regulations
because of reasons at least listed as follows:
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1. It is time consumed if all of the devices are required to be tested. Well, it can really be done if we do
have enough time for the test task, or if we really believe the sampling test could be enough to
reflect the property functions of the specified manufacturing products. However, in some of the
existing projects, for instance, the Tai-Shin bank building at somewhere near Taipei (Pekan et al.,
1999), some of three hundred fluid viscous dampers are installed in the building for the aseismatic
purposes. Tests are performed to every one of the dampers to assure the quality of each one of the
dampers.
2. It is difficult to perform cyclic test for full scale specimen due to the physical limitations of available
testing equipment. This kind of test need to have the actuators with very high capacity that is hard to
prepare in most of the laboratories. Once the input loading required as earthquake excitations, the
test equipment for most of the laboratories are not available for the tests at real time rates of loading.
Fortunately, it is why, for the devices which is prevented to perform cyclic test due to the physical
limitations of the testing equipment, it is allowed to use impact tests of full size units, combined with
both cyclic test and impact test of reduced – scale units to detect the properties of the devices, in
particular for the velocity – dependent devices such as fluid viscous dampers (FEMA, 1997).
HAMMER TEST EQUIPMENT AND TEST PURPOSE
Hammer test is performed to the fluid dampers just like to hit a nail by the hammer. Fig.2 is a sketched
diagram to show a hammer test machine. Damper under tested is settled vertically on the stiffed
foundation. The damper is hit by a lumped mass dropped from certain height. The impact force
subjected to the damper will force the damper to induce relative displacement in – between the piston
and the tube system. The load cell arranged at the top of the damper take the force instantly, and the
LVDT take the relative displacement information meanwhile. It is recognized that hammer test did not
afford the response functions with respect to the excitations such as subjected by real earthquake.

Fig.2: Photo picture of the fluid damper under tested.
However, some of the factors reveal the physical properties of the damper, such as damping factor of
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the damper, can be obtained by the test. Of course the damping factor is essentially needed in the
design procedure for the structural integrating control design. And the primary function which reveal
the property of the damper, Eq.1, can be obtained empirically.
F = CVn

(1)

Where F, C, V stand for resistance force, damping factor, and velocity of the damper, respectively,
while n is a variable in a range of 0.5 ~ 2.0 with respect to the orifice ratio of the damper.
On the purpose of introducing the energy dissipation devices into the real world of seismic engineering
application, Hammer test is needed. Because once the input is considered as earthquake excitations,
the force and the energy going to be taken by the dissipation devices is tremendous huge that the
energy for the dynamic test facilities in general laboratory usually can not afford. That is why instead
of preparing and maintaining such facilities to meet the required test capacities, hammer test is
introduced. Furthermore, it is relied on for the existing companies, such as Taylor’s company, which
are popularly known on producing seismic devices.
TEST EXAMPLE
A locally produced fluid damper as shown in Fig.2 is tested both for cyclic test and hammer impact
test. The cross section of the damper is sketched as shown in Fig.3. The orifice ratio is defined as
A1/A2 x 100%

(2)

The orifice ratio for the damper under testing is 1.607%. In addition, the fluid filled in the damper is
Si100 silicon glue.

A1
A2

Orifice rate
A
η = 1 × 100 %
A2

Fig.3: The cross section of the damper under tested.
The test is executed with the range of the frequency from 0.05Hz to 3.5Hz and the thrusts are limited
in plus/minus 10mm, 15mm, 20mm, 25mm, and 30mm. Some of the typical output, for the cases of
plus/minus 10mm thrust with various frequencies (i.e., 2.5Hz, 3.0Hz, 3.5Hz), showing the relationship
of resisting force with respect to displacement and velocity are plotted in Fig.4 to Fig.6.
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Fig.4 :Testing result for the case of frequency 2.5Hz and amplitude 10mm).

20
0
-20
-40

-10

-5

0

5

10

0
-20
-40
-60
-400

-60
-15

20

15

-200

0

200

400

Velocity (mm/sec)

Displacement (mm)

60

60

40

40

Resisting Force (kN)

Resisting Force (kN)

Fig.5: Testing result for the case of frequency 3.0Hz and amplitude 10mm).
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Fig.6: Testing result for the case of frequency 3.5Hz and amplitude 10mm).
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By the data collected from the cyclic test, the relationship of the resisting force with respect to the
velocity can be found. It is plotted in the Fig.7. A linear function of resisting force with respect to
velocity is obtained as
F = 0.19 V

(3)

That means a constant damping factor is obtained for this particular damper under tested.
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Fig.7 :The relationship of the resisting force vs. velocity by the data collected from the cyclic test for
the damper under tested.
Alternatively, the damper is also tested by hammer impact test. The test results are shown by the time
history plots of displacement, force, and velocity. The data is taken for every 0.005 second. The plots
of the case with 750kg mass dropped in a dropped heights of 120mm are shown in the Figs.8, Fig.9,
and Fig.10, in terms of displacement, force, and velocity with respect to time, respectively. Through
the group test cases with various masses and drop heights, by taking the data point of the maximum
force and velocity responses, the relationship of force with respect to velocity can be plotted by curve
fitting. As displayed in the Fig. 11. The force – velocity relationship can be fitted by a linear function
as following,
F = 0.19 V

(4)

It is found that the value of damping factor obtained by hammer test is very close to that obtained from
cyclic test with an error not more than 5%.
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Fig.8: A typical single test data plotted by displacement with respected to time.
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Fig.9: A typical single test data plotted by force with respected to time.
900

Velocity (mm)

675

450

225

0

-225

0

0.1

0.2

0.3

0.4

0.5

0.6

Time (sec)

Fig.10 :A typical single test data plotted by velocity with respected to time.
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Fig.11: The relationship of the resisting vs. velocity by the data collected from the drop hammer test
for the damper under tested.
CONCLUSIONS
Impact test, or so called drop hammer test, probably is one of the necessary tool for the practical
development and application for the use of the velocity dependent energy dissipation devices to the
aseismatic engineering. Once the suitable relation functions is derived, or experimentally found, it is
believed that part of physical properties of full scale devices which was considered to be detected by
cyclic tests only, can be alternatively obtained by impact tests of full size units combined with both
cyclic test and impact test of reduced scale units. The example displayed herein does introduce some
of the available inter-relation functions in between the cyclic dynamic test and impact hammer test.
It is worthwhile to emphasis that the properties of dampers are quite different from one of another. The
damper under test described in the paper shows the linear relationship in resisting force and velocity,
i.e., F = CV. In fact, the function of the resisting force with respect to velocity is recognized to be F =
CVn, in general, where n can be greater or smaller than 1. It is highly probable that non-linear
relationship is existed for the relationship of resisting force with respect to velocity. However, cyclic
test, as well as hammer test, can obtain the function and damping factor can be estimated accordingly.
Furthermore, due to the highly sensitivity of the damper property with slightly difference of the
possible variables, in order to assure the quality of the practically used dampers, performance test
executed to each one of the devices could be necessary. In other words, can not be ignored by the
excuse of lacking of testing facilities.
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Abstract
This study investigates the potential seismic risks of double fab structures uniquely seen in Taiwan’s
semi-conductor industry. A typical eight-story double fab structure is considered as the object to
explore the seismic vulnerability of such structural systems via computer simulation under realistic
earthquake ground motion. As expected, excessive storydrifts are found to be focused on the clean
room levels where most of the columns and shear walls have been removed to comply with the
manufacturing process. As a consequence, the floor acceleration are amplified and the secondary
（P- ∆ ）effects further deteriorate the earthquake-resisting capability of the fab. As an effort to relieve
the soft-story problem, a seismic retrofit strategy by introducing metallic yielding dampers for energy
dissipation has been proposed in this study. The metallic yielding damper proves to be effective in
enhancing the seismic performance of double fab structures.
INTRODUCTION
The hi-tech industry in Taiwan has been suffering from unexpectedly great seismic hazard over the
past few years despite the earthquake intensities have been considered moderate with
PGA=0.10g~0.15g (Lee and Loh, 2000；Brain et al., 1999；SEMICON Taiwan, 2001). The seismic
loss is mainly attributed to damage or dislocation of the process tools（e.g. the vertical diffusion
furnaces with slender quartz tubing, the ion implanter with fragile supporting insulators, and the
photolithography stepper, et al.）and the raised floor, with a subsequent operation interruption.
Moreover, pounding of the main fab with its adjacent support building and the accompanying failure
of the extension joint in between has been observed in typical wafer fabrication plants. Seismic
protection has now become a critical issue in not only the hi-tech industry but also the industrial
insurance business who has experienced lessons for underestimating the seismic risks. Since the 1999
Chi-Chi earthquake, insurance companies have been increasingly raising the premium and/or
pay-by-client percentage of the claim-of-loss while mandate the clients to conduct rigorous seismic
retrofit programs as a prerequisite in the contract.
Among various types of wafer foundry plants, the double fabs have shown to suffer much greater
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damage to manufacturing tools and subsequent economic loss than standard fabs of equivalent scale,
as observed in the past events. Common structural layout for standard fabs is like this: the first two
stories of the fab are generally reinforced concrete structures with heavy shear walls and closely
spaced columns（center-to-center column spacing of 3.6m or 4.8m）. Moreover, the deep and stiff
waffle slab with holes on the surface panels is built for ventilation purpose and high rigidity demands.
Framing above the waffle slab are long span steel mega trusses supported by braced steel frames at the
periphery of the plant to reserve a considerably column-free space for manufacturing process. In
response to a rapid growth of product demands or a strategic business planning of the incorporation,
double fab structures are uniquely seen in Taiwan’s semi-conductor industry restricted by the shortage
of land resources of Taiwan. Unlike the standard fab (Fig.1(a)) whose cleanroom supports only a
relatively light roof level, double fab structures (Figure 1(b)) contain two cleanrooms where most of
the columns have been removed to comply with the manufacturing process, which must carry
considerable gravity load and seismic lateral load transmitted from the stories above. As the plan area
of today’s hi-tech fab has been increasingly wider, it is insufficient to brace only the peripheral frames
to maintain rigidity and strength, and soft （and likely weak）stories are inevitably formed at the
cleanroom levels. As a result, the double fab structures become seismically vulnerable once
encountered with severe earthquakes. Excessive storydrifts are to be focused on the cleanroom levels
during the earthquakes. As a consequence, the floor accelerations are amplified and the secondary
（P- ∆ ）effects further deteriorate the earthquake-resisting capability of the fab and exaggerate the
seismic hazards. Even if the earthquake is moderate enough to be structurally harmless, the floor
acceleration could be amplified and damage the delicate manufacturing tools due to a soft-story
configuration. If not prohibited, special care has to be exerted on the earthquake resistant design of
double fab structural systems.
In reviewing the structural design reports of some existing double fabs, it is found that some design
concepts or considerations have been misled or overlooked. The major controversies include,
(1) Completely following the ductility design suggested by the code
The code specification is adequate for uniform buildings and appeals for minimum
requirement only. With two soft stories, the double fab structures are in no way uniform and
the designers should be extremely careful in applying the code–specified formula. With
extremely stiff waffle slabs and soft stories, the desired strong-column-weak-beam condition
does not exist, and logically no plastic hinges will be formed at the beams so that the
structure will not behave in a ductile manner at all. Therefore, the reduction factor of the
seismic base shear based on the ductility design concept should not be fully accounted for. In
other words, by applying the code suggested formula for the design base shear would
underestimate the actual seismic loading to a large extent.
(2) Perform static analysis only
The structure is irregular vertically due to the existence of two soft stories. In such
circumstances, dynamic analysis is mandatory by the code. Moreover, the torsional response
that might cause fatal damage to the structure can only be reflected via time history analyses.
(3) Fail to check the ultimate strength of the story shears, in particular for the soft stories
This design check is also mandatory by the code regardless of the type and height of the
structure.
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As the fab structure is often less than 50 m in height, no peer review is mandatory by law.
Unfortunately, as the above concerns in the design stage were not aware of and corrected, the seismic
risks of double fab structures would be unthinkably higher than one might expect. Serious measures
on seismic retrofit of the existing double fab structures are necessitated to eliminate the potential
catastrophe in the next “big shock” while mitigating seismic loss in occasional moderate events.

cleanroom

Figure 1(a) Standard fab

cleanroom 2
cleanroom 1

Figure 1(b) Double fab
Modern earthquake protection techniques discard the traditional idea of economy-based (ductility)
design for a performance-based design concept emphasizing the maintenance of structural integrity
even under exceptionally severe earthquakes. Advances in the development and practical
implementation of passive energy dissipation devices for earthquake protection and retrofit of
structures have been achieved in recent years (Housner, et al., 1997；Soong and Dargush, 1997；Soong
and Spencer, 2002). The control forces imparted from the passive control devices are developed in
response to the vibration of the structure without external power supply. Among numerous energy
dissipation devices available the most widely adopted are the metallic yielding damper, VE damper
and fluid damper, et al. The first is displacement-dependent while the others are velocity-dependent.
Both types of dampers are functionally competitive. However, in view of long term usage and
reliability, the metallic yielding dampers (working by transverse bending) are preferred for
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maintenance-free
(no
leakage
problem),
temperature-independent
(VE
damper
is
temperature-dependent) and less demanding in alignment precision （compared with axially loaded
fluid dampers）. The feasibility of employing the metallic yielding dampers for seismic retrofit of a
specific double fab structure will be explored in this study. The earthquake ground acceleration
recorded at the TCU017 station by Central Weather Bureau, Taiwan during 921 earthquake is
considered representative of the site characteristics in Hsinchu Science-Based Industrial Park
﹙HSBIP﹚area where the objective structure is located. It will be used for seismic performance
assessment.
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Figure 2(a) Elevation view of the peripheral frame (short direction)
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Figure 2(b) Elevation view of the peripheral frame (long direction)

SEISMIC PERFORMANCE ASESSMENT OF A TYPICAL DOUBLE FAB STRUCTURE
The Target Fab Structure
The seismic performance of the existing eight-story double fab ﹙Figure 2﹚containing two cleanrooms
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in the 3rd and 5th floors, respectively, as illustrated, is to be assessed. With 110.4m × 86.4m in plane
dimension and 48.8m in height, the double fab structure consists of reinforced concrete (RC) from
ground level to the second floor, steel and reinforced concrete (SRC) from the second to the third floor,
and steel frame above. The floor masses considered in the analytical model include those of the raised
floor and manufacturing tools provided by the owner. The plane and three-dimensional views of the
fab building are shown in Figure 3 and Figure 4, respectively.

Figure 3(b) Structural plans at 3F and 5F

Figure 3(a) Structural plans at 1~2 F

(Clean Rooms)

Figure 3(c) Structural plans at 4F, 6F and 7F

Figure 3(d) Structural plans at roof

Figure 4 Finite element model of the objective eight-story double fab structure
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Figure 5 Ground acceleration measured in Chi-Chi Earthquake (TCU017 station, inside HSBIP)
Seismic Performance Indices

As a quick assessment in the preliminary stage, the maximum storydrifts at critical locations of the
structure from dynamic time history analysis are considered as a seismic performance index. Storydrift
ratio within 0.5% will be considered acceptable under the design earthquake intensity of PGA=0.33g,
as regulated by the building code. Moreover, the floor accelerations that are critical to sensitive
manufacturing tools will be assessed. Since no specific performance-based design criteria have been
suggested up to date, the peak floor acceleration will be compared with those derived from the UBC97
and IBC2000, which has been the design criteria for seismic anchorage of the tools and raised floor.
Moreover, column stress states under the most critical loading combination with additional
consideration of P-△ effects will be further examined based on the ASD (Allowable Stress Design)
stability interaction equation：

f by C my
fa
f bx C mx
+
+
≤ 1 .0
Fa (1 − f a Fex' ) Fbx (1 − f a Fey' ) Fby

(1)

where f a = P Ag is the axial compression stress at service load, f bx , f by are flexural stresses at
service load based on primary bending moment about the x-axis and y-axis, respectively, Fa is the
allowable compression stress considering the member as loaded by axial compression only, Fbx , Fby
are the allowable flexural stresses for the x-axis and y-axis, respectively, considering the member
loaded in bending only, and C m is the moment modification factor.
Simulation Results and Performance Assessment

Assessment of the seismic performance is conducted in two phases. Phase I considers the earthquake
intensity of Grade 6 with PGA of the ground motion scaled up to 0.33g to comply with code
requirement and phase II considers Grade 7 with PGA=0.50g to explore the seismic risk further in
case a rare event occurs.
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Phase I- Performance assessment under PGA=0.33g (Grade 6 )

The peak displacement and story drift ratio at/between the floors in both the principal directions are
summarized in Table 1. As expected, excessive storydrift ratio ﹙≧0.5%﹚ are found between 3~5
floors in the X (long) direction﹙when w/o damper﹚, indicating a soft-story phenomenon. The
soft-story phenomenon is not found in the Y (short) direction, however.
Table 2 summarizes the peak floor acceleration at the cleanroom levels obtained from the time history
analysis and compared with those suggested by UBC97 ﹙ Sa = a pCa I P 1 + 3 hx  g ﹚ and IBC2000
Rp

﹙ Sa =

a p (0.4 S DS ) I p 
hx 
1 + 2  g ﹚ based
Rp
hr 


on

the commonly



adopted

hr 

values

a p = 1.0;

C a = 0.4 S DS = 0.4 ; R p = 1.5 ; I p = 1.25 for UBC97 and 1.5 for IBC2000. The result indicates the code

specified design values for seismic anchorage of facility are somewhat conservative. Nevertheless, this
does not warrant damage-free and function integrity of the tools from a performance-based design
point of view.
Table 3 shows the maximum internal forces of column C6 (see Figure 8) in the cleanroom 1 level and
the stress ratios (in parentheses) under load combination 0.75( DD + LL + EQ ) obtained by
equation (1). The stress ratio of the column ﹙when w/o damper﹚is found to be 1.47 which suggests
a damage potential of the column under the design earthquake and implies a weak story of the fab at
the cleanroom 1 level.
The above analysis reveals that the objective double fab structure in its present configuration shows a
soft and weak story potential under the design earthquake intensity of seismic zone I in Taiwan and
suggests necessity for seismic retrofit.

Table 1 Floor displacement and story drift ratio (PGA=0.33g)

Floor

Height
(m)

8
7
6
5
4
3
2
1

5
5
6
7.8
6
7.2
6.4
5.4

Displacement (cm)
w/o damper
w/ damper
X
Y
X
Y
20.7
12.7
13.9
7.0
18.6
10.5
12.4
5.9
16.6
8.9
10.9
5.0
14.2
8.3
9.1
4.6
9.9
4.9
6.3
2.8
5.9
4.1
3.9
2.3
1.3
1.1
1.0
0.6
0.5
0.4
0.4
0.2
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Story Drift Ratio(%)
w/o damper
w/ damper
X
Y
X
Y
0.42
0.44
0.30
0.22
0.40
0.32
0.30
0.18
0.40
0.10
0.30
0.07
0.55
0.44
0.36
0.23
0.67
0.13
0.40
0.08
0.64
0.42
0.40
0.24
0.13
0.11
0.09
0.06
0.09
0.07
0.07
0.04

Table 2 Acceleration at cleanroom floor (PGA=0.33g)
Code
UBC97 IBC2000

Floor

w/o Damper

w/ Damper

X

Y

X

Y

3F

0.58g

0.59g

0.42g

0.37g

0.39g

0.36g

5F

0.85g

0.81g

0.82g

0.60g

0.65g

0.44g

Table 3 Maximum internal forces and stress check of column C6 (PGA=0.33g)
Floor

Height
(m)

5F

7.8

3F

7.2

Axial Force (t)
w/o
w/
Damper Damper
392
508
1972

875

Shear (t)
w/o Damper
w/ Damper
X
Y
X
Y
125
60
65
35
252

Moment (t-m)
w/o Damper w/ Damper
X
Y
X
Y
484
221
257 134
(0.60)
(0.51)
Stress ratio check
259
139
169
411
343
223 216
(1.47)
(0.74)
Stress ratio check

Table 4 Floor displacement and story drift ratio (PGA=0.50g)
Floor

Height
(m)

8
7
6
5
4
3
2
1

5
5
6
7.8
6
7.2
6.4
5.4

Displacement (cm)
w/o USD
w/ USD
X
Y
X
Y
31.4
19.2
21.5
10.5
28.2
15.9
19.5
8.9
25.2
13.5
16.8
7.5
21.5
12.6
13.9
7.0
15.0
7.4
9.7
4.2
8.9
6.2
6.0
3.5
2.0
1.7
1.5
0.9
0.8
0.6
0.5
0.3

Story Drift (%)
w/o USD
w/ USD
X
Y
X
Y
0.64
0.67
0.48
0.32
0.61
0.48
0.46
0.28
0.61
0.15
0.48
0.08
0.84
0.66
0.54
0.36
1.01
0.20
0.62
0.12
0.97
0.63
0.63
0.36
0.19
0.17
0.16
0.09
0.14
0.11
0.09
0.06

Table 5 Floor acceleration (PGA=0.50g)
Code

Floor

UBC97 IBC2000

w/o Damper

w/ Damper

X

Y

X

Y

3F

0.58g

0.59g

0.64g

0.56g

0.59g

0.55g

5F

0.85g

0.81g

1.24g

0.92g

1.00g

0.67g
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Table 6 Maximum internal forces and stress check of column C6 (PGA=0.50g)
Floor

Height
(m)

5F

7.8

3F

7.2

Axial Force (t)
w/o
w/
Damper Damper
596
776
2997

1331

Shear (t)
w/o Damper
w/ Damper
X
Y
X
Y
190
91
100
53
383

Moment (t-m)
w/o Damper w/ Damper
X
Y
X
Y
736
336 389 205
(0.80)
(0.77)
Stress ratio check
394
210
253
625
521
337 332
(2.07)
(1.11)
Stress ratio check

Phase II- Performance assessment under PGA=0.50g (Grade 7 )

As the earthquake intensity further amplified to 0.5g, excessive story drifts have been found not only
at the cleanroom levels ﹙both X and Y directions﹚but the stories above (X direction ), as summarized
in Table 4. The soft-story phenomenon is observed in both the principal directions of the fab now.
Moreover, the floor accelerations at the cleanroom 2 level have shown, in Table 5, to exceed the
design values ﹙based on PGA=0.4g﹚in the long direction.
Table 6 shows the maximum internal forces of column C6 (see Figure 8) in the cleanroom 1 level and
the stress ratios (in parentheses) under load combination 0.75( DD + LL + EQ ) obtained by
equation (1). The stress ratio of the column ﹙when w/o damper﹚is found to be 2.07 which suggests
a even higher damage potential of the column than under the design earthquake and deteriorates the
weak story problem further.
RETROFIT OF THE DOUBLE FAB WITH METALLIC YIELDING DAMPERS
Metallic Yielding Damper

The metallic yielding damper is an earthquake protective device that dissipates earthquake energy
through inelastic deformation of the steel plates. Each of its steel plates is tailored into an optimum
shape （X-shape）to maximize its energy dissipative capacity. The damper can be designed to yield at
moderate deformation so as to protect the structure at early stages. If the dampers are tactfully sized
and allocated, both the acceleration and displacement responses of the structure can be simultaneously
reduced during severe earthquakes. Discarding a commonly adopted welding process, the unit could
be assembled by bolting together the steel plates with a set of threaded rods, thus improving the
manufacturing process while making it more compact than its welded counterpart. This type of
damper is durable, temperature-independent, and maintenance-free. It is considered one of the most
cost-effective of all commercially available seismic dampers. The yielding displacement and the
stiffness of each X-shape steel plate are presented respectively as (Whittaker et al., 1991；Arturo,
1997):

∆y =

σ yh2
2 Et

(2)

and

kd =
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2 EBt 3
3h 3

(3)

where σy is the yielding stress of the steel plate, E is the young’s modulus, h and t are the height and
the thickness of the steel plate, respectively, and B is the width of the taped steel plate at the fixed ends.
The desired yielding displacement and stiffness of the damper can be achieved by adjusting the
dimensions of the height, width and thickness of the steel plate. For a damper with n steel X-shape
plates in parallel, the yielding displacement is the same as described by equation (2), while the elastic
stiffness of the damper can be modified as：

kD =

2nEBt 3
3h 3

(4).

Figure 6 Metallic yielding damper
B

h

b

t

Figure 7 Taped structural steel plate

Seismic Performance Assessment of The Retrofitted Double Fab

To improve the seismic performance of the double fab and prevent it from damage during earthquakes
of 475-yr return period. Since the sub-fab levels (1~2F) has been very stiff with closely spaced
columns and shear walls, the dampers are allocated above 3F to 5F at the peripheral frames, as
illustrated in Figure 8, to maximize its torsion-resisting effect. Totally 90 sets of identical dampers (22
sets in 3F, 34 sets in both 4F and 5F) with a capacity of 112-ton designed to yield at a deformation of
0.7 mm corresponding to a 50-ton yielding load are implemented.
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The seismic performance of the double fab, under the design earthquake intensity
(PGA=0.33g), evidently has been improved after retrofit with metallic yielding dampers as
the storydrift ratios of all the stories have been controlled within the allowable level, as
indicated in Table 1. Moreover, the floor acceleration can be reduced for more than 20% in
the cleanroom 2 level (see Table 2) and the bi-axial stress ratio of column C6 at the cleanroom
1 level has been reduced to 0.74, suggesting elimination of the damage potential. The
comparisons of displacement and acceleration time histories (3F & 5F) are illustrated in
Figure 9(a) and Figure 9(b), respectively.
As the earthquake intensity increased further to 0.5g, the seismic performance of the retrofitted
structure exhibits superiority to the original one. The comparisons of displacement and acceleration
time histories (3F & 5F) are illustrated in Figure 10(a) and Figure 10(b), respectively. Nevertheless,
the soft-story phenomenon in the X direction still is not completely eliminated with the current amount
of dampers. Moreover, in spite the bi-axial stress ratio of the column has been reduced for
approximately 50% (from 2.07 to 1.11), damage of the column in this earthquake intensity level is still
inevitable. More dampers are desired for further improvement of the seismic performance.

C6

Dampers allocated within the frame

Figure 8 The implementation of the metallic yielding damper scheme in the Fab
Figure 11 illustrates energy dissipation capability of the metallic yielding dampers for various
earthquake intensities.
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Figure 9(a) Comparison of displacement responses (3F & 5F)-PGA=0.33g
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Figure 9(b) Comparison of acceleration responses (3F & 5F)-PGA=0.33g
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Figure 10(a) Comparison of displacement responses (3F & 5F)-PGA=0.50g
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Figure 10(b) Comparison of acceleration responses (3F & 5F)-PGA=0.50g
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Figure 11(a) Hysteresis loops of the damper-PGA=0.33g
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Figure 11(b) Hysteresis loops of the damper-PGA=0.50g
CONCLUSIONS
This study investigates the potential seismic risks of the double fab structures in Taiwan’s
semi-conductor industry and the feasibility of seismic retrofit by using metallic yielding dampers. In

accordance with the simulation results, the conclusions are summarized below:
(1) Excessive storydrifts of the double fab are found between the clean room levels under the design
earthquake intensity. The concern of the double fab structure containing soft and weak stories has
been confirmed.
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(2) The soft and weak-story problem of the double fab can be greatly relieved by introducing metallic
yielding dampers for seismic retrofit. The proposed seismic retrofit design proves to be effective
and sufficient in enhancing the seismic performance of the double fab structure under the design
earthquake intensity. It, however, has not been sufficient at the earthquake intensity level of
PGA=0.5g, and more dampers are demanded for further improvement of the seismic performance.
(3) The code specified design values for seismic anchorage of facility are somewhat conservative as
compared with the time history responses under the specific earthquake episode with PGA=0.33g
considered. Nevertheless, this does not warrant damage-free and function integrity of the tools
from a performance-based design point of view.
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Abstract
This paper presents the state-of-the-art of the hybrid simulation method with substructuring developed
at the European Laboratory for Structural Assessment (ELSA) at JRC-Ispra. The Continuous Pseudo
Dynamic (PsD) test method is implemented by means of a synchronous process with short control
period (2 ms) and small time step. This introduces some challenging difficulties for the implementation
of substructuring. These difficulties have been overcome by using the stable parallel inter-field
procedure presented hereafter allowing to robustly performing continuous PsD testing with non-linear
substructuring. Details are also given on the software and hardware implementation with emphasis on
the specific distributed control architecture designed at ELSA.
INTRODUCTION
Since its inauguration in 1992, the ELSA Laboratory has a leading position in pseudo-dynamic (PsD)
testing of Large-scale civil engineering structures. The full-digital implementation of the PsD method
was a key feature, which contributed to the successful completion of several tests on buildings and
bridges and models of monumental structures. The test campaigns on bridges using substructuring
techniques are considered as pioneer at international level. In spite of this confirmed success, ELSA is
continuously improving its tools. In particular, there is a substantial effort on the development and
implementation of the so-called continuous PsD testing method with substructuring which is outlined in
this paper. In fact, this new technique is now systematically and successfully applied to the testing of a
variety of structures ranging from full-scale multi-storey structures to structural subassemblies. By
sustaining a smooth motion and a continuous loading of the structure, it avoids restoring force relaxation
and provides very accurate experimental results. In many cases it extends the applicability of the
conventional PsD. When coupled with the new analytical substructuring procedure also presented here,
the continuous technique can be applied to test structural subassemblies and can be easily upgraded to
carry out fast on-line substructuring tests of structures sensitive to the rate of loading.
The continuous PsD relies on significant improvements in both the hardware design of the servo-control
system and the software to pilot the motion of the actuators. In addition to the development of new
controller unit, a new system architecture is currently developed in order to integrate the controllers and
to distribute all the activities related to data visualization, storage and elaboration on different hardware
of the network.
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AN ADVANCED IMPLEMENTATION OF PsD METHOD: THE CONTINUOUS PsD
TESTING
The conventional PsD test procedure requires a considerable time to complete a test run, because the
actuator motion is stopped (pause period) when the test specimen reaches the target displacement so that
the reaction force can be measured and the next target displacement computed. These pause periods, of
the order of some seconds, prevent the smooth movement of the structure and introduce spurious load
relaxation. Instead of stopping the actuator, in continuous PsD testing, the servo-controller moves the
actuator in such a way that the specimen follows very accurately the target displacement, due to the lack
of discontinuity in the motion. The forces are measured at every sampling period of the digital
servo-controller and the equations of motion are integrated on the fly (without hold period) at the
sampling rate. The next target displacement is determined and the motion proceeds without any
interruption.
This novel implementation has been achieved by providing substantial modifications in the hardware
architecture of the testing system. The challenge is to synchronise and complete inside the control
sampling time (typically 1 or 2 ms), the main tasks of a PsD cycle: measurement, motion computation
and displacement control. An advanced hardware configuration has been set up to ensure a strong
coupling and a very high-speed data communication between the servo-controllers and the main
computer solving the equations of the motion. Furthermore, the control algorithm has been enhanced to
guarantee a very small control error {Magonette et al. 1998}.
Although both methods, conventional and continuous, use the same integration scheme (typically the
explicit Newmark integration scheme), a significant departure is that in the continuous PsD technique,
for each discrete value g i of the ground acceleration (g) read from the acceleration file (recorded with a
sampling time ∆T ), a sequence of nss acceleration values g i + k / nss ( 0 < k < nss ) is computed by
interpolation between g i and g i +1 . After completion of computation of these nss intermediate
acceleration values, the PsD procedure is executed nss times at the sampling rate ∆t st of the controller
(typically 1 or 2 ms) performing nss sub-steps inside one conventional PsD step as indicated in Figure 1.
Thus the time scale expansion factor λ of the PsD test is given by: λ = nss ∆t st / ∆T . For a continuous
PsD test performed on large scale multi-floor structures, one may have nss = 500 , ∆t st = 2ms ,
∆T = 5ms giving λ = 200 which means that 1 second of the real earthquake takes 200 seconds in the
test.

Figure 1. The continuous PsD method.
For a specified test, ∆t st and ∆T are constant, so the time scale expansion can be increased or
decreased interactively simply by changing nss during the experiment. As a rule, λ is decreased until the
control error exceeds prescribed tolerance limits depending on the nature and complexity of the test. In
any case, by similitude with the conventional PsD theory, these errors must always remain very small
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and it is worth noting that the smooth motion of the continuous PsD certainly contributes in this sense.
Practically the value of λ can range from value near 1 for simple substructuring tests with negligible
inertial effect in the experimental set-up, to value as large as 100 or 200 for tests on full-scale
multi-storey buildings. Moreover, in continuous PsD the restoring force measurements are updated at
the sampling rate of the controller (typically 500 or 1000 Hz). This procedure not only generates a
smooth displacement of the structure and a continuous load application avoiding relaxation, but also
performs an excellent noise filtering of the analogue signals with respect to a conventional PsD test in
which much less measurements enter in the integration algorithm.
SUBSTRUCTURING FOR CONTINUOUS PSD TESTING
When the behaviour of a part of the structure can be represented analytically, it is possible to extend the
field of PsD application by using the substructuring technique. Taking profit of the hybrid character of
the PsD method, this technique combines the numerical simulation of the known part of the structure
with the effective laboratory testing of the remaining part of the structure. The possibilities offered by
the substructuring technique have already been highlighted (Nakashima et al. 1990), and pilot tests have
been performed (Dermitzakis & Mahin 1985, Vannan 1991). Furthermore, conventional PsD testing
with substructuring has been successfully applied at ELSA to test four large-scale models of bridges.
The physical part of the test was limited to the piers, while the deck, which was supposed to remain
elastic, was treated as a numerical substructure. An integration scheme derived from the Operator
Splitting algorithm has been implemented using two processes running in parallel (Buchet & Pegon
1994, Pegon 1996). More details on the tests results are given in Pinto 1996 and Pegon & Pinto 2000. It
should be underlined that in such a configuration, the introduction of non-linearity is not a difficulty in
itself because in the conventional method, the experimental and analytical processes are asynchronous
and the pause period is long. As a consequence, the process responsible for the non-linear problem is
usually able to reach convergence before the end of the pause, and if it is not the case, the experimental
process may even wait for it.
The mixed implicit-implicit integration scheme adopted for conventional substructure PsD tests can still
be implemented in the continuous PsD method, but unfortunately, the resulting parallel implementation
uses the same integration time step for the computation of the experimental part as well as for the
computation of the analytical part of the model. If the analytical structure is complex, the analytical
process is unable to perform even an elastic computation during a control period of the experimental
process. Different time steps are likely to be used by the two processes.
In fact it is not desirable to compute the analytical part with the very short time step used in the
integration of the experimental part by the continuous method. The alternative to this fully coupled
approach is to partition the model into analytical and experimental element groups and to use two
different codes to solve the system of discrete equations for the analytical and the experimental part,
respectively. The two codes are tied together by an interface on which continuity of force and
displacement should be ensured. The analytical and experimental parts may have different time steps. In
such a situation it is interesting to subcycle the experimental computation: while the analytical part is
advanced in one time step ∆T, the structure is updated with nss subcycle steps.
The principal drawback of this approach, denoted as simple inter-field, is that the force coming from the
analytical structure is not well synchronized with the external loading of the experimental part, which is
updated at the end of each subcycle. This delay is known to introduce damping, as it has been put in
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evidence with numerical simulations. This scheme has been improved with the introduction of a more
uniform data flow shown in figure 2, called improved inter-field. Basically the analytical structure is
integrated with a time step 2∆T, which is the double of the usual one. This allows knowing the location
of the analytical structure one time step ∆T in advance with respect to the experimental structure. Then,
an approximation of the additional force f i +1 generated by the analytical structure and acting on the
experimental part at time ti +1 is known before starting the subcycling between ti and ti +1 . It is thus
possible to drive the experimental structure with more updated information than with the basic scheme.
The best approximation of the force f i + k / nss that is used in the experimental process at each subcycle
level is given by the interpolation f i + k / nss = f i + (k / nss )( f i +1 − f i ) .
If two analytical processes (instead of one) can run in parallel for representing the analytical structure, a
further improvement can be proposed. While the first analytical process computes the state at time ti + 2 ,
the second analytical process performs the correction of what have been obtained at the previous time
step by the first process. Then a better approximation of the additional reaction force will be available
for the experimental structure for the next step. This further improvement is represented by means of
dashed arrows in figure 2. The coupling of the different schemes and the stability issue are addressed in
Pegon & Magonette 1999.

Figure 2. The synchronous multisubstep substructuring with improved inter-field communication.
THE CONTROL SYSTEM
Hardware
When tests involving multiple actuators are performed, an accurate synchronisation between individual
actuators needs to be accomplished. This requires additional refinement in the architecture of the control
system (Dorka & Heiland 1991). Because of the very high speed needed for computing and
communicating, the computational capacity of the ELSA controllers has been increased and a novel
high speed communication system has been designed, assuring the "strong coupling" of all the
controllers with the main computer which solves the equations of motion of the experimental part as
well as of the analytical part (in the case of substructure PsD test). In fact, the new computer hardware
has been designed at ELSA. As indicated in Figure 3 the controller is made of 3 parts (Signal processing,
Data acquisition and Data exchange). On one side it can control in real time the motion of the associated
actuator with a time sampling of 1 or 2ms and on the other side it is connected via the PC bus to the
Windows NT environment.
Software
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The MCS control algorithm
In PsD tests, accurate displacement control has been found to be of prime importance to ensure reliable
response; otherwise, displacement error propagation and eventual severe distortion in response will
prevail in the test. Moreover, in a test performed on a structure whose restoring force is highly
velocity-dependent, accurate velocity control is also a necessity to measure the velocity-dependent
restoring force correctly. Unfortunately, the parameters of the tested object are poorly known and the
controllers operate in environments where unpredictable large system parameter variations and
unexpected disturbances are possible. In such situations, for position-tracking control, the usual
fixed-gain PID control is inadequate to achieve the requested performances in the entire range over
which the characteristics of the system may vary.

Figure 3. The new controller hardware and the new system architecture.
Instead, in the above circumstances, an adaptive control algorithm must be used. To achieve the
necessary accuracy in both displacement and velocity of our servo-hydraulic actuators and guarantee an
accurate PsD simulation, the novel minimal control synthesis (MCS) control algorithm developed at
Bristol University, which possesses excellent adaptive capabilities, has been incorporated into our
digital controllers. A full description of the MCS algorithm is given in Stoten & Benchoubane 1990 and
experimental results can be found in Stoten 1992 or in Magonette et al. 1998. The basic premises behind
the formulation of this control law can be summarised as follows:
- No plant parameter estimates are required of- or on-line. Control calculations do not require adaptive
observers or full state feedback.
- Plant parameters (although unknown) may vary with time, and with relatively high bandwidth (MCS
does not assume slow changes in parameters).
- Similarly, unknown high bandwidth external disturbances can act on the plant, and MCS will
compensate for these disturbances.
- The implemented form of MCS requires a minimal amount of coding.
Further extension to high speed on-line testing of components and devices
Recently, a variety of new devices have been introduced in structures in order to mitigate vibrations.
Most of them operate on principles such as frictional sliding, phase transformation in metals
deformation of viscoelastic solids or fluid orificing. These have properties that are very
velocity-dependent and thus require experimental substructuring testing performed in continuous mode
and at high speed (possibly near real-time). By implementing an improved servo-control law, the PsD
testing system described above can be upgraded to carry out fast on-line substructuring tests of
structures outfitted with components made of materials exhibiting velocity dependent behaviour.
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In fact, the problem to face is to maintain a very small error and a very small phase shift (delay) between
the computed displacement (target) and the structural displacement (measured feedback). As the speed
of the PsD test increases, the phase lag appearing in the higher vibration modes becomes more important.
Imposed displacements consistently lag behind command values and as a result, the measured restoring
forces are delayed. These force-feedback errors tend to exhibit energy adding force-displacement
hysteresis so that, in the integration of the motion equations, the cumulative errors in the higher modes
can grow indefinitely in a resonance-like fashion.
To face this problem a supplementary feed-forward circuit has been inserted below the servo-control
algorithm (Magonette et al. 2000). Its action aims to provide an anticipatory action and minimize the
tracking phase lag. The feed-forward part intends to provide the necessary input for following the
specified motion trajectory. It is responsible for reducing and eliminating the tracking errors. The
feedback part then stabilises the tracking error dynamics. The feed-forward transfer function is the
inverse of the servo-loop transfer function combined with a low pass filter to avoid amplification of the
high frequency noise. By feed-forwarding frequency components (in the range from 0Hz to about 5Hz)
of the desired trajectory, a better tracking has been achieved and the amplification of the higher vibration
modes (about 5 Hz) of the structure has been avoided. The vibration modes with frequency higher than 5
Hz, if they exist, can be dumped (or cancelled) numerically, because their contribution in the
degradation of the structure is generally negligible.
Finally, It must be warned that the substructure fast on-line method is designed to test components or
devices developing low inertial forces during the experiment. In fact, care must be taken for the
measurement of the reaction forces since, in the dynamically applied loading, the load cell measurement
includes the inertial force of the test specimen and apparatus and, therefore, does not necessarily
represent only the reaction force of the specimen.
THE NEW DISTRIBUTED SYSTEM ARCHITECTURE
The new acquisition/control system is integrated in a wider distributed architecture (figure 3). In fact,
this system can be seen as an object with which it is possible to dialog from any computer of the local
area network. Thus, processes such as visualization, data base storage, data elaboration and data transfer
through web can access the object and get properties and data. Inversely, the object get from a
configuration database all the information it needs about the instrumentation of the experiment. In such
a way, it is intended in one hand to favour the distribution and the use of the experimental data and on the
other hand to increase the reliability of the measurement system.
CONCLUSION
An important research effort has been undertaken to improve the testing capabilities of the ELSA
laboratory. New procedures and numerical algorithms are in development to fully take advantage of the
potentialities of the substructuring testing method. A new hardware architecture was designed and
several control units have been used to assess the system robustness as well as the hardware and
software reliability. Over the past few years, many pseudodynamic tests have been achieved
demonstrating the superior capabilities of the continuous techniques. These tests are classified in three
categories:
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- Continuous PsD tests on large-scale structures, also called global tests: This procedure is now fully
effective and is systematically applied to investigate the dynamic response of the large civil buildings
tested at ELSA.
- Continuous PsD (CPsD ) tests on large-scale structure with substructuring: These tests are conducted
on large specimens at low speed with non-linear substructuring. They are especially designed to assess
the behaviour of bridges submitted to asynchronous motions.
- High-speed CPsD tests with substructuring in which the critical sections or components of a structure
are tested at full scale and the surrounding edifice is modelled numerically. The main objective of this
method is to perform parametric analysis of the response of strain rate sensitive passive or semi-active
devices (installed in the laboratory) used to protect a structure (modelled numerically). This technique
is still in development, but the preliminary results are very promising.
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Abstract
The University at Buffalo (UB) node of the George E. Brown Jr. Network for Earthquake Engineering
Simulation (NEES), funded by the National Science Foundation (NSF), consists of two moveable sixdegree-of-freedom shake tables, capable of accommodating specimens up to 40 m (120 feet) long and
weighing 100 tons (220,000 lbs), high-performance, high-capacity dynamic actuators networked to
model-based data fusion processing and control systems, and a multi-million dollar laboratory expansion, to include an expanded strong floor, reactions walls, and a trench for the moveable shake tables.
This equipment is fully integrated in order to achieve a Real-Time Dynamic Hybrid Testing (RTDHT)
system.

INTRODUCTION - RESEARCH VISION
Testing of very large full-scale specimens and models is currently possible in a few earthquake engineering laboratories worldwide. However, full-scale laboratory seismic testing of entire civil engineer-
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ing structures (e.g., cable-stayed bridges, multi-story office buildings, industrial facilities, and pipeline
distribution systems) is not likely in the near future due to the prohibitive costs that would be associated with such testing. Not only would the materials, labor, and time associated with full-scale testing
exceed available research resources, but the testing of extremely large size specimens and entire structures might even be counter-productive, making it difficult to study localized or specific problems
within the complex system. Powerful and damaging earthquakes frequently provide full-scale testing
of real structures, in uncontrolled experiments of sorts, but adequately instrumenting such structures to
generate the data necessary for research is also prohibitive, particularly given the unknown and often
long time intervals between large earthquakes at any given site.
It is believed that the best approach to experimentally generate the data needed for the development of
reliable and accurate models of behavior is to compliment testing of large-scale models with innovative testing methods, that make it possible to conduct complementary tests simultaneously, and seek to
supplement such experiments with real-time interactive computational analyses for better understanding of whole systems. The intent is to dynamically test large structures, or substructures using shaking
tables, while simultaneously applying actively controlled dynamic forces at the boundary of the
specimens -- forces that simulate in real time the behavior and interactions of the rest of the structure
(Figure 1). Conceptually, this allows a researcher to focus on specific problems in the most realistic
conditions using emerging computational power in tandem with control systems. Such procedures and
set-ups significantly extend the testing capabilities by integrating large-size physical components into
virtual complete systems of unlimited size and configuration. Experimental capabilities must be sufficient to work at the scale necessary to ensure that credible results can be generated, but need not be
oversized. Furthermore, to ensure that new problems and needs can be addressed, and to prevent premature obsolescence of an experimental facility, a high degree of experimental flexibility is required.
Finally, to tackle increasingly complex problems and accelerate the time from research to implementation, the experimental infrastructure must be highly integrated with computational and model-based
simulations (or even complementary experimental work), not only locally, but also at remote sites to
allow broad inclusive cross-disciplinary and multi-disciplinary teams of researchers to collectively
contribute toward the same goal.
IN TERFACE FORCES
A CTIVE FEEDBACK FROM
SIM ULATED STRUCTURE
A PPLIED BY A CTUA TORS
A GAIN ST REA CTIO N W ALL

REA CTIO N
W A LL
SIM ULA TED
STRUCTURE
FULL OR NEAR
FULL SCALE TESTED
SUBSTRUCTURE

SHA KING TABLES
(100 ton)

Fig.1. Real-Time Hybrid Seismic Testing System
(Substructure Dynamic Testing)

The motivation underlying the development of the above Real-Time Dynamic Hybrid Testing
(RTDHT) was not to build an experimental facility that would have the largest shake-tables or other

212

associated equipment, but rather to build the most versatile large-scale earthquake engineering facility.
This versatility is achieved by combining state-of-the-art experimental equipment, on-line experimental control methods, and the expertise of earthquake engineering researchers at University at Buffalo
(UB). This will result in the development and implementation of: (i) new experimental techniques and
approaches in earthquake engineering; (ii) new earthquake-resistant design concepts and systems; (iii)
analytical and computational methods supported by experimental data, and (iv) network-based collaborative research activities and sharing of data.
NEXT-GENERATION EXPERIMENTAL CAPABILITIES AND INSTRUMENTATION
Key components associated with the development of the aforementioned facility include:
1. Expansion of the Structural Engineering and Earthquake Simulation Laboratory (SEESL) at
UB in order to accommodate the new NEES equipment (at a cost of $9,000,000, funded by the
State of New York),
2. Installation of dual shake tables, dynamic actuators, and a high-capacity hydraulic system,
3. Development of high-performance structural control systems,
4. Development of networked tele-experimentation capabilities using modular and expandable
teleobservation and teleoperation equipment.
These items combine to make possible a RTDHT facility that is modular and highly flexible, and that
can test multiple configurations of full-scale components simultaneously with integrated real-time
numerical simulations to investigate the seismic behavior of large structural systems in ways not currently possible.
The expansion of SEESL, housed in Ketter Hall on the Amherst Campus of UB, will include a greatly
enlarged strong floor area, large reaction wall, and a trench for the moveable shake tables. A teleparticipation room, equipped with high-resolution digital video and Internet2 connections is also
planned as part of the laboratory expansion. This will permit broader sharing of experimental information in a setting proper to real-time observation and interaction.
An integral element of the equipment upgrade, for SEESL, is the development of two new 6-DOF
shake tables. Both will possess the following characteristics: maximum horizontal table accelerations
of 1.15g, velocities of 1.25 m/sec, and strokes of ±0.15 m (i.e. standard limits used in experimentation,
and usually above the real life probable maxima, except for stroke in some instances). In addition,
each table has a 50 metric tons maximum capacity, and a 20 metric tons nominal capacity at which the
maximum dynamic performance can be achieved. The tables will be moveable, and located in a common trench (Figure 2). As a result, the two tables can be located directly next to each other, or anywhere up to a maximum distance of 33m (100 ft) from each other (center-to-center), accommodating
test specimens up to 40m (120 ft) in length. The re-positioning of the tables within the trench can be
accomplished in less than 3 days. The tables can be operated fully in-phase, or in any other way to
provide correlated or fully independent multiple support excitations. Additional dynamic actuators can
also be added within the trench to provide additional points of static or dynamic excitations either vertically or horizontally, depending on the needs of specific experiments. The new tables will be capable
of operating at up to 100 Hz, making it possible to investigate unresolved issues relating to the seismic
performance of large, stiff, non-structural types of equipment. The experience of UB researchers indicates that such performance is needed in order to generate the knowledge required for seismic qualifi-
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cation of equipment and systems according to emerging standard protocols. Associated controllers, an
additional hydraulic power supply and distribution system, and accessories necessary to operate this
equipment, are also included.

Fig. 2: Schematic of New Shake Table in Trench
Another key element of the SEESL upgrade is the integration of three high-performance dynamic actuators (having ±1000 kN capacity, ±500mm stroke, 1.0 m/s max. velocity, and 800gpm servovalves),
and two static ±2000 kN ±500mm stroke actuators. A flexible controller system is included with software to conduct in addition to quasi-static step-by-step testing also pseudo-dynamic testing. Source
code is included such that more complex structural configurations, higher levels of sub-structuring,
and other more advanced formulations of pseudo-dynamic testing can be developed and implemented.
A digital control system also provide the fully flexible platform needed to develop new approaches in
structural testing using real-time control, such as the RTDHT system or the effective force control
technique (EFCT). High-performance hydraulic power supply and distribution system necessary to
operate this equipment are also included.
Local Network for Testing and Analysis:
The networked tele-experimentation system will use modular and expandable teleobservation and
teleoperation equipment. As illustrated by Figure 3, the UB node of the NEES network is structured
around an integrated system for data collection from experiments, and computational model adaptation that serves as the center and gateway for tele-observation, -processing, and -control, and interfaces with the advanced experimental equipment.
The system includes a basic numerical computational center (knowledge accumulator) with parallel
processing capabilities for real-time data processing and control. It receives data from an experiment
through advanced sensors, namely digital video cameras, point and remote measuring devices, distance/motion detectors (on the left hand side of the figure), and from remote users and operators
through the network interface (on the right hand side of the figure). The integrated system takes advantage of digital video, with compression and IP transmission, to actively involve remote users in
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operation, observation, and data processing. Tele-experimentation equipment (computer interfaces)
enables tele-observation, tele-guidance, tele-processing and tele-transmission of data (as shown in the
figure) through local software for real-time communication with the various components in the local
experimentation network. In particular, local users (i.e. on the Intranet) or remote users (on NEES
GRID through a NEES-POP) can provide before or during testing basic initial reference models prepared from computer simulations. Local users (i.e., within the UB Intranet) or remote users (on NEES
GRID) can interact before, during and following a test. During a test, users will be able to issue commands to activate system feedback, operate sensors and transducers, stream selected data, access and
operate model-based simulators to generate performance estimates and feedback. Security protocols
that are being developed by the Investigators in conjunction with the NEES System Integrator will
limit access to the various control levels.
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Fig.3. Functional diagram of SEESL – Model based adaptation through hybrid testing and computing
(shadowed areas indicate new equipments or components)
The implementation of the above concept requires the development and deployment of a local-area
network (LAN) with connection to the UB wide-area network (WAN). The block diagram in Figure 4
shows the components of the LAN. Figure 5 shows details of the subnets and components of the LAN. The
LAN, which is being designed and implemented at this
Video/Voice
time as part of the NEES Phase I to UB includes five
Recording and
NEES POP
M onitoring
basic components (subnet) for (1) basic testing control;
System
(2) real time simulation and control; (3) data acquisition;
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Fig. 5: Local Area Network components

The test control subnet includes a layered network of computer clusters that control the individual earthquake simulators, experimentation stations (including ATTS), individual actuators and internal data transfer. The testing network has (a) an internal non-routable subnet ensuring proper interconnection of instruments, (b) direct memory network sharing (ScramNetTM), and (c) an addressable subnet for running
experiments. The subnet uses Windows 2000 for basic operations and security control, while some of the
components are connected with proprietary operating services developed by MTS Systems Corporation
and UB research staff .
The real-time hybrid simulation and control subnet includes a cluster of computers running Windows
2000 and real-time operating software from Matlab (Real-Time Workshop and Simulink), and stations for
structural simulations, control reference generation and high-speed data acquisition. Similar to the test
control subnet, the real-time hybrid subnet uses a shared memory network and an internal non-routable
subnet. Remote access to this subnet will be achieved through Application Sharing (NetMeeting or
equivalent).
The data acquisition subnet includes clusters of IP-addressable Optim/Megadac multi-channel stations
(300 channels) and PC-based workstations using industry standard A/D and D/A interfaces connected
directly to the data acquisition (DAC) subnet in the existing SEESL FAULTLINE domain. Data is acquired through distributed workstations, located on the laboratory floor, running Megadac/TCS proprietary software. Remote operation is achieved by a locally residing application interface (API) or by Application Sharing. The latter approach is advantageous because it does not require an API or TCS license on
the remote computer. Integration and remote operations of this system was successfully demonstrated to
NSF in December 2001. The SEESL DAC subnet currently includes computational platforms for data
interpretation, data management, analysis and control. SEESL has licenses for platforms including Labtech Notebook, DaDisp (a graphical spreadsheet), MatLab, Maple, WorkBench and several instrumentsimulation programs.
The plan for the video/audio subnet includes four remotely operable digital video cameras and recorders
for digital data storage with data streaming and MPEG compression. An additional high resolution and
high speed digital video camera (Kodak-Ektapro or equivalent) with a dedicated recording system for data
storage and compression will be used to develop methods for measuring displacements and deformations
through image processing and pattern recognition. The subnet connects several workstations for two-way
communication and one-way data streaming. The network uses industry-standard video and audio protocols that have already been implemented in a video tele-conference unit in SEESL.
Video-data processing permits real-time observation of damage and post-experiment quantification of
responses. The technology exists in other fields (e.g., remote sensing, hand-writing pattern recognition,
medical testing) but must be adapted for structural engineering use. Displacement-measuring sensors
based on laser technology will be used to investigate and then calibrate displacement estimates based on
image processing. Point sensors, which include piezoelectric force/pressure detectors, fiber optic stress
bands and more conventional accelerometers, velocity, and displacement transducers, will also be used to
calibrate image-based measurements. The video/audio subnet uses conventional processors based on
Windows 2000, with high bandwidth USB2.0 and Fire-Wire (IEEE 1394) connections, and scalable servers that provide for substantial expansion. Video-equipment purchases will be delayed as long as reasonable to ensure that the equipment is state-of-the-art in September 2004.
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The computational simulation and modeling subnet (or knowledge accumulator) is a cluster of workstations running various operating systems (Windows, Unix, Linux, or Solaris) that are networked to provide
the computational power required for test preparation/simulation, data interpretation, test visualization,
analytical-model development, computational-platform development, and model and platform validation.
Although this is the traditional computational environment at a research institution such as UB, development, visualization and simulation tools in the proposed installation will be interfaced with the experimentation subnets for integrated model-based research. The model-base is a unique model for simulation
and testing that is adjusted through experimentation and the use of computational tools. The model-base
is the learning tool for all users linked by the NEES Collaboratory. Users could also contribute to improving or expanding the model-base using knowledge from experimental or computational endeavors. Each
new experiment will contribute information to the model-base; information that will then be transformed
into computational tools for industry. Platforms such as IDARC, OpenSees, and 3D-BASIS, either as
stand-alone packages or integrated into commercial programs such as LARSA, SAP2000, and ABAQUS
would become vehicles for improved tools for the evaluation of structures
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Fig. 6: UB – SUNY and SEESL connectivity to the wide-band Gigabit internet
The interface to the UB WAN is illustrated in Figure 6. The LAN that is described above will be part of
the new Ketter Hall laboratory but will be linked to the existing LAN in Ketter Hall. The current LAN is
connected through Gigabit fiberoptics cables, connections and switches to the UB backbone that has
OC3- (155Mb) switched connections. The new LAN will be also connected to the backbone with a clean
connection. The UB backbone is connected to the NYSERNet system via OC3, which provides connections to wide band networks, including vBNS and Abilene. Although NYSERNet is a OC12 (622MB)
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system, the connections to UB and Abilene are OC3. However, UB plans to work with NYSERNet and
upgrade the connections to OC12 prior to September 2004.
EXAMPLE OF RESEARCH PROJECT
This project is illustrated in Figure 7. Large cable stayed bridges are very expensive (e.g., the new Bay
Bridge East Crossing between San Francisco and Oakland will cost $1.5 billion), and there is incentive to
provide experimental validation of the seismic resistance of such an investment. For example, the seismic
isolation/energy dissipation system illustrated in the figure has been proposed for the four cable-stayed
bridges in the straits of Peloponnese in Greece, but rejected due to lack of evidence for the validity of the
concept. Such experimental validation could be achieved through RTDHT using two shake tables to provide 6-dof excitation at the central pier and at the end support, thus providing experimental capabilities to
model traveling wave effects (i.e. multiple support excitations).
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Quarter of a bridge model would be constructed with proper dynamic characteristics. On one shake table,
the seismic performance of various types of bearings could be investigated, such as types of base isolation
bearings with tie-down details that could resist the uplift forces at that location. On the other shake table,
particular attention would be paid to the dampers between the deck and central towers inserted to prevent
pounding of the floating deck on the towers. The remaining three-quarters of the bridge would be simu219

lated on computers, fed with data collected in real-time by sensors located on the cables and on the bridge
deck. Dynamic actuators connected as shown in the figure would then, using results from the analytical
computations, apply the correct forces and displacements on the tower and bridge deck.
The on-line computer model in this example can also be used to model the effect of variable foundation
conditions, using data from sensors and a computer model to calculate soil-structure interaction and adjust
the shake tables’ signal to provide appropriate input ground motions to the specimen. Likewise, this strategy could be modified to investigate the seismic behavior of such bridges having variable soil conditions
at each support. Again, through teleoperation with another NEES site, this experiment could be coupled
with remote large-scale tests investigating non-linear behavior of the foundations.
Although the above example illustrates how the UB-Node NEES equipment will be used to push the limits of what is currently possible in experimentation (using both tables and the dynamic actuators simultaneously, in a most complex specimen configuration), it is worthwhile to emphasize that the same equipment will also greatly enhance the existing capabilities of the SEESL, making possible many new different types of tests that cannot be described here due to space constraints.
CHALLENGES FOR FUTURE NEES DEVELOPEMNTS
The greatest challenges do not lie in implementation of the interfacing technology to link the NEES nodes,
but rather in the development and implementation of the advanced concepts of integrated distributed analytical and experimental capabilities. Establishment of the NEES network will resolve many access and
connectivity issues and allow the earthquake engineering researchers with the appropriate expertise to
focus on the development of new integrated computational, experimental, and educational platforms,
equipped with visualization tools for integration and dissemination of research developments. In particular:
•

A significant outcome of the NEES collaboratory will be the integration of computational platforms
developed and directly linked through the NEES network. Note that many experimentalists also have
extensive analytical expertise and have successfully developed many of these relevant computational
tools. This dual expertise is common, as analytical and experimental research are inseparable. The
computational capabilities distributed across the NEES network could play an important role in providing part of the analytical support in RTDHT beyond the development stage. Thus NEES will not
only “take” testing results, but will also “feedback” testing control capabilities for distributed RTDHT
experiments, the entire network acting as a large distributed parallel computer. However, this will require significant development efforts by researchers cognizant in both experimental and analytical research.

•

It is foreseen, however, that from NEES will evolve a standard computational support framework that
will make it possible for the analysts to contribute their own work without sacrificing precious time to
build and maintain a program with a friendly interface. The platform may incorporate visualization
features using graphical user interfaces (GUI) and virtual reality techniques, developed independently
of the researcher who supplies the analysis and modeling engines.

•

It is envisioned that an expert system will be developed collectively to direct the NEES user to the
appropriate type of testing or analytical platform. Similarly, it is envisioned that a networked planning
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procedure will be developed to allow for interactive pre-testing evaluation, leading to a reduction in
testing time while increasing test efficiency and value of resulting data.
•

Once this is achieved, the next challenge is the use of computing in real time to interpret the information generated during dynamic testing. The challenge here lies in the integration of all components,
from data collection, to data transmission, to data processing and to data visualization and animation.
This challenge will be overcome when the experimentalist will be able to observe interpretation of the
data simultaneously along with the test. This is analogous in concept to a computerized “radioscopy”.
The combination of advanced Digital Signal Processing, model-based simulation and virtual reality
technologies would allow a researcher to see the interpretation along with the testing. The network
system may be then used along with the real-time procedures to observe a test from a remote location,
such as a classroom. Such link would provide part of the education link of the suggested network. Although this requires intense development, the benefits would be enormous.

Answering the above challenges will require resources. The UB-node of the NEES network intends to
participate fully in exploring the above technologies along with the NEES collaboratory members.
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Abstract
Considering the lessons learnt from Hanshin-Awaji Earthquake, NIED plan to construct “E-Defense”,
which will be able to simulate the processes of destruction of structures under the condition of real
strong earthquake motions. The basic performances of “E-Defense” are maximum lording capacity
1,200 tons, maximum velocity 200 cm/s and maximum displacement 2m p-p for horizontal excitation
and maximum velocity 70 cm/s, maximum displacement 1m p-p for vertical excitation to realize
destructive ground motion. The construction work of “E-Defense” has been begun at early 2000, and
will be completed at the beginning of 2005. We are conducting the construction works of the
facility at the Miki-city, and the manufacturing, assembling and installing of actuators, oil-pressure
supply system and other major parts of shaking table by the Mitsubishi Heavy Industry. “E-Defense”
is the very large scale and high performance testing facility in the world. “E-Defense” should be
operated the international common use. For the international collaboration and the dissemination of
research results, E-Defense Network (“ED-net”) will also construct until the completion of
“E-Defense”. ED-net will connect, through a high performance Internet, distributed major
earthquake engineering research organizations. However, concerning the utilization of E-Defense,
there are many subjects which NIED should make clear before the operation of the facility becomes
possible. In order to solve these subjects, NIED investigates actively the practical research themes as
follow; 1) Development of 3-D ground motion database for input motion of E-Defense and a
simulation system for the 3-D shake table, and 2) Research on reinforced concrete structures with
shear walls, soil-pile-structure systems and conventional wooden structures for using E-Defense.
Further, many domestic research centers, universities, independent administrative institutions, private
companies are involved in a collaborative research. We hope that “E-Defense” and ED-net will be
situated to one of the cooperative research organization for the earthquake disaster mitigation in the
world.
INTRODUCTION
The Hanshin-Awaji Earthquake (Hyogoken-Nanbu Earthquake, January 17, 1995) clearly
demonstrated that the occurrence of very strong ground motion in the area near to the seismic fault is
capable of causing severe structural damage beyond general estimation. The destructive earthquake
occurred in the worldwide in the recent years, such as Northridge earthquake (1994), Umbria-Marche
earthquake (1997), Kocaeli earthquake (1999), Ji-ji earthquake (1999), El Salvador earthquake (2000),
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Gujarat earthquake (2001) and so on.
In order to reduce the hazards associated with large earthquakes, it is essential to improve the
reliability of earthquake resistance estimations and reinforcement methods in the construction of urban
and major structures. For this purpose, failure mechanisms and collapse processes of various kinds of
full-scale structures must be investigated. Many types of experimental apparatus have been used for
such investigations, and some of them have as large a size as possible to alleviate any difficulties
arising from limitation of the model. Considering the lessons learnt from recent earthquake disasters,
the National Research Institute for Earth Science and Disaster Prevention (NIED) planned to build a
new three-dimensional, full-scale, earthquake testing facility, which can carry large-size soil and
structure models and reproduce the processes of structural failure. This facility is expected to
become a powerful tool for international collaboration in earthquake engineering research. It also
requires international cooperation to successfully complete the facility and to use it effectively for
engineering purposes.
Following the technical developments and surveys in earthquake engineering and related fields, the
NIED began the design and construction of this new facility in the Japanese fiscal year of 1998. This
paper summarize the construction plan and E-Defense (ED-Net), which is the tool for ensure of the
international collaboration and the dissemination of research results.
E-DEFENSE (3-D FULL-SCALE EARTHQUAKE TESTING FACILITY)
Based on the lessons learnt from Hanshin-Awaji earthquake, the Minister of State for Science and
Technology was inquired to the Council for Aeronautics, Electronics and Other Advanced Technology,
which is the inquire organization of the Minister, for the discussion of the effective arrangement of
research bases for earthquake disaster mitigation at March 29, 1996. The Council was reported to the
Minister at September 3, 1997.
The report was clearly pointed out the arrangement of large-scale three-dimensional earthquake
simulator facility as the core facility of research bases for earthquake disaster mitigation.
NIED initiated the project on the large-scale three-dimensional earthquake simulator facility just after
the occurrence of Hanshin-Awaji earthquake. The research and development for core technology for
this facility (E-Defense) was started on 1995. The fundamental concepts of this project based on the
report by the Council.
The E-Defense will construct as the core facility of the research bases for earthquake disaster
mitigation. Therefore, we need to clear the positions of the E-Defense.
1) Position of earthquake simulator for the main element of development of the “Time-Space Domain
Simulation System for Earthquake Disaster.)
2) Position of the clearly understanding of failure mechanism of structures.
3) Position of the response mechanism for the request from major subject of earthquake engineering.
The importance of promoting the strengthening and rationalization of earthquake-proof structural
design is just one of the lessons from Hanshin-Awaji earthquake. Because earthquake vibrations
involve three-dimensional movement, it is necessary to set up a three-dimensional earthquake
simulator facility to accurately reproduce earthquake motions. To perform tests on real-size objects
or large-scale models of test structures and foundations, it is desirable to have the large-scale
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three-dimensional shaking table. If large-scale 3-dimensional shaking table is available, tests could
be performed to shed new light on the mechanism of dynamic failure using real-size structures. If a
stage reached whereby design based on such discovery can be performed, this will contribute
immensely to reducing earthquake disaster.
The main specification of E-Defense is shown in Table 1.
vertical axes is shown in Fig. 1.

The limit performance for horizontal and

Table 1 Main Specification of E-Defense
Payload
Size
Driving Type
Shaking
Direction
Maximum
Acceleration
Maximum
Velocity
Maximum
Displacement
Maximum
Allowable
Moment

12MN(1,200tonf)
20m×15m
Accumulator
Charge/Electro-Hydraulic Servo
Control
XY-Horizontal

Z-Vertical

>900cm/s2

>1,500cm/s2

200cm/s

70cm/s

±100cm

±50cm

Overturning

Yawing

150MN.m

40MN.m

Fig. 1 Limit Performance
CONSTRUCTION AND MANUFACTURING OF E-DEFENSE
NIED have commenced the development work of shaking mechanism with very large size of
hydraulic actuators in fiscal year 1995 and completed performance tests successfully in 1998.
Following the above technical development and surveys in earthquake engineering and related fields,
NIED have began the design and construction of E-Defense in 1998.
Fig. 2 shows the drawing bird eye view of E-Defense. We will construct several buildings, such as
laboratory building, measurement and control building, hydraulic oil unit building, preparation
building and so on. The 3-dimensional shaking table will be installed in the laboratory building.
Hydraulic oil will be supplied to shaking table by pipelines via underground culvert. The reaction
foundation (shaking table foundation) has weight of about 2 GN (200,000 tonf) and set to the bedrock
directly.
The construction work has begun in 1998 and will be completed at the beginning of 2005. The new
facility will start to operate at the 10 years after the Hanshin-Awaji earthquake. The E-Defense is
constructed in “Miki Earthquake Disaster memorial Park (tentative name)”, which is being constructed
in Miki city, on the north of Kobe city. The construction of shaking table foundation was started at the
construction site in January 2000. Fig. 3 shows the aerial photograph of the site before the
construction work.
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Fig. 2 Layout of E-Defense

Fig. 3 Construction Site (January 17,2000)
Fig. 4 shows the scene of the first concrete casting for the foundation. The D51 (diameter 51 mm)
reinforcing bars were used for the foundation, such as the foundation for Nuclear Power Plant. Fig. 5
is the recent construction condition.
The manufacturing of the testing equipment, such as actuators, 3-dimensional link joint, oil power
pump unit, accumulator unit and so on, were also started in 1998. By the condition of construction
site, where is located at the hill area, the weight and length of manufactured unit are limited some size
by the condition of transportation. The set-up working was done at the site.
The installation of piping system, actuators, pumping units and accumulator units were started in 2000.
Figs. 6– 8 are shown the installed condition of actuators, pumping units, accumulator units and the
recent construction condition of buildings, respectively.
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Fig. 4 First Concrete Casting (June 20, 2000)

Fig. 5 Recent Construction Condition

Fig. 6 Assembling of Actuator

Fig. 7 Installations of V-Actuators

Fig. 8 Installations of H-Actuators

Fig. 9 Recent Conditions

CONTROL AND MEASURING SYSTEMS
The control system of shaking table and measuring system are key functions of the facility. We are
currently arranging these systems.
The control model is composed 2 step systems, basic control system and Application control system.
The basic control system is used for the safety control of shaking table, which is composed TVC
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(Three Variable Control) technique. Application control system is used for the more accuracy control
of shaking table. The researcher can insert the own control technique to the control system. Fig. 10
shows the block diagram of control system.
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Fig. 10 Block Diagram of Control System
The E-Defense is the large scale testing facility, therefore, the researcher, who use this facility, want
get a lot of data during test. We will install 960 measuring channels. We have 440 channels of the
sensor for control signal. The 64 channels within these 440 channels are able to record the measuring
system. The 896 channels of the sensor for measurement are installed for the research purpose. Fig.
11 shows the block diagram of measuring system.
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Fig. 11 Measuring System of E-Defense
MANAGEMENT MECHANIZM
For the management of E-Defense, we are thinking about following management mechanism. We will
establish the Hyogo branch (tentative name) for the operation of facility and conducting the research
works. But, by the limitation of number of regular staffs, we will establish the Supporting
Consortium, such as outsourcing mechanism. This Supporting Consortium is functioned to conduct
the smoothly operation of facility cooperate with the staffs of Hyogo branch.
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We established one council and one committee for more effective management and operation of
facility. The Management Council is organized by the representatives from government, academic and
private sectors. Dr. S. Ito, President, Research Institute for Urban Disaster Mitigation, is chaired the
Council. 18 members were nominated. This council will discuss the medium and long term
management plan and more effective management of facility.
The Utilization Committee is organized by the active researchers from various fields of earthquake
engineering. Prof. K. Kawashima, Tokyo Institute of Technology is chaired this committee. 19
members were nominated. This committee will discuss the research plan and research results by using
this facility. Fig. 12 shows the Management mechanism.
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Fig. 12 Organization for Operation of E-Defense
EARTHQUAKE ENGINEERING COLLABORATION
E-Defense should be operated the international common use. To ensure the international common
use and disseminate the test results, we will construct and install the E-Defense Network (ED-Net).
The ED-Net has tow major functions: The one is the connection tool between E-Defense in Miki and
the Super Computer in Tsukuba. The other one is the connection tool between NIED and the other
organization, such as research institute, university, private sector and so on. This function is not only
limited to domestic, but also international manner.
We will install the tele-observation and tele-discussion capabilities, but not install the tele-operation
function. Because, conducting of shaking table test, especially failure test, has very delicate and
dangerous factors. Therefore, the operation of shaking table will limit by the shaking table
administrator, who is the specialist of operation. Figure 13 shows the schematic image of ED-Net.
RESEARCH PROJECT
For considering how to use E-Defense most effectively, there are many research subjects which NIED
should make clear before the operation of the facility becomes possible. In order to contribute in
improving the seismic performance and design of structures by utilizing E-Defense, NIED are
conducting a new research project, tilted as “Significant Improvement of Seismic Performance of
Structures” in a “Special Project for Earthquake Disaster Mitigation in Urban Areas”. The project is
sponsored by the Ministry of Education, Culture, Sports, Science and Technology in Japan (MEXT)
and has been started from September 2002.
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Fig. 13 Schematic Image of ED-Net
This project contains six main research topics as presented in Table 2. This huge amount of research
work became possible by close collaboration of dozens of domestic research centers, universities,
independent administrative institutions and private companies. The research organizations which are
involved in this collaborative research are also included in Table 2.
Table 2 Research Topics and the Related Organizations
Research topics
Research organizations
Establishment of utilization and
NIED
wide area network systems
NIED, The University of Tokyo, Toyohashi
Test and analysis of reinforced
University of Technology, BRI, Kyoto
concrete structures with shear walls
University, KAJIMA, SHIMIZU
NIED, Tokyo Institute of Technology,
NIRE, PWRI, KAJIMA, TAISEI,
Test and analysis of
TAKENAKA, Tohoku University,
soil-pile-structure systems
KISO-JIBAN CONSULTANTS,
The Japanese Geotechnical Society
NIED, The University of Tokyo, BRI,
Test and analysis of conventional
Kyoto University, FFPRI ,
wooden structures
NIHON SYSTEM SEKKEI,
Development of an advanced
NIED
control system for E-Defense
Development of a 3-D ground
NIED, The University of Tokyo, Kyoto
motion database
University
BRI: Building Research Institute
PWRI: Public Works Research Institute
NIRE: National Institute for Rural Engineering
FFPRI: Forestry and Forest Products Research Institute
Currently, we are heavily involved in preparation of the practical plans for full-scale shake table test
models of reinforced concrete structures with shear walls, soil-pile-structure systems and wooden
structures. The duration of this project is for about five years, which has been started from September,
2002 and will be finished in March, 2007. The first half of the total period is the preparation time to
provide the requirements for the experiments and research related to the utilization of E-Defense. The
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second half is the period to perform experiments and research using E-Defense to improve the seismic
performance and design of structures.
(1) RESEARCH ON REINFORCED CONCRETE STRUCTURES WITH SHEAR WALLS
The purpose of earthquake simulation tests of full-scale reinforced concrete (RC) structures using
E-Defense is to investigate a three-dimensional dynamic response and failure mechanism of real
structures, and to obtain the data for establishment of 3-D numerical simulation techniques which can
evaluate and predict the dynamic behavior of a structure with sufficient accuracy. Further, the results
can directly lead to developments of an advanced method for evaluation of the earthquake-resisting
capacities of RC structure, an advanced earthquake-resistant design of a structure and the new
structure systems which aim at improvement of seismic performance and the proposal of specific
methods for seismic examination and anti-earthquake reinforcement of the existing structures.
As preliminary research on full-scale RC structures leading to collapse using E-Defense, the dynamic
shake table tests of RC structure in a 1/3 scale model are being conducted by using the existing 1-D
and 3-D shake tables. The results are being studied as the basic data to prepare the full-scale RC
structure test plans using E-Defense and to accumulate experiment technology. The data are also
being used for studies on dynamic behavior and failure mechanisms of RC structures. Fig. 14 shows
a shake table test for RC wall-frame structure which was conducted in March, 2003 in NIED.
Fig. 15 shows the plan for the model shake table test to be used in E-Defense. The designed RC frame
consists of 2x3 spans and the space between the columns in both directions will be 5m. The frame will
also consist of six floors and the total height of the structure will reach to 18 m. The total weight of the
model structure shown in Fig. 15 will reach to about 1000 tonf.

Fig. 14 Preliminary Shake Table Test

Fig. 15 Overall Plan of Full-Scale Model

(2) RESEARCH ON SOIL-PILE-STRUCTURE SYSTEM
The purpose of earthquake simulation tests of soil-pile-structure system using an ultra large cylindrical
laminar box and a long rigid container in E-Defense is to investigate a three-dimensional dynamic
response and failure mechanism of soil-foundation system, and to obtain the data for development of
3-D numerical simulation method which can evaluate and predict the dynamic response of
soil-foundation system. Further, the obtained results are contributed to evaluation and improvement of
the existing earthquake-resistant design, and development of new technologies and new methods for
improving the seismic performance of soil-foundation systems.
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Nearly a dozen of research groups are closely collaborating to cover all the preliminary research
preparations by a single dead line which is April 2005. There is huge number of tasks going on
parallel to each other to minimize the required time.
Fig. 16 illustrates an overall image of the first soil-pile-structure interaction shake table test using an
ultra large cylindrical laminar box on E-Defense. In this test, the behavior of the liquefied sand as well
as the pile supported structure on the consequences of the extensive liquefaction will be examined by
means of a full scale model.
Fig. 17 shows the schematic illustration of the shake table with the new long rigid container with quay
wall sheet pile, group pile foundation and super-structure which are planed to extensive lateral
deformation of the liquefied soil. In this test, the behavior of the liquefied sand as well as the
foundation system due to lateral spread of the liquefied sand will be examined by means of a full scale
model.

Fig. 16 Overall Image of Soil-Pile-Structure System

Fig. 17 Overall Image of Quay Wall

(3) RESEARCH ON CONVENTIONAL WOODEN STRUCTURES
The earthquake simulation tests of full-scale wooden structures using E-Defense have two major
purposes. The one is to investigate a three-dimensional dynamic behavior and evaluation of the
earthquake-resisting capacity of the existing conventional wooden structures during major earthquakes,
such as Hanshin-Awaji Earthquake, January 17, 1995. The other one is to develop an advanced
earthquake-resistance design and anti-earthquake reinforcement of conventional wooden structures.
As preliminary research, 3-D middle-scale shake table tests are being conducted on three models; i.e.,
the wall element unit extracted from an existing conventional wooden structure, full-scale frame
model designed by the standard used before the revision of earthquake-resistant standard in 1981, and
a wooden frame model with tradition method. These test results serve as the basic data for the
full-scale shake table test plans on E-Defense and establishment of the numerical simulation system
for dynamic behavior and failure mechanisms of conventional wooden structures. A preliminary shake
table test on 3-D is shown in Fig. 18.
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Fig. 18 Preliminary 3-D Shake Table Test
CONCLUDING REMARKS
Based on the lessons learnt from Hanshin-Awaji earthquake, we, NIED, need more research to
understand the failure mechanism of different kind of structures during earthquake. For this research
needs, we began the construction project of E-Defense (3-D Full-Scale Earthquake Testing Facility)
and ED-Net (E-Defense Network). After completion, these tools will be perfectly opened to
international use.
We strongly hope that these tools are contributed to the dramatic progress of the earthquake
engineering research, especially the understanding of structural failure mechanism, the progress of the
earthquake resistant design of structures and the evaluation/reevaluation of structural performance
during earthquake, by the coordination and collaboration research works in the worldwide bases.
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Abstract
Network technique begins to apply on earthquake engineering experiments to satisfy the potential
demands on future structural experiments. An Internet-based environment, named ISEE
(Internet-based Simulation for Earthquake Engineering) is being developed for collaborative
networked pseudo-dynamic experiments among geographically distributed laboratories. Two
approaches, namely, the Database Approach and the Application Protocol Approach, are prototyped to
provide different solutions for network communication as well as collaborative framework in the ISEE.
This paper is the first part of a two-part paper, which introduces the Database Approach in ISEE
employing a database for experimental data exchange and repository, a web service for experiment
setup and data sharing, Facility Controllers with tele-operation capability, an OpenSees-based
Analysis Engine performing pseudo-dynamic analyses, and a real-time video system capturing and
sharing the real-time video images through Internet to interested viewers. A series of networked
pseudo-dynamic test examples using the Database Approach shows that the network and data
processing costs about 0.2 seconds and 2 seconds per time step, around 20% and 70% of total elapsed
time in domestic and transnational experiments, respectively, which is feasible for most of the
low-speed pseudo-dynamic experiments.
BACKGROUND
Structural experiment plays an important role in the earthquake engineering research. In view of the
continuous changes in structural engineering and the increasing awareness of cost in today’s society,
the existing large-sized structural laboratories are gradually becoming incapable of satisfying the
various types of demand of the experiments. Besides endlessly increasing the capacity of each
laboratory, alternatively it would be more cost effective for different laboratories to collaboratively
conduct such experiment. In addition, it would be more productive and can make most out of the
experiment resources and results if experts around the world can participate in. Such demand can be
*

This paper is modified from a paper published at the International Workshop on Steel and Concrete Composite
Construction (Yang et al., 2003.)
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accommodated by the virtual laboratory. In the concept of virtual laboratory, each laboratory sited
around the globe with different facilities becomes part of this virtual laboratory and participate jointly
in the experiment. The participating researchers or general viewers could concurrently view the
experimental results and launch discussions in a timely manner.
Recently, some research efforts have been made on developing the technology of collaborative
structural experiments, allowing more than one laboratory can jointly conduct a test involving more
than one specimen at different test sites. Japan and Korea have jointly conducted research
investigating networked pseudo-dynamic experiments among laboratories in the two countries
(Sugiura et al., 1998; Yun et al., 2000; Watanabe et al., 2001). The NEES (Network for Earthquake
Engineering Simulation) project, which is initiated by the National Science Foundation of USA, also
aims at exploring the tremendous benefits of sharing and integrating laboratory resources, including
expensive equipments, experiment data, and simulation codes, via network (NEES, 2003; Mahin,
2002). The need for international collaborative structural experiments has become obvious in recent
years. Therefore, the National Center for Research on Earthquake Engineering (NCREE) has launched
research work on enhancing its experimental techniques from in-house operations to Internet-based
single or multiple test-site collaborations. In addition, NCREE is developing the capability to join with
other countries across the globe to perform collaborative experiments.
The key task in this research work is to develop the capability to perform distributed pseudo-dynamic
experiments. The capability of performing distributed pseudo-dynamic experiments will be
particularly valuable for evaluating the seismic performance of large-scale structure systems or
components. It is applicable to slow pseudo-dynamic experiments, which the possible time lag among
different laboratories collaboratively performing a distributed pseudo-dynamic experiment is
acceptable.
A prototype of an Internet-based cooperative structural experimental environment, called ISEE
(Internet-based Simulation for Earthquake Engineering), is constructed as the platform for a
distributed pseudo-dynamic experiment. Under ISEE platform, two approaches, namely Database and
Application Protocol Approaches have been applied. This paper mainly presents the overview of the
Database Approach.
INTRODUCTION TO DATABASE APPROACH
The ISEE framework with the database approach is composed of three major parts: the Data Center,
the Facility Controllers, and the Analysis Engine (as shown in Fig. 1). The Data Viewers and the
Cameras are accessory parts of the ISEE framework. More detailed discussions on these ISEE parts
are given below.
Data Center
The Data Center serves as a data exchange hub and repository in ISEE database approach. All the
experiment data and analysis data are gathered to the Data Center during and after a pseudo-dynamic
test. The Data Center employs a database server to facilitate exchange of experimental or analysis data
among different ISEE parts (or components) that may reside in laboratories at different geographical
locations. The Data Center also provides a WWW (World-Wide Web) interface for viewers to browse
the experiment data (Fig. 2) or researchers to setup required experimental parameters for collaborative
networked structural tests before the experiment starts.
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In this work, the Data Center employs the Microsoft SQL Server database and the IIS web server. In
addition, for the C++ programs of the Analysis Engine and the Facility Controllers to easily
communicate with the Data Center, a C++ class, named SQLAccess, is developed (Hsu, 2002) for
incorporation into those C++ programs.
Analysis Engine
The Analysis Engine computes the dynamic responses of a structure by considering both the finite
element analytical responses and the real experimental responses of the specimen. In a collaborative
pseudo-dynamic test, the Analysis Engine performs a finite element dynamic analysis, in which the
resisting forces of one or more elements are obtained from the measured specimen resisting forces in
the laboratory. The Analysis Engine sends the computed displacements to the Data Center for sharing
with the Facility Controller(s) or Data Viewers.
In this work, the Analysis Engine is based on a finite element analysis program, named OpenSees
(OpenSees, 2003), which allows researchers to add new components (e.g., new element types or
material models). A new element type, called pseudoGen2, deriving the ‘Element’ class in OpenSees,
is implemented and added into the OpenSees framework. The element acts as actual specimen
components in the finite element model by exchanging displacement and resisting forces with a
Facility Controller through the Data Center. When each pseudoGen2 element is requested to return the
resisting forces, it sends the element’s displacements to the Facility Controller through the Data Center,
waits for the resisting forces returned from the Facility Controller through the Data Center, and returns
it to the OpenSees component which sends the request.
A pseudoGen2 element acts as an actual specimen component in the finite element model by
exchanging displacement and resisting forces with a Facility Controller through the Data Center.
During each time step of the pseudo-dynamic analysis, the OpenSees calculates a predicted response,
including the displacements, velocities, and accelerations of each node. Each pseudoGen2 element is
then requested to return the dynamic resisting force in the predicted response. It gets the predicted
displacements, sends them to the Data Center (so that the Facility Controller can push the specimen
and measure the stiffness resisting forces), and gets the stiffness resisting forces. The dynamic
resisting force of the pseudoGen2 is assembled with the stiffness resisting force, inertia forces, and the
damping force. The inertia forces and damping forces are calculated by multiplying the acceleration
and velocity vectors by the element mass and damping matrices, respectively, read from the
user-specified file. The stiffness resisting force is the measured specimen resisting force, which
reflects the nonlinear behavior of the specimen. After responding the dynamic resisting force,
OpenSees calculates the displacement, velocity, and acceleration response of all nodes in the
structures.
The pseudoGen2 supercedes its predecessor, pseudoGen1, to improve the time efficiency on
multiple-sited experiments. The major difference between the pseudoGen1 and the pseudoGen2 is
how they send the predicted displacements to the Data Center. During a dynamic analysis, the
OpenSees queries the element resisting forces element-by-element, which makes all the facility
controllers active one-by-one sequentially, and results in longer elapsed time on facility controlling.
The pseudoGen2 overcomes the disadvantage by gathering pseudoGen2 elements’ data, sending out
once, and receiving once at each time step. The detail description of the difference between
pseudoGen1 and pseudoGen2 can be found in Yang et al. (2003) and Tsai et al. (2003,) and is not
repeated here.
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In this study, the Newmark-based Operator-Splitting (OS) method is employed by the Analysis Engine
for the time integration of a pseudo-dynamic experiment. The concept of the OS method (Hughes and
Liu, 1978) is to separate the damping and stiffness matrices into the implicit part and the explicit part.
In the viewpoint of implementation, the only difference between the Newmark’s method and the OS
method is that the latter one considers the nonlinear effects only on the unbalanced force, i.e., the parts
in Eq. (1), but not on the effective matrix. In a pseudo-dynamic experiment, the explicit part denotes
the nonlinear part of the damping and stiffness matrices of the specimen(s), while the implicit part is
the rest of the damping and stiffness matrices. The effective matrix (see Eq. 1) does not change during
an analysis. There is no nonlinear iteration solution scheme (such as Newton Raphson’s iteration) used
in this work.
(1)
{∆a i+1 } = ([M ] + γ∆t[C] + β∆t 2 [K I ])−1 ({pi+1 }− {~fi+1 })
Facility Controllers
The Facility Controller is a software layer that can be used to drive the corresponding experimental
facility in the laboratory. In a networked pseudo-dynamic experiment, the Facility Controller gets the
displacement data from the Data Center, sends the displacements to the experimental facilities (servo
hydraulic actuators), then receives restoring force data and sends them back to the Data Center. The
control systems employed in NCREE Lab and NTU Lab are the MTS FlexTest IIm and MTS 407
controllers, respectively.
Network Fault Tolerance
A successful networked pseudo-dynamic experiment relies on network stability. Even a short period of
network disconnection during an experiment may cut off the procedure of the experiment. In case of
network disconnection during a network pseudo-dynamic experiment, the Analysis Engine and/or all
Facility Controllers can not get the data they need, and the experiment will get suspended, even after
the network is re-connected. It is not good to re-do a suspended experiment from the beginning if the
specimen has been in nonlinearity status which behavior and properties may not be restored. However,
typically the network between laboratories is Internet, which connection quality is not the focus of this
research. To avoid of the failure of network pseudo-dynamic experiments caused by Internet
disconnection, this research focuses on providing fault tolerance mechanism. A network fault
tolerance solution is necessary for a network pseudo-dynamic test.
The fault tolerance solution in the Database Approach allows a re-start experiment to link with a
previous suspended one. By setting the initial condition (including displacements, velocities,
accelerations, material stress-strain histories) to the re-start experiment, we provide a solution so that a
broken-off experiment can be followed by a re-start experiment. The initial condition of the re-start
experiment is just the final condition of the suspended experiment. After the re-start experiment
finishes, a complete experiment result is available by combining the experiment result of the
suspended experiment and the re-start experiment.
In this research, pseudoGen2 element type provides a restart function to link with a previous
suspended experiment. During a network pseudo-dynamic analysis, the pseudoGen2 elements export
the element resisting forces and displacements step-by-step to restart output files, including the data
flowing through the Analysis Engine, Data Center, Facility Controller(s), then back to Data Center,
and Analysis Engine in each time step. After the data (of resisting force) flows back to the Analysis
Engine, the pseudoGen2 elements append the displacements and forces to a restart file. In case of
accident network disconnection, the experiment breaks off (see Fig. 3,) say, at the i-th step, the restart

238

output file would then contain the displacements and forces data of at least the previous (i-1) time
steps. Also, the specimens are at the status of the (i-1)-th or the i-th step (depends on where the
network disconnection happens.) To restart the suspended experiment, a new restart experiment has to
be constructed in the Data Center. In the restart experiment, the Analysis Engine imports resisting
forces from the restart output file of the suspended experiment, instead of the Data Center, from the
first step through the (i-1)-th step (see Fig. 4.) It is supposed that the analysis result before the (i-1)-th
step is exactly the same as those of the previous suspended experiment because the resisting forces fed
into the Analysis Engine are exactly the same. After the i-th step, the Analysis Engine begins to send
and receive data to Data Center, as it does in a normal experiment, until it completes the experiment. If
the network disconnection happens again in a restart experiment, the restart solution can be applied
again, until the whole experiment completes.
Other Accessory Parts
Anyone on the Internet can access the experimental data from the Data Center using a Data Viewer
(actually a WWW browser, such as Microsoft Internet Explorer or Netscape Navigator) without
installing any additional software. The viewers can browse the time history curves of displacements or
resisting forces, or the hysteresis loop of the displacements and resisting forces of any specimens of
any completed or in-progress experiments using the Database Approach of ISEE (for example, see Fig.
2.) With proper authorization, users can also get the plain numerical data of these displacements and
resisting forces data from the Web page. With proper setup of Cameras and the Video Server, users
can also see the real-time video images of the experiments. The Video Server also provides a WWW
interface to the Data Viewers.
PSEUDO-DYNAMIC EXPERIMENTS USING DATABASE APPROACH
Several networked pseudo dynamic tests have been conducted to investigate the feasibility and
efficiency of the proposed ISEE environment. Results of some of these tests can be found in (Tsai et
al., 2003). These experiments show that ISEE (for both approaches) can be successfully applied to
achieve collaborative networked pseudo dynamic tests on both Intranet and Internet settings.
BRB Frame Tests
In this work, the BRB (Buckling Restrained Braced) frame test is mainly to validate the feasibility of
the networked pseudo-dynamic test functions of the prototype ISEE environment. The BRB specimen
(settled at NCREE) had been used for evaluating the performance of the BRB components, which is
described in other research reports (e.g., Tsai and Huang, 2002), and is not redundantly described in
this paper.
Figures 5 and 6 show the BRB (Buckling Restrained Braced) frame and the network configuration of
the frame, respectively. The simulated structure is a 2D 3-bay 5-story building structure, which the
BRB frame is conceptually located at the middle bay of the first floor (see Fig. 7.) The OpenSees
simulates the structure vibrated by a 10-second ground motion with 0.005 seconds of time intervals.
The detail of the numerical model can be found in the Tsai et al. (2003) can is not repeated here. In
this test, the Data Center and the Facility Controller are located at NCREE. The Analysis Engine is
placed at NCREE and Stanford University (USA) in two tests, respectively.
Figures 8 (a) and (b) show the elapsed time of each time step of the two tests, respectively. We can see
there are several unusual peaks. The peaks may be caused by the following reasons:
(1) Data Viewer(s) accessing experiment data via the ISEE web page, which requires considerable
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computing resource of the Data Center.
(2) Unknown network lag or instability.
DSCFT Tests
A series of two-sited sub-structural pseudo-dynamic tests were performed in this work to demonstrate
the feasibility of the Database Approach in ISEE. The experiments simulate the responses of a
four-pier bridge with a series of earthquake inputs. Each earthquake input consists of both X
(North-South) and Y (East-West) directions. Three very rigid decks and two side piers (B1, B2, B3,
C1 and C4 in Fig. 9) are numerically simulated by linear beam-column elements using the Analysis
Engine. The two middle piers (marked C2 and C3 in Fig. 9) are simulated by two reduced-scale
physical specimens, which locate at the National Taiwan University laboratory (NTU Lab) and the
National Center for Research on Earthquake Engineering laboratory (NCREE Lab), respectively (see
Fig. 11.) Figure 10 shows the network configuration of the bridge system.
In the experiments, ground motions along both X and Y acceleration histories are considered.
Therefore, each specimen is installed at a corner of the reaction walls, with two actuators along X and
Y directions, respectively, so that the specimen of a pier can be controlled (by displacements) and
measured (with the resisting) along both the X and Y directions.
The middle span is 6m in length, and the two side spans are 2m in length. The height of each pier is
2.37m. In the longitudinal (NS or X) direction, node 1 and 10 of the bridge superstructure are
roller-connected to node 2 and 9 of piers, while node 4 and 7 hinge-connected to node 5 and 8. In the
transverse (EW or Y) direction, all 4 columns are hinge-connected to the span. Node 2 and 11 are
lumped with a 21.5kN-s2/m mass in Y direction; node 5 and 8 are lumped with a 107.5 kN-s2/m mass
in X direction and 86 kN-s2/m mass in Y direction. Vertical applied load on pier C1 and C4 is 211kN
and that of pier C2 and C3 is 844kN respectively. These four bridge piers are all double skinned
concrete filled steel tube (DSCFT) hollow columns (Tsai et al. 2002). In this experiment, C1 and C4
columns are simulated by using the pseudoGen2 elements developed in the ISEE work; C2 and C3 are
DSCFT column specimens with a diameter of 0.5m and 0.3m for outer (5mm thick) and inner shells
(3mm thick). Damping ratio is 0.03. Periods of the first and second modes are estimated as 0.75 and
0.53 second in the X and Y directions, respectively. Two intensities of earthquake are considered in
the pseudo dynamic test program. The ground accelerations recorded in TCU082 station in the NS
direction during the 1999 Chi-Chi earthquake were applied in X direction; while the TCU082 EW
accelerations were applied in the Y direction. The time duration is 50 second and the time step is
0.02sec. Four earthquake inputs are used, which have the same patterns (TCU082 in Chi-Chi
earthquake) with different PGA. The first level is 20% of the second level. The second level is 50% of
exceeding probability in 50 years, which results in the PGAs of 0.0567g and 0.0696g in X and Y
directions, respectively. The third level is 10% of exceeding probability in 50 years, which results in
the PGAs of 0.173g and 0.209g in X and Y directions, respectively. The fourth level is 2% of
exceeding probability in 50 years, which results in the PGAs of 0.216g and 0.262g in X and Y
directions, respectively.
Table 1 lists four DSCFT experiments using the Database Approach. These experiments place
Analysis Engine at different locations and employ different PGAs of earthquake ground motions. The
earthquake inputs of the first two tests can be seen as small perturbations, which the specimens are
supposed to keep in linear and elastic. The following four tests use gradually larger earthquake inputs,
which is to observe the nonlinear behaviors of the DSCFT columns. This paper does not focus on the
nonlinear behaviors of the columns, instead, on the performance and the feasibility of the network
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framework. The detail of the nonlinear behavior of the DSCFT columns can be found in Yeh (2003.)
In experiment 153, the Analysis Engine was placed in the Stanford University, USA. As we expected,
the network time becomes the major time cost in these international experiments. Comparing to the
Exp. 144 (see Table 2,) the experiment 153 costs around 1700 seconds more time cost on network
because of the network cost across the Pacific Ocean, that is, 1.7 seconds per time step.
The fault tolerance functionality described above is used in the last three experiments in Table 1. The
earthquake input in experiment 155 is small, which we believe the specimen can be seen in linear and
elastic, and the specimen restores to its initial condition after the experiment. But in the experiments
156 to 159, we assume that the structure suffers a 150-second earthquake, which is composed of three
50-second TCU082 earthquakes with different amplitudes (see Table 1.) The experiment 156 performs
from 0.02 second to 50.0 seconds; experiment 157 performs from 50.2 to 72.0 seconds; the experiment
158 performs from 72.2 to 100.0; while experiment 159 performs from 100.2 to 150.0 seconds. The
experiments 157 and 158 split because the experiment 157 broke off at time step 72.0 second due to an
unexpected network disconnection. Figure 14 shows the time history of the displacement along the X
direction of the experiments 156 to 159.
Large-scale RCS Frame Test
Researchers from the NCREE and Stanford University in US performed a full-scale composite
moment frame using the ISEE environment. The test specimen is a three-story three-bay “RCS”
moment frame, consisting of reinforced concrete (RC) columns and composite steel (S) beams.
Measuring 12 meters tall and 21 meters long, the frame is among the largest frame tests of its type
ever conducted (see Fig. 13.) The test is a one-site experiment. The detail of this test is available at a
web page on http://rcs.ncree.gov.tw. The three-story prototype structure is designed for a highly
seismic location either in California or Taiwan, following provisions for composite structures in the
International Building Code 2000. The frame is loaded pseudo-dynamically using input ground
motions from the 1999 Chi-Chi and 1989 Loma Prieta earthquakes, scaled to represent 50%, 10%, and
2% in 50-year seismic hazard levels.
Figure 14 shows the network configuration of the RCS test. An Analysis Engine performs a simple
3-DOF dynamic analysis, sends the displacements to, and gets resisting forces from the Data Center.
Three actuators is controlled by the Facility Controller, which displacements are computed by the
Analysis Engine and flow through the Data Center and the network. Three cameras setup at different
places around the frame captures the real-time videos and send them to a video server. The Data
Viewers, which can be anyone on the Internet, browse the experiment data through Data Center’s web
service, and/or watch the real-time videos through the web service on the Video Server.
The experiment result can be found on the web page at http://rcs.ncree.gov.tw and does not repeat here.
The time cost of the network transferring, data processing, or the dynamic analysis is not measured in
this experiment.
SUMMARY
This paper introduces the Database Approach in the ISEE framework, which mainly consists of three
major parts: Data Center, Analysis Engine, and Facility Controller(s). The Data Center is based on a
Microsoft SQL Server and an IIS server. An Analysis Engine for distributed pseudo-dynamic
experiments is tested. The Analysis Engine takes the advantage of the OpenSees object-oriented finite
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element framework and adds a user-defined element in this study to allow using the measured
restoring force of a specimen in a laboratory as its element restoring force. The Analysis Engine and
the Facility Controller(s) connect with the Data Center through a C++ class consisting SQL database
commands. All these components are integrated together.
Several pseudo-dynamic experiments are performed in this work to validate all components using the
Database Approach in ISEE framework, including single-sited and multiple-sited experiments,
full-structural and sub-structural pseudo-dynamic experiments, domestic and transnational
experiments. The performance of the Database Approach is sufficient for most of the low-speed
pseudo-dynamic experiments. In a domestic two-sited 3D pseudo-dynamic experiment (acrossing
NTU and NCREE laboratories,) the network and data processing costs less than 20% of total elapsed
time, while a transnational counterpart acrossing NCREE and Stanford University costs 70% of total
elapsed time.
This research work is under continual development. Future work includes integrating the Database
Approach and Application Protocol Approach, strengthening the security management, versatile data
browsing and visualization, and domestic and international collaborations among laboratories.
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Table 1 Experiment list of the DSCFT Database Approach tests
Exp. ID
144
153
155
156
157/158*
159

Earthquake PGAs
NS:0.0113g
EW:0.0137g
NS:0.0113g
EW:0.0137g
NS: 0.0567g
EW: 0.0696g
NS: 0.1730g
EW: 0.209g
NS: 0.216g
EW: 0.262g
NS: 0.173g
EW: 0.209g

Place of Analysis Engine
NCREE
Stanford University
NCREE
NCREE
NCREE
NCREE

* Exp. 157 encountered an accident network disconnection and restarted by Exp. 158

Table 2 Estimated timing comparison of Experiments 144 and 153
Exp. 144
Exp 153

Video Server
(at NCREE)

Network and database processing
204 sec. (18%)
1944 sec. (68%)

Data Viewers
(anywhere on Internet)

Camera

Facility Controller 1
(at NCREE)

Numerical analysis
13 sec. (1%)
10 sec. (< 0.5%)

Facility control
907 sec. (81%)
905 sec. (32%)

Data Center
(at NCREE)

Camera

Facility Controller 2
(at NTU)

OpenSees-based
Analysis Engine
(at Stanford Univ.)

Figure 1 Database Approach in ISEE

Figure 2 ISEE Web showing real-time experiment
data
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Network message passing
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Analysis Engine
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Figure 3 An experiment encountering an accident Figure 4 A restart experiment completing a
network disconnection
previously disconnected experiment

Data Viewers
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Controller

Figure 5 The BRB Frame

BRB Frame
Numerical model

Analysis
Engine

Figure 6 Network configuration of the BRB test

Figure 7 Analysis model of the BRB test (visualized using OSP; http://www.zevent.com)
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Elapsed time of each step (Analysis Engine at Stanford Univ.)
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(a) Analysis Engine at NCREE
(b) Analysis Engine at Stanford University (USA)
Figure 8 Elapsed time of each time step

244

Figure 9 Geometric configuration of the 4-pier bridge Figure 10 Network configuration of DSCFT tests
Displacement history (Ux) of Exp. 156 to 159
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Figure 11 Installation and section of a DSCFT Figure 12 Time history of the displacement along X of
pier
Exps. 156 to 159
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Video Server (anywhere on the Internet)
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Facility Controller Analysis
Engine
Figure 13 RCS Frame in NCREE

Figure 14 Network configuration of the RCS test
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Abstract
A project, Internet-based Simulation for Earthquake Engineering (ISEE), had been launched in
National Center for Research on Earthquake Engineering (NCREE) to develop techniques of
networked collaborative structural experiments. This paper gives description to a Platform for
Networked Structural Experiments (PNSE) as one of the two approaches under the ISEE project. Via
the Internet, PNSE links a numerical simulation program and a number of facility control programs
geographically scattered around the world by point-to-point TCP connections to collaboratively
conduct a single experiment. An application protocol, the Networked Structural Experiment Protocol
(NSEP) defining relevant events and activities in real laboratories, as well as communication rules
between the client and server, was proposed to work with the PNSE. Results of transnational
numerical simulation and real experiments are presented to prove the validness and the efficiency of
PNSE.
INTRODUCTION
For structural laboratories to meet the increasing demands on testing large and realistic specimen, a
more practical solution is to link a number of laboratories by the Internet to collaboratively perform a
single experiment. Researchers in Japan and Korea have conducted some tests jointly to investigate
the practicability of pseudo dynamic tests between these two countries (Sugiura et al., 1998; Yun et al.,
2000; Watanabe et al., 2001). The NEES (Network for Earthquake Engineering Simulation) project,
envisioned by the National Science Foundation of USA, also aims at exploring the tremendous
benefits of sharing and integrating laboratory resources via network (National Science Foundation
2000). A project, the Internet-based Simulation for Earthquake Engineering (ISEE), have been
launched in National Center for Research on Earthquake Engineering (NCREE) in Taiwan to construct
a platform that links a numerical simulation program and a number of facility control programs around
the world by the Internet for purposes of networked collaborative structural experiments. Within the
framework of ISEE project two approaches, the Database Approach (Yang et al. 2003) and the
Application Protocol Approach, provide different platforms to achieve this goal. This paper briefly
describes the architectures and practical implementation of the Application Protocol Approach.
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The Transmission Control Protocol / Internet Protocol (TCP/IP) suite was designed as an open
standard to meet the demand of data transmission on rigorous network conditions (Postel 1981a,
1981b). TCP guarantees reliable data transmission by providing services such as acknowledged
delivery, error detection, retransmission if necessary, data sequence preservation, and flow control. IP
provides addressing, routing, fragmentation and reassembly for data packets. TCP/IP stack thus
handles all those tedious works for data transport between hosts on heterogeneous networks. The
characteristic of open standard and the fact of support from almost all currently available operating
systems make TCP/IP the foundation of the today’s Internet. With TCP/IP, any two hosts on line can
communicate to each other without difficulty provided they have the same application protocol, a set
of predefined rules describing the information, as well as sending and receiving behaviors of the
application. The main objective of the Application Protocol Approach under the ISEE project is to
construct a platform which allows geographically distributed structural laboratories and a command
generation program to be linked together by employing the TCP/IP suite for the purpose of networked
collaborative experiments. A preliminary application protocol which defines information relevant to
the structural experiments is proposed in this study for communication on PNSE.
ARCHITECTURE OF PNSE
The architecture of the PNSE is illustrated in Fig. 1. The PNSE concentrates on core works directly
related to the progression of collaborative experiments (command generation and execution; signals
transmission) and excludes accessory functionalities such as data storage, management, monitoring,
and video display, which can be implemented by utilizing commercially available software such as the
Microsoft SQL server and the Windows Media Player. Three types of modules on the platform, the
PNSE server, Command Generation Module (CGM), and the Facility Control Modules (FCM) are
connected by employing socket techniques utilizing the TCP/IP suite to ensure high interoperability
between heterogeneous network and working environments.
The PNSE is a multi-client system with two kinds of clients, the CGM and the FCMs, connecting to
the server with a TCP connection. For any client, all messages and data must be sent to and received
from the server. The reason that clients do not connect directly to each other is to simplify the network
topology and hence the communication flow. This star topology makes each client communicate with
the server only, instead of the many other clients. This may introduce more time needed to transfer
data to its destination, but this design can largely reduces the complexity of the communication flow
and hence significantly saves programming efforts. Communication between the server and client is
full-duplex transmission meaning that either side of a connection can actively send and passively
receive information at arbitrary timing and thus to realize the goal of an event reflective platform. The
communication follows the rules depicted in the proposed application protocol NSEP detailed later.
The PNSE Server
The PNSE server is essentially the information center of the platform. It provides services of message
dispatch and data delivery for clients. Although it is conceptually the center of the star-like network
topology, it is not the “processing center” which administers the contents and sequence of works that
each client should perform. The server maintains a simple login process for any connection attempt for
security concern. It can also store experimental data onto a database program on the Internet for
instant test result display and monitoring.
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The CGM
The CGM calculates or prepares the command to be imposed on the specimen. It can be a numerical
integration algorithm in pseudo dynamic testing, an input module that queues predefined command
profile in quasi-static testing, or simply an remote control application with an user interface that allows
its user to enter command promptly. The CGM prepares commands for all FCMs and integrates them
into a single packet (composite command) to send to the server for parsing and dispatching. It then
waits for a specific data packet (critical response, generated and sent by all FCMs, and finally
integrated and dispatched by the server) as an indication of the completion of the command execution.
The FCM
The FCM receives the parsed command (individual command) from the PNSE server and controls the
actuators to impose the target on the specimen. It then measures or calculates the critical response and
sends it back to the server as an indication of the completion of command execution. When all FCMs
complete command execution, the server notifies the CGM of this event and the CGM can then
calculate and send the command for the next step. The FCM on PNSE is quite the same as the
traditional facility control program in a structural laboratory. It still controls the actuator motion,
performs the data acquisition, alters the test running state if necessary, and displays the real time test
results to its operator. One difference is that the FCM on PNSE executes the command received from
the PNSE server, instead of command generated by itself. Another difference is that it is obligated to
send the notification to the server when the command execution is done.
In a traditional real laboratory, a test can be suspended, resumed, or even stopped prematurely for
various reasons such as safety concern or the need of specimen adjustment and investigation. On
PNSE, FCM still has full privilege to change its running state if necessary. However, to the end of an
event reflective platform, the FCM is obligated to send a notification to the server to flag any change
of its state.
Signals and Command Cycle
Signals on the PNSE are referred to those values that change continuously with respect to time. Any
variable values in both CGM and FCMs, such as the structural responses calculated in the CGM, or
sensor values measured by all FCMs in the laboratories, are considered signals on the PNSE. On
PNSE, signals are divided into two categories: the "critical signals" and the "open signals." Critical
signals refer to those signals that are critical to the progress of the collaborative experiment such as the
command and restoring force responses in a pseudo dynamic test. They are prerequisites to complete a
cycle of command execution and actually guide the progress of the test. The open signals refer to those
selected signals that are to be publicized on the Internet. PNSE client publicizes the open signals by
sending them to the server, which can in turns store them in a database on the Internet for purposes of
elegant storage and real time display. A client can also decide not to publicize any of its signals on the
Internet since they do not play critical roles in the progression of the collaborative experiment.
A command cycle is the smallest unit of command execution. It encompasses those actions to be
executed before the next command is generated. The whole collaborative experiment is actually done
by repeatedly executing a number of command cycles. For example, Table 1 lists actions to be
included in a command cycle in a collaborative pseudo dynamic test.
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Human Communication
On PNSE, human communication is still necessary but not as easy to implement since all the staffs
and operators of PNSE client programs are in different locations around the world. To address this
issue, a feature of instant discussion is included in PNSE. After successfully logins onto the server, all
clients can actively send human readable texts as a mean of communication. This feature provides
convenient conversation channel for human communication and is a necessity since it is almost
impossible to define all events that can possibly occur in the course of the test in the application
protocol.
NETWORKED STRUCTURAL EXPERIMENT PROTOCOL
The TCP/IP suite provides reliable data transmission without knowing the actual content of the data. It
is only responsible for reliable delivery of a stream of bytes over the networks. In stead, the content of
the transmitted data should be understood by both sides of a connection and hence applications must
have an application protocol defined at the application so that they can communicate with each other.
An application protocol, the Networked Structural Experiment Protocol (NSEP), is proposed to work
with PNSE. NSEP defines the communication rules and data packets to hold signification information
for PNSE. PNSE server and clients communicate to each other by sending and receiving those
predefined data packets over the Internet.
The Data Packet
The NSEP data packets contain useful information relevant to the collaborative experiment and are
composed of parameters of some defined primitive data types. The composition of NSEP data packets
can be expressed as follows.
LENGTH + TYPE + PARAMLIST

(1)

Parameter LENGTH denotes the total length of the whole packet. PNSE employs the TCP connection
which preserves data arriving sequence but not the packet boundary. Actually what is transmitted over
the network is a stream of bytes and a data packet is simply only a concept. Hence, each data packet
should contain explicit information on the total length of itself to indicate its boundary so that the
receiving end of a connection can correctly receive it.
Parameter TYPE holds the category or classification of the data or information contained in this
packet. Currently defined TYPEs are described at Table 2.
PARAMLIST is an optional list of parameters to make this data packet complete and meaningful. The
number and the actual content of those parameters depend on each NSEP TYPE. Detailed description
of those defined packets can be found in Tsai et al. 2003.
NSEP is designed intended to make PNSE an event reflective platform. Significant events that can
occur in clients and information that is relevant to the progress of the experiment are defined in NSEP.
Currently significant event only includes the running state of each client (the SD_CLNSTATE packet)
and the consequent running state of the whole project (the SD_PRJSTATE packet). Relevant
information currently defined in NSEP includes:
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1.
2.
3.
4.
5.

General information of this collaborative experiment (the SD_PRJINFO packet).
Commands (the SD_CPSCMD and the SD_IDVCMD packets).
Critical response (the SD_IDVRSP and the SD_CPSRSP packets).
Information and values of open signals (the SD_SIGNALINFO and SD_SIGNAL packets).
Human conversation (the SD_DISCUSS packet).

Active Notification
NSEP stipulates that all PNSE modules should take the responsibility of making active notification if
it owns the information relevant to the progress of the experiment. For example, if an FCM needs to
hold the experiment for any reason, it should notify the PNSE server of this holding action before or
immediately after it does it. When the server receives this notification of change of an FCM’s running
state, it has the responsibility to notify all other clients. NSEP stipulates this active notification to
simplify the communication over the networks and to enhance the overall communication efficiency
since otherwise an information query mechanism may be needed to make the platform event-reflective.
Although it is still feasible, an information query mechanism generally decreases the overall efficiency
since typically the query operations need to be performed frequently enough so that events can be
reflected promptly enough. However, frequent query waists a lot of time and network resources,
especially when the information queried has not been updated at the moment of query.
The concept of "event-driven" is the modern philosophy of programming and is powerful when the
sequence of computational works can't be determined by the programmer in the coding stage of the
program. This is exactly the case of collaborative experiment and hence the NSEP is developed under
the concept of event-driven. Consequently, there exists no "processing center/module" which
administers the contents and sequence of works. The PNSE server does not mandate any client to do
particular tasks to proceed with the test. The progression of the test is led by continual actions
responding to events triggered by all clients. Summarily, for PNSE clients NSEP conceptually
stipulates for:
1.
2.
3.

Data packets that hold information. Sending a data packet is actually triggering an event.
Timing to send a particular data packet.
Behaviors that need to be done before sending a data packet. (Or equivalently, behaviors that
need to be performed after receiving a data packet.)

The concept of event-driven actually constructs the PNSE a true cooperating platform since the server
and all the clients take part of the responsibility of the test progression. In addition, combined with the
concept of object-oriented programming, the characteristic of event-driven has great values especially
when events and interactions in the system get more and more complex as time goes by.
EXPERIMENTAL VALIDATION
Test Specimen
To verify the feasibility of PNSE, series of networked pseudo dynamic tests were conducted on a
bridge system. The system is composed of a rigid superstructure pin-supported by two double-skinned
concrete filled steel tube (DSCFT) piers. The schematic drawing and photo of the DSCFT pier is
shown in Fig. 2, Fig. 3 and Fig. 4. Detailed description of the design of the DSCFT column can be
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found in Tsai et al. 2003. The four-DOF (X and Y displacement at the top of each pier) system is
illustrated in Fig. 5. The two piers were constructed and tested in laboratories of National Taiwan
University (NTU Lab) and NCREE (NCREE Lab) respectively. In each laboratory, two actuators
mounted from the two sides of the L-shape reaction wall imposed the target displacement on the
specimen.
Test Program
Three pseudo dynamic tests (Test A, B, and C) were conducted on the specimen. All testing
parameters were exactly the same among the three tests except for the locations of the server and the
CGM. In Test A, both the server and the CGM programs ran in NCREE Lab on a same computer. In
Test B, the server program was resided in NCREE Lab and the CGM was at Stanford University in US.
In Test C, the server program was placed in Stanford and the CGM in NCREE Lab. The assigned mass
is 507.2 ton for DOF 1 and 3, and 235.6 ton for DOF 2 and 4. The damping ratio is 2% for DOF 1 and
2 and 5% for DOF 3 and 4. The stiffness used in numerical simulation for comparison purpose was
obtained by linear regression from a pretest which cyclically drove the specimen within elastic range.
Newmark explicit method was employed in the process of numerical integration with integration time
step 0.02 seconds and duration 20.0 seconds. In this study, the structural seismic behavior is not the
primary concern and hence the ground motion was carefully selected to remain the specimen elastic
throughout the tests. Excitation records from 1999 Chi-Chi earthquake (TCU082NS and TCU082EW
for X and Y directions, respectively) were used as the ground excitation input with the peak ground
acceleration (PGA) scaled to 3.77 gal and 9.13 gal for X and Y directions respectively. The control
systems employed in NCREE Lab and NTU Lab were MTS FlexTest IIm and MTS 407 controllers
respectively. The FCMs in NCREE Lab and NTU Lab were built by C++ programming language and
LabVIEW running under Microsoft Windows 2000 operating system.
Test Results
Comparisons between the displacement time histories of Test A, B, C, and the numerical simulation
shown in Fig. 6 indicate that all the experimental responses are in good agreement with the numerical
simulation results. This confirms that all signals including commands and critical signals were
correctly transmitted over the Internet by PNSE.
Fig. 7 demonstrates the some key actions in a command cycle. The notations are detailed in Table 3.
Table 4 lists the average time spent on respective tasks for Test A, B, and C. The Microsoft Ping
program was used as a benchmark to investigate the time needed for data transmission between hosts
and the results are also included in Table 4. Comparison between the performance of Microsoft Ping
and PNSE, it suggests that PNSE has reached a reasonable performance level on the rate of data
transferring. A round trip for a data packet between Stanford and Taiwan costs less than 0.1701
seconds on PNSE, which is pretty satisfactory since the time needed for similar task done by the
operating system under the same network condition is 0.1608 seconds. Time distribution is illustrated
in Fig. 8. As expected, most time was consumed on the actuator motion control. Elapsed time spent on
communication on Internet was 1%, 21%, and 32% for Test A, B, and C, respectively. The test results
conclude that the efficiency of data transmission on PNSE is satisfactory.
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CONCLUSIONS
Transnational test results confirmed that data can be correctly transmitted over heterogeneous
computer systems and environments, and significant events can be promptly reflected on PNSE.
Efficiency of data transferring is also satisfactory, typically cost less then 0.1701 seconds to make a
round trip for a data packet between Stanford and Taiwan. It can be concluded that the proposed PNSE
can successfully achieve the goal of networked collaborative structural experiments.
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Table 1: Actions encompassed in a command cycle in a pseudo dynamic test
No. Action
1 The CGM calculates the displacement command for all FCMs, integrates them into a single packet
(SD_CPSCMD) and sends it to the server.
2 The server parses the SD_CPSCMD packet to a number of SD_IDVCMD packets before dispatching
them to all FCMs.
3 Each FCM controls its actuators to impose the command on its specimen.
4 Each FCM measures the restoring force response as the (individual) critical signals (SD_IDVRSP) and
sends it back to the server.
5 Each FCM measures the open signal values (SD_SIGNAL, if any) and sends them to the server.
6 The server integrates all SD_IDVRSP packets into one composite critical response packet (SD_CPSRSP)
and dispatches it to the CGM.
7 The CGM sends the values of open signals (SD_SIGNAL, if any) to the server.
8 The server stores the open signal values on the Internet and dispatches them to all clients.

Table 2: Currently defined NSEP data types
TYPE

Description

SD_ERROR

SD_ERROR is used to make a notification to clients when some level of errors occurred in
the previous communication.
SD_LOGIN contains client name and password for login procedure.
SD_PRJINFO contains information of the project, such as the number of the clients, names
of clients, total duration or number of steps of this project.
SD_SIGNALINFO contains information (names and units) of open signals.
SD_PRJSTATE contains the current running state of the whole project as well as the running
states of all clients.
SD_CLNSTATE contains the client’s current running state.
SD_CPSCMD contains composite command generated by CGM.
SD_IDVCMD contains individual command parsed from SD_CPSCMD for each FCM.
SD_IDVRSP contains individual critical responses after the FCM finishes executing the
SD_IDVCMD previous received from the server.
SD_CPSRSP contains composite critical responses integrated by all SD_IDVRSP received
from all FCMs.
SD_SIGNAL contains the current values of open signals.
SD_DISCUSS contains human readable texts for human conversation.

SD_LOGIN
SD_PRJINFO
SD_SIGNALINFO
SD_PRJSTATE
SD_CLNSTATE
SD_CPSCMD
SD_IDVCMD
SD_IDVRSP
SD_CPSRSP
SD_SIGNAL
SD_DISCUSS

Table 3: Description of notations in Fig. 7
Notation
T1
T2
T3
T4
T5
T6
T7
T8
Ta

Description
Time consumed in transferring the SD_CPSCMD packet from CGM to the server.
Time consumed in transferring the SD_IDVCMD packet from the server to NTU Lab.
Time consumed in NTU Lab’s work (mainly the actuator control).
Time consumed in transferring the SD_IDVRSP (the restoring force) packet from NTU
Lab to the server.
Time consumed in transferring the SD_IDVCMD packet from the server to NCREE Lab.
Time consumed in NCREE Lab’s work (mainly the actuator control).
Time consumed in transferring the SD_IDVRSP (the restoring force) packet from NCREE
Lab to the server.
Time consumed in transferring the SD_CPSRSP packet from the server to the CGM.
Time consumed in CGM’s work (command generation).
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Tb
Tc
Td
Te
Tf

The sum of T1and T8, representing the time consumed for data transferring between the
server and the CGM.
Time consumed in the server’s work.
The sum of T2and T4, representing the time consumed for data transferring between the
server and the NTU Lab.
The sum of T5and T7, representing the time consumed for data transferring between the
server and the NCREE Lab.
The maximum of (Td + T3) and (Te + T6).
Table 4: Time statistics on PNSE

Test
CGM work time (sec/step)
Data transmission (round trip):
CGM ↔server (sec/step)
Server work time (sec/step)
Data transmission (round trip):
NTU Lab ↔server (sec/step)
NTU Lab work time (sec/step)
Data transmission (round trip):
NCREE Lab ↔server (sec/step)
NCREE Lab work time (sec/step)
Total experiment time per step (sec/step)
Total experiment time (sec)

PNSE

PNSE
Microsoft Ping
PNSE
Microsoft Ping
PNSE
Microsoft Ping

A
0.0180
0.0080
<0.001
0.0437
0.0037
<0.001
0.5512
0.0046
<0.001
0.6356
0.6634
663.394

B
0.0060
0.1661
0.1628
0.0096
0.0056
<0.001
0.5486
0.0039
0.0070
0.6106
0.7963
796.290

C
0.0153
0.1693
0.1653
0.0459
0.1651
0.1625
0.6071
0.1701
0.1608
0.6540
1.0545
1054.537

Server
Database Web server

command
responses

CGM

FCM#1

FCM#2

Camera

Video server

Viewer #1

Viewer #2

Fig. 1 Architecture of PNSE

Concrete infilled

Double tube

Fig.2 Schematic drawing of DSCFT Fig.3 Test Setup in NTU Lab Fig.4 Test Setup in NCREE Lab
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Abstract
The seismic testing facility, TAMARIS, is part of the mechanical studies Laboratory located in CEA
Saclay research centre near Paris. It has a staff of about 20 engineers and technicians. Its objectives are
model development, validation, calculation methods development, qualification, codification, and
qualification of components. It has four shaking tables, a reaction wall and a test pit, for long
specimens. The main table, AZALEE, has a 6mx6m plate, with a 100 tons payload. It allows
movements in 3 directions with 6 degrees of freedom. The Laboratory is working on different national
and international programs related to the seismic behaviour of buildings, structures, components and
equipment. A detailed description of the facility will be presented together with some main features of
the recent research programs for buildings and equipment. The Laboratory is involved for many years
in International collaborations and networking, especially in the framework of European programs
(ECOEST and ECOLEADER). The importance of such collaborations will be emphasized.
INTRODUCTION
The mechanical seismic studies laboratory (EMSI) belongs t o the Direction to the Nuclear Energy of
Commissariat à l’Energie Atomique (CEA). This Laboratory, located in Saclay, near Paris, has carried
out tests of R&D and seismic qualification for more than 35 years. The mission of the laboratory is to
study and check the seism resistance of the civil engineering and the equipment. The activity is
characterized by four essential topics:
- The development of methods for seismic analysis,
- The development of complex models of structures,
- Seismic tests related to the validation of methods and analyses,
- Seismic performance tests of equipment or elements of structure of civil engineering as well as
performance tests in all the fields requiring of the excitations at low frequencies.
The laboratory works mainly with EDF, COGEMA, FRAMATOME and the Safety Authorities as
well as for the European Community via collaborations with various European universities (Aachen,
Ancona, Bristol, Liege, Patras, Pavia, Rome, Sheffield etc...). The installation is also opened to any
external request for performance tests or R&D.
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For all these activities, the laboratory has a whole of numerical and experimental means. The
numerical studies are performed by means of the computer code by finite elements CAST3M (ex
CASTEM 2000) developed at the CEA and which allows calculations into linear and nonlinear
behaviour. For the experimental part, the laboratory has several mobile plates of large capacity and
walls of reactions. These test facilities (TAMARIS) are the subject principal of this presentation.
EXPERIMENTAL TEST FACILITIES TAMARIS
TAMARIS represents the largest test facilities within the community European and have the largest
shaking table in Western Europe Laboratory EMSI is apart of ECOLEADER consortium gathering 6
European laboratories (BRISTOL University, LNEC (Lisbon), LTUA (Athens), EMSI (Saclay), JRC
(Ispra), ENEL [ ISMES](Seriate)).
TAMARIS is composed of 4 shaking tables (VESUVE, TOURNESOL, MIMOSA, AZALEE), of a 15
depth m pit (IRIS) and of a reaction. Wall (Figure #1). All these test facilities use a common hydraulic
power including 6 hydraulic groups allowing a constant maximum flow of 2130 litres/minutes.
The 4 shaking tables are installed on a reaction mass of 16 m X 16 m and 8.5 m thickness with a total
weight of 2500 tons. This reaction mass is put on isolating devices with springs and dampers filtering
all vibrations above 1 Hz.
Shaking table VESUVE
First table brought into service at the laboratory in 1969 and renovated in 1976, this table of 3.1 m X
3.85 m is actuated by an electro hydraulic jack of 350 kN with a stroke of 250 mm. The aluminium
table admits a payload of 20 tons. Six mechanical bearings ensure guidance up to 70 Hz. This table is
mainly used for R&D tests.
Shaking table TOURNESOL
The table TOURNESOL, operational since 1976 is biaxial horizontal + vertical. The aluminium plate
of 2 m X 2 m admits a payload of 10 tons. It is actuated by 1 horizontal jack of 100 kN and 250 mm
stroke (flow of the servo valve: 640 litres/minute) and by 2 vertical jacks of 100 kN each one (flow of
each servo valve: 340 litres/minute) of 200 mm stroke. This table being biaxial, is mainly used for
seismic qualification tests
Shaking table MIMOSA
The mono axial shaking table MIMOSA of 2 m X 2 m was brought into service in 1982. It has a
payload of 10 tons and is actuated by a jack of 500 kN high frequency. Six hydrostatic bearings
TEAM guide the table, allowing tests up to 300 Hz. The stroke of the jack is limited to 2 inches. This
table was especially studied to carry out tests on reduced scale models by using a law of similarity of
speed.
Shaking table AZALEE
This 6 m X 6 m Shaking table (Figure # 1), the biggest shaking table of the laboratory is in service
since 1990.. Its 25 tons aluminium plate takes loads up to 100 tons. It is actuated into horizontal (OX,
OY) by 4 electro hydraulic jacks of 1000 kN (2 in each axis) and into vertical (OZ) by 4 jacks of 1000
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kN. Each jack is equipped with 3 servo valves of 640 litres/minute. The static compensation of the
load is ensured by 4 pressurized supports. The stroke of the jacks is 250 mm in horizontal and 200 mm
in vertical. In order to ensure better performance, 12 accumulators of 250 litres unit have been added
so, to ensure under seismic excitations maximum speeds higher than 1 m/s in the three directions.
Seismic accelerations up to 1.8 g can be carried out on the table or shocks (1/2 sinus) for mechanical
qualification tests up to 4 or 5 g. This table is mainly used for tests on models of civil engineering and
for qualification tests on large equipment.
Pit IRIS and reaction wall
A pit was associated to the shaking tables. It acts of a concrete cylinder of 1059 tons, 15 m depth and
4.2 m diameter, which makes it possible to establish jacks at various places for multipoint excitations
on great height structures. The pit has been studied to be able to test control rod of nuclear reactors.
On the concrete mass supporting the shaking tables, a reaction wall with small size (length 5 m, height
4 m) has been built in order to be able to carry out static or quasi-static tests.
CONTROL AND ACQUISITION SYSTEMS
Two control systems and 2 acquisition systems are associated to the test facilities.
Control Systems
The tables are controlled by software developed by Signalstar company established on PC (DELL
410). This software allows the realization of sine sweep tests for research of Eigen frequencies or the
qualification with control in one or more points on the effective value, the peak value, or filtered value.
It allows also to realise random excitations in one two or three directions, - excitations by shocks (1/2
sinus, etc....) and seismic excitations in one to three directions using real time histories or synthesized
time histories.
For sine and random tests, this software works in closed loop. For the seismic tests, it works in open
loop. The transfer functions are determined during initial tests at low level of acceleration and are used
to determine the control signal allowing to obtain the required acceleration on the table
Acquisition systems
During tests, one or two calculators can be used to record measurement channels (64 channels each).
A modal analysis software allow to determine Eigen frequencies, damping and to draw the modal
shape.
EXAMPLES OF TESTS CARRIED OUT BY THE LABORATORY IN VARIOUS FIELDS
R&D in the field of the civil engineering
Within the framework of the European Community and contracts between the CEA, the National
Federation of Building industry (FNB), the Ministry for the Equipment the Ministry for National
Education and EDF many tests (programs CASSBA, CAMUS, CAMUS 2000) on walls were carried
out these last years. Models on reduced scale (1/3) of 8 or 5 floors were manufactured and tested on
AZALEE shaking table (figure # 2).
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These models consist of 2 concrete walls slightly armed and of floors in charge of concrete masses to
represent the load of the floors and to be in agreement with the similarity laws (law in acceleration).
These models with a mass of 40 tons to 85 tons are subjected to some series of seismic excitations at
increasing levels until the damage and collapse. During tests, accelerations, displacements and
velocity are measured at each floor level. Strain gauges inside the walls measure the deformations the
steel reinforcement and measure the openings of cracks.
The data processing is carried out in real time at the end of each test in order to determine bending and
the shearing force moment. These test results are compared with the calculations results to determine
the excitation level of the following test in order to as well as possible adjust the test routine according
to the required answers. The main objective of the tests is to develop and qualify computer codes able
to analyse the non linear behaviour of structure, taking into account detailing (confinement, gap, ..)
For this reason, other tests on structures with concrete such as wall, concrete frame, without or with
bricks, etc... are carried out on AZALEE table (figure # 2). Non linear analyses are also used for the
calibration of tests.
Test facility
Actuatrices
axes et force
( kN)
Dimensions
(m)
Mass of the table
(tons)
Payload (tons)
Excitation axes

Table 1 : characteristics of the tests facilities
AZALEE
VESUVE
TOURNESOL
MIMOSA
OX = 2000
OX = 350
OX = 100
OX = 500
OY = 2000
OZ = 200
OZ = 4000
6X6
3.1 X 3.8
2X2
2X2

IRIS
3 time
25 kN or
more
12X
4.2X4.2

25

4.2

1.2

1

100
6 DDL
OX + OY
+OZ

20
mono axial
horizontal
OX

10
mono axial
horizontal
OX

OX et OY
± 125
OZ ± 100

± 100

10
biaxial
horizontal +
vertical
(OX + OZ)
OX = ± 125
OZ = ± 100

± 12.5

± 125

Maximum
velocity
(m/s)

OX= 1
OY = 1
OZ = 1

1.0

0.6

1

Maximum
acceleration (g)
Frequency range
(Hz)
Height of the
specimen (m)

OX = 1
OY = 1
0-100

1.2
0-100

mono axial
OX = 2
OZ = 1.3
axial
OX = 1.4
OZ = 0.7
OX = 1
OZ = 1.5
0-100

0-300

0-30

12

12

12

12

27

Maximum
displacement
(mm)

Notas : OX et OY horizontal axes - OZ vertical axis
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On request
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R&D in the nuclear field of the equipment
The laboratory takes part in the development and the validation of linear and nonlinear models of
nuclear equipment. Many tests were carried out on elements and sections of piping for fast breeder
reactor, on fuel assemblies (figure # 4) and control rod, on electrical equipments and their anchoring
on the ground The models developed with the finite elements computer code CAST3M are validated
by comparison with test results obtained on shaking tables.
Seismic qualification of equipment
The laboratory, although specialised in R&D tests for the nuclear energy, opens its test facilities for
other industries and realized qualification tests in all fields of activity. Seismic qualification tests are
carried out on various equipment (for example electrical equipment , air coolers [see photography N°3 ]
fuel storage racks, as well as mechanical environment tests on equipment having to resist to severe
mechanical environment such as transport by road, , by train, by boat or airplane [figure # 3]
INTERNATIONAL COOPERATION
The laboratory is involved for many years in international collaboration and networking especially in
the framework of European funded programs (ECOEST, ECOLEADER …) together with 5 other
main seismic testing laboratories (BRISTOL (England), LNEC (Portugal), LTUA (Athens), ISMES
(Italy), ISPRA (Italy)). One main objective is to allow European research team to use adequate testing
facilities for R&D programs, in order to enhance and to coordinate R&D in this field. In addition,
cooperative research programs aiming to develop testing capabilities and methodologies participate to
the improvement of shaking table control and to the overall quality of the tests. Around this testing
collaboration core, other research team from universities are involved in networking activities,
benchmarks, organisation of workshops ….The laboratory has launched international benchmarks
concerning the shear walls experiments CAMUS. About 20 international teams participated to them.
Results have been presented at different conferences. Extension of such activities is a very important
point in order to improve and optimize the seismic protection of our society.
FUTURE ACTIVITIES OF THE LABORATORY
The experimental activity of the laboratory has strongly evolved/moved for a few years. The study of
the equipment yielded the place gradually to the studies of civil engineering, imposing increasingly
powerful test facilities in particular due to important dimensions of the models
The laboratory is in a period of thought for the definition of an evolution of its test facilities. The
principal motivations are:
- to increase the performances in displacement, velocity, acceleration and payload,
- to have a greater flexibility in use,
- to be able to performed more or less complex tests,
- to have the possibility of coupling tests and calculations while using for the same test shaking tables
and reaction wall (real time dynamic hybrid tests),
- to be able to build and transport larger models.
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In the current state of the thought, the project seems to direct towards a extension of the current
building with the realization of 2 new shaking tables of 3 m X 6 m mobile and of a long wall of
reaction. The two shaking tables could move separately or together, bolted together or not (figure # 5).
The model or a part of model, excited by the table could be submitted to dynamic loadings applied by
hydraulic actuators fixed to the reaction wall to reproduce loads induced by a part of the simulated
structure.
The shaking table characteristics could be: displacement 1 m, velocity range 2 to 3 m/s, maximum
acceleration 2 g with 200 tons and 6 to 7 g for a payload from 10 to 15 tons.
These two tables of a very great flexibility would allow the realization of tests on complex structures
[piers of bridge, piping systems… ].
Coupled between them, they could replace AZALEE shaking table in the event of unavailability and
ensure the permanent using of an important test facility for the nuclear park.

VESUVE

AZALEE
TOURNESOL

MIMOSA

Figure # 1 – View of the test facilities
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Figure # 2 – seismic tests on concrete wall – View of the mock-up and calculation results

Figure # 3 – Seismic qualification tests on equipment: Cooling system – Electric cabinets
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Figure # 4 – seismic tests - concrete frame with masonry – fast breeder reactor core scale 1.

Figure # 5 – New test facilities
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Abstract
The presented article treats some of the activity of the Institute of Theoretical and Applied Mechanics
of Czech Academy of Sciences (ITAM). It focuses on the experimental part of the research that has a
broad field of application in the industry and/or that has been dealt within international projects funded
by the European commission. The use of European and institutional facilities simulating the
earthquake is presented as well as the methods of the structural assessment using dynamic response of
structures. Besides the experimental devices and methods used at the ITAM for assessment of
vulnerability of structures to dynamic load are briefly mentioned.
INTRODUCTION
The research in the field of earthquake engineering and related questions of structural vulnerability is
nowadays not located in the countries with strong earthquake prone areas only but it has rather
growing international dissemination. One of the reasons is the fact, that the so-called technical
seismicity has to be regarded in the design of new buildings as well as in the assessment of the real
structures. There exist many examples of traffic induced dynamic loading in European historical
centers of cities that has damaging impact on the value of cultural heritage. This research today is
based on the profound experimental techniques, usage of experimental facilities hand in hand with the
theoretical research and development of the new methodology. Besides the earthquake research the
use of large experimental facilities has also the prospect of testing the structural integrity dynamic
loading either on the prototypes or their scaled models.
It is the task of theoretical and applied mechanics to eliminate the effects of seismic and dynamic load
or at least limit them, because they exercise unfavourable influence not only on long-term safety of
structures and the functional reliability of technological equipment, but also and primarily on the
feeling of safety and comfort of the population. This applies both to the newly built and the existing,
possibly historically valuable buildings in the proximity of new transport routes or other sources of
noise and vibrations.
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Institute of Theoretical and Applied Mechanics has been involved in many international projects
dealing with problems of structural integrity, vulnerability, protection of architectonical heritage and
seismic resistance of structures. Due to limited extend of the paper only some of them are briefly
described in following separated sections.
DAMAGE DETECTION OF CONCRETE STRUCTURES
Elaboration of the methods of identification and damage detection by means of a dynamic test is one
of the main expertise activities of ITAM. It consists in the determination of natural frequencies and
vibration modes and a comparison of the results obtained at various stages of damage using modal
analysis. The methods are tested by laboratory experiments on relatively simple structures like R.C.
plates and panels of the type envisaged for the construction of railway lines as well as the tests of
actual structures. Although the works concerned R.C. structures, satisfactory accuracy in the location
of imperfections has been attained by the modification of known MAC and COMAC methods and
particularly by the original CAMOSUC method (see Pirner et al. 2003). Particular attention is afforded
to the damage produced by long-term traffic, i.e. the effect of material fatigue due to repeated loading
at the rate of millions of cycles.
Shaking table experiments proved to be an efficient tool in modeling dynamic response of various
structures. The experts from ITAM have been involved in the research focused on damage detection
on RC frames. A reinforced concrete frame 3x3x3.5m weighting about 12.2 tons with a slab in the
upper part has been tested using Multi Axial Shaking Table for Earthquake Reproduction (Giese et al
1999). The eccentricity has been assured by different
stiffness of the columns and by the placement of
additional eccentrical mass at the top of the frame.
The structure has been subjected to kinematic
excitations with increasing level of intensity from
PGA (Peak Ground Acceleration) 0.025g to 0.63g.
Following each shaking the structure has been
inspected for cracks and subjected to modal testing.
Resulting modal parameters have been obtained by
low-level sweep sine harmonic excitation with
increasing and decreasing frequency as well as with
white noise random kinematic excitations and sine
test with constant frequency. The results are
summarized in the Pospisil et al 1998.

Fig. 1: A reinforced concrete frame subjected to kinematic excitations with increasing level of
earthquake intensity.
RESPONSE OF STRUCTURES EXCITED BY WIND
Dynamics of slender structures, primarily masts and towers, extension of their service life, their
long-term reliability is another activity that is covered by researchers from ITAM. With reference to
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the increasing requirements imposed on broadcasting technology and the reduction of their
wind-induced vibrations, measurements of the response, development and application of vibration
absorbers is of need. The last type of these appliances is the spherical vibration absorber developed in
recent years in co-operation with industry company, which was applied successfully to two TV towers,
as shown in article (Fischer and Pirner, 2001).

Fig. 2: Ball vibration absorber during the small shaking table experiments
The Institute of Theoretical and Applied Mechanics has a deep experience with aerodynamic tunnel
testing of structures susceptible to the aeroelastic instabilities, see for example (Pospisil and Naprstek,
2003). A close cooperation with the Aeronautical Institute of Prague allows carrying out
measurements of the influence of wind on civil engineering structures and the environment. A mixed
theoretical-experimental research is be performed which can help predicting instability onset and
influence of the turbulence. The goal of the uniquely designed experiment lies primarily in the
observation of the influence of the flow upon response of the structure, possible onset of instability of
particular type, stabilization of motion in the postcritical stage, difference between various cross
sections and spatial and temporal pressure distribution over the structure in the wind tunnel. Integral
load and pressures as well as fluctuating loads are measured. The experiments are partially supported
by EU grants within COST action C14.

Fig. 3: Use of Boundary Layer wind tunnel for examining the resistance of structural models (tall
buildings, footbridges) to the wind load and against aeroelastic effects.
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Fig. 4: Dynamic rig with a section model. An original design different form conventional ones (see
Hjort Jansen 1996) allows tuning of the frequency of the natural modes independently each other. The
heave motion is assured by a kinematical mechanism hinged at the stiff clamped frame. Vertical
beams connect two vertical lever arms at the top and heel of the frame so that motion of the model axis
is vertically linear. Rotation of the model is independent as the model is posed on the roller bearing.
The frequencies are adjusted by way of sliding clamps that allow set up the length of torsion springs.
SHAKING-TABLE INVESTIGATION OF HYDRODYNAMIC PRESSURES IN DAMS
This project has been proposed by cooperative team from ITAM and EERCE Bristol, based on the
work of Mir and Taylor, 1996). Some existing concrete gravity dams initially considered safe are now
judged unsafe based on up-to date specifications. Assuming complete bonding in horizontal joints
generally performed the design of concrete gravity dams. However, for detailed safety evaluation of an
existing dam, it is necessary to characterize properly the joints, evaluate the possibility of relative
motions and consequently evaluate the pore pressure in the joints. A logical location of one of the
important horizontal or nearly horizontal joints is the interface between the dam body and the
foundation rock. Possibility of sliding in this interface has to be evaluated during safety analysis of a
low to medium height concrete gravity dam. There is no reported evidence of excessive sliding of any
actual concrete gravity dam subjected to severe shaking. It is therefore desirable to conduct shake table
test of a dam model to verify the predictions and to conduct the numerical simulation of dynamic
pressures in the joint. A particular model of a concrete gravity dam has been tested on the shaking
table at EERC University of Bristol to investigate especially the hydrodynamic pressures that develop
in pre-formed horizontal cracks at the dam base.
Concrete dam model had been created with the geometry according to the figure 1. It was a 1.65m tall
and 0.5m wide block with approximate mass 1200-kg. The upstream face is vertical whereas the
downstream one has slope of 1:0.7. To the bottom of the dam the steel plate had been attached. The
frictional interface between the plate and the table surface had modeled the resistance of a dam
monolith against the ground. Afterwards, the dam had been placed into a specially designed tank that
retained a relatively small reservoir of the water. A schematic sketch can be seen also on the figure 5
below.
There were three mayor aims formulated in the experiment and successfully measured: To investigate
whether significant hydrodynamic pressures build up in the short time the joint is subjected to an
earthquake.
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To investigate whether any increase in uplift pressure affect stability or sliding resistance of
the dam.
To acquire data to validate the discrete element method (UDEC) for numerical modeling of
the hydrodynamic pressures in a preformed cracks during the motion.

Fig. 5: Schematic sketch of the dam arrangement. X direction: horizontal. Z direction: vertical
SEISMIC PERFORMANCE OF LAMINATED TIMBER FRAMES WITH FIBER
REINFORCED JOINTS
A project sponsored by the EU action
ECOLEADER focused on the seismic resistance
of timber and hybrid structures has been dealt
with in 2002. (See Kasal et. al. 2004). Wood
structures demonstrate large energy dissipation
capacity due to increased equivalent or total
structural damping. This total structural damping
is due to the mechanical connectors that exhibit
hysteretic behavior under cyclic load.
Well-designed connections can undergo large
number of cycles without loosing design
capacity (the ultimate capacity will decrease,
however, due to the strength degradation). The
stiffness degradation of connections takes place
even at low deformation levels (meaning
rotations) and causes decrease in the natural of
the system. Such decrease is associated with
increased total damping. Even strong shaking at
levels that can be inadmissible for other
buildings such as reinforced concrete or steel
frames could not cause the collapse of the
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investigated structures. The frame and its 1:4 replica with elements from densified, fiber-reinforced
wood is less susceptible to the drop of the structural stiffness than the one with the undesified material.
The concept of using high-density reinforced material in connection regions of glue-laminated timber
frames can be used in the design of the most exposed structural elements of structures in the
earthquake prone areas.
Two-story glue-laminated timber (photo above) frames were subjected to series of dynamic
experiments that included sinusoidal sweeps in one direction, arbitrary signals simulation earthquake
loads in two directions and harmonic free vibration at fundamental frequency. The frames were made
of laminated timber and two experimental frames were manufactured and tested: one control with
horizontal laminations and no reinforcement at joint areas and new frame design with densified
material in joint area that was further reinforced by glass-fiber composite material. Series of
preliminary shake-table tests on scaled models, scaled and full-size beam-to-column connections were
performed to obtain connection characteristics needed for subsequent analytical modeling.

Fig. 6: The shaking table of the Laboratory of Experimental Dynamics. Maximal load of a specimen
can be theoretically 1.5t. The table can kinematically excite relatively large-scale models of real
structures or their parts and physically simulate an earthquake. Small timber frame (right) was
reinforced by yarn composite layers and tested in ITAM.
STUDY OF SEISMIC RESISTANCE OF STEEL FRAMES
During strong earthquakes, excessively large deformation can occur in the joints, which exceeds the
elastic range. There is theoretical and experimental evidence, that the number of cycles for the
plastification can be more then several tens.
The experiments showed very high sensitivity of welded joints and areas with notches to the low
cyclic fatique due to high concentration of stresses. It has been also shown that it is appropriate to
include this fact into the static analysis and design calculation. The maximum deformation of the
elastic structure cyclically loaded is lower than maximum deflection elastic structure where no
changes of initial stiffness occur; see for details work of Urushadze 2001.
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Fig. 7. Experiments on seismic resistance of steel frames taking into account the ductility (Resulted in
a recommendation for NAD Eurocode 8). The reaction wall of Laboratory of Experimental Dynamics,
ITAM was in use. By courtesy of Dr. Shota Urushadze – Central Laboratory for Experimental
Mechanics.
MASONRY WALLS STRENGTHENED AGAINST SEISMIC EFFECTS
The recent heavy earthquakes in Central Italy and Turkey have increased interest in the methods of
strengthening and reinforcement of masonry buildings, namely historic ones, by means of an exterior
composite reinforcement. There is variety of different techniques used to strengthen and reinforce the
masonry buildings: e.g. yarn composite strips glued onto the surface or geo-nets mechanically fastened
by dowels to the masonry and rendered. Both methods are applicable for preventive strengthening of
masonry in regions of higher seismic risks as well as for general remedial works on masonry damaged
by cracks. Both methods may be used for cultural heritage objects.
There has been prepared a large experimental programme in order to study the behavior of masonry
panels – reinforced as well as plain walls – subjected to combination of vertical and cyclic horizontal
loading (Drdacky 2001, Avramidou et al. 1999). This task has been solved in co-operation between
Florence University of Technology (Universita degli Studi di Firenze) and the Institute of Theoretical
and Applied Mechanics (ITAM) of the Academy of Sciences of the Czech Republic under sponsorship
of two Italian producers of composite materials – SEAL SpA Legnano (Fiber reinforced Composite
strips with polymer matrix) and TENAX (Geo-nets). The paper summarizes substantial data on
completed experiments.
The carried out tests brought about several important results. First, it has been proven that exterior
composite strips laminated on the wall surface increase load carrying capacity of those walls at
horizontal (shear) loading. Nevertheless, the increase is not very important, in average only 25%.
Approximately same improvement can be achieved using geo-nets, of course, here at much lower cost.
The low effectiveness causes also a very low dependence of strengthening on a type of fiber fabric
used for construction of the composite strip. The Table 2 shows this dependence very well.
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Damaged masonry can be retrofitted by means of composite strips laminate on its surface, which
improves the resistance of such walls in such a way that their capacity can overcome strength of plain
undamaged walls. The strips do not influence deformability of sound walls; the damaged walls after
remedial works have lower modulus than non-reinforced and sound walls. The vertical pre-stress has a

Fig. 8: Testing walls strengthened with FRP composite strips (examples before and after failure).
very substantial influence on wall behavior and damage patterns at shear loading. Higher compression
pre-stress, (in a level necessary to prevent overturning), prevents also the generating of significant
diagonal shear cracks and supports the occurrence of a set of rather vertical cracks located in the
diagonal shear band.

Fig. 9: Left - Crack pattern of walls strengthened using polymer grids. Right – A typical shear crack in
a plain wall after collapse under a shock horizontal load combined with unevenly distributed vertical
stress.
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Because of the high cost of composite strips, this method is economically less effective. A better
situation might occur when strengthening natural stone masonry; nevertheless, the low planarity of
such masonry decreases the effectiveness again. In both cases, the main disadvantage of surface
composite strips is seen in their low fire resistance and a necessity to protect them in this respect when
used on dwelling or civil buildings. Geo-nets have a better ratio of strength to the strength of brick and,
therefore, their application is more optimal. Taking into account their lower cost and lower workability
at application as well as their effect very near to the composite strips, we may recommend their use in
favor to composite strips.
CONCLUSIONS
The article presented some of important research activities focused on the earthquake engineering and
structural dynamics carried out at the Institute of Theoretical and Applied Mechanics (ITAM) in
cooperation with European research facilities or/and with the industry institutes. We briefly introduced
short introduction to the particular topics with main achievements.
The Institute (www.itam.cas.cz) carries out theoretical and experimental research in the field of solid
phase mechanics, oriented particularly to building constructions. Its research is focused especially on
the dynamics of constructions (stochastic dynamics, aerodynamics, aeroelasticity), nonlinear
mechanics, mechanics of classical and nonclassical materials, mechanics of materials failure, and
mechanics of soils, on the analysis of properties of constructions, their elements and their reliability.
Research is also aimed at the development of new methods of assessment of special-purpose
constructions and at problems connected with the protection of historical buildings and settlements.
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Abstract
This paper describes the development of a new integrated research facility at Bristol University. The
Bristol Laboratory for Advanced Dynamic Engineering (BLADE) will provide some unique testing
facilities within the UK for large scale, multi-axis, structural dynamics testing. The construction will
be completed in February 2004 and it is anticipated that testing in the laboratories will commence
from April 2004. A particular strength of the new facility will be the ability to develop and perform
substructure testing of large systems which will be of particular benefit to the earthquake engineering
community. With a strong emphasis on collaboration and international research it is hoped that in
the future BLADE will play a significant role in earthquake disaster mitigation research throughout the
world.
INTRODUCTION
Structural dynamics is fundamental to a vast range of engineering problems, such as the earthquake,
wind and traffic response of civil engineering structures. A structure excited near resonance will
always have a larger response than for a corresponding static load. It is therefore the dynamic
response that governs the performance and safety of structures that are subject to significant dynamic
loads. Yet despite being at the heart of these problems, structural dynamics is rarely at the heart of
the design process. Instead, it is often regarded as a significant, undesirable, additional cost that must
be bolted on to the end of the design process. This uninformed view misses the opportunities that
proper inclusion of structural dynamics at the formative stages of a project can offer to the creative
solution of the problem. For example, no amount of sophisticated computer analysis and detailed
design can make significant improvements to the seismic capacity of a fundamentally badly arranged
building frame. On the other hand, the application of sound structural dynamics principles at the
conceptual design stage will lead to a well-configured structural frame that minimises the seismic
loads applied to it and economically distributes them around itself.
The principles of elastic structural dynamics are well established, and can readily be applied to
engineering problems. However, many engineering problems are concerned with controlling
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performance at the extremes of loading. At such extremes, non-linear structural dynamic behaviour
usually dominates. Developments in the understanding of material and geometrical non-linear
behaviour, and in numerical analysis, now present the engineer with opportunities to exploit non-linear
structural dynamic behaviour in order to improve the dynamic performance of structures, especially at
the extremes of loading. This, in turn, offers the prospect of safer, more economic and more
innovative design solutions. However, unlike the elastic case, the principles of non-linear dynamics
as applied to real engineering structures are still poorly understood. The combination of readily
accessible powerful analytical tools and poor understanding of principles raises the real danger of
inappropriate and unsafe engineering designs that attempt to exploit non-linear dynamic behaviour.
This danger can only be eliminated through comprehensive, coherent theoretical and experimental
research to establish principles and their sound application, accompanied by effective dissemination of
the findings.
There is therefore a need to develop robust generic frameworks for non-linear structural dynamics
design. The Bristol view is that a systems-orientated performance-based design philosophy provides
such a framework. This philosophy recognises that all structures are complex systems of
components, as well as being themselves components of a wider system. It further recognises that
the performance of an individual component is not only due to its own intrinsic characteristics, but is
also due to the way it interacts with the components it is connected to. This interaction may change
the component’s intrinsic behaviour as well as the demands, or loads, to which it is subjected. Proper
understanding of these interactions is the key to successful dynamic design.
The development and implementation of such understanding relies on analysis and experiment. The
relative economy and flexibility of modern numerical analysis means that it now dominates
engineering design, relative to experimental observations. Many engineering industries have
effectively set goals to eliminate - or at least minimise - physical testing from the design process. In
earthquake engineering, which is dominated by civil engineering structures that are generally
impractical to test in their entirety, it has long been common practice for structures, such as building
frames, to be designed entirely by analysis. The provenance of these analytical procedures lies in
reliable generic experimental research. Sadly, the succession of damaging earthquakes around the
world shows graphically the limitations of this provenance, and the urgent need for more penetrative
analytical and experimental research to improve it. The BLADE concept therefore aims to shift the
emphasis of the structural engineering community back to investigations based on integrated
experimentation, models, databases, and model-based computer simulation.
THE CONCEPT FOR BLADE
The Bristol Laboratory for Advanced Dynamic Engineering (BLADE) will be a unique,
cross-disciplinary laboratory for large scale, multi-axis, structural dynamics experiments. By
creating a novel, integrated research infrastructure for non-linear dynamics testing, BLADE will build
on the many established international strengths of the Faculty of Engineering, and underpin its goal of
enhancing the performance of all engineering systems.
At the heart of BLADE is the implementation of real-time, non-linear dynamic sub-structure test
control techniques that have been developed, for example, around the EPSRC Earthquake Simulator
through cross-disciplinary collaboration in the Faculty. These techniques have wide application in
material specimen and structural component testing, and offer unprecedented control over the
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accuracy and realism of physical structural dynamics testing. BLADE will support a broad
programme of research that aims to develop a unique, integrated, systems-orientated
performance-based approach to structural dynamics design. It is hoped that BLADE will become an
acknowledged world-leading facility for cross-disciplinary, non-linear structural dynamics research.

Fig. 1: Artists Impressions inside the two new test halls, Structural Dynamics (left) and Earthquake
and Large Structures - EQUALS (right)
BLADE involves the reconfiguring and refurbishment of the Faculty of Engineering’s Queen’s
Building, which dates from 1951, but was designed in the 1930’s. In addition two new
state-of-the-art 4-storey test halls are being built at the ends of the main building. One test hall,
called the Structural Dynamics Laboratory (left Fig. 1), accommodates an adaptable structural
dynamics test facility orientated towards smaller to medium sized testing of components ranging from
aircraft wing boxes to automotive ‘bodies-in-white’. The second test hall (EQUALS) is equipped
with a strong floor and reaction walls for general dynamic testing of large structures, for example a
typical structural frames. This second hall (right Fig. 1) also includes the Earthquake Engineering
Laboratory, into which the EPSRC Earthquake Simulator (shaking table) will be relocated from its
current position. Between the two test halls, reflecting its central unifying role, is the new Advanced
Control and Test Laboratory (ActLab). This will supply the advanced experimental control
techniques to be employed in the two test halls. Encompassing all these laboratories is the
refurbished and reorganised Materials Test Laboratories (Fig. 2). The overall reorganisation
integrates the current separate laboratories of the Aerospace, Civil and Mechanical Engineering
departments in keeping with the growing integration of their research activities in the materials,
control and structural dynamics fields. It also rationalises the supporting workshop facilities, and
creates new space to accommodate cross-disciplinary research staff.
Central to the BLADE concept is the ability to test large and prototype scale components under loads
that accurately simulate the in-service conditions that arise from the complete system performance.
This requires the advancement and integration of the states-of-the-art in materials, component and
structural assemblage testing. Using Bristol’s world-class research in the adaptive control of
dynamic sub-structuring experiments, BLADE will enable real engineering components, ranging, for
example, from large sections of bridges, buildings, aircraft fuselages and wings, through to complete
helicopter rotor assemblies, small electro-mechanical devices and material specimens, to be subjected
to accurate laboratory representations of in-service dynamic loads. In essence, BLADE will be an
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extensive, integrated, adaptable tool-kit that the researcher can apply imaginatively to solve non-linear
dynamics problems.

Fig. 2: Plan of the Faculty of Engineering showing the integration between the new facilities

EARTHQUAKE ENGINEERING AT BRISTOL
Earthquake Engineering has been a central research theme in the Department of Civil Engineering
since 1958. Current research topics include the dynamic and seismic response of cable-stayed
bridges, un-reinforced masonry, direct foundations, gravity and reinforced earth retaining walls,
concrete gravity dams, dynamic model updating, experimental sub-structuring, computer vision based
displacement measurements, condition and material modelling, monitoring and asset management.
Underpinning all of this is the application of the principles of non-linear dynamics and chaos to the
modelling of the dynamic performance of systems. The Earthquake Engineering Research Centre
(EERC), formed in 1988 to promote non-disciplinary research in the Engineering Faculty, now fosters
the research of many academic staff from across the Faculty of Engineering. It also has a
University-owned company, BEELAB Ltd., which carries out applied research for industry.
The EERC houses the 15t capacity, six degree of freedom, Engineering and Physical Sciences
Research Council (EPSRC) Earthquake Simulator (or shaking table). Opened in 1987 at a cost of
nearly £1m, having been designed largely in-house, this national facility is now recognised worldwide.
The shaking table expertise of the EERC has led it to become the co-ordinator of the other major
European shaking table laboratories, in Italy, France, Greece and Portugal, through the EU funded
European Consortium of Earthquake Shaking Tables (ECOEST) projects. In the current FP5
programme, this co-ordinating role has been extended to include other dynamics laboratories under the
ECOLEADER project and the CASCADE infrastructure co-operation network, through which Bristol
has helped to co-coordinate the EU’s earthquake engineering research programme. More than 40
European researchers have worked at Bristol under previous EU programmes and under the current
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ECOLEADER and Marie Curie Training Site programmes, a further 30 researchers are working on
earthquake engineering research at Bristol.
The EERC’s research philosophy is to integrate theoretical studies with laboratory experiments and
observations of prototype behaviour. The three-pronged approach leads to a more balanced view of
problems and ultimately to more reliable methods of analysis and design. The effectiveness of this
philosophy is demonstrated by the many international projects with which the EERC has been
involved. These include design studies of the 3km span Straits of Messina suspension bridge
between Italy and Sicily, the design of the 120m high Victoria arch dam in Sri Lanka, seismic
assessments of 12 major dams in the UK and abroad, prototype monitoring of the Second Severn
Crossing cable-stayed bridge, and the development of seismic assessment methodologies for
un-reinforced masonry, on behalf of the UK nuclear industry, and for dams and appurtenant works for
owners in the UK.
BLADE FACILITIES FOR EARTHQUAKE ENGINEERING
The old Earthquake Engineering Laboratory afforded a very cramped site for the EPSRC Earthquake
Simulator, which had limited headroom (4.5m), and only 5t overhead crane capacity. The limited
space and access restricted the full utilisation of the simulator. The new Earthquake and Large
Structures (EQUALS) laboratory, where the shaking table will be relocated, has 15m headroom and
20t of overhead craneage as well as plenty of adjacent space for construction of test specimens. In
addition to moving the shaking table, it will be upgraded by the addition of extra servo-valves and
hydraulic pump capacity to increase the platform velocity to 1.2m/s, and by the replacement of the
swivels at the ends of each actuator to reduce backlash. Various control instruments and associated
digital hardware in the main control panel will be upgraded to improve signal fidelity. The simulator
will be adjacent to the new strong floor and reaction walls. It is worth noting that the reaction walls
in the new EQUALS laboratory are somewhat unusual as they also form the walls of the new building.
This has resulted in reaction walls that are 15 m high without the loss of any space within the
laboratory. The use of the walls of the building has also allowed the incorporation of a 15m reaction
corner, for biaxial testing, and opposing 15m walls, for testing structures such as suspension bridges,
in the laboratory. The reaction walls have been designed such that a loading pattern of four 100
tonne point loads space evenly up any wall will result in deflections of less than 1mm. The reaction
walls will provide an essential complementary facility for cyclic and dynamic testing of large frames
and structures using new dynamic sub-structuring systems. A portfolio of 30 dynamic actuators with
capacities of up to 1000kN will be available to load, for example, a full-scale multi-storey building
mounted on the strong floor.
In addition to the new shaking table and reaction wall facility in the EQUALS laboratory, the BLADE
philosophy of integrating all aspects of dynamics research will greatly enhance the existing
capabilities of Bristol in the field of Earthquake Engineering. The positioning of the central
Advanced Control and Test Laboratory (ActLab) is such that it has open access to the neighbouring
engineering laboratories housing the shaking table, reaction wall, structural dynamics and materials
test facilities. There is also provision within the ActLab for large-scale modular servo-hydraulic and
ac/dc electro-dynamic research equipment, including a fixed/variable displacement twin pump-set,
control hardware, reaction frames and cuboids, transducers and data acquisition/test hardware for the
development of new control technologies. This will create an environment where important research
results in control and engineering testing methodology that are being developed continuously can
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readily be implemented in the full-size test rigs in the EQUALS laboratory.
One example of the benefits of this integration of research areas has been the incorporation of minimal
control synthesis (MCS) algorithm in the EPSRC Earthquake Simulator. MCS allows adaptive
real-time control of dynamic test machines, including the capability of dynamic sub-structuring.
Shaking tables have inherent dynamic problems that MCS was designed to cope with, e.g. unknown
time varying parameters, non-linearities and multi-axis coupling. The impact of this research on the
more general concepts of advanced engineering test facilities and methods has been enormous, and has
opened up many new possibilities for enhanced testing techniques in the future. Under BLADE, the
MCS control is being applied to all the dynamic experimental rigs, including existing rigs for which a
retrofitting procedure has already been developed and proven. Currently we are looking to extend
the existing capabilities of MCS by bringing together the non-linear passivity analysis of MCS, model
reduction methods, real-time FE computation and non-linear materials testing methodology in
dynamic sub-structuring. We have already developed demonstration examples of the MCS
sub-structuring method, whereby a complete (emulated) system is decomposed into a real-time
numerical model and a physical (substructure) experiment.
The Material Test Laboratory and the Structural Dynamics Laboratory are being set-up to allow
multi-axial testing on materials such as soils or small components such as friction dampers. The
equipment being installed in the laboratories will allow the specimens to be subjected to conditions
similar to those seen in service, in order to develop accurate constitutive models for implementation in
numerical models of complete systems. Another role of the Structural Dynamics Laboratory will be
to marry together the adaptive control techniques from ActLab with the material constraints and
specifications from the Materials Testing Laboratory. The outcome will be predictive tools that
specify the boundaries of performance for substructure models. The benefit for the earthquake
engineering research community will be the development of methods allowing an overall reduction in
time – and hence cost – of experimental testing.
CONSTRUCTION OF THE NEW FACILITIES
The BLADE construction work essential involves the reconfiguring and refurbishment of the
basement of the main Faculty of Engineering building as well at two new builds. The work
programme started, in July 2002, with the decanting of most of the teaching and research laboratories
from their existing basement locations into temporary locations on other floors in the building. To
create space for this move all non-laboratory based teaching was moved into another building for the
duration of the build. Once this relocation was completed, demolition of the existing infrastructure in
the basement and enabling works for the two new builds started.
Of the two new buildings the EQUALS laboratory is the most unusual. The desire to incorporate
15m reaction walls and a deep pit for the relocated shaking table meant that the site of the building had
to be excavated down to bedrock before construction started (left Fig 3). This then allowed the
creation of a large test hall without increasing the overall height of the structure relative to the
surrounding buildings. The building itself is a steel framed structure with composite floors and
composite walls. The steel frame before concreting started can be seen in Fig. 3 (right). This frame
is now largely hidden within the composite concrete walls that form the reaction walls for the test hall.
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Fig. 3: The excavation for the new EQUALS laboratory (left) and the steel frame (right).
In order to make the 15m reaction walls as stiff as possible extra steelwork comprising 1m deep beams
at 1m centres (left Fig 5) has been cast within the concrete walls. The concrete of the reaction walls
is cast integrally with the 2m thick strong floor in the laboratory (Fig. 4) and the tops of the reaction
walls are connected to each other via another composite slab. This means that the end of the building
with the high reaction walls essentially forms five sides of a cube creating a very stiff structure
without the need to resort to very thick concrete walls.
The shaking table has been positioned towards one end of the laboratory away from the 15m reaction
walls but it is still surrounded by 5m reaction walls to allow simultaneous loading of a specimen on
the shaking table specimen by actuators on the reaction walls. The 300t reaction block for the table
can be seen right Fig. 5

Fig. 4: Reinforcement in the 2m thick strong floor showing details around the floor ducts.
The structure for the EQUALS laboratory was completed in September 2003 and the services,
hydraulic supplies, air conditioning etc. are currently being installed. The upgraded shaking table
will be moved to the new laboratory in February 2004.
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Fig. 5: Reaction wall steelwork before concreting (left) and shaking table reaction block (right).
The other new building, the Structural Dynamics laboratory, is a more conventional structure with a
test hall surrounded by research offices. This building incorporates several modular test rigs for
applying both static and dynamic loading to specimens across a very broad range of frequencies
covering the lower seismic frequencies and higher mechanical fatigue ranges.
The BLADE construction will be completed in February 2004. This will be followed by installation
and commissioning of new equipment and it is anticipated that test programmes using the new
facilities will commence from April 2004.
EARTHQUAKE ENGINEERING RESEARCH PROGRAMME
Several new research projects have already started that will utilize the new test facilities and make use
of the recent developments in substructuring techniques at Bristol.
Currently performance-based design concepts in earthquake engineering are being developed through
the vehicle of reinforced concrete reservoir intake towers. These are, typically, hollow circular or
rectangular towers, and stand in the reservoir to control the outlet of water to pipelines or hydroelectric
power stations. Intake towers play a vital role in dam safety, since loss of control of the reservoir can
lead to dam break and torrential flooding downstream. However, intake towers are relatively simple
cantilevered structures, and lend themselves to the development of basic techniques. Non-linear
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behaviour occurs through cracking of the reinforced concrete in flexure, or sometimes by rocking of
the tower on its foundation. A single degree of freedom model, having an assumed lateral
displacement profile, can represent the dynamic response of an intake tower. The onset of cracking
is controlled by the curvature strain, which is related to the assumed lateral displacement profile.
Thus, by controlling the lateral displacement, the engineer can control the onset of collapse. This
displacement-based design is a special case of the general systems-orientated performance-based
design techniques that Bristol is trying to develop. Displacement-based design offers improved
performance over conventional strength based design, since it looks at the complete behaviour of the
structure, rather than just local effects.
The ultimate performance of an intake tower, or any civil engineering structure, is when it collapses.
In reaching this point, the structure will have exhibited a non-linear force-deflection curve, which can
be expressed, instead, as a non-linear potential well. Considerable research has been published on
the problem of the dynamic escape from a non-linear potential well. The collapse condition
represents the escape from the well. Of principal interest to this current research is the
characterisation of the non-linear dynamic response up to collapse of a tower to a random transient
load. The solution to this problem requires a strong input from the applied non-linear mathematics
group and is an example of the way in which Bristol aims to engender a more collaborative approach
to dynamics research. Validation of the method being developed will involve cyclic load tests of
large scale models, using the newly developed dynamic sub-structuring facility to include
foundation-structure interaction effects, and dynamic shaking table tests.
Another research project that will be exploiting the facilities in BLADE is a project looking at the
problem of multiple support excitation of long span bridges. This project is using the latest real-time
adaptive control techniques developed at Bristol to perform studies of long span cable stay bridges and
long span irregular bridges. The dynamics of these types of bridges are significantly non-linear and
this project aims to verify existing analysis and existing design methodologies against high quality
experimental work. It is also hoped that we can develop new techniques that can simply assess the
performance of these types of structures. Tests of various bridge models will be performed first on
the shaking table to assess the synchronous behaviour of the bridges then a set of up to 6 actuators will
be used to subject the bridge supports to different input motions. The particular difficulty with this
type of testing is the significant interaction that can occur between the test specimen and the actuators
typing to load the specimen. By using adaptive control techniques it is possible to adjust the control
of each actuator so that it follows a prescribed motion regardless of the resistance of the specimen to
the loading. This is essential when the dynamics of the specimen can change during the test.
An extension of this type of testing is the development of substructure testing which in ongoing at
Bristol. Currently this research is being developed in a joint project between Oxford University and
Bristol University as well as in several laboratories throughout Europe as part of on EU research
programme. In essence sub-structuring will enable key parts of a structure to be modelled
experimentally, whilst the remainder is modelled numerically. A key element of the sub-structuring
technique is the link between the numerical and experimental parts. In Bristol we are using the MCS
adaptive control algorithm to create this link because the nature of the MCS model reference is
particularly suitable for sub-structuring. The initial large-scale experiments carried out on the
shaking table have been very encouraging. In these tests the behavior of a series of simple systems
has been successfully reproduced using the numerical-experimental sub-structuring technique in
conjunction with MCS control.
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Current plans to build and test a cantilever cable stayed bridge in the new EQUALS laboratory to
study cable-deck interaction will give us an opportunity to test our substructuring techniques on a
large scale model. In this case we hope to create a second physical model of the bridge cables but
replace the bridge deck with a numerical model coupled to actuators that will excite the ends of the
cables. By having two global models of the same structure, one being a complete physical model and
the other with just the cables modelled physically, it will be possible to compare the various
substructuring techniques being developed.
Because much of the research at Bristol is now multidisciplinary and often performed in collaboration
with other laboratories both in the UK and Europe we are planning to install a grid access point within
the BLADE site. This will allow the development of teleobservation and teleoperation facilities for
all the laboratories which will help to engender even more cooperation between research laboratories
worldwide.
The BLADE development is opening up many new areas of Earthquake Engineering research and
testing and with our continuing participation in the latest EU FP6 research framework we hope that
researchers from throughout Europe and further afield will soon benefit from the BLADE research
facilities at Bristol.
CONCLUSION
The Bristol Laboratory for Advanced Dynamic Engineering is the natural progression of the ongoing
integration of the proven engineering dynamics research at the University of Bristol. Bristol’s
long-term objective is to ensure world-wide recognition of BLADE as a leading centre of excellence
for expertise that spans the fundamental theories of non-linear dynamics and automatic control,
structural dynamics, servo-hydraulic control, ac/dc machine control, shaking table testing, reaction
wall testing, materials testing, real-time sub-structuring and parameter identification. In doing so, we
hope to create a resource that will play a significant role in earthquake disaster mitigation research
throughout the world.
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Abstract
This paper presents the progress of a NCREE’s research program on seismic retrofit of existing
bridges in Taiwan since 1998. The first phase of studies include testing and analyzing more than sixty
large-scale specimens which were designed and constructed to simulate the worst scenario of the
construction practice in Taiwan prior to 1987. Twenty-four of the test columns were used as the
benchmark for comparison with other specimens retrofitted or repaired using the carbon fiber
reinforced plastics (CFRP) jacketing, steel jacketing, and RC jacketing. Experimental results showed
that, in general, the retrofit methods used in the U.S. and Japan are effective also effective for the
existing RC bridge columns in Taiwan except for the cases of rectangular columns lap spliced at the
plastic hinge zone. More research effort is necessary to develop effective methods for RC columns
lap-spliced at the plastic hinge zones. Second phase of the study, starting from January 1, 2004, is
concerned with the use functional bearing systems to more economically retrofit existing bridges to
meet their seismic performance criteria.
INTRODUCTION
The first phase of a 4-years coordinated research effort on seismic retrofit of existing RC bridge
columns has been established at the National Center for Research on Earthquake Engineering
(NCREE) since 1998. Major objectives of this program are to develop effective seismic retrofit
methods of existing bridge columns in Taiwan due to (1) inadequate design strength, (2) inadequate
confinement at potential plastic hinge region, (3) inadequate shear strength due to large lateral steel
spacing, and (4) lap-splicing in the plastic hinge zone, etc., identified as some the most severe
weaknesses of the existing RC bridge columns for seismic hazard.. Observations of the bridge damage
during the 1999 Chi-Chi earthquake indicate that many existing bridges in Taiwan are indeed
vulnerable to major earthquakes and the coordinated research program conducted at NCREE is
necessary and urgent. This coordinated research program includes a master plan administrated by
NCREE and seven coordinated projects handled by the investigators from six universities and research
institutions. Results of this research program will provide a domestic test database for seismic bridge
engineering applications and to provide seismic retrofit guidelines for highway officials in Taiwan.
However, a detailed study of the reconnaissance reports of bridge damages observed in Chi-chi
earthquake shows that, however, the percentage of severe damage of bridge piers are relatively small.
The majority of damage occurred at the bearings, shear keys, restrainers, expansion joints and
abutments, generally referred as the “bearing systems” in this paper. Due to damage to the bearing
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systems, the inertial forces of the superstructure are not completely transmitted to the bridge piers,
thus reduces the chance of pier damage during a major earthquake.
In order to study the effect of bearing systems of the bridges under earthquake ground motions, the
second phase of a three-years coordinated research effort will focus on the newly defined “functional
bearing systems”, which, based on the performance-based design concept, will investigate the force
transmission mechanisms and acceptable damage sequence of bridges during a major earthquake, and
derive a new seismic retrofit strategy using bridge bearing systems.
EXPERIMENTAL PROGRAM
More than 60 large scale specimens were tested in the first phase study, including 24 bench-mark
specimens that were designed to represent typical pre- and after 1987 bridge columns in Taiwan. Cross
sectional dimensions of the rectangular columns and circular columns are 600mm by 750 mm and 760
mm diameter, respectively, roughly 2/5 scale of the prototype columns. The worst details that may be
expected in the existing bridges are assumed in the specimens, such as the double U-shaped transverse
reinforcements with large spacing, and the lap-spliced of main reinforcements at the plastic hinge zone.
Retrofit techniques used in the specimens include steel jacketing, FRP wrapping, and RC jacketing. In
addition, seismic performance of column-foundation connections, beam-column connections as well
as the wall type piers are also studied. Details of the test specimens are listed in Tables 1-3. Test
results show that all the retrofit measures used in the study are very effective for RC columns with
circular cross sections. They are, however, not very effective to the columns with rectangular cross
sections without enlarging the cross section into a circular or oval shape. Due to the page limit, only
the results of seismic retrofit study on rectangular RC bridge columns using FRP jacket is reported in
this paper.
RECTANGULAR RC BRIDGE COLUMNS USING FRP JACKET
Test Specimens
!

Flexural failure mode specimens

These specimens represent the benchmark and the CFRP wrapped, named as BMR2, BMR3, FR1, and
FR2 respectively. Specimen FR1 is retrofitted with 4 layers of FRP (0.55 ㎜) along the whole height.
For specimen FR2, it is retrofitted based on the ductility requirement of 6. This specimen is retrofitted
in the plastic hinged zone with 8 layers of FRP (1.1 ㎜), and the other areas are retrofitted with 2 layers
of FRP (0.275 ㎜).
!

Lap-spliced failure mode specimens

These specimens represent the benchmark, CFRP wrapped, and combined steel plate and CFRP,
named as BMRL100, FRL100, SFRL100, respectively. For specimen FRL100, one third of the
column height (1100 mm) is retrofitted with 8 layers of CFRP (1.1mm), and the other areas are with 4
layers. For specimen SFRL100, steel plates are attached to each column face before wrapping the
CFRP. Combining the steel plate, the cross section became a little close to oval-shaped. The curvature
of the shape is advantageous for FRP to produce inward confinement stress to prevent bond slip
failure.
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!

Shear failure mode specimens

These specimens represent the benchmark and the CFRP wrapped, named as BMRS and FRS,
respectively. In order to observe the ‘short column effect’, the column height is reduced. For specimen
FRS, it is retrofitted with 4 layers of FRP (0.55 ㎜) along the whole height.
EXPERIMENTAL RESULTS AND DISCUSSION
Figs. 1 to 9 show the lateral force and displacement relationships of the specimens. The sequence from
top to bottom is BMR2, BMR3, FR1, FR2, BMRL100, FRL100, SFRL100, BMRS, and FRS. It is
shown that both displacement ductility and energy dissipation in BMRL100 and BMRS are quite poor.
Compared to specimen BMRL100, it can be seen that specimen SFRL100 performs very well. Not
only it gets the 7.24 times of the dissipation energy of the specimen BMRL100, but also enhances 6.03
times of the displacement ductility, a value close to the flexural failure mode. This figure demonstrates
clearly that this retrofit method has a good potential in seismic retrofit of rectangular RC columns
lap-spliced at the plastic hinge zones.
CONCLUSIONS
!

Flexural failure mode

1. Test results show that failure of the flexural type specimen under larger axial load will result in
speeding up the degradation of strength and energy dissipation capacity.
2. Standard hoop arrangements can gain better confinement than the double-U shaped alternation
arrangement used in many existing bridges.
3. The retrofit efficiency of force-based design and displacement-based design is nearly the same. The
displacement ductility levels of 7 can be reached.
!

Shear failure mode

1.
2.

Brittle shear failure occurs due to insufficient transverse reinforcement spacing.
Retrofitted by wrapping FRP shows great performance in improving shear strengths, and
transfers the failure mode to flexural-shear type.

!

Lap spliced failure mode

1. Without enough confinement stress, bond slip occurred between the lap-spliced longitudinal
reinforcements and resulted in brittle failure.
2. Applying CFRP directly can’t provide enough confinement stress to increase frictional force
between the lap spliced longitudinal reinforcements.
3. A new method by attaching steel plates before wrapping FRP shows great potential in increasing
the confinement stress and energy dissipate capacity for rectangular RC members. The strength,
ductility, and energy dissipation capacity are also greatly improved. Further study is necessary to
better understand the mechanism and to determine the critical parameters for retrofit design
applications.
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Fig4. Hysteretic curve of specimen FR2
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Table 1 Detail of Benchmark Specimens

Failure
Specimen
Type

BMR1

Flexural

Shear

Cross
section

Height

(mm)

(mm)

750*600

3250

Longitudinal
reinforcement
Long.
Trans. Arrange- Cut off
Conc. f’c
Rein. fy Rein. fyh
ment
height
(f’cAg) (Mpa) (Mpa) (Mpa)
(mm)
(mm)
32-19Φ
0.1
25.97
490
490
--Material

Axial
Load

BMR2

750*600

3250

0.1

25.97

343

490

32-16Φ

BMR3

750*600

3250

0.15

25.48

343

490

32-16Φ

Transverse
reinforcement
Arrangement
PHZ.
Non-PHZ.
(mm)
(mm)
9Φ@100 9Φ@100

Note
Code
New

1800

9Φ@130

9Φ@240

Old

1800

9Φ@130

9Φ@240

Old

BMR4

750*600

3250

0.15

20.48

386.81

450.8

32-16Φ

1800

9Φ@230

9Φ@230

Old

BMR1-R

750*60

3250

0.15

22.05

436.79

450.8

34-19Φ

1800

9Φ@100

9Φ@100

New

BMC1

D=760

3250

0.15

25.97

490

490

34-19Φ

---

9Φ@70

9Φ@100

New

BMC2

D=760

3250

0.15

25.51

343.35

490.5

30-16Φ

1800

9Φ@130

9Φ@220

Old

BMC3

D=760

3250

0.15

21.29

387.2

451.26

30-16Φ

1800

9Φ@230

9Φ@230

Old

BMC4

D=760

3250

0.15

20.6

274.68

274.68

30-17Φ

1800

9Φ@130

9Φ@220

Old

SC1

D=760

3250

0.15

26

343.35

490.5

26-16Φ

1250

9Φ@140

9Φ@240

Old

SC1-R

D=760

3250

0.15

26

343.35

490.5

26-16Φ

1250

9Φ@140

9Φ@240

Old

FC1

D=750

3250

0.15

26

343.35

490.5

32-16Φ

---

9Φ@100

9Φ@100

New

---

9Φ@300

9Φ@300

Old

---

9Φ@300

9Φ@300

Old

FC4

D=750

3250

0.15

25.51

343.35

490.5

18-16Φ

BMRS

750*600

1750

0.15

16.67

421.83

412.02

30-19Φ

BMCS

D=760

1750

0.15

16.67

425.22

426.2

30-19Φ

---

9Φ@300

9Φ@300

Old

BMRL100 750*600

3250

0.15

16.67

421.83

412.02

30-19Φ

760

9Φ@130

9Φ@220

Old

Lap - BMRL50 750*600
splices BMCL100 D=760

3250

0.15

17.89

411.6

421.4

30-19Φ

760

9Φ@130

9Φ@220

Old

3250

0.15

19.99

425.22

426.2

30-19Φ

760

9Φ@130

9Φ@220

Old

BMCL50 750*600

3250

0.15

20.6

274.68

274.68

30-19Φ

760

9Φ@130

9Φ@220

Old

3250

0.15

16.67

421.83

412.02

8-25Φ

1530

9Φ@230

9Φ@350

Old

3250

0.15

16.67

421.83

412.02

8-25Φ

1530

9Φ@230

9Φ@350

Old

Wall
type

Foundation

SW
LW

1250*500
R=250
1250*500
R=250

RF0

245*180

450

0.05

25.2

423.1

423.1

25Φ@150

---

25Φ@150 25Φ@150

New

RF1

245*180

450

0.05

41.7

423.1

423.1

25Φ@150

---

25Φ@150 25Φ@150

Old

RF2

245*180

450

0.05

36.8

423.1

423.1

25Φ@150

---

25Φ@150 25Φ@150

Old

Total：24 benchmark specimens

289

Table 2 Retrofit & Repair methods of rectangular specimens
Failure Type

Retrofit / Repair Specimen Benchmark
FR1
BMR2
FR2
SR1
Flexural
BMR3
SR2
SR3
SR4
FRS
SRS1
Shear
BMRS
SRS2
BMRS-RC
FRL100
SFRL100
BMRL100
SRL1
Lap splices
SRL2
BMRL100-RC
BMRL50-RC
BMRL50
FSW
SW
Wall type
FLW
LW
Foundation
RF3
RF1
Total：19 rectangular retrofit/repair specimens

Note
FRP (8 layers)
FRP (4 layers)
Large octagon
Ellipse
Small octagon
Ellipse
FRP (4 layers)
Small octagon
Ellipse
RC (9cm)
FRP (8 layers)
FRP (layers)
Small octagon
Ellipse
RC (9cm)
RC (9cm)
FRP (2 layers)
FRP (2 layers)
RC (10cm)

Table 3 Retrofit & Repair methods of Circular specimens
Failure Type

Flexural

Shear

Retrofit / Repair Specimen
SC2
SC3
FC2
FC3
RCC2
BMC4-RC
SCS
FCS
FCS-1
FCS-2

Benchmark
SC1
BMC2
FC2
BMC2
BMC4

BMCS

FCS-3
SCL100
FCL100
FCL100-1
FCL100-2
Lap splices
FCL100-3
RCCL1
RCCL2
BMCL50-RC
Total：19 circular retrofit/repair specimen
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BMCL100

BMCL50

Note
Steel (3mm)
Steel (3mm)
FRP (4 layers)
FRP (4 layers)
RC (9 cm)
RC (9 cm)
Steel (3mm)
FRP (4 layers)
FRP (3 layers)
FRP (2 layers)
High Pressure
Epoxy injected
Steel (3mm)
FRP (6-2 layers)
FRP (4-2 layers)
FRP (6-2 layers)
FRP (6-2 layers)
RC (9 cm)
RC (9 cm)
RC (9 cm)

RECENT ADVANCES IN SEISMIC RETROFIT OF
RC STRUCTURES IN TAIWAN
Shyh-Jiann Hwang and Wu-Wei Kuo
Department of Construction Engineering
National Taiwan University of Science and Technology, Taipei, Taiwan
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Abstract
The poor performance of the old RC structures with substandard reinforcing details had been widely
observed during the Chi-Chi earthquake. Seismic retrofit of these numerous vulnerable buildings is
an important societal issue to be resolved. Concerns about the seismic response of existing structures
grew considerably and resulted in several programs to identify and mitigate seismic risk. This paper
reviews existing research on RC structures in Taiwan to identify findings that may be immediately
useful to the structural engineers in government and private practice who are working on seismic
retrofitting.
INTRODUCTION
The majority of structures in Taiwan do not meet current seismic code requirements, and many of
these structures are vulnerable to damage and even collapse in an earthquake. Concerns about the
seismic response of existing structures grew considerably and resulted in several programs to identify
and mitigate seismic risk. The 1999 Chi-Chi earthquake provided renewed impetus for seismic
rehabilitation of structures in Taiwan.
At least two significant challenges are posed by the goal to manage the seismic risk in Taiwan. The
first of these is to identify those structures that pose the greatest threat to life and property and for
which seismic upgrades can be implemented successfully. The second is to establish retrofit
guidelines that not only represent current knowledge on retrofit design and construction practice, but
that will also serve to educate the practicing engineer or other professional who may not have
significant experience in seismic rehabilitation.
This paper reviews existing research on RC structures in Taiwan to identify findings that may be
immediately useful to the structural engineers in government and private practice who are working on
seismic retrofitting.

291

SEISMIC STRENGTHENING OF RC BRIDGE COLUMN USING FRP LAMINATES
Objective and Scope
A retrofit scheme to strengthen a short column was designed and tested (Chang and Jong 2000). The
original column exhibited a shear-dominated failure. The retrofit scheme was addition of FRP
laminates. The performance is evaluated considering the failure mechanism and ductility capacity.
Summary and Significant Findings
Two reinforced concrete columns were tested: the column in its original form (BMRS) and the column
retrofitted with FRP laminates (FRS). The configuration and details of the each specimen are
presented in Fig. 1. Concrete strength was 16.7 MPa for BMRS and FRS.

Fig. 1: Specimens configuration and details
Details of the original column BMRS include light transverse reinforcement without cross tie (Fig. 1).
The response is elastic until a load of 714 kN (drift ratio of 1%), after which the strength degrades (Fig.
2).
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µ
Hy = 617 kN

Hy = 634 kN

Hmax = 714 kN

Hmax = 978 kN

N = 705 kN

N = 799 kN

µ

Fig. 2: Load displacement response of test specimens
Column FRS was jacketed using four layers of FRP sheets with a thickness of 0.1375 mm for each
(Fig. 1). The column showed excellent response with an increase in both lateral load carrying
capacity and drift ratio. Strength degradation did not begin until a drift ratio of 3.5% was reached.
Overall, the response of the column retrofitted with FRP laminates increased the shear strength to
provide a ductile failure mechanism.
SEISMIC RETROFIT OF RC CIRCULAR COLUMN WITH INADEQUATE LAP SPLICE
Objective and Scope
Spliced column bars found in older reinforced concrete buildings often have inadequate length for
tensile loading, poor confinement and may be poorly located. Retrofit technique using steel jacket
designed to improve the performance of such column was investigated experimentally (Hwang and
Guo 2000).
Summary and Significant Findings
Two columns were tested. The specimen details are presented in Fig. 3. Figure 4 presents the
hysteretic response for each specimen.
The test specimen was a cantilever with the longitudinal reinforcing bars spliced just above the footing.
The lap splice length of the original circular column BMCL100 corresponding to 40 bar diameters
(Fig. 3). The circular ties were spaced at a distance of 130 mm with two orthogonal cross ties for
each layer (Fig. 3). One nominally identical column SCL100 was retrofitted with steel jacket of 3
mm thickness. The jacket was placed 30 mm above the column base and extended 2920 mm (almost
entire column length; Fig. 3).
The original specimen BMCL100 exhibited a bond-dominated failure mechanism. The lap splice
failed at a lateral load of 352 kN, after which the specimen lost strength and stiffness (Fig. 4). The
retrofit column SCL100 showed excellent response with an increase in both lateral load carrying
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capacity and drift ratio.
4).

Strength degradation did not begin until a drift ratio of 5% was reached (Fig.

Fig. 3: Specimens configuration and details

Fig. 4: Load displacement response of test specimens

294

It is concluded that steel jacketing is quite effective in enhancing the seismic performance of the
column with its longitudinal reinforcement lapped at the plastic hinge zone.
SEISMIC RETROFIT OF BRIDGE COLUMN FOOTING BY ADDING RC OVERLAY
Objective and Scope
A retrofitting measure by adding the reinforced concrete overlay atop the existing footing to
strengthen a bridge column footing was designed and tested (Hwang and Jian 2000). The original
footing experienced a joint shear failure at the column footing connection. The retrofit scheme was
addition of RC overlay. The performance is evaluated considering the failure mechanism and
ductility capacity.
Summary and Significant Findings
Two reinforced concrete column footings were tested: the column in its as-built form (RF1) and the
footing retrofitted with RC overlay (RF3). The test setup is shown in Fig. 5. The configuration and
details of the each specimen are presented in Fig. 6. Concrete strength was 41.7 MPa for RF1 and
RF3.

Fig. 5: Test setup
Details of the original footing RF1 include insufficient anchorage of column bars and none of joint
hoop (Fig. 6). The maximum force-carrying capacity developed by RF1 was less than the nominal
flexural strength of column, indicating insufficient footing strength of RF1 (Fig. 7).
Retrofit column footing RF3 was strengthened by adding reinforced concrete overlay with a thickness
of 100 mm (Fig. 6). New concrete was connected with original footing by #4 dowels, as illustrated
in Fig. 6. The thickness 100 mm of the reinforced concrete overlay was chosen to cover up the
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deficiency in joint strength and to provide enough development length of the column longitudinal
reinforcement according to the ACI 318-95 Code (1995). As shown in Fig. 7, the retrofit column
footing RF3 developed higher strength and more ductile hysteretic behavior than the as-built column
footing RF1.

Fig. 6: Footing details

H y = 347 kN

µ

H y = 370kN

µ

H max = 473kN
Axial load = 550kN

H max = 385kN
Axial load = 500kN

Fig. 7: Hysteretic response of column footings
The test result of the retrofitted model column footing indicated that the reinforced concrete overlay
atop the existing footing is an effective retrofitting measure.
SHEAR ENHANCEMENT OF BEAM-COLUMN JOINT RETROFITTED WITH RC
JACKETING
Objective and Scope
Strengthening of seismically insufficient beam-column-joint subassemblages were studied
experimentally (Wang et al. 2003). Strengthening technique uses concrete jacketing. The retrofit
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aims to improve inadequate details such as lack of transverse joint reinforcement and insufficient shear
strength of joint.
Summary and Significant Findings
Two reinforced concrete exterior beam-column joints were tested: the specimen in its as-built form
(JE1) and the specimen retrofitted with a concrete column jacket (JER1). The configuration and
details of the each specimen are presented in Fig. 8. Concrete strength was 20 MPa for JE1 and
JER1, but the concrete strength for the column jacket was 41 MPa.

Fig. 8: Specimen configuration and details

Fig. 9: Load displacement response of test specimens
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Details of the original specimen JE1 include insufficient shear strength of joint and none of joint hoop
(Fig. 8). The original specimen JE1 exhibited a joint shear failure mechanism. The nominal
flexural strength of beam was never developed, indicating insufficient joint strength of JE1 (Fig. 9).
Retrofit specimen JER1 was strengthened by adding reinforced concrete column jacket with a
thickness of 100 mm for each face (Fig. 8). Column jacketing involved adding additional
longitudinal steel along the entire length and through the existing slab. No anchors were installed
between new and old concrete interface. As shown in Fig. 9, the retrofit specimen JER1 developed
higher strength and more ductile hysteretic behavior than the original specimen JE1.
The test results showed that the shear strength of the non-ductile beam-column joints was efficiently
enhanced by the concrete jacketing.
STRENGTHENING OF LOW-RISE RC BUILDINGS WITH WEAK FIRST STORIES
Objective and Scope
For the existing old low-rise RC buildings, the strength enhancement of the structures is the most
economical retrofitting strategy. A retrofitting measure by adding the reinforced concrete wing walls
to strengthen the weak first story was designed and tested (Hwang and Chang 2003). The response
of the original weak-first-story frame was found to be unsatisfactory due to inadequate detailing.
After the removal of damaged portions, the original frame was retrofitted with the addition of RC
wing walls. The performance is evaluated considering the lateral load strength and the failure mode.
Summary and Significant Findings
A two-story and two-bay non-ductile frame with RC wall throughout the second floor was tested
(NFL-W) to failure and then retested after retrofitting with RC wing walls (NFL-W/rc). The test
setup is shown in Fig. 10. The configuration and details of the each specimen are presented in Fig.
11. Concrete strength was 21 MPa for NFL-W.

Fig. 10: Test setup
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Details of the original frame NFL-W include the substandard reinforcing details such as the
beam-column joints without ties, the columns with inadequate lap splices located in the high moment
regions, and the insufficient transverse reinforcement in the columns with unreliable 90∘end hooks
(Fig. 11). The maximum force-carrying capacity developed by NFL-W was 402 kN (Fig. 12) and the
shear failures coupled with bond splitting were observed in the base of columns.

Fig. 11: Specimen configuration and details

Fig. 12: Load displacement response of test specimens
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Retrofitted frame NFL-W/rc was strengthened by adding reinforced concrete wing walls with a
thickness of 200 mm (Fig. 11). As shown in Fig. 12, the retrofit frame NFL-W/rc developed stiffer
response and higher strength than the original frame NFL-W. The addition of wing wall can also
prevent the failure of beam-column joint as well as the splitting of lap splice in the column base.
Based on the experimental observation, the retrofitting with wing walls is quite effective in increasing
seismic strength for the low-rise RC buildings with weak first stories.
CONCLUSIONS
The poor performance of the old RC structures with substandard reinforcing details had been widely
observed during the Chi-Chi earthquake. Seismic retrofit of these numerous vulnerable buildings is
an important societal issue to be resolved. Above problems will be further complicated by a
near-field ground motion such as Chi-Chi earthquake. Moreover, the lack of analytical tools may
jeopardize the development of the performance-based retrofitting for older RC structures.
International collaboration to broaden the research program is needed.
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Abstract
Located at Nantou Country, Gi-Lu Bridge is a modern designed pre-stressed concrete cable-stayed
bridge, which crosses the longest river (Juosheui River) in Taiwan. With two 120-meter spans and
harped sixty-eight cables, the bridge is supported by a single pylon and two bents at the ends of the
spans. On September 21, 1999, near upon the constructional completion of Gi-Lu Bridge, a
significant earthquake (Gi-Gi Earthquake) with 7.3 ML magnitude seriously struck the central part of
Taiwan. For only three kilometers away from the epicenter, the bridge underwent very strong ground
shaking and its several structure members broke: one cable fell onto the deck, the protective layer of
the pylon peeled off, the cap beams of the two side-span bents were ruined by the pounding force of
the deck and the bents, and between the anchors and anchor seats, steel plates bent seriously: it was
believed that the cable forces had redistributed. After the main shock, the emergency repair work
was implemented immediately, and most of the repair work was finished by July, 2001. However,
more different than expected, the recondition work of the cable-system is still put off up to now. To
prepare the future repair work of the cable system, the owner, Directorate General of Highways,
entrusted the cable system investigation to National Center for Research on Earthquake Engineering
(NCREE). The above-mentioned is the subject for this paper. From the view point of structure
engineering, Gi-Gi Earthquake had serious damaged the bridge and the cable forces had redistributed;
therefore, the identification of the present cable forces is the primary and fundamental study. In this
paper, using the in-suit experiment data, the authors will quantify the mechanical property of the
cable-system. At the end of this paper, according to analysis result, several engineering suggestions
concerning the cables’ recondition project will be proposed.
INTRODUCTION
Located at Nantou Country, Gi-Lu Bridge is a modern designed pre-stressed concrete cable-stayed
bridge, which crosses the longest river (Juosheui River) in Taiwan. As shown in Fig.1 and Fig.2, the
bridge has a single pylon (58 meters height above the deck), two rows of harped cables (68 cables in
total), and a streamline-shape single box girder. With 2.75 meters in depth and 24 meters in width,
the box girder rigidly connects with the pylon and spans 120 meters to each side span. On September
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21, 1999, near upon the constructional completion of Gi-Lu Bridge, a significant earthquake (Gi-Gi
Earthquake) with 7.3 ML magnitude seriously struck the central part of Taiwan. For only three
kilometers away from the epicenter, Gi-Lu Bridge underwent very strong ground shaking and several
of its structure members broke: one cable fell onto the deck, the concrete cover of the pylon peeled off,
the cap beams of the two bents were ruined by the pounding force of the deck and the bents, the girder
near the pylon buckled, and several steel plates between the anchors and anchor seats bent seriously: it
was believed that the cable forces had redistributed. Gi-Lu Bridge became the first earthquake
damaged cable-stayed bridge in the world.
After the main shock, the emergency repair was implemented immediately to support the bridge for
the following aftershocks’ striking, and all the mending of the concrete structure had been finished by
July, 2001. Nevertheless, the repair of the cable system is still put off up to now because the status of
this bridge is unknown and the ways to repair the cable system is not clear. In order to partly relieve
the pressure of local traffic demand for small cars and to prepare the future repair work, the owner
Directorate General of Highways entrusted National Center for Research on Earthquake Engineering
(NCREE) in July 2002 with an in-suit loading test and the investigation of the cable-system and the
bridge. The above-mentioned is the subject of this paper. From the view point of structural
engineering, Gi-Gi Earthquake had serious damaged the bridge and the cable forces had redistributed;
therefore, the identification of the present cable forces is the primary and fundamental study. In the
following article, using the in-suit experiment data, the authors will quantify the mechanical property
of the cable-system, and at the end of this paper, according to analysis result, several suggestions
concerning the cables’ recondition project will be proposed.
CONTENT OF THIS PAPER
The purpose of this paper is to more precisely identify the status of all cables and the bridge itself.
Compared with String Vibration Theory, the dynamic behavior of a real cable system is much more
complex: many physical factors are not considered in String Theory, such as gravity, moment inertia,
rubber damping effect, boundary condition and temperature effect. To roughly describe the
difference between String Theory and a real cable system, the following equation can be used:
Real cable force ≈ String Theory estimation–gravity effect–moment inertia effect–boundary condition effectdamping rubber effect (± temperature effect consideration)
(1)

Equation (1) indicates that the force estimation by String Theory (T=4×w×f1l2/g) tends to be greater
than the true force since those factors increase the fundamental frequency of a cable. The
above-mentioned qualitatively describes the difference between String Theory and a real system. In
the following article, “inverse-problem” techniques will be adopted to more precisely analyze the
cable forces. For concise demonstration, a shortest cable, a longest cable and a middle-length cable
will be considered, and for comparison, the identified cable forces will be compared with the result by
practical formulas [1]. Finally at the end of this paper, the whole cables will be globally examined and
suggestion together with a bridge model concerning re-prestressing the cables will be proposed.
BASIC DATA AND YOUNG’S MODULUS ANALYSIS OF THE CABLES
Basic Datum of the Cables
As shown in Table 1, all basic data about the cables are listed. Table 1(a) is the cables’ labels with
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relative positions; Table 1(b) is the number of wire cords in each cable; Table 1(c) the density the
cables; Table 1(d) the designed length; Table 1(e) the angle of elevation; Table 1(f) the designed cable
force at the third construction stage (final stage).
Young’s modulus Analysis of the Cables
Young’s modulus is one of the most fundamental parameters concerning materials’ behavior. To
make sure the Young’s modulus of the cables is primarily important for analyzing the cable forces;
therefore, some experiment on the cable is implemented. In the girder, the authors hit anchors by
wooden rods to generate longitudinal wave, and velocimeters are attached to the cables to measure the
longitudinal vibration. Then according to spectrum analysis and theory of wave propagation in rods,
the Young’s modulus of the cables can be calculated by the following equation:
V=

E

ρ

= 2 × L × f1

(2)

where V is the speed of wave propagation, L is the length of cable, f1 is the first dominant frequency.
For Cable R33, the calculated Young’s modulus is 1.87E11 N/m2; and 1.83E11 N/m2 for both Cable
R25 and Cable R17. In the following article, 1.87E11 N/m2 is adopted for the analysis of all
sixty-eight cables.
SYSTEM IDENTIFICATION ON ONE OF THE SHORTEST CABLES
In this section, by signal spectrum analysis and FEM analysis, the transverse vibration signal (on
gravity plane) are applied to identify the cable force, sectional moment inertia and boundary condition
of Cable L1. The signal spectrum of Cable L1 is shown in Fig.3 and two major features are observed:
firstly the intervals between two sequential dominant frequencies gradually increase with the order
number; secondly a smaller peak is located around 4.8Hz (this small peak is caused by the vibration of
the pylon). Concerning the former, String Theory must not satisfy the experiment result since the
dominant frequencies in the theory group as an algebraic series which is derived from the following
equation:

T=

4w
( f nl) 2
n2 g

(3)

where T is the cable force, g is the gravity acceleration，n is the order number of dominant
frequency，fn is the nth dominant frequency. With no doubt, the moment inertia of the cable helps
with the increasing intervals of the dominant frequencies. However, once the moment inertia is
involved, what kind of boundary condition is suitable for the real system? Hinges, fixed ends, or
hinges with rotational springs? In summary, the cable force, the moment inertia and the boundary
condition all need to be analyzed.
Influence of Boundary Condition
As the above-mentioned, String Theory can not simultaneously agree with the five observed
frequencies on Fig.3
It’s possible to fit those frequencies if a beam model is adopted to simulate
Cable L1. Assume the gravity effect can be neglected for the shortest cables; a beam model for
Cable L1 is created according to its density and designed length on Table 1(c) and Table 1(d). Two
ideal boundary conditions are considered: hinges and fixed ends. Then the study becomes an
optimization problem searching for the “best” cable force parameter and moment inertia parameter so
that the created model can satisfy the observed, unequal-spaced dominant frequencies. Table 2 lists
two parameter sets for the two ideal boundary conditions. To surprise, the two models both satisfy
the experiment, but there is 14% difference in the cable force. This means that the 14% cable force
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can’t be determined solely from the vibration signal, and the 14% cable force relates with the
boundary condition of the anchor system.
Consider the following conjecture. Given a hinge with a rotational spring at each end of L1 cable, no
matter what the stiffness is, there exists an optimized parameter set which satisfies the observed
unequal-spaced dominant frequencies. In other words, both the cable force and the moment inertia
are function of the stiffness of the rotational spring. Fig.4 illustrates such a relationship; both hinge
end and fixed end are two extreme cases, and the real anchor system could be any point on the line.
In the next section, the equivalent stiffness of the rotational spring for the anchor system will be
studied, and the cable force will be determined.
Anchor System Analysis
In this section the anchor system will be analyzed by FEM, and a curve regarding the anchor’s
equivalent rotational stiffness under various axial forces will be established. Then such this curve
will be incorporated into Fig.4 to determine the cable force of Cable L1.
Fig.5 shows the anchor system FEM model: Fig.5 (a) about the anchor, the anchor seat and the
boundary, Fig.5 (b) about the mesh, and Fig.5 (c) about the structure relationship between each
component. Both the anchor and anchor seat are measured in-suit, and the material properties of
concrete and steel plates are assumed to be those in the designed blueprint. The components contact
with each other, and the friction coefficient is assumed to be 0.2; therefore the equivalent rotational
stiffness is function of the axial force (cable force) applied on the anchor. Two steps are used in the
analysis: (1) Apply certain axial force on the anchor. (2) Give a disturbance moment on the anchor and
calculate the equivalent rotational stiffness according to the following expression:

Kθ =

∆M
∆θ

(4)

Fig.6 draws the curve about equivalent rotational stiffness under various cable forces. Finally, both
Fig.4 and Fig.6 incorporated into Fig.7, two curves intersect and yield the cable force: 3.07E6 N, just a
little bit larger than the fixed-end case. Another phenomenon is concerned and predicted: the longer
the cable length is, the smaller the ∆T/T ratio on Fig.7 shall become. Based on the above analysis, in
the following cases, all the boundary conditions are assumed to be fixed ends for convenience.
SYSTEM IDENTIFICATION ON ONE OF THE LONGEST CABLES
By comparing signal spectrum with the characteristic frequencies in FEM model, the cable force, the
moment inertia, and the sag of Cable R34 will be identified in this section.
Fig.8 shows the signal spectrum of Cable R34 and lists twenty-three dominant frequencies. About
this figure, two major features are observed: (1) Double f1 is lager than f2. (2) The intervals between
two sequential dominant gradually increase with the order number of dominant frequencies. The
latter feature can be explained by moment inertia; however, the former feature is contributed by
gravity effect. In the following analysis, a model considering “gravity effect,” “geometry
nonlinearity,” and “moment inertia” will be analyzed and optimized to satisfy the observed
twenty-three dominant frequencies on Fig.8.
All the basic data about Cable R34 are listed on Table 1. For convenience, some known physical
parameters are described as follows: (1) Angle of elevation 26o. (2) Designed length 126.42 m. (3)
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Length density 47.9kg/m. (4) Young’s modulus 1.83E11 N/m2. (5) Cross section area 0.0060 m2. (6)
Gravity 9.81m/sec2. In the analytical model, the whole structure is subjected to gravity and fixed-end
boundary conditions, and the cable is composed of one thousand beam elements.
Having established the analytical model, the remaining task is searching the “best” solution of the
cable force and the moment inertia so that the optimized model agrees with the observed twenty-three
dominant frequencies. Through the optimization process, the identified cable force is 1.66E6 N, and
the identified moment inertia is 5.0E-6 m4. The configuration of Cable R34 is shown in Fig.9; the
sag at the middle is 49 cm, and the cable force is only 91.4% (1.66E6 N/ 1.81E6 N) of the force
estimated by String Theory. Table 3 lists the dominant frequencies in both the experimental result
and the analytical result. Good agreement is achieved.
SYSTEM IDENTIFICATION ON ONE OF THE MIDDLE-LENGTH CABLES
By comparing signal spectrum with the characteristic frequencies in FEM model, the cable force, the
moment inertia and the sag of Cable R17 will be identified in this section.
Fig.10 shows the signal spectrum of Cable R17 and lists twelve dominant frequencies. About this
figure, two major features are observed: (1) Double f1 is almost equal to f2. (2) The intervals between
two sequential dominant frequencies gradually increase with the order number (f3 - f2 = 1.7325 Hz、f7 - f6
= 1.7781 Hz、f11 – f10 = 1.8865 Hz). Still, the second feature can be explained by moment inertia, while
the former feature suggests that this system is close to String Theory. In the following analysis, a
model considering “gravity effect,” “geometry nonlinearity,” and “moment inertia” will be analyzed
and optimized to satisfy the observed twelve dominant frequencies on Fig.10.
All the basic data about Cable R17 are also listed on Table 1. For convenience, some known
physical parameters are described as follows: (1) Angle of elevation 31o. (2) Designed length 76.41 m.
(3) Length density 47.9Kg/m. (4) Young’s modulus 1.83E11 N/m2. (5) Cross section area 0.0060 m2.
(6) Gravity 9.81m/sec2. In the analytical model, the whole structure is subjected to gravity and
fixed-end boundary conditions, and the cable is composed of one thousand beam elements.
Having established the analytical model, the remaining task is searching the “best” solution of the
cable force and the moment inertia so that the optimized model agrees with the observed twelve
dominant frequencies. Through the optimization process, the identified cable force is 3.26E6 N, and
the identified moment inertia is 5.0E-6 m4. The configuration of Cable R17 is shown in Fig.11; the
sag at the middle is 8.8 cm, and the cable force is 97% (3.26E6 N/3.36E6 N) of the force estimated by
String Theory. Table 4 lists the dominant frequencies in both the experimental result and the
analytical result. Good agreement is achieved.
COMPARISON WITH THOSE FORCES CALCULATED BY PRACTICAL FORMULA
In 1996, Hiroshi Zui, Tohru Shinke and Yoshio Namita proposed a set of formulas for the calculation
of cable forces [1]. Under the assumption of fixed-end boundary conditions, they derived a set of
practical formulas in the aim that field engineers can quickly and directly calculate cable forces.
What an engineer need is the signal spectrum, cable sag, angle of elevation, and some fundamental
data, such as Young’s modulus, moment inertia, cross section area, and density. However, it is not
an easy task to measure the sags of all cables. In addition, cables are composed of wire cords, and
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how to calculate the equivalent moment inertia under different cable forces is a problem. However,
based on the previous study in this paper, both the sags and equivalent moment inertia have been
identified in the three cases; therefore, the practical formula is applicable to check the FEM results.
The formulas are shortly described as follows:
if 3 ≤ Γ

T=

4w
c
c
( f1l ) 2 [1 − 2.20 − 0.550( ) 2 ]
g
f1
f1

17 ≤ ξ

(5)

6 ≤ ξ ≤ 17

(6)

0≤ξ ≤ 6

(7 )

60 ≤ ξ

(8)

17 ≤ ξ ≤ 60

(9)

0 ≤ ξ ≤ 17

(10 )

c
4w
( f1l ) 2 [0.865 − 11.6( ) 2 ]
g
f1
c
4w
2
T=
( f1l ) [0.828 − 10.5( ) 2 ]
g
f1
T=

if Γ ≤ 3

w
c
c
( f 2 l ) 2 [1 − 4.40 − 1.10( ) 2 ]
g
f2
f2
w
c
c
T = ( f 2l ) 2 [1.03 − 6.33 − 1.58( ) 2 ]
g
f2
f2
w
c
T = ( f 2 l ) 2 [ 0 .882 − 85 .0 ( ) 2 ]
g
f2
T=

where
c=

EIg
wl 4

ξ=

T
0.31ξ + 0.5
wl
l Γ=
(
)
3
5
EI
128 EAδ cos θ 0.31ξ − 0.5

, and some symbols are defined in Fig.12.
Verification on Cable L1
A=0.00756m2， E=1.83e11N/m2， I=17.55E-6 m4，
g=9.8 m/sec2， l=29.3 m
， f1=4.12 Hz
θ=55/360×2×π，ρ=61.2 kg/m ， w=ρg。
Calculate the c parameter：
c=

EIg
= 0.2673
wl 4

Apply Equation(5)：
T= 3.05E6 N
Check ξ：
ξ = 28.5061 (O.K.)

Verification on Cable R34
A=0.0060m2， E=1.83E11N/m2， I=5.0E-6 m4，
g=9.8 m/sec2，l=126.4 m，f1=0.769 Hz、f2=1.499 Hz
θ=26/360×2×π， ρ=47.8 kg/m ， w=ρg，
lo=l×cosθ
， s=0.49 m
， δ=s/lo。
Calculate the c parameter：
c=

EIg
= 0.0087
wl 4

Apply Equation(8)：
T= 1.6723E6 N
Check ξ and Γ：
ξ = 170.6

Γ=2.5939<3 (O.K.)

Verification on Cable R17
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A=0.0060m2， E=1.83E11N/m2， I=4.57E-6 m4，
g=9.8 m/sec2， l=76.4 m
， f1=1.732 Hz ，
θ=31/360×2×π， ρ=47.8 kg/m ， w=ρg
，
。
lo=l×cosθ
， s=0.088 m ， δ=s/lo
Calculate the c parameter：
c=

EIg
= 0.0227
wl 4

Apply Equation(5)：
T= 3.25E6 N
Check ξ and Γ：
ξ = 150.7

3<Γ=12.2

(O.K.)

The cable forces from the above calculation are almost identical to those by the FEM optimization
analysis. This means that, at least, the results by the practical formulas are consistent with the results
by the identification procedure in this paper. In addition, it’s unnecessary to measure the sag and to
get the moment inertia of a cable in advance when the identification procedure is applied.
DISCUSSION ON THE PRESENT CABLE SYSTEM AND SUGGESTIONS ON THE REPAIR
PROJECT
By the identification technique, all the 68 cables are identified. Table 5 lists the identified cable
forces, the designed cable forces, and the ratio of difference. Two features are observed from Table 5.
Firstly, those cable forces around the Cable L14 are obviously greater than the designed. Secondly,
those cable forces near the two side spans are much lower than the designed. Therefore the cable
forces around the middle spans, in general average, are larger than the designed. From the above
observation, it is suggested that Cable L14 should be set up first in the repair project. Then it is
recommended to strengthen those cable forces near the two side spans. The purpose of these
suggestions is to gain a better balance status for the replacement of other cables. Besides, for
practically monitoring the cable force in each cable during the repair engineering, this study has built
up a series of figures (such as Fig.13) which draw the relationship between the cable forces and the
fundamental frequencies, dot the present status of each cable, and mark ± 10% region centering
around the designed force. Finally, as shown in Fig.14, a bridge model incorporating all the present
cable forces and the present deck elevation has been built up. This bridge model, together with the
above-mentioned figures, is intended to aid the repair project.
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Table 1(a)：Label of Cables Table 1(b)：Number of wire cords
Table 1(c)：Density
Table 1(d)：Designed Length Table 1(e)：Angle of Elevation Table 1(f)：Designed Cable Force
Table 1(a)

Table 1(b)

Table 1(c)

Table 1(d)

Table 1(e)

Table 1(f)

Table 2: Optimized Parameters for the Two Ideal Boundary Conditions
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Table 3：Dominant frequency Comparison between

Table 4：Dominant frequency Comparison between

the Experiment and Analysis for R34 Cable

the Experiment and Analysis for R17 Cable

Table 5: Identified Cable forces, Designed Cable
Forces, and Ratio of Difference
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Fig. 1: Top View and Side View of
Gi-Lu Cable-Stayed Bridge

Fig. 5(a): Anchor, Anchor Seat and Boundary

Fig. 2: Cross Section of the Box Girder
Fig. 5(b): The Mesh

Fig. 3: Spectrum Analysis of Cable L1

Fig. 5(c): Assembly of Each Component

Fig. 4: Relationship between the Moment Inertia
and the Cable Force of Cable L1

Fig. 6: Equivalent Rotational Spring under
Different Cable Force
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Fig. 11: Identified Configuration of Cable R17
Fig. 7: Incorporation both Fig. 4 & Fig. 6, and
the Cable-Force Solving of Cable L1

Fig. 12: Symbol Definition of a Cable
Fig. 8: Signal Spectrum of Cable R34 and the
Twenty-Three Dominant Frequencies

Fig. 9: Identified Configuration of Cable R34

Fig. 13: Present Status and the Relationship
Curve between the Cable Forces vs. the
Fundamental Frequencies of Cable R29, R30,
L29, L30

Fig. 10: Signal Spectrum of Cable R17 and the
Twelve Dominant Frequencies

Fig. 14: Gi-Lu Bridge Model Intended to Aid the
Repair Project (Incorporating all the Present
Cable Forces and Deck Elevation)
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SEISMIC RETROFIT OF HOLLOW BRIDGE PIERS
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Abstract
This paper reports that circular and rectangular hollow bridge piers retrofitted by carbon
fiber-reinforced plastic (CFRP) sheets were tested under a constant axial load and a cyclic reversed
horizontal load to investigate their seismic behavior, including flexural ductility, dissipated energy,
and shear capacity. An analytical model is also developed to predict the moment-curvature curve of
sections and the lateral load-displacement relationship of piers. Based on the test results, the seismic
behavior of such piers is presented. The test results are also compared to the proposed analytical
model. It was found that the proposed analytical model could predict the lateral load-displacement
relationship of such piers with acceptable accuracy. All in all, CFRP sheets can effectively improve
both the ductility factor and shear capacity of hollow bridge piers.
INTRODUCTION
To maximize structural efficiency in terms of the strength/mass and stiffness/mass ratios and to reduce
the mass contribution of the pier to seismic response (Priestly et al. 1996), it has been a popular
engineering practice to use a hollow section for bridge piers, especially for tall piers. In contrast to the
popularity in practice, researches on the structural behavior of hollow piers are limited. In the past two
decades, Mander (1983) conducted an experimental investigation on four hollow column specimens;
Whittaker et al. (1987) and Zahn et al. (1990) reported tests on hollow circular concrete columns;
Taylor et al. (1994) studied the static behavior of thin-walled box piers; Matsuda et al. (1996)
performed seismic model tests on hollow piers.
Since 1997, Mo (1998) has been proceeding with a series of both experimental and analytical
investigations into the structural behavior of hollow reinforced concrete columns with an emphasis on
the effect of the transverse steel configuration of hollow columns of Taiwan. The flexural response
was investigated and the analytical models for prediction have been proposed (Yao 1998; Wang 1999).
The shear behavior was also studied (Mo and Jeng 1999). More recently, Yeh et al. (2001; 2002a; b)
reported tests on full-scale rectangular and circular hollow reinforced concrete bridge piers.
Recent earthquakes such as the Northridge of 1994, Kobe of 1995, and Taiwan of 1999, have
repeatedly demonstrated the vulnerabilities of older reinforced concrete piers to seismic deformation
demands and shear strength. Many techniques that have been implemented into the retrofit design
process have been based mainly on experimental testing of scaled models of bridge structures.

313

Recent tests have shown that strengthening bridge piers with anyone of steel jackets (Aboutaha et al.
1999), fiber glass/epoxy jackets ( Saadatmanesh et al. 1996; Xiao and Ma 1997), FRP composite
jackets (Seible et al. 1997; Gergely et al. 1998), and CFRP sheets applied on hollow sections (Mo et al.
2004; Yeh and Mo 2004) significantly improves the flexural and shear strengths and increases the
ductility of the piers.
The primary objective of this paper is to present the results of an investigation on hollow piers (Fig. 1)
retrofitted with CFRP sheets. An analytical model incorporating the effect of CFRP sheets is also
presented to predict the lateral loading characteristic for hollow piers. The moment-curvature
relationship for the hollow section of a pier wrapped by CFRP sheets is firstly determined. Then the
nonlinear lateral load-displacement relationship for hollow piers can be obtained accordingly. Also,
observed experimental results from tests on two large-scale piers aimed at the confinement and shear
behavior are compared to those from the proposed analytical model. The analytical model is found to
be able to reflect the experimental results rather closely.

Fig. 1: Cross sections: (a) RPI and PI2; (b) RPI-C and PI2-C
ANALYTICAL MODEL
Constitutive Laws of Materials
In this investigation, the confining pressure of CFRP sheets to confined concrete is incorporated so the
Mander et al. (1988a; b) model is employed in the analysis. The confining pressure provided by CFRP
sheets and lateral steel reinforcement can increase the strength and elastic modulus of confined
concrete. A typical monotonic stress-strain curve of reinforcing steel consists of three segments,
namely, elastic linear branch, yield plateau, and strain hardening branch. The well-known Bauschinger
effect and the low-cycle fatigue effect (Mander et al. 1994) are also taken into account in the
analytical model.
Moment-Curvature Analysis
Based on the equilibrium of internal forces of the cross section and the assumption of the linear
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distribution of normal strain (plane section remains plane after bending), the section characteristic is
determined by conventional moment-curvature analysis for a cross section of RC members iteratively.
Through this analysis, such sectional properties for the crack state, yield state, and ultimate state are
obtained in the ascending branch, and a trilinear idealization (Mo 1994) can be made.
Load-Displacement Relationship
The displacement of piers is contributed from the flexural deformation and shear deformation. When
piers are short or moderately long, the shear displacement needs to be considered. The method to
determine both the flexural and shear displacements is explained below.
Flexural displacement
When the moment-curvature relationship is obtained, the load-displacement relationship can be
determined by the moment area method and the curvature diagram of the column. The
load-displacement relationship can be divided into the ascending and descending branches. The
ascending branch can be represented by three states, namely, crack state, yield state and maximum
state. Calculations for the load and corresponding displacement for each of the three states have been
explained by Mo (1994). And calculations for the load and corresponding displacement for the
descending branch have been explained by Yeh et al. (2001; 2002a; b).
Shear displacement
The shear displacement can be expressed as
L

L

0

0

δ v = ∫ ε v dl = ∫ P (GA) c dl

(1)

where L is the length of the pier; ε v = shear strain; P = shear force; and (GA) c is the cracked
shear stiffness. It was assumed that the elastic uncracked shear stiffness is reduced in proportion to the
flexural stiffness to account for the influence of cracking, which was suggested by Priestley et al.
(1994). The load and corresponding shear displacement have been explained by Yeh and Mo (2004).
SHEAR CAPACITY
Three approaches to estimate the shear capacity are used, including ACI 318-95 Code Provisions,
UCB model (Aschheim et al. 1992), and UCSD model (Priestley et al. 1993). The predicted results by
the three approaches are compared with the experimental data. Except for the ACI 318-95 approach, it
is recognized that the shear capacity varies with the displacement ductility factor. So the shear
capacity is calculated point by point along the load-displacement curve. Considering the contribution
of CFRP sheets, UCSD model (Seible et al. 1997) is adopted in this paper to estimate the shear
capacity of reinforced concrete columns wrapped by CFRP sheets.
EXPERIMENTAL PROGRAM
Two CFRP-retrofitted reinforced concrete hollow piers (Yeh and Mo 2004) were tested under a
constant axial force varying from 0.15 to 0.19 f c' Ag and a cyclic reversed horizontal load. These two
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specimens were compared with non-retrofitted specimens PI2-C (Yeh et al. 2001) and PI2 (Yeh et al.
2002b).
Specimens
Except the requirement of the lateral reinforcement, the column and foundation of each of the
specimens were designed according to the seismic provisions (ACI 1995). Properties of the specimens
are shown in Table 1. Fig. 1 indicates the dimensions of the cross section of the specimens. The
diameter of the circular columns and the width of the square columns are 1500 mm; the length and
wall thickness of the hollow piers are 3.5 m and 300 mm, respectively. In this paper the spacing of the
confining reinforcement does not satisfy both the design requirements of ACI (1995) code, and the
requirements to prevent buckling of longitudinal rebars suggested by Priestley et al. (1996), in which
the spacing needs to be less than six times the diameter of longitudinal rebars. The provided shear
reinforcement of the specimens with an expected shear failure is much less than that required by the
ACI (1995) code. The character in the specimen designation, R or P, represents retrofit or prototype,
respectively. As shown in Table 1, the second character I represents insufficient shear reinforcement
when compared to the requirements of the ACI code. The last character C means the circular section.
Specimen name without the last character C means the rectangular section.
Table 1: Properties of specimens

Specimen

fc’

Pe

(MPa)

(kN)

L
Pe

(m)

Longitudinal

Transverse

reinforcement

reinforcement

fy

fu

(MPa)

(MPa)

’

fc Ag

ρl

fy

Spacing

(MPa)

(mm)

ρs

RPI*

18.0

3900

0.15

3.5

420

634

0.0169

413

200

0.00636

PI2

32.0

3600

0.078

3.5

418

626

0.0169

420

200

0.00636

RPI-C*

18.0

3900

0.19

3.5

420

634

0.0215

413

200

0.00707

PI2-C

30.9

3600

0.103

3.5

418

626

0.0215

420

200

0.00707

f

'
c=

concrete compressive cylinder strength; Pe = axial load; Ag = gross area of section; L = column

length; f y = steel yield strength; f u = steel ultimate strength;

ρ l = ratio of longitudinal

reinforcement area to gross concrete area; and ρ s = ratio of volume of transverse reinforcement to the
core volume confined by the transverse reinforcement.
*: specimen retrofitted by CFRP with thickness 0.55mm
Test Setup and Loading Sequence
As shown in Fig. 2, the specimen was mounted vertically on the reinforced concrete foundation, and
the end of the specimen was held by two hydraulic jacks that provide a constant axial force of 3900
kN. Under the hydraulic jacks, the specimen was loaded by three actuators that were horizontally
mounted to a reaction wall. Each actuator has a capacity of 1000 kN and is capable of moving the
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specimen 500 mm in both push and pull directions corresponding to a column drift (ratio of horizontal
displacement to column length) of 14.3%. Each specimen was instrumented with load cells,
displacement transducers, and strain gauges to monitor displacements and corresponding loads as well
as strains and relative deformations. A set of potentiometers were mounted on the side face of the pier
parallel to the loading direction to measure vertical, horizontal, and diagonal deformations of the
specimen and thus to evaluate the shear deformation (Priestley et al. 1994). The specimens were tested
under displacement control according to a predetermined drift percentage. In each case the
displacement cycle was repeated to measure the strength degradation.

Fig. 2: Test setup
EXPERIMENTAL RESULTS
General Observations
The two retrofitted piers RPI and RPI-C developed stable responses up to certain displacement
ductility levels. Plastic hinges were fully formed at the bottom end of the columns, which contributed
to the development of ductile response. No shear cracks were observed on the surface of the
specimens. Fig. 3 shows failure modes of specimens RPI and RPI-C. Figs. 4(a) and 5(a) show the
measured hysteresis loops for lateral load versus lateral displacement relationships for rectangular and
circular specimens, respectively. The dashed lines included in the load-displacement hysteresis loops
of Figs. 4 and 5 indicate the ideal lateral load capacity Pi which is calculated using ACI column
design method for the measured steel and concrete strengths with a strength reduction factor of unity.
It can be seen from Figs. 4(a) and 5(a) that the seismic performance of the retrofitted specimen is
really good when compared to the non-retrofitted specimens (Figs. 4(b) and 5(b), respectively),
including ductility and dissipated energy. Although all of the specimens developed the estimated
flexural strengths, their performances and ductility levels achieved were different. Table 2 gives the
experimental ductility factor and dissipated energy for each of all specimens.
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Fig. 3: Flexural failure modes: (a) crushed concrete core in RPI; (b) broken rebars in RPI-C

Fig. 4: Lateral load-displacement hysteresis loops of: (a) specimen RPI and (b) specimen PI2

Fig. 5: Lateral load-displacement hysteresis loops of: (a) specimen RPI-C and (b) specimen PI2-C
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Table 2: Experimental results
Dissipated

∆y

Pi

∆u

Pm

(mm)

(kN)

(mm)

(kN)

RPI

23.7

2319

116.7

2544

4.9

1854

Flexure

PI2

21.6

2488

71.0

2633

3.3

541

Shear

RPI-C

24.5

1800

134.5

2138

5.5

1899

Flexure

PI2-C

20.9

2049

104.7

2299

5.0

1074

Flexureshear

Specimen

µ

energy

Failure
mode

(kN⋅m)

∆ y = yield displacement; Pi = ideal lateral load capacity; Pm= maximum lateral load; and ∆ u =
displacement corresponding to 0.8 Pm in the descent branch.
COMPARISON OF ANALYTICAL RESULTS WITH EXPERIMENTAL DATA
Load-Displacement Relationship
The predicted results are compared with experimental results. The total displacement is the summation
of flexural deformation and shear deformation. The comparison of lateral load-displacement curves of
specimen RPI is shown in Fig. 6(a). Similarly, the results of specimen RPI-C is shown in Fig. 6(b).
Note that the experimental lateral load-total displacement curves in Fig. 6 are the envelopes of the
lateral load-displacement hysteresis loops of each of the specimens. It is found that the predicted
results are very close to the experimental results for both total displacement and flexural displacement.

Fig. 6: Comparison of predicted and experimental lateral load-displacement curves of: (a) specimen
RPI and (b) specimen RPI-C
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Estimation of Shear Capacity
Figs. 7(a) and 8(a) show the experimental shear force and ductility relationships for both specimens
PI2 and PI2-C, respectively. The predicted results from the ACI, UCB, and UCSD models are also
shown in these figures. It can be seen from Figs. 7(a) and 8(a) that ACI 318-95 approach is too
conservative. In addition, specimen PI2 failed in shear that was very close to the prediction from the
UCB model (Aschheim et al. 1992), and specimen PI2-C failed in flexure-shear, as predicted by the
UCSD model (Priestley et al. 1993). Both specimens RPI and RPI-C had also insufficient shear
reinforcement, but were retrofitted by CFRP sheets to avoid shear failure. The comparisons between
the predicted shear capacities from the Seible et al. model and the experimental results for these two
specimens are plotted in Figs. 7(b) and 8(b). It can be seen from these figures that with the CFRP
retrofits both specimens failed in flexure as predicted by the Seible et al. (1997) model. When
specimen RPI is compared to specimen PI-2, it can be seen from the comparison of Fig. 7(b) to Fig.
7(a) that the ductility has also improved by the CFRP sheets. Since the concrete compressive strength
of specimen RPI was much lower than that of specimen PI-2, the maximum shear force of specimen
RPI was smaller than that of PI-2. The same conclusion can be found when specimen RPI-C is
compared to PI-C. (e.g. Fig. 8(b) vs. Fig. 8(a))

Fig. 7: Shear force-ductility relationships of: (a) specimen PI2 and (b) specimen RPI

Fig. 8: Shear force-ductility relationships of: (a) specimen PI2-C and (b) specimen RPI-C
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CONCLUSIONS
Based on the studies presented in this paper, the following conclusions can be made.
1.
2.
3.
4.
5.
6.

The tests verified that the UCSD model can be used for hollow sections with CFRP retrofit.
The tested hollow bridge piers retrofitted by CFRP sheets have acceptable seismic performance
because their ductility factors range from 4.9 to 5.5.
CFRP sheets can effectively improve both the ductility factor and shear capacity of hollow bridge
piers and successfully transform the failure mode from shear to flexure.
The effectiveness of confinement provided by CFRP sheets in the circular pier is better than that
in the rectangular pier.
Both the softened branch relation and low-cycle fatigue effect need to be taken into account in the
analytical model to give a good prediction.
The analytical model satisfactorily predicts the moment-curvature relationship and
load-displacement relationship of the tested specimens with acceptable accuracy.
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Abstract
A scheme called “tie-bar stiffening” was proposed for improving the performance of square
concrete-filled steel tubes (CFTs) with thin-walled tubes. Axial load test and combined axial-andflexural load test have both been conducted to circular, unstiffened and tie-bar-stiffened square CFT
beam-columns. It is observed that the axial load strength and ductility of square CFT columns can be
enhanced by the proposed stiffening scheme, and the spacing instead of diameter of the tie bars is the
dominant factor to the scheme’s effectiveness Stiffened square CFT beam-columns have a better
flexural behavior, in terms of moment capacity and curvature ductility, than unstiffened ones. Such
improvement in flexural behavior is more significant as the beam-column is subject to higher axial
load.
INTRODUCTION
Many studies have shown that the performance of a square concrete-filled steel tube (CFT) is not as
good as its circular counterpart. This is due to the fact that a square steel tube could only provide less
confining pressure to the concrete core, and that its local buckling is more likely to occur. This fact has
now been widely reflected in modern design codes such as Manual of Steel Construction: Load and
Resistance Factor Design (LRFD) (AISC 1994) and Seismic Provisions for Structural Steel Buildings
(AISC 1997), Design of Composite Steel and Concrete Structures, Eurocode 4, ENV 1994-1-1 (BSI
1994), and Recommendations for Design and Construction of Concrete-Filled Steel Tubular
Structures (AIJ 1997), in which the allowable width-to-thickness ratio for the steel tube with square
cross-section is more restricted than that for circular one. Accordingly, an adequate stiffening measure
for square CFTs with thin-walled tubes is highly desirable. Such stiffening measure will make square
CFTs an economical construction material, too, and consequently the barrier to promote construction
using square CFTs could be overcome.
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Two stiffening measures have been reported for enhancing the behaviors of rectangular CFTs. One is
to weld longitudinal steel strips on the internal surface of a steel tube, while the other one is to weld
shear studs. Ge and Usami (1992) and Kwon and Song (1998) experimentally studied the effectiveness
of the former measure on the behavior of square CFTs. It was found capable of increasing the axial
load strength because the longitudinal strip stiffeners share to take some load. However, it also causes
severe loss of stiffness in post-buckling. Lin et al. (1993) found that the second measure does not
affect the strength but could improve the ductility of square CFTs.
Recently, a scheme has been proposed by the author as an alternative for improving the performance
of square CFTs with thin-walled tubes. This scheme, called the “tie-bar stiffening scheme”, is carried
out by welding sets of stiffeners, each of which consists of four tie bars, at certain cross-sections with
equal spacing along the tube axis. In such case, square tubes have to be assembled by using two
U-shape parts cold-formed from steel plates, and the employed tie bars need to be welded at the two
inner corners of a U-shape part before tube assembly. After the assembly, the welds at the same
cross-section should divide the tube width B into three equal segments.
In order to investigate the effectiveness of this stiffening scheme, two phases of laboratory testing
have been carried out, respectively. In the first phase of testing (axial load test), three variables were
considered: the tube width-to-thickness ratio, the axial spacing of stiffening tie bars, and the diameter
of these tie bars. The purpose of this phase was to identify the major factor that influences the
effectiveness of this scheme most. While in the second phase of testing (combined axial-and-flexural
load test), the effects of axial load upon the flexural behaviors of CFTs, among which some of the
square ones were adequately tie-bar stiffened according to the findings in the first phase, were further
investigated. Further information about these two phases of testing will be outlined as below, while
detailed descriptions can be found in Huang et al. (2002), Liu et al. (2000, 2003) and Yeh et al.
(2001).
AXIAL LOAD TEST AND RESULTS
Five, nine, and four CFT specimens with the B/t value (i.e. the tube width-to-thickness ratio) equal to
40, 70, and 150, respectively, were fabricated for axial load test. The specification of each specimen is
summarized in Tab. 1. For the sake of comparison, circular CFT specimens were included in the test,
too. Each specimen is numbered with letters followed by numbers. The first and second letters denote
the shape of the tube’s cross-section (S for square, C for circular) and the condition of stiffening (U for
unstiffened, S for the tie-bar stiffened), respectively. The following two or three-digit number denotes
B/t value of the specimen. For the tie-bar stiffened specimens, the axial spacing along the tube S (in
terms of a fraction of the tube width) and the size number of the employed tie bars (the corresponding
diameter is termed as φtie) are further denoted in the parentheses. Particularly, tie bars of three axial
spacing (i.e. B/3, B/2 and 2B/3) and three size numbers (i.e. #2, #3, and #4) were adopted to specimens
with B/t equal to 70 such that their effectiveness could be evaluated parametrically.
Fig. 1 and Fig. 2 depict the cross-sectional and side views of the specimens, respectively. Fig. 3
depicts the schematic diagram of Specimen SS-70 (B/3, #3) and Pho. 1 illustrates the details of tie bars
welded to Specimen SS-70 (B/5, #3) before tube assembly. All specimens with B/t = 40 and no
specimen with B/t = 150 meet the AIJ, Eurocode 4, and AISC-LRFD requirements. But for those with
B/t = 70, only CU-70 meets these requirements.
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Tab. 1 Specifications and test results of CFT specimens in axial load test
Specimen

B
mm

t
mm

B/t

S
mm

φtie
mm

fy

f c’

f y,tie

MPa

MPa

MPa

Pmax
kN

Pmax / Pn

SU-40

200

5

40

-

-

265.8

27.15

-

2312

1.15

SS-40 (B/4, #3)

200

5

40

B/4

9.52

265.8

27.15

410.9

2728*

1.35*

SS-40 (B/4, #4)

200

5

40

B/4

12.7

265.8

27.15

386.0

2903*

1.44*

SS-40 (B/2, #4)

200

5

40

B/2

12.7

265.8

27.15

386.0

2463

1.22

CU-40

200

5

40

-

-

265.8

27.15

-

2013*

1.27*

SU-70

280

4

40

-

-

272.6

31.15

-

3401

0.97

SS-70 (B/3, #2)

280

4

70

B/3

7

272.6

30.49

588.6

3744

1.08

SS-70 (B/3, #3)

280

4

70

B/3

9.52

272.6

30.49

615.3

3855

1.11

SS-70 (B/3, #4)

280

4

70

B/3

12.7

272.6

31.15

511.1

3807

1.13

SS-70 (B/2, #3)

280

4

70

B/2

9.52

272.6

29.84

615.3

3610

1.06

SS-70 (B/3, #4)

280

4

70

B/2

12.7

272.6

31.15

511.1

3579

1.08

SS-70 (2B/3, #3)

280

4

70

2B/3

9.52

272.6

29.18

615.3

3457

1.03

SS-70 (2B/3, #4)

280

4

70

2B/3

12.7

272.6

31.15

511.1

3507

1.03

CU-70

280

4

70

-

-

272.6

31.15

-

3025

1.23

SU-150

300

2

150

-

-

341.7

27.20

-

3062

0.96

SS-150 (B/6, #2)

300

2

150

B/6

7

341.7

24.00

735.8

3184

1.14

SS-150 (B/3, #2)

300

2

150

B/3

7

341.7

25.21

735.8

3105

0.97

CU-150

300

2

150

-

-

341.7

27.23

-

2608

1.04

*: No apparent softening is observed in the corresponding axial load-deformation curve within the axial strain of 2.5%.

(a)

(c)

(b)

B

circular

tie-bar stiffened
square

square

S
weld

: weld

shear key

Fig. 3: The schematic diagram of Specimen
SS-70 (B/3, #3)

Fig. 1: Cross-sectional views of CFT column
specimens
B

B
h

(a) Square Specimen

H

H

h

h
(b) Circular Specimen

Fig. 2: Side views of CFT column specimens
Pho. 1: Details of tie bars in Specimen SS-70
(B/5, #3) before tube assembly
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Fig. 4 to Fig. 7 depict the axial load-deformation curves for specimens with a B/t value of 40, 70 (for
#3 tie bars), 70 (for spacing of B/3 and for #4 tie bars), and 150, respectively. The axial load in each
curve was normalized with respect to the nominal strength Pn of the corresponding specimen given by
direct strength superposition, i.e.:
Pn = As ⋅ f y + Ac ⋅ f c '

(1)

1.50

1.50

1.25

1.25
Normalized Axial Load

Normalized Axial Load

where As and Ac are the cross-sectional areas of the steel and concrete section, and fy and fc’ are the
yield strength of steel and the compression strength of concrete, respectively. For the case square tubes,
the above equation is identical to that of Eurocode 4, and differs from that of AIJ Code in that the later
additionally adopt a reduction factor (i.e. 0.85) for the compression strength of concrete. The ratio of
experimental to nominal axial load strength of each specimen, i.e. Pmax/Pn, is summarized in the last
column of Tab. 1. It is observed that the axial load strength of a square CFT with B/t = 40 could be
significantly enhanced by stiffening. The Eurocode 4 predicts the axial load strength well for those
with a B/t value equal to 70 and 150, and this also imply that the adoption of a reduction factor for
concrete in the AIJ Code might not be necessary.

1.00
0.75
0.50
SU-40
SS-40 (B/4, #4)
SS-40 (B/4, #3)
SS-40 (B/2, #3)
CU-40

0.25
0.00
0.0

0.5

1.0
1.5
Axial Strain (%)

2.0

0.75
0.50

0.00
0.0

2.5

1.25

1.25
Normalized Axial Load

1.50

1.00
0.75
0.50

0.00
0.0

SU-70
SS-70 (B/3, #3)
SS-70 (B/2, #3)
SS-70 (2B/3, #3)
CU-70

0.5

1.0
1.5
Axial Strain (%)

0.5

2.0

2.5

1.00
0.75
0.50
SU-150
SS-150 (B/6, #2)
SS-150 (B/3, #2)
CU-150

0.25

2.0

1.0
1.5
Axial Strain (%)

Fig. 6: Axial load-deformation curves for
specimens with B/t = 70 (Part II)

1.50

0.25

SU-70
SS-70 (B/3, #2)
SS-70 (B/3, #3)
SS-70 (B/3, #4)
SS-70 (B/2, #4)
SS-70 (2B/3, #4)

0.25

Fig. 4: Axial load-deformation curves for
specimens with B/t = 40

Normalized Axial Load

1.00

0.00
0.0

2.5

0.5

1.0
1.5
Axial Strain (%)

2.0

Fig. 7: Axial load-deformation curves for
specimens with B/t = 150

Fig. 5: Axial load-deformation curves for
specimens with B/t = 70 (Part I)
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2.5

Fig. 4 to Fig. 7 demonstrate that circular CFTs always have a better ductility than unstiffened square
ones, and CFTs of high B/t value always have a worse ductility than those of low B/t value. Regarding
the unstiffened and tie-bar-stiffened square CFTs, experimental results indicate that the axial load
behaviors could be easily improved by stiffening at a customary B/t value (40). While for a high B/t
value (70), the stiffening scheme is effective, too. A comparison between Fig. 5 and Fig. 6 shows that
for all three considered axial spacing (i.e. B/3, B/2 and 2B/3), the employment of thicker tie bars (size
#4) can uplift the axial load performance very few; an axial spacing of B/3 always yields a satisfactory
axial load performance, regardless of using Size #3 or #4 tie bars. Particularly, it seems from Fig. 6
that the change in axial spacing results in a more significant variation in axial load behaviors than the
change in tie bar diameter. Thus, the axial spacing is the more dominant factor to the effectiveness of
tie-bar stiffening scheme. Finally for extremely high B/t value (150), the axial load behaviors would be
very poor unless they are really densely stiffened.
In summary, the axial load test results indicate that the axial load strength and ductility of square CFTs
could be enhanced by the proposed tie-bar stiffening scheme. In addition, the spacing instead of
diameter of the tie bars is the dominant factor to the enhancement.
COMBINED AXIAL-AND-FLEXURAL LOAD TEST AND RESULTS
Knowing that the proposed tie-bar stiffening scheme is effective for square CFTs at high (but not
extremely high) width-to-thickness ratio subject to axial load, in the following phase of testing we will
focus upon CFT specimen with B/t = 70, and the major concern here is to further identify the
effectiveness of this scheme to the enhancement of flexural behaviors of square CFT beam-columns
under various levels of axial load. Since the spacing instead of diameter of the tie bars is more
dominant to the effectiveness, a unique size of tie bars (#3, diameter 9.52mm) would be employed
here and, for the sake of comparison, two values of spacing, i.e. B/3 and B/5, were considered.
The loading frame depicted in Fig. 8 and Pho. 2 was employed for the combined axial-and flexural
load test, upon which a 2500kN actuator was axially positioned and kept under force control, and a
1000kN actuator was laterally positioned and kept under displacement control. It functioned as a
four-point-bending apparatus, whose conceptual sketch is depicted in Fig. 9. The specimen could be
installed as a part of the middle loaded segment which was hinge-and-roller supported at both its ends,
and could be subject to constant axial load and monotonically increased flexural deformation, with the
influence of shear force being eliminated theoretically.
Lateral Load

Lateral Actuator
Loading Beam
Hinge

Fig. 8

Roller

Axial Load
Axial Actuator

Loading frame for applying combined axial-and-flexural load to a beam-column
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A total of 20 CFT specimens with a common width B of 280mm and a B/t value of 70 were fabricated
for the combined axial-and-flexural load test. They can be grouped into four series: the C Series
(circular tubes), S Series (square tubes, unstiffened), B-3 Series (square tubes, tie-bar stiffened with
the axial spacing equal to B/3) and B-5 Series (square tubes, tie-bar stiffened with the axial spacing
equal to B/5). Again, among these specimens, those with square tubes met neither the Eurocode 4 nor
the AIJ Code. The level of constant axial load applied to the five specimens in each Series was equal
to the axial load ratio (i.e. times of its axial load strength N0 suggested by the Eurocode 4) of 0.0, 0.2,
0.3, 0.4, 0.5, respectively. The specification of each specimen is summarized in Tab. 2.
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Fig. 9: Conceptual sketch for the loading condition
of four-point-bending

Pho. 2: Loading frame for applying combined
axial-and-flexural load to a beam-column

Tab. 2: Specifications and test results of CFT specimens in combined axial-and-flexural load test
Specimen

B
mm

t
mm

B/t

S
mm

φtie
mm

fy

f c’

f y,tie

MPa

MPa

MPa

N
kN

N/N0

Mu,exp
kN-m

Mn,EC4
kN-m

Mu,exp /
Mn,EC4

S-0.0

280

4

70

-

-

292

26.8

-

0

0.0

172

160

1.08

S-0.2

280

4

70

-

-

317

35.4

-

802

0.2

226

225

1.01

S-0.3

280

4

70

-

-

292

26.8

-

1035

0.3

200

201

1.00

S-0.4

280

4

70

-

-

292

26.8

-

1378

0.4

201

195

1.03

S-0.5

280

4

70

-

-

292

26.8

-

1725

0.5

186

178

1.04

B-3-0.0

280

4

70

B/3

9.52

292

26.8

426

0

0.0

179

160

1.12

B-3-0.2

280

4

70

B/3

9.52

317

35.4

478

801

0.2

237

225

1.06

B-3-0.3

280

4

70

B/3

9.52

317

35.4

478

1201

0.3

256

233

1.10

B-3-0.4

280

4

70

B/3

9.52

317

35.4

478

1602

0.4

240

231

1.04

B-3-0.5

280

4

70

B/3

9.52

317

35.4

478

2004

0.5

240

217

1.11

B-5-0.0

280

4

70

B/5

9.52

317

35.4

478

0

0.0

212

175

1.21

B-5-0.2

280

4

70

B/5

9.52

317

35.4

478

806

0.2

254

225

1.13

B-5-0.3

280

4

70

B/5

9.52

317

35.4

478

1201

0.3

277

233

1.19

B-5-0.4

280

4

70

B/5

9.52

317

35.4

478

1603

0.4

280

231

1.21
1.27

B-5-0.5

280

4

70

B/5

9.52

317

35.4

478

2004

0.5

276

217

C-0.0

280

4

70

-

-

292

26.8

-

0

0.0

137

95

1.44

C-0.2

280

4

70

-

-

292

26.8

-

542

0.2

155

125

1.24

C-0.3

280

4

70

-

-

292

26.8

-

812

0.3

164

132

1.24

C-0.4

280

4

70

-

-

317

35.4

-

1202

0.4

183

155

1.18

C-0.5

280

4

70

-

-

292

26.8

-

1354

0.5

172

129

1.33
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2.0

2.0

1.5

1.5
Mexp / M0,EC4

Mexp / M0,EC4

Fig. 10 to Fig. 14 illustrate the experimental moment-curvature relationships of the tested specimens
sorted according to the applied axial load ratios of 0.0, 0.2, 0.3, 0.4, and 0.5, respectively. In these
figures, the moment of each specimen is normalized with respect to M0,EC4, its moment capacity under
zero axial load by the Eurocode 4, and the curvature is non-dimensionalized with respect to the width
of specimens B. At the considered B/t value of 70, generally speaking, the C Series specimens seem to
perform best flexurally, and then the B-5 Series, and then the B-3 Series, and finally the S Series
specimens perform worst. Such tendency is more significant as the applied axial load increases. The
curvature ductility of a specimen, no matter circular or square one, decreases as the applied axial load
increases.
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Fig. 14: Moment-curvature relationships for CFT
specimens under axial load ratio of 0.5
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Fig. 11: Moment-curvature relationships for CFT
specimens under axial load ratio of 0.2
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Fig. 13: Moment-curvature relationships for CFT
specimens under axial load ratio of 0.4
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Fig. 10: Moment-curvature relationships for CFT
specimens under axial load ratio of 0.0
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Fig. 12: Moment-curvature relationships for CFT
specimens under axial load ratio of 0.3
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Fig. 15: The moment capacity ratios of CFT
beam-columns under various axial loads
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Fig. 15 depicts the attained ratios of ultimate moment capacity Mu,exp to nominal moment capacity
Mn,EC4 (predicted by the Eurocode 4) of all CFT beam-columns. For the S-Series specimens, the
moment capacity predicted by the Eurocode 4 seems very close to the experimental value under all
axial loads. The maximum error reads only 8%. Enhancement up to 20% is possible if they are
stiffened into B-3 or B-5 Series. Such enhancement in moment capacity is shown to be more
remarkable as the applied axial load increases. The curvature ductility of S Series specimens is shown
to decrease more significantly too as the applied axial load increases. However, if they were tie-bar
stiffened into B-3 or B-5 Series, then their curvature ductility could be significantly improved even
under high axial load (e.g. ratio of 0.4 or 0.5). Their flexural performance thus could be improved very
close to those of C series specimens.
In summary, tie-bar stiffened specimens demonstrate a better moment capacity and significantly
improved curvature ductility, especially while under high axial load ratios.
CONCLUSIONS
Experimental investigation on the effectiveness of “tie-bar stiffening scheme” has been carried out
successfully. According to the test results, we have the following observations: (1) The axial load
strength and ductility of square CFT columns can be enhanced by the proposed stiffening scheme, and
the spacing instead of diameter of the tie bars is the dominant factor to the scheme’s effectiveness. (2)
Stiffened square CFT beam-columns have a better flexural behavior, in terms of moment capacity and
curvature ductility, than unstiffened ones. Such improvement in flexural behavior is more significant
as the beam-column is subject to higher axial load. It is recommended that the upper limit to the
square tube’s width-to-thickness ratio imposed by various codes should be relieved if they could be
adequately stiffened.
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Abstract
In this study, a probabilistic approach to simulate the seismic performance of electric power networks
is proposed and employed in the case study of power network in Taiwan. Transmission systems at 345
and 161kV levels are selected as the analysis subject. Only transformers in these systems are
considered vulnerable, and the seismic performance analysis is carried out based on the damage status
of these transformers determined through Monte Carlo simulation. Under various and very rough
assumptions made to the range and chance of transformer damages, the probability to be out of
electricity is observed to be 10% or less in each area approximately, and the worst situation – a
blackout event on the whole island – is possible under the given seismic conditions.
INTRODUCTION
Seismically sustainable lifelines play as a key factor for minimizing the effects of a major earthquake.
Essential as electricity is in post-disaster situation, electric power systems are extreme vulnerable since
they contain a large number of vulnerable pieces of equipment usually not well designed seismically.
Since they function in the way as a complex network, the ruggedness at not only the component level
but also the system level should be of major concerns. It would be very beneficial if their seismic
performance could be understood from the system’s point of view. Such understanding will shed
insights into the work on planning of electric facilities, rehabilitation of critical components, and
seismic risk management of power grids, etc. As a result, direct and indirect losses due to power
interruption caused by earthquake attacks could be reduced in the future.
Recently, researchers have independently taken into practice case studies of various power systems in
the world with different aspects of research efforts (Ang et al., 1992; Shinozuka et al., 1999; Giannini
et al., 2000). It should be noted that these analyses were carried out through integration of knowledge
in electrical engineering, engineering seismology, geographical information system, and so forth.
Particularly, a mature technology for such work is usually analysis-platform dependent, and the
strategies employed might be constrained by the inventory data available to the researchers.
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The purpose of this study is to present the current work by the authors on the development of a
probabilistic approach for the seismic performance analysis of electric power networks. Theoretically,
there are four key issues to be concerned:
1. The seismic fragility analysis of critical equipment in the power grid, such that strong ground
motion conditions could be introduced to yield the corresponding damage status;
2. The GIS-supported inventory data of the power grid, through which the given seismic conditions
could be incorporated to generate the corresponding damage status of power grid on a statistical
basis;
3. The power-flow analysis of the power grid at both intact and damaged status, and then to interpret
the result from the viewpoint of electrical engineering; and finally
4. The introduction of practical scenario earthquakes to the power grid, and the modeling of its
seismic response under various damaged status specified by Monte Carlo simulation.
Details of these issues will be discussed in the following sections.
ELECTRIC POWER SYSTEM IN TAIWAN
Electricity in Taiwan is delivered mainly through the 345 and 161kV transmission systems. The extrahigh-voltage substations (E/Ss) and primary substations (P/Ss) play the pivotal role of 345/161 and
161/69 kV transformations, respectively. Electricity below 69kV is further forwarded to either
distribution substations (D/Ss) or secondary substations (S/Ss) for utility and household uses.
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Fig. 1: The electric power system in Taiwan (1998, Taiwan Power Company)
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This system, operated by the Taiwan Power Company (Taipower), can be fully described by two
categories of inventory data. One is the GIS database of the whole system, and the other the input data
for power-flow analysis. The input data available to the authors is a prediction of the peak load in
2002 summer. Fig. 1 depicts the entire electric power system in Taiwan. Locations of power
generating plants, major substations, transmission lines above 69kV, and the Service Areas 1 to 4
(according to Taipower’s classification) are all denoted on the map of Taiwan, too.
The scope of this research work covers both the 345 and 161kV transmission systems, as they play as
the backbone in the power grid in Taiwan. Consequently, only the 345/161 and 161/69 kV
transformers in the systems will be assumed as vulnerable. The main interest here lies in
understanding how the damages of these transformers due to earthquake attacks will affect the overall
network performance.
POWER-FLOW ANALYSIS
The aim of power-flow analysis is to attain the operable solution, if exists, which indicates the details
of how the electric power will be distributed and forwarded in a network (Bergen et al., 2000). Five
categories of power system data are essential for performing such analysis. They are:
The buses in an electric power grid can be regarded as nodes with prescribed voltages. Among these
buses, some work as power supplying nodes and are further specified in the generator data (generator
buses), while some work as power demanding nodes and are further specified in the load data (load
buses); the rest are simply intermediate buses. The network topology of the system is defined in the
branch data, which consists of both transmission lines and transformers connecting these buses. In
addition, transformers also appear in the transformer adjustment data to give the corresponding
specification of transformation.
Power-flow analysis involves sophisticated numerical techniques, and well-developed commercial
software has to be employed as a reliable platform for performing such analysis. In this study, PSS/E
(Power System Simulator for Engineering, Version 26; Power Technologies, Inc.) was used for such
analysis.
SEISMIC PERFORMANCE ANALYSIS OF POWER SYSTEM
Scenario earthquake and strong ground motion

After the active fault and an earthquake magnitude being specified, a scenario earthquake is defined.
The distribution of earthquake-induced ground motion, in terms of PGA value at each interested site,
could then be generated by using the following attenuation law:
PGA = 0.02938 ⋅ e1.19950⋅M ⋅ [ R + 0.14667 ⋅ e 0.69689⋅M ] −1.73413

(1)

where M and R are the magnitude of the earthquake and the distance from the site to the fault line (unit
in Km), respectively. This formula is of Campbell Functional Form, but with coefficients modified by
Dr. W.-Y. Chien, NCREE, according to the data of 15 past earthquakes and local geological
characteristics in Taiwan (Chien, 2002). The PGA value (unit in g) obtained by Eqn. (1) is for rock
sites. The final value at ground surface could further be calculated based on the site class map in
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Taiwan and the soil amplification factors suggested by the 1994 NEHRP Provisions (FEMA, 1995).
Damage status of transformers – Monte Carlo simulation

Given the populations of vulnerable transformers and a scenario earthquake, a damage statue of
transformers could be attained through the following steps:
1. Identify the location of each transformer, and find the PGA value of this location;
2. Find the probability of failure of each transformer according to the PGA value it will experience
and seismic fragility curves for the interested populations of vulnerable transformers;
3. Execute a random number generator with uniform distribution between 0 and 1. A transformer is
designated as “damaged” or “undamaged” depending on whether the returned number is greater or
less than the attained probability of failure in Step 2;
4. Repeat Steps 1 to 3 to all vulnerable transformers to generate one set of damage status.
In this study, fragility curves for transformers developed by a group of experts from several California
utilities (Utilities Working Group, UWG) will be adopted. Details about the UWG-proposed fragility
curves can be found in Anagons (1999). Specifically, it is assumed that the two curves in Fig. 2, which
were proposed by UWG for the minimal failure mode (one main porcelain gasket leak) of equipment
categorized as TR2 Class (three-phase 230kV transformers) and TR4 Class (three-phase 500kV
transformers), could be applied to the 161/69 and 345/161 kV transformers, respectively.

For Minimal Failure Mode (one main porcelain gasket leak) of UWG Equipment of :
1.0

Probability of Failure

0.8
0.6
0.4
TR2 (three-phase 230kV transformers)

0.2
0.0
0.00

TR4 (three-phase 500kV transformers)

0.25

0.50

0.75

1.00

1.25

PGA (g)

Fig. 2: The seismic fragility curves for transformers developed by UWG
To establish the linkage between the GIS information of components in power grid and the input file
for performing power-flow analysis is very essential. Based on this linkage, modification in the input
file for PSS/E analysis to represent such damage status could be made accordingly. Details about
manipulating the data in this file will be described in the following subsection.
After these, the seismic performance of electric power network could be statistically determined if
many sets of damage status have been included in analysis, and important performance/damage
indices have been averaged and interpreted. This technique is called the Monte Carlo simulation.
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Performance analysis of electric power system

The seismic performance analysis of electric power system could be attained through the following
steps:
1. Identify the damaged transformers and designate them as “out-of-service” in the corresponding
branch data;
2. Remove from the load data the loads which will lose their connectivity to the system due to the
“out-of-service” branches. Remove too the intermediate branches and buses if the rest “survived”
loads are not connecting to them;
3. Perform power-flow analysis after Steps 1 and 2 are done. Redispatch the power generation (up to
±20% of original values, and excess of generator capacity not allowed) to attain converged
solution if necessary;
4. Identify all buses with abnormal voltage (beyond ±20% of rated voltage) after Step 3 is done.
These buses are to be switched off in practice usually;
5. Identify and remove those loads who will lose their connectivity to the system as the buses
classified as with abnormal voltage in Step 4 should be switched off from the system somehow;
6. Check all branches for exceeding their current rating (thermal capacity) by 20% or more after Step
3 is done. Initiate warning if there is any;
7. Determine the power supply in each service area based on the removal of loads in Steps 2 and 5.
The 20%-20% criterion appearing in Steps 3 and 4 basically follows the one recommended by
Shinozuka et al. (1999), which is very reasonable from the viewpoint of electrical engineering. A
blackout event will occur if the allowed range of tuning in power generation in Step 3 yields no
solution. This situation refers to the shutdown of system due to power imbalance. Furthermore, the
check in Step 6 is very important because such rate-exceeding situation will cause thermal expansion
in transmission lines and might result in grounding fault. In practice, on-line inspectors will be warned
and have to deal with such situation immediately if it happens.
Finally, the seismic performance of the system could be judged by the percentage of power supply in
each service area in Taiwan, which is the ratio between the average power supply from Monte Carlo
simulation and the one from intact system. The average numbers of damaged transformers, buses with
abnormal voltage, branches exceeding their current rating, etc., should also be of interest.
SIMULATION RESULTS

Two scenario earthquakes were chosen arbitrarily for introducing seismic conditions to the electric
power grid in Taiwan. One was assumed to be triggered by the Shih-tang Fault, with a magnitude of
M7.0, and the other the Tsu-kuo Fault, with a magnitude of M7.5. They will be denoted by Scenario I
and Scenario II.
Fig. 3 and Fig. 4 depict for Scenario I and II, respectively, the distribution of earthquake-induced
ground motions, in terms of PGA, and the locations of 53 E/S and P/S substations, of which a total
number of 147 transformers are of either 345/161 or 161/69 kV transformation and thus are assumed
vulnerable. Twenty sets of transformer damage status, which were generated according to the fragility
curves given in Fig. 3, were used in each scenario for Monte Carlo simulation to yield the average
seismic performance of the system.
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Fig. 3: The PGA map (PGA in g) for Scenario I
(Shih-tang Fault, M7) and the locations of
E/S and P/S substations (with vulnerable
transformers)

P/Ss (161/69kV)
E/Ss (345/161kV)

Fig. 4: The PGA map (PGA in g) for Scenario II
(Tsu-kuo Fault, M7.5) and the locations of
E/S and P/S substations (with vulnerable
transformers)

The simulated damage status and corresponding seismic performance of the system, for each case in
Monte Carlo simulation under Scenarios I and II, are summarized in Fig. 5 to Fig. 8. According to
which, the average losses in power supply for Service Areas 1 to 4 are found to be (0.00, 10.61, 8.52,
0.00)% and (5.66, 7.52, 5.00, 5.00)% for Scenario I and II, respectively. Generally speaking, the
probability to be out of electricity is 10% or less in each service area, and Service Areas 1 (northern
Taiwan) and 4 (eastern Taiwan) seem unlikely to be affected under the given seismic conditions.
However, it is observed that the damage status of Case 19 under Scenario II triggers the worst
situation – a blackout event on the whole island.
It should be kept in mind that the above analysis results, which illustrate relatively low losses in power
supply under the given seismic conditions, are obtained based upon the following facts: (1) The
vulnerability of distribution transformers in substations at lower voltage levels had been excluded
from the current analysis. The damage of these transformers, which outnumber those at 345 and
161kV levels, would greatly affect the power supply. (2) The improved redundancy in both the 345
and 161kV transmission systems, of which many circuits have been constructed and added to the
power grid in the past few years, now allows electricity to bypass the damaged intermediate
transformers, if the overall damage level is not too high.
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Fig. 7: Statistics of damages in the electric power
system in Scenario II

Fig. 5: Statistics of damages in the electric power
system in Scenario I
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CONCLUDING REMARKS

A probabilistic approach for seismic performance analysis of electric power system in Taiwan has
been developed in this paper, and preliminary analyses have been carried out successfully. Under
various and very rough assumptions made to the range and chance of transformer damages, the
probability to be out of electricity is observed to be 10% or less in each area approximately, and the
worst situation – a blackout event on the whole island – is possible under the given seismic conditions.
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Further studies to cover all transformers in the systems are highly recommended by the authors. The
effects of other seismic failure modes, i.e. the damages in generating plants, bus connectivities, circuit
breakers, transmission lines and towers (due to earthquake-induced landslides and slope failures) etc.,
should also be included in the analyses. Scenario earthquake, which may be randomly generated
according to the state-of-the-art seismic hazard potential in Taiwan, should be treated along as an
important independent variable for Monde Carlo simulation.
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SURFACE DEFORMATION FOR CONSTANT
STRESS DROP SLIP ZONE IN AN
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Abstract
In this study, the static deformation of a fault system under constant stress drop is determined through
the zero frequency approximation from a corresponding dynamic crack problem. The corresponding
dynamic crack problem is formulated and solved by hypersingular boundary integral equation method
(HBIEM). The relative displacement of the crack surface as well as the dynamic stress intensity factor
of the crack tips can be calculated. Some numerical results are presented and checked by other
available results, we also address some possible implication in geophysics and earthquake engineering.
INTRODUCTION
Detail understanding of the surface and internal deformations induced by a stress drop slip zone during
an earthquake is valuable for geophysics and earthquake engineering. Actually, there are two
approaches, namely, the stress drop method and the more common dislocation approach to obtain the
surface deformation of a fault system. The dislocation approach models slip zones by approximation
them as surfaces of prescribed displacement discontinuity. As pointed out by Wu et al (1991), a
disadvantage of the dislocation approach is that it is purely kinematic: it relates surface deformation to
slip at depth but does not directly yield information about the stresses that produced the slip. More
specifically, when the distribution of slip is approximated by constant slip elements, the average stress
change is unbounded, although it has an advantage due to its simplicity; therefore, in this study we
adopt the stress drop method to obtain the surface deformation of a fault system.
To describe the general procedure briefly, firstly, the Green’s function method is adopted in
formulating the desired traction boundary integral equation. Then, the traction BIE can be solved
through the discretization of the crack surface in which a special interpolation function is employed to
satisfy the edge condition of the crack tips, and the boundary condition is satisfied by using the
method of point collocation. A regularization technique is proposed to regularize the traction BIE.
Based on the spectral integral form of the kernel function, the unbounded term can be isolated and
extracted from the hypersingular kernel function by using the method of subtracted and added back in
spectral domain, and hence, the required finite part can be obtained. Accordingly, the relative
displacement of the crack surface as well as the dynamic stress intensity factor (DSIF) of the crack tips
can be calculated, and they are essential in the evaluation of energy release rate and seismic moment
during an earthquake. Some numerical results for the scattering problem of a crack subjected to plane
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SH-waves, either in infinite or half-space, are implemented and the validity of the proposed method
can be checked and verified by making against with other available results. Some possible
implications in geophysics and earthquake engineering are also addressed.
PROBLEM DESCRIPTION
A stress-free crack of width 2a is embedded in a semi-infinite elastic medium. As shown in Fig. 1,
two different right-handed Cartesian co-ordinate systems ( x , y , z ) and ( ξ , y , η ) with unit vectors
( e x , e y , e z ) and ( eξ , e y , eη ), respectively. The crack Σ makes an angle δ with the stress-free
boundary of the half-space. The relation between the two co-ordinate systems can be written as

x = ξ cos δ + η sin δ ,

z = d − ξ sin δ + η cos δ

(1)

where d (d > a ) denotes the depth of the center of the crack from the boundary.
The material of the half-space is assumed to be isotropic, linear, homogeneous and perfectly elastic
with Lamé constants λ , µ and mass density ρ . In this configuration, time-harmonic SH-waves are
present and the complex time-factor exp(i ω t ) omitted, the governing equation of elastic motion is

∂σ xy ∂x + ∂σ zy ∂z + ρω 2u y = 0 ; ( x, z ) ∈V

(2)

where σ xy and σ yz are components of the stress tensor, u y denotes the y-component of the
particle displacement. The stress is related to the displacement by the constitutive relation,

σ xy = µ ∂u y / ∂x , σ yz = µ ∂u y / ∂z

(3)

Elimination of the stress from equations (2) and (3) leads to

∂ 2 u y ∂x 2 + ∂ 2u y ∂z 2 + k s2u y = 0

(4)

where ks denotes the shear-wave number ( ks = ω / Cs with Cs = µ / ρ the shear-wave velocity).
The total field in the configuration is written as

u ty = u yf + u ys , σ xyt = σ xyf + σ xys , σ zyt = σ zyf + σ zys

(5)

in which u yf represents the free field, i.e. a given field in the absence of the crack, which u ys
represented the scattered field. Both the total field as well as the free field has to satisfy Eq. (4). In
addition to the differential equations, the field has to satisfy the stress-free boundary condition on the
ground as well as the crack surfaces; however, on the crack surface the particle displacement jumps by
a finite amount. Let
[u ty (x q )] = (u ty ) +xq − (u ty ) −xq

(6)

in which (u ty ) +xq denotes the total displacement at the point Q (with position vector x q ) lie on the
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positive side of the crack which distinguished by a unit normal vector n + pointed into the medium as
shown in Fig. 1, and
n + = sin δ e x + cos δ e z

(7)

The quantity [ u ty (x q ) ] can be regarded as the fundamental unknown. Moreover, the field has to satisfy
the edge condition at the tips of the crack. This leads to (Karal and Karp, 1964)

[u ty ] = 0(ε 1/ 2 ) ,

as ε → 0

(8)

in which ε denotes the distance from some point in the half-space to a crack tip. As a final condition,
one requires that u ys satisfies the radiation condition.

INTEGRAL EQUATION FOR THE JUMP IN THE PARTICLE DISPLACEMENT ACROSS
THE CRACK
An integral representation for u ys can be derived by using the Betti-Rayleigh theorem (Kupradze,
1963). In this reciprocity relation two different elastodynamic states are employed. One of these states
is taken to be Green’s elastodynamic state, which is a solution of
2 G
∂ 2uG ∂ u y
1
+
+ k s2u Gy + δ (x − x p ) = 0
∂x 2
∂z 2
µ

(9)

with B.C. σ yzG |z = 0 = 0 . Where δ denotes the two-dimensional Dirac function and x p = ( x p , z p )
denotes the position vector of a point P. By employing the scattered field as the other elastodynamic
state in the Betti-Rayleigh theorem, once arrives at the integral representation
u ys (x p ) = ∫ [u ty (x q )]{σ xyG (x q ; x p )e x + σ yzG (x q ; x p )e z } ⋅ n + d Σ

(10)

Σ

in which the components σ xyG and σ zyG of the Green’s tensor are consisted of free space part as well
as the reflective homogeneous part and given by

σ xyG ( xq , zq ; x p , z p ) =

1
2π

1
σ ( xq , zq ; x p , z p ) =
2π
G
yz

∞

∫(

−∞
∞

∫(

−∞

−ik −ν ′| zq − z p |− ik ( xq − x p )
1
)e
dk +
′
2ν
2π
− sgn( zq − z p )
2

)e

∞

−ik

∫ ( 2ν ′ )e

−ν ′ ( zq + z p ) − ik ( xq − x p )

dk

−∞

−ν ′| zq − z p |− ik ( xq − x p )

1
dk +
2π

∞

−1 −ν ′( zq + z p ) −ik ( xq − x p )
dk
∫−∞ ( 2 )e

(11)

where ν ′ = k 2 − k s2 , Reν ′ ≥ 0 , one now substitutes expression Eq. (10) in the constitutive relation
Eq. (3) and subsequently lets P approach Σ . Then using expression Eq. (5) and the traction free
condition on the crack surface, one finally arrives at
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µ
2π

−σ yfη (ξ p ,0) =

∫

a

−a

[u ty (ξ ,0)] I k (ξ ,ξ p )dξ , − a ≤ ξ p ≤ a

(12)

where the kernel function I k (ξ ,ξ p ) is expressed in spectral integral form as
I k (ξ ,ξ p ) = I k 1 (ξ ,ξ p ) + I k 2 (ξ ,ξ p )

(13)

in which

I k1 (ξ ,ξ p ) =

∞

∫ {k

2

sin 2 δ − ν ′2 cos 2 δ + ikν ′ sgn[(ξ − ξ p )sin δ ]sin(2δ )}/ 2ν ′e

−ν ′|ξ −ξ p |sin δ − ik (ξ −ξ p ) cos δ

dk (14)

−∞

I k 2 (ξ ,ξ p ) =

∞

∫ {(k

2

− k s2 cos 2 δ ) / 2ν ′}e

−ν ′[2 d − (ξ +ξ p )sin δ ]− ik (ξ −ξ p ) cos δ

dk

(15)

−∞

In the derivation, we have made use of the following result

σ ( x p , z p ) = µ [sin δ
s
yη

= µ ∫ [u ty (x q )]{
Σ

∂σ xyG
∂x p

∂u ys
∂x p

+ cos δ

sin 2 δ +

∂σ yzG
∂z p

∂u ys
∂z p

]

cos 2 δ + (

∂σ yzG
∂x p

+

∂σ xyG
∂z p

(16)
)sin δ cos δ } d Σ

In view of the right hand side of Eq. (13), the first term I k1 (ξ ,ξ p ) represents the kernel function
resulting form the free space part of the Green’s tensor. Therefore, we can show that
I k1 (ξ ,ξ p ) = I k*1 (ξ ,ξ p ) ≡

∞

∫ (−ν ′ / 2) e

− ik (ξ −ξ p )

dk

(17)

−∞

where I k*1 (ξ ,ξ p ) corresponds to the usual kernel function as the crack is in an infinite medium and
consequently results into a hypersingular kernel as the source point coincides with the field point in
which the integral over Σ exists in a sense of finite part. Whereas the second term I k 2 (ξ ,ξ p ) in the
right hand side of the Eq. (13) represents the kernel function resulting from the reflective
homogeneous part of the Green’s tensor, thus, it exhibits no any singularity even when the source
point coincides with the field point.
METHOD OF SOLUTION

In order to solve the traction BIE (Eq. (12)), we discretize the crack Σ into N elements with equal
length 2∆ξ n , and employ the central points ξ n (n=1~N) of each element as the collocation points,
therefore, the integral over crack surface ( −a ≤ ξ ≤ a ) results into finite sum of N discrete element
integrals each has an integration interval ξ n − ∆ξ n ≤ ξ ≤ ξ n + ∆ξ n . In addition, in order to take into
account the edge condition at the crack tips (Eq. (8)), the distribution of the unknown boundary field
[ u ty (ξ ) ] over an element is interpolated by a special shape function and normalized to the value at the

collocation point (i.e. the central point) which is taken to be the nodal unknown.
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[u ty (ξ )] =

a2 − ξ 2
a − ξn
2

2

[u ty (ξ n )] ;

ξ n − ∆ξ n ≤ ξ ≤ ξ n + ∆ξ n

(18)

In view of Eq. (18), the edge condition at the crack tips and the Hölder C1,α continuous, which
ensures the existence of finite part at the collocation points, are fulfilled. Thus, the solution of the
problem is deduced to solve the N nodal unknowns [ u ty (ξ n ) ], n=1~N. By setting, in turn, the point ξ p
in Eq. (12) chosen to be ξ m (m=1~N), we obtain N algebraic equations just to solve the N nodal
unknowns [ u ty (ξ n ) ]
N

−σ yfη (ξ m ,0) = ∑ [ K mn (ξ m ,ξ n ) + L(ξ m ,ξ n )][u ty (ξ n )] , ∀m = 1 ~ N

(19)

n =1

where the matrices elements are defined by
K mn (ξ m ,ξ n ) =
Lmn (ξ m ,ξ n ) =

µ
2π

ξ n +∆ξ n

∫ξ

ξ n −∆

a2 − ξ 2
a − ξn
2

n

ξ n +∆ξ n

µ
2π ξ

∫

n −∆ξ n

2

a2 − ξ 2
a 2 − ξn 2

I k*1 (ξ ,ξ m )dξ

(20)

I k 2 (ξ ,ξ m )dξ

(21)

When ξ m ≠ ξ n (i.e. off-diagonal element), the integration over ξ can be evaluated by Gaussian
quadrature and the wave number integral kernels I k*1 or I k 2 can be evaluated by modified steepest
descent integration method (Yeh, et al, 2000), thus, we can obtain the matrices elements ( K mn + Lmn )
without any difficulty. However, when ξ m = ξ n (i.e. diagonal element), the integral I k*1 (ξ ,ξ n ) in Eq.
(20) diverges and becomes a hypersingular kernel, care must be taken to perform the integration on
ξ . In this case, we propose a regularization technique (subtracted an added back in spectral domain)
to isolate the unbounded term and consequently extract the finite part from the hypersingular kernel
function, for the details, the readers may refer to the report (Teng and Chai, 2002). Once the nodal
unknowns are solved, the scattered surface displacement at point x p = ( x p ,0) can be obtained
according to Eq. (10), and the stress intensity factors K 3± at crack tips are given by (Neerhoff and
van der Hijden, 1984)
+
3

K =

t
µ a [u y (ξ N )]

2

a 2 − ξ N2

−
3

K =

;

t
µ a [u y (ξ1 )]

2

a 2 − ξ12

(22)

VERIFICATION OF NUMERICAL INPREMENTATION

In order to verify the proposed method of solution, we consider a crack with length 2a in infinite
medium and subjected to an action of constant antiplane shear τ 0 from which a rigorous exact
solution is available (Knopoff, 1958)
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[u ty (ξ )] =

2τ 0

µ

−τ 0 ; | ξ p |≤ a
σ ysη (ξ p ) = 
2
2
τ 0 (ξ p / ξ p − a − 1) ; | ξ p |> a

a 2 − ξ 2 ; | ξ |≤ a ,

(23)

In order to make against with the above solution, we consider the special case ( d / a → ∞ , δ = 0 ) in
Fig. 1, to simulate a horizontal crack in infinite medium. In addition, we adopt a plane SH wave
normal incident to the crack and whose static limit as the excitation frequency tends to zero (i.e.
ks → 0 ) corresponds to constant antiplane shear τ 0 . Therefore, the corresponding free displacement
and stress fields are given by

u yf (ξ ,η ) = Aeiksη

;

σ yfη (ξ ,η ) = µ iks Aeik η
s

(24)

where A = µ iks / τ 0 . We take a normalized frequency k s a = 0.0001 as zero frequency approximation,
Figs. 2a and 2b show respectively the numerical results of the distribution of [ u ty (ξ ) ] along the crack
surface and the scattered stress σ ysη (ξ p ,0) near the crack tips obtained from HBIEM and compared
with those obtained from the static exact solution (Eq. (23)). From the figure, one may observe that
both the zero frequency approximations as well as the validity of the proposed method are fulfilled
with high accuracy.
SURFACE DEFORMATION OF A SHALLOW VERTICAL CRACK SUBJECTED TO A
UNIFORM SHEAR STRESS DROP

In order to illustrate the whole proposed formulation, we consider a vertical crack (with length 2a and
δ = π / 2 ) buried in the half-space with its center located at a depth d (d>a) below the ground surface
and subjected to a horizontal standing plane SH wave whose static counterpart corresponds to a
horizontal constant antiplane shear loading τ 0 , the free field displacement and stress can be expressed
as

u yf (ξ ,η ) = Ah sin(ksη ) ; σ yfη (ξ ,η ) = µ ks Ah cos( ksη )

(25)

from which the ground surface condition is satisfied and the required amplitude Ah = τ 0 / µ ks , hence,
at each collocation point ξ m ( −a ≤ ξ m ≤ a , ηm = 0 ), the prescribed free field stress is σ yfη (ξ m ,0) = τ 0 .
We take a normalized frequency k s a = 0.0001 as an approximation of static state. By employing the
HBEM, we can calculate the relative slip [ u ty (ξ n ) ] at each collocation point from which the
pseudo-static stress intensity factor K 3± can be obtained under different d/a ratio, and the results are
shown in Figs. 3a and 3b, respectively. From Fig. 3b, we can observe that the pseudo-static stress
intensity factors K 3± which obtained form HBEM are in excellent agreement with those obtained by
static approach (Erdogan and Cook, 1974). Finally, employing the relative slip at each collocation
points [ u ty (ξ n ) ], we can calculate the desired surface deformation u ys ( x p ,0) as shown in Fig. 3c.
From Fig. 3, we can observe that the more profound of the results as the ratio d/a is more small, even
though, the crack length and the prescribed shear stress keep fixed, therefore, the influence of the
ground surface is significant for shallow fault system.
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CONCLUSIONS

In this paper, we propose a dynamic hypersingular boundary element method (HBEM) to solve the
surface deformation for constant stress drop slip zone (an antiplane crack) in elastic half-space in
which zero frequency approximation is adopted to obtain the static counterpart. The proposed method
(HBEM) is checked by comparing with other available data to show its validity of the method. The
versatility of the method makes it possible to solve a more complicated problem, whenever, the static
solution is difficult to obtain and the detail understanding of the surface deformation relative slip of
cracked surface, and stress intensity factor are valuable in geophysics and earthquake engineering, for
instance, if we know the relative slip of cracked surface, then we can calculate the seismic moment
(Madariaga, 1979). Further, if we know about the stress intensity factor then the energy release rate
can be calculated (Erdorgan and Sih, 1963).
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Fig. 1: Geometry of the crack Σ in the
semi-infinite elastic medium.

(b)

Fig. 2: The comparison of (a) [ u ty (ξ ) ] along

(c)

the crack surface (b) σ ysη (ξ p ,0) near the
crack tip obtained form HBEM zero
frequency approximation and from static
exact solution.

Fig. 3: Numerical results of a vertical crack with
different d /a ratio subjected to a prescribed
uniform antiplane shear stress drop, (a)
displacement on vertical crack, (b) stress
intensity factor at crack tips and compared
with static solution, (c) scattered ground
displacement.
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Abstract
The simulation of representative pulse-like near-fault ground motions for the purpose of assessing
near-fault effect is developed in the current study. Firstly, in this paper, a 3D quasi-dynamic model is
developed to simulate the rupture and healing processes of a fault plane. Due to the different healing
times defined by the proposed space-time slip function for all rupture points on the fault plane, the
induced rupture snapshots are strongly asymmetric, and the rupture growth is intermediate between a
circular rupture and a unilaterally propagating rupture. After that, based on the integral representation
theory, the ground motions of a three dimensional half-space can be determined by means of the slip
function of a buried fault plane as well as the Green’s function due to a unit point source within the
half-space. In consequence of the directivity effect, the typical pulse-like velocity waveforms can be
found within the near-fault area where the rupture front and healing front are close to each other to
cause interference. In addition, corresponding to the representative pulse-like ground motions, the
near-fault structural response spectra are carried out to show the attenuation of required spectral
demands for designing structures against the near-fault ground motions.
INTRODUCTION
Near-fault ground motions, which have caused severe damages in recent disastrous earthquakes, are
characterized by a short-duration impulsive motion that will transmit large energy into the structures at
the beginning of the earthquake. It has been shown that the response of structures subjected to an
observed near-fault ground motion is much similar to that subjected to an equivalent pulse-like motion
(Alavi and Krawinkler, 2000). Therefore, for the purpose of assessing near-fault effects, a
quasi-dynamic rupture model that reflects all of the physical realities of a buried dip-slip fault is
developed in this paper to generate the representative pulse-like near-fault ground motions instead of
the observed ones.
In fact, the pulse-like velocity waveform is owing to the directivity effect where the rupture front and
healing front are close to each other to cause interference at that site (Somerville et al, 1997).
Therefore, both the rupture and healing processes should be included in the rupture model of a buried
fault plane (Madariaga, 1976; Boatwright, 1981). In this paper, a 3D quasi-dynamic rupture model is
proposed. For each point on the fault plane, it begins to slip when the crack tip arrives from the
hypocenter with a constant rupture speed, and the slip velocity will approach a constant soon and then
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deaccelerate to become zero. Because of the different healing time at each point, the induced rupture
snapshots are strongly asymmetric and the rupture growth is intermediate between a circular rupture
and a unilaterally propagating rupture.
Based on the integral representation theory (Pao and Varatharajulu, 1976), the ground motions of a
three dimensional half-space can be determined by means of the slip function of a buried fault plane as
well as the Green’s function due to a unit point source within the half-space. It can be found from the
synthetic time histories of the near-fault ground motions that the pulse-like velocity waveforms exist
within the affected range of directivity effect. In addition, the response spectra caused by the
representative pulse-like ground motions are also determined to show the required spectral demand
caused by near-fault ground motions.
QUASI-DYNAMIC RUPTURE MODEL
Consider a dip-slip fault plane, the location of each point on the plane can be defined by the position
vector ξ=(ξ,η) as shown in Fig. 1. The origin of the local coordinates is coincident with the hypocenter
and the slip dislocation is along the ξ-axis. For each point ξ, it begins to slip when the crack tip arrives
from the hypocenter with a constant rupture speed v, and the slip velocity will approach a constant V0
soon to represent the continuation of the self-similar slip distribution. Then, a causal healing behavior
begins to stop the rupture growth. The slip velocity V(ξ,t) can be defined by

0
 V0 t
 2
2
 t − Tr
V (ξ, t ) = 
T − t V0 t
 h
 ∆
t 2 − Tr2
0


; 0 ≤ t ≤ Tr (ξ )
; Tr (ξ ) ≤ t ≤ Ts (ξ )
; Ts (ξ ) ≤ t ≤ Th (ξ )

Tr (ξ ) = ξ v

with Th (ξ ) = T0 − ξ − ξ 0 β

(1)

Ts (ξ ) = Th (ξ ) − ∆ (ξ )

; Th (ξ ) ≤ t

Herein, Tr(ξ) and Ts(ξ) are the times of the onset of rupturing and healing at ξ, respectively, Th(ξ) is
the time that the rupture heals, and ∆(ξ) is the healing interval. In addition, T0=Th(ξ0) is the faulting
duration, β is the healing speed that is specified as the shear wave velocity, and ξ0=(ξ0,0) is the last
point of the rupture to heal.
Specifying the rupture end on the positive ξ-axis (toward the ground surface) as ξR=(ξR,0), then the
faulting duration T0 can be determined from Tr(ξR)=Th(ξR) as
T0 =

ξR
v

+

ξR − ξ0
β

(2)

As shown in Fig. 1, the boundary Γ of the rupture range on the fault plane can be defined by
ξ Γ = (ξ 0 + R cosθ , R sin θ ) , and further, the function R(θ) can be determined from Tr(ξΓ)=Th(ξΓ) as

R(θ ) =

β

 (ξ β cos θ + v 2 T )2 − (β 2 − v 2 )(ξ 2 − v 2 T 2 ) − (ξ β cos θ + v 2 T )
0
0
0
0
0
0 

β − v 
2

2

(3)

It can be found that the extent of the rupture is asymmetric about the hypocenter, and the rupture
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growth is intermediate between a circular rupture and a unilaterally propagating rupture. However, it is
noted that the rupture is symmetric about the ξ-axis. The healing interval ∆(ξ) is defined as ∆0 at ξ0,
and then decreases linearly to become zero on the boundary Γ. Therefore, as shown in Fig. 1, the
healing interval ∆(ξ) for a point ξ=(ξ,η) within the rupture range can be defined by

∆ (ξ ) = ∆0 ⋅

R(θ ) − r
 ξ − ξ0 
with r = ξ − ξ 0 ; θ = cos −1 

R(θ )
 r 

(4)

Figure 2 shows the space-time diagram of the rupture growth and healing of the adopted source model
for the points along ξ-axis. The fault is slipping inside the region bounded by the lines Tr(ξ) and Th(ξ),
and is healing in the gray region of Ts(ξ)<t<Th(ξ). Finally, the slip dislocation function can be defined
from Eq. 1 as

0
V
 0
V
 0
D(ξ, t ) =  ∆


V0
∆


; 0 ≤ t ≤ Tr (ξ )
t − Tr

2
 t + t2 −T 2
T
r
 Th − t  t 2 − Tr2 − s Ts2 − Tr2 − Tr ln
2
2

2
2
2

 Ts + Ts − Tr


2
 T + T 2 − T 2 
h
r 
 Th Th 2 − Tr2 − Ts Ts2 − Tr2 − Tr ln h
2
2
2  Ts + Ts2 − Tr2 



2

; Tr (ξ ) ≤ t ≤ Ts (ξ )

2


 ; T (ξ ) ≤ t ≤ T (ξ )
s
h


; Th (ξ ) ≤ t

t

Th (ξ ) = T0 −

T0

η

ξ − ξ0
β

Ts (ξ ) = Th (ξ ) − ∆ (ξ )

ξΓ=(ξ0+Rcosθ, Rsinθ)

Rupture
boundary Γ

(5)

ξ
R(θ)

r

θ
ξ0 ξR

Hypocenter

Tr (ξ ) =

ξ

ξ
v

Toward the ground surface

ξL

Fig. 1: Local coordinates on the fault plane

ξ=0

ξ0

ξR

ξ

Fig. 2: The space-time diagram of the
rupture growth and healing

NEAR-FAULT GROUND MOTIONS
Integral Representation Theory

As shown in Fig. 3, a fault plane Σ is defined in the half-space with a dipping angle δ. Consider the
global Cartesian coordinates (x-y-z) system, the y-axis is defined as the intersection of the fault plane
and the free surface, and the later is defined by z=0. In addition, a local Cartesian coordinates (ξ-η-ζ)
system is defined on the fault plane (ζ=0) with the origin being coincident with the hypocenter. The
ξ-axis is along the slip dislocation, and the angle between ξ-axis and y′-axis (parallel to y-axis) on the
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fault plane is defined by α. Therefore, the transform relationship between the unit vectors of the global
and local coordinates can be expressed by
e ξ = sin α cos δ e x + cos α e y − sin α sin δ e z
e η = − cos α cos δ e x + sin α e y + cos α sin δ e z

(6)

e ζ = sin δ e x + cos δ e z

Free surface

x

y

ξ

δ
Hypocenter xA

ζ

α
η

Fault plane ∑

xp(xp,yp,zp)

y′
x0(x0,y0,z0)

z
Fig. 3: Global and local coordinates in the 3D half-space for the near-fault analysis
Based on the integral representation theory, the induced displacement components at xp outside the
fault plane can be expressed by the Voigt form as

u i (x p ) = ∫Σ [u j (x 0 )] σ Gijk (x 0 ; x p )nk dS ; x p ∉ Σ

(7)

where [uj(x0)] is the slip dislocation at rupture point x0 on the fault plane, σ Gi
jk ( x 0 ; x p ) is the stress at x0
induced by a unit point force loaded along ei at xp, and nk is the unit normal of the fault plane. Based
on the local coordinates, because [uη(ξ0)]=[uζ (ξ0)]=0 at each rupture point ξ0=(ξ0,η0,0) and nζ=1 with
nξ=nη=0, Eq. (7) can be simplified by

uξ (ξ p ) = ∫Σ [uξ (ξ 0 )]σ ξζGξ (ξ 0 ; ξ p )dξ 0 dη 0

; ξp ∉Σ

uη (ξ p ) = ∫Σ [uξ (ξ 0 )]σ ξζ (ξ 0 ; ξ p )dξ 0 dη 0

; ξp ∉Σ

uζ (ξ p ) = ∫Σ [uξ (ξ 0 )]σ ξζ (ξ 0 ; ξ p )dξ 0 dη 0

; ξp ∉Σ

Gη
Gζ

(8)

Based on the rotation transformation of displacement and force components between global and local
coordinate systems as well as the train rule, the induced displacement at xp outside the fault plane can
be expressed as

u x (x p ) 
 E x (x 0 ; x p ) 




u y (x p ) = µ ∫Σ [uξ (ξ 0 ,η 0 )] E y (x 0 ; x p )dξ 0 dη 0
u z ( x p ) 
 E z (x 0 ; x p ) 
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(9)

where µ is the shear modulus of the half-space. Parameter Ex (x0;xp) is defined by

 ∂u xGx (x ; x p ) ∂u zGx (x ; x p ) 
 ∂u xGx (x ; x p ) ∂u zGx (x ; x p ) 



E x (x 0 ; x p ) = sin α sin 2δ
−
+ cos 2δ 
+




∂
x
∂
z
z
x
∂
∂




 x =x

 ∂u Gx
 ∂u Gx (x ; x p ) ∂u zGx (x ; x p ) 
∂u xGx (x ; x p ) 
y (x ; x p )
 + cos δ  y

+ cos α sin δ 
+
+




∂x
∂y
∂z
∂y




 x =x

0

(10)

0

Gx
where u xGx (x ; x p ) , u Gx
y ( x ; x p ) and u z ( x ; x p ) denote the displacement components (global x-y-z

coordinates) at x induced by a unit point force loaded along ex at xp. The other two parameters Ey and
Ez can be defined by Eq. (10) while the superscript ‘Gx’ of the displacement components being
replaced by ‘Gy’ and ‘Gz’ to represent the unit point force loaded along ey and ez, respectively. In
addition, the rupture point x0=(x0,y0,z0) on the fault plane can be expressed by the local coordinates as

x 0 = x A + ξ 0 sin α cos δ − η 0 cos α cos δ
y 0 = y A + ξ 0 cos α + η 0 sin α
z 0 = z A − ξ 0 sin α sin δ + η 0 cos α sin δ

(11)

where xA=(xA,yA,zA) denotes the hypocenter.
Solution due to Unit Point Force in Half-apace

Based on the global x-y-z coordinates, the displacement can be defined by the scalar potentials φ, χ
and ψ as
u = ∇φ + ∇ × ∇ × (0,0, χ ) + ∇ × (0,0,ψ )

(12)

All of the potentials satisfy the Helmoltz equations in frequency domain. For a point source located at
xp in a half-space, the induced potentials at x can be expressed in the frequency domain by

φ H (x; xp , ω ) = φ0 (x; xp , ω ) + φr (x; xp , ω )

χ H (x; xp , ω ) = χ 0 (x; xp , ω ) + χ r (x; xp , ω )

(13)

ψ H (x; xp , ω ) = ψ 0 (x; xp , ω ) + ψ r (x; xp , ω )

where φ 0 , χ 0 and ψ 0 are the solutions in an infinite space, φr , χ r and ψ r are the terms
reflected from the free surface (z=0). Considering the Fourier transformations between wavenumber
and special coordinate as well as the radiation conditions due to a point source, the general solutions of
scalar potentials can be solved and expressed by a double integral representation form as

φ 0 (x; x p , ω ) =

1

∞

∞

ψ 0 (x; x p , ω ) =

(

)

(

−ν z − z p − ik x x − x p − ik y y − y p

∫ ∫ A0 e
4π − ∞ − ∞
1 −∞ −∞
−ν ′ z − z
χ 0 (x; x p , ω ) = 2 ∫− ∞ ∫− ∞ B0 e
4π

)

2

1

−∞ −∞

∫ ∫ C0 e
4π − ∞ − ∞

p

(

)

(

)

(

)

(

)

− ik x x − x p − ik y y − y p

−ν ′ z − z p − ik x x − x p − ik y y − y p

2
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dk x dk y
dk x dk y
dk x dk y

(14a)

φ r (x; x p , ω ) =

1

∞

∞

(

)

x

p

ψ r (x; x p , ω ) =

(

−νz − ik x x − x p − ik y y − y p

∫ ∫ Ar e
4π − ∞ − ∞
1 ∞ ∞
−ν ′z − ik ( x − x
χ r (x; x p , ω ) = 2 ∫− ∞ ∫− ∞ Br e
4π
2

1

∞

∞

∫ ∫ Cr e
4π − ∞ − ∞

(

)

dk x dk y

)−ik y ( y − y p )
)

(

−ν ′z − ik x x − x p − ik y y − y p

2

dk x dk y

)

(14b)

dk x dk y

where

ν = k x 2 + k y 2 − k p 2 ; ν ′ = k x 2 + k y 2 − ks 2

(15)

In addition, based on the traction free conditions on the free surface (z=0), the coefficients Ar, Br and
Cr of the reflected terms can be solved and expressed in terms of A0, B0 and C0 as
Ar = R pp A0− e

−νz p

+ R ps B0− e

−ν ′z p

; Br = Rsp A0− e

−νz p

+ Rss B0− e

−ν ′z p

; C r = C 0− e

−ν ′z p

(16)

herein, the reflected coefficients Rpp, Rps, Rsp and Rss are defined by

R pp = Rss = −

[

(

) + 4νν ′k 
)] ; R = − F1 [4ν (2k

1 2
2
2k − k s*
F 

(

1
2
R ps = − 4ν ′k 2 2k 2 − k s*
F

2

2

sp

2

−k

*2
s

)]

(17)

while F being the Rayleigh function defined by

(

F = 2k 2 − k s

)

2 2

− 4k 2νν ′ with k 2 = k x2 + k y2

(18)

Furthermore, it should be noted that the superscript ′-′ of A0− , B0− and C 0− in Eq. (16) implies that the
coefficients of solutions in infinite domain should be evaluated under the condition of (z-zp)<0.
Consider the unit point forces along ex, ey and ez, respectively, the associated coefficients of the
potentials in an infinite domain can be solved as
A0x =

ik x

; B 0x =

ik x

sgn (z − z p ) ; C 0x =

ik y

2k 2ν ′µ
2k k µ
ik y
ik
y
A0y =
B
;
sgn (z − z p ) ; C 0y = − 2 x
=
0
2
*
2 *2
2k ν ′µ
2νk s µ
2k k s µ

A0z =

*2
s

2νk µ
ik y
1
*2
s

2k µ

2

*2
s

sgn (z − z p ) ; B0z =

1
*2
s

2k ν ′µ

(19)

; C0z = 0

Therefore, the displacements u Gx (x; x p ) , u Gy (x; x p ) and u Gz ( x; x p ) at x due to the unit point forces

loaded at xp along ex, ey and ez, respectively, can be determined straightforwardly by Eqs. (12)-(19).
Near-fault Ground Motions
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Then, based on the displacements due to the unit point forces loaded along ex, ey and ez, the associated
parameters E x (x 0 ; x p ) , E y (x 0 ; x p ) and E z (x 0 ; x p ) can be determined by Eq. (10), and subsequently,
the induced near-fault displacement u(xp) with xp outside the fault plane can be determined by Eq. (9).
Let xp=(x,y,0) approach the free surface, the ground displacement components caused by the rupture of
a fault plane can be determined in the frequency domain and expressed by the double integral
representation form as
 1 ∞ ∞  2ik xν ′  * −νz −ik ( x − x )−ik ( y − y )
ω
[
(
,
)]
x
u
dk x dk y
∫ ξ 0  4π 2 ∫ ∫  F  A e
Σ
− ∞− ∞

2
1 ∞ ∞  ik x 2k 2 − k s*  * −ν ′z −ik ( x − x )−ik ( y − y )

B e
dk x dk y
+
∫∫
4π 2 −∞−∞
Fk 2
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+
− 2 C e
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dk x dk y
u y (x p , ω ) = ∫ [uξ (x 0 , ω )] 2 ∫ ∫ 
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)

(

where parameters A*, B* and C* are defined by
A* =

[
]
− cos α [sin δ ⋅ 2k k + cos δ ⋅ 2ik ν ]
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*2
s

)]

2

)]

(21)

Finally, based on the Fourier transformation between frequency domain and time domain, the time
histories of near-fault ground motions can be determined.
NUMERICAL EXAMPLE FOR A THRUST FAULT
Consider a reserve slip fault plane (α=π/2) buried in a half-space with longitudinal and shear wave
velocities of Cp=5.6 km/sec and Cs=3.2 km/sec, respectively. The hypocenter and the dip angle are
defined as xA=(0,0,13) km and δ=40°. The dislocation [uξ (x 0 ; ω )] can be determined from the Fourier
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transformation of the slip function D(ξ0;t) that is defined by Eq. (5) under the specified condition of
ξR=6.0km, ξ0=5.25km, v=2.4 km/s, and ∆0=0.5 sec. Furthermore, the maximum dislocation is scaled to
become 1.5 m.
Based on the proposed methodologies, the induced near-fault ground motions can be determined. The
simulated time histories of ground displacement and velocity for observation points along x-, y-axes
and P-P’ line (with an angle of π/4 from x-axis) are compared in Fig. 4. The representative pulse-like
velocity waveforms can be found within the near-fault area where the rupture front and healing front
are close to each other to cause interference, and the duration of the pulse is about 1.0 second. The
contours of the induced PGV are shown in Fig. 5, where the circles denoting the ground observation
points specified in this earthquake scenario.
Based on the simulated time histories of ground acceleration, the associated near-fault response
spectra can be determined. Figure 6 illustrates the response spectrum shapes (spectral acceleration,
velocity and displacement) for observation points located along x-, y-axes and P-P’ line, and the
contour maps of the spectral acceleration demands at structural period of 1.0 second are shown in
Figure 7. It can be found from Figs. 5 and 7 that the variation of near-fault spectral demands is
coincident with that of the representative ground velocity pulse.
CONCLUSIONS
In this paper, a quasi-dynamic rupture model of a buried dip-slip fault is defined. Then, based on the
integral representation theory, the ground motions of a three dimensional half-space can be determined
by means of the slip function of a buried fault plane as well as the Green’s function due to a unit point
source within the half-space. In consequence of the directivity effect, the representative pulse-like
velocity waveforms can be found within the near-fault area owing to the interference of the rupture
and healing fronts. Therefore, instead of the scarcely observed near-fault ground motions, the
near-fault structural response spectra can be studied by the simulated representative pulse-like ones to
show the attenuation of required spectral demands for designing structures against the near-fault
ground motions. It can be found from the earthquake scenario caused by a reverse slip fault that the
distribution of spectral demands is coincident with that of the representative ground velocity pulse,
and in general, the near-fault impact in x-direction (perpendicular to the fault) is larger than that in
y-direction (parallel to the fault).
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(a)
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(b)

Fig. 4: Time histories of (a) ground displacement and velocity along x-axis (zero for y-component),
(b) ground velocity along y-axis and (c) along P-P’ line (π/4 from x-axis)
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Fig. 5: Distribution of contour maps for the induced PGV

Fig. 6(a): Horizontal response spectrum shapes (x-component) for observation points along x-axis
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25.00

Fig. 6(b): Horizontal response spectrum shapes (x-component) for observation points along y-axis

Fig. 6(c): Horizontal response spectrum shapes (y-component) for observation points along y-axis

Fig. 6(d): Horizontal response spectrum shapes (x-component) for observation points along P-P’ line
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Fig. 7: Contour maps of spectral acceleration demands (unit: m/s2) at structural period of 1.0 second
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Abstract
A series of large-scale experimental tests is conducted on a mass equipped with a hybrid controlled
base-isolation system that consists of rolling pendulum system (RPS) and a 20 kN magnetorheological
(MR) damper. The 12-ton mass and its hybrid isolation system are subjected to various intensities of
near- and far-fault earthquakes on a large shake table. Fuzzy controllers use feedback from
displacement, and acceleration transducers attached to the structure to modulate resistance of the
semi-active damper to motion. Results from various types of passive and semi-active control
strategies are summarized and compared. The study shows that a combination of rolling pendulum
system and an adjustable MR damper can provide robust control of vibration for large civil
engineering structures that need protection from a wide range of seismic events. Low power
consumption, direct feedback, high reliability, energy dissipation, and fail-safe operation are validated
in this study.

INTRODUCTION
While standard base isolation techniques such as insertion of rubber bearings between the ground and
a structure that is to be protected have been applied for a number of years [Naeim F], the addition of
supplemental damping devices is being considered for large structures in order to create more robust
resistance to a variety of earthquake characteristics. One recent comprehensive study [Chang SP]
used experimental and analytical methods to determine effectiveness of using lead-rubber or sliding
bearings along with friction and viscous dampers for isolation of rigid structures. Supplemental
passive damping devices have been found to be effective in reducing both displacement and base shear
for structures that have moderately long periods.
Other researchers are studying the ability of semi-active devices to reduce vibrations in structures.
Very small power consumption, high reliability and a fail-safe mechanism make semi-active control
one of the more promising approaches for the mitigation of damage due to seismic events in civil
engineering structures. There are fundamentally two types of semi-active control devices. The first
type uses a mechanical system to alter behavior of the control device; examples of such systems
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include the variable damping device [Sadek, F][ Symans MD], semi-active hydraulic damper [Kurata
N][ Niwa N,] and a variable stiffness system [Kobori T]. The basic approach is to use a variable
valve to modify damping and stiffness of the damper. The second type of semi-active control device
uses a controllable fluid, such as electrorheological (ER) [Burton SA] or magnetorheological (MR)
fluid [Spencer, Jr BF] [Lin PY]. In this case an applied field that is electric or magnetic changes
mechanical properties of the fluid and controls force in the damper.
The latter technique, which involves MR damper technology, is receiving a great deal of attention
among researchers investigating control of large civil engineering structures. An MR damper
resembles an ordinary linear viscous damper except that the cylinder of the damper is filled with a
special fluid that contains very small polarizable particles. Viscosity of the fluid can be changed very
quickly from a liquid to a semi-solid and vice versa. This is accomplished by adjusting the
magnitude of the magnetic field produced by a coil wrapped around the piston head of the damper.
When no current is supplied to the coil, an MR damper behaves in a manner that is similar to that of an
ordinary viscous damper. On the other hand, when current is sent through the coil, fluid inside the
damper becomes semi-solid and its yield strength depends on the applied current [Chang CC]. Since
the control force is not applied directly to the structure by the damper, but rather only the resistance of
the damper is adjusted, control instability does not occur and only a small amount of energy is
required. Therefore, an MR damper is a reliable and fail-safe device.
This study makes use of a supplemental MR damper in a large structure that is equipped with the
rolling pendulum system as the base-isolation system in a laboratory. The goal is to exploit the
reliability and simplicity of a traditional base isolator with another reliable device that is able to
change its characteristics within milliseconds. Rapid adjustment of a large MR damper to its
surroundings allows the hybrid base-isolation system to provide safe and effective filtering of a broad
range of motions from near- and far-fault seismic events.
In what follows a testing program is carried out with a set of fuzzy logic controllers that use direct
feedback of readily available data concerning motion of a single degree of freedom structure. The
experimental structure as well as data acquisition and control hardware are described in Section 2.
Development of three semi-active fuzzy controllers for the hybrid base isolation system is discussed
next. The final sections present and analyze results from extensive experiments on a large shake
table.
EXPERIMENTAL MODEL
In this study, a base-isolated structure with rolling pendulum system and a 20 kN MR damper is tested
on a shake table. Unlike the traditional isolators, such as high damping rubber bearing (HDRB) [Lin
PY] or friction pendulum bearing[ Wang, Y. P.], the rolling pendulum system (RPS) is used in this
study. In this study, the adjustable MR damper is the main energy absorber of the hybrid base-isolation
system. As results, the damping force or friction force of the isolator is the fewer the better. The fewer
resistance of the isolator the more controllable range of the semi-active controlled base-isolation
system, as the isolator is not adjustable. The goal is to verify effectiveness of the hybrid control
system with physical hardware and real-time processing requirements. Figure 1 shows a schematic
drawing of the experimental setup. The isolated structure is constructed with a steel frame and lead
blocks that provide a mass of 12 ton. The natural period of the rolling pendulum system is selected
as 2.77 sec. Ends of the 20 kN MR damper are securely attached to the top surface of the shake table
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and the side of the isolated structure.
An array of LVDTs, accelerometers, load cells and a thermal couple are used to measure the
displacement, absolute acceleration, force and temperature, respectively, at salient locations on the
experimental structure. Figure 2 shows locations of the experimental sensors. Displacements and
accelerations of the base-isolated system are grouped into three levels: base of the rolling pendulum
system (D0, A0), base of the isolated structure (D1, A1) and top of the isolated structure (D2, A2).
Two LVDTs are placed at each level in order to measure both transverse and accidental torsional
response. An additional LVDT is used to measure displacement response of the piston relative to the
cylinder of the MR damper (Dmr). One additional accelerometer provides information concerning,
the piston of the MR damper.
A load cell (Lmr) is attached in-line with the axis of the MR damper in order to measure axial
force. Finally, since temperature of the MR fluid is an important factor for reliable operation of the
damper, one thermal couple (Tmr) is attached to the surface of the by-pass cylinder of the MR damper.
Time histories of recorded earthquakes are feed into a computer that controls the shake table. Due to
interaction between the table and test structure, a trial and error process of several iterations of the
earthquake motion is used to compensate for the interaction so that a close approximation to the
desired base motion is obtained.
PC/Simulink
Data Acquisition System
DSpace I/O Board
Feedbacks

Power Supply

Control Current
LVDT

Reference Frame

Command Voltage

Displacement
Accereation
Force
Voltage

Temperature

VCCS

V

LVDT
LVDT

Shake Table

MTS Controller of Shake Table
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Figure 1: Experimental setup of test structure.

Figure 2: Configuration of experimental sensors
DESIGN OF SEMI-ACTIVE CONTROLLERS
The semi-active control device used in this study is the 20 kN MR damper. Although its resistance to
motion can be changed on command, it can not be treated like an active actuator for purposes of
numerical simulation. Moreover, traditional active control algorithms cannot be directly applied to
this hybrid control system. Therefore, semi-active controllers are developed in the context of the
nonlinear base-isolated structure with rolling pendulum system and MR damper subcomponents.
Fuzzy logic is used to map an input space to an output space by means of if-then rules [Fuzzy Logic
Toolbox Users Guide]. Control components of the input signal are transformed into linguistic
values through a fuzzification interface at each time step. Use of a fuzzy controller is advantageous
in that performance is not overly sensitive to changes in the input signal. For output the mapped
linguistic values are transformed into numerical values through a defuzzification interface.
Design of a fuzzy logic controller is separated into three parts: (1) use a fuzzy inference system (FIS)
editor to define the number of input and output variables and choose the type of inference to be used;
(2) define membership functions for the input and output variables; and (3) define if-then rules. In
this study, a trial and error process results in the use of two inputs (displacement and acceleration) and
one output (voltage) variable. Next, triangular membership functions and the range of their variables
are defined for each input and output variable. Finally, the if-then rules are edited so as to connect
each input and output
For semi-active controller, S3, the absolute acceleration and relative displacement are selected as
inputs, and the output is the command voltage. The number of membership functions used for the
inputs are five and six, while seven membership function are used for the output. The first input,
absolute acceleration, uses “PH”, “PS”, “Z”, “NS” and “NH” the second input, relative displacement,
uses “PH”, “PB”, “PS”, “NS”, “NB” and “NH” the output variable, force, uses “PH”, “PB”, “PS”, “Z”,
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“NS”, “NB” and “NH”. Figure 3 (a), (b) and (c) show the result of applying the input and output
membership functions over the whole range of the input variables for semi-active control case “S3”.
The design approach for this case is to control both the absolute acceleration and the relative
displacement. As result, it divides the response of the isolation system into three kinds. First, when the
absolute acceleration is huge, the command voltage is small when relative displacement is small and
big when the relative displacement is huge. In this situation, the command voltage is suppressed to
prevent exciting the acceleration responses except when the relative displacement is also huge.
Secondly, when the absolute acceleration is small, the command voltage is increase with the relative
displacement, and as huge as possible. In short word, the command voltage is as huge as possible
except the small response zone. Thirdly, when the absolute acceleration is almost zero, the command
voltage is zero when relative displacement is small and small when the relative displacement is big
and huge. This part provides a zero command voltage belt around tiny acceleration responses. It can
force the MR damper to be soft when the excitation is over.

(a) Input 1: Absolute acceleration. (m/s2)

(b) Input 2: Relative displacement (m)

(c) Output: Command voltage

(d) Control surface

Figure 3: Input and output membership functions of semi-active control surface “S3”
Figure 3 (d) shows the control surface of semi-active control case “S3”. According to the figure, the
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output has a zero plane when the inputs are small. This represents a command of zero volts when the
structure is at rest. If the absolute acceleration is not large, i.e. less than one-half of the limit value, the
output command is drastically changed with respect to a variation of the relative displacement. In
this case it outputs a larger command to control the relative displacement, since control of absolute
acceleration is not a problem. On the other hand, if the absolute acceleration is large, i.e. more than
one-half of the limit value, the output command is “smoothly” changed with the relative displacement.
This results in an output of smaller voltage to control the relative displacement, since application of a
larger output voltage increases the absolute acceleration.
For this case ranges of the absolute acceleration and relative displacement are selected to be -1~1 m/s2
and -0.035~0.035 m, respectively. When the magnitude of the input lies outside of its range, the
boundary value is used. Also, during numerical simulation and for a real application, a saturation
block is used to prevent undesirable overshooting.
SHAKE TABLE TESTS
After preliminary numerical simulations are performed to show that fuzzy control of a hybrid
base-isolation system that is equipped with rolling pendulum pads and an MR damper can be effective
in reducing displacement and acceleration, an experimental testing program is conducted. Figure 4
shows the photo of the 12-ton test structure in NCREE, 2003. A range of earthquake time histories are
used to quantify levels of control for passive and semi-active control options (see Table 1).
Excitation records that are investigated include El Centro, Kobe and Chi-Chi (at stations TCU052 and
TCU068). Fast Fourier transforms (FFTs) of the time histories show that frequency content of the El
Centro earthquake is relatively wide (0~8 Hz) while the near-fault Kobe earthquake has significant
low frequency components. Similarly, Chi-Chi earthquake accelerations are recorded very close to a
fault, and the time history of ground acceleration includes a very low frequency wave. Peak ground
acceleration (PGA) levels of 50, 100, 200, 300 and 400 gal are specified for the shake table. The
maximum PGA that is applied by the shake table for each earthquake is limited by the 50 mm
displacement capacity of the MR damper.

Figure 4: Photo of the 12-ton test structure --- Hybrid controlled base-isolation system composed with
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the rolling pendulum system and MR damper.
Two passive and one semi-active cases are employed for each test on the shake table. All the cases
employ four rolling pendulum pads along with the 20 kN MR damper. The passive cases, termed
“P-off”, which uses zero voltage is used to simulate a failure situation in which the MR damper
undergoes a loss of power. The passive cases, termed “P-on” which uses one voltage is used to
simulate the full power situation of the MR damper. The final series of cases, labeled “Semi-active,”
uses feedback from the transducers and the semi-active controllers (S3) to adjust resistance of the MR
damper.
Table 1: Excitations used in shake table tests
Test Name

Description

Elc

El Centro NS

Kobe

Kobe NS

TCU052

Chi-Chi – Station TCU052

TCU068

Chi-Chi – Station TCU068

Effectiveness of each control scheme can be determined from data collected during testing on the
shake table. Data are presented in the following discussion first according to maximum response and,
second, using time-history response. As numerous sensors are used, tabulation of performance
indices facilitates comparison of the control schemes. To this end, a set of indices is used to define
maximum values of the following quantities: (1) stroke of the MR damper (Dmr), (2) relative
displacement at the bottom of the isolated structure (D1), (3) relative displacement of the top of the
isolated structure (D2), (4) input acceleration (A0), (5) absolute acceleration of the base of the isolated
structure (A1), (6) absolute acceleration of the top of the isolated structure (A2) and (7) control force
of the MR damper (Lmr)). Indices 1-3 are used to compare the control effect of maximum relative
displacement. Relative displacements of the base and top of the isolated structure (D1 and D2) are
the mean values of the measured responses from two LVDTs at each of the two levels. Indices 4-6
compare the degree of control of the maximum absolute acceleration. Absolute acceleration at the
base and top of the isolated structure is also taken to be the mean value of the measured responses
from two accelerometers at each level. Index 7 compares maximum force supplied by the MR
damper.
In order to facilitate comparison of results from a large number of experimental cases, Figures 5(a)
and 6(a) show the relationships of maximum absolute acceleration (A1) of the isolated structure and
maximum input ground acceleration (PGA/A0)for each excitation. Figure 5(b) and 6(b) show the
relationships of maximum relative displacement (D1/Dmr) of the isolated structure and maximum
input ground acceleration (PGA/A0).for each excitation. Plots in these figures for passive operation of
the MR damper indicate only the two extremes of the voltage command levels, “P-off” and “P-on”,
which represent the “lose power” and “maximum power” condition respectively. First, it is apparent
from these figures that the greater the constant command voltage that is sent to the MR damper in a
passive mode, the larger the reduction in relative displacement. Secondly, although the relative
displacement is well controlled in the maximum command voltage case “P-on”, the control effect of
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the absolute acceleration is poor. In short word, lower command voltage (such as case “P-off”) to the
MR damper will lead better absolute acceleration reduction. But the stroke will exceed the capacity of
the MR damper when the input ground acceleration exceeds 200 gal. Higher command voltage (such
as case “P-on”) to the MR damper will lead better displacement reduction. But the absolute
acceleration is always poor in every PGA level.
For semi-active control cases “S3”, reductions in the maximum relative displacement are similar in
magnitude to the “P-on” case that uses the maximum command voltage, and the absolute acceleration
of the isolated structure (A1) is almost as small as the case “”P-off”. Moreover, since energy supplied
to the MR damper can be reduced through use of modulated current, the semi-active control system
provides a more efficient means of control than “P-on” and also reduces the temperature of the MR
fluid. In conclusion, the semi-active controlled base-isolation system which uses the fuzzy logical
control algorithm can control both the relative displacement and absolute acceleration. It is the most
adaptable control system to control the base-isolation system subject to different PGA levels of
excitations. It can adjust the command voltage to the MR damper to reduce the absolute acceleration
in different PGA levels of excitations without exceeding the stroke capacity of the base-isolation
system. In the other hand, the passive control cases can only control the relative displacement or the
absolute acceleration. They are not adaptable to against different kinds of excitations
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Figure 5: Comparison of the maximum absolute acceleration (A1) and relative displacement (D1) of
the hybrid controlled base-isolation system with different control cases (EQ cases: El Centro NS and
Kobe NS).
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the hybrid controlled base-isolation system with different control cases (EQ cases: Chi-Chi/Station:
TCU052 and TCU068).
Time history of response from each transducer on the experimental structure provides additional data
for interpretation of important phenomena. The discussion that follows first presents results from
passive control and then those from semi-active control. The upper plot in Figure 7 shows the time
history responses of the relative displacement of the passive-controlled (“P-1V”) base-isolation system
under El Centro earthquake excitation (PGA=0.4g). While the lower plot shows the comparison of the
input ground acceleration (red line) and the absolute acceleration of the base-isolated structure (green
line). According to this figure, the passive controlled base-isolation system can subject to 400 gal El
Centro earthquake excitation without exceeding the stroke capacity of the base-isolation system. The
relative displacement control effect is good, and the absolute acceleration reduction is reduced from
400gals to 200 gals.
Figure 8 shows the same comparison in the semi-active controlled base-isolation system (“S3”). The
time history response of the relative displacement is similar to the passive case “P-on” (See Figure 7).
But, comparing the time history responses of the absolute accelerations, the maximum absolute
acceleration response of the semi-active controlled base-isolated structure is greatly reduced from 400
gals to 80gals. It shows that the semi-active control system which uses the fuzzy logic control
algorithm can reduce the relative displacement responses under strong earthquake excitation. In the
same time, the acceleration reduction is not sacrificed. Figure 9 and 10 show the time history
responses of the MR damper force (upper plot), command voltage (middle plot) and the hysteresis
loops (lower left plot), force/velocity relationship of the MR damper in the passive (“P-1V”) and
semi-active (“S3”) controlled base-isolation system under El Centro earthquake excitation. Comparing
the time history responses of the MR damper forces in passive and semi-active control cases (see the
upper plot in Figure 9 and 10), the damper force in passive mode is always huge, while the damper
force in semi-active mode is altered according to the excitation. Comparing the command voltage to
the MR damper (the middle plots in Figure 9 and 10). Passive case “P-on” always uses the great
command level (1 Volt) as input, as result, the damper force is always huge. The command voltage of
in the semi-active control case “S3” is altered according to the feedbacks form the responses of the
base-isolation system and the fuzzy logical control gain (or, control surface). It make the MR damper
can do the optimal adjustment in each time step, consequently, the semi-active control system will has
the best control efficiency. The lower plot in figure 9 and 10 show the hysteresis loops and
force/velocity relationships of the passive and semi-active control system. In figure 9, the MR damper
is work in passive mode, as results, the hysteresis loop is unique just like a passive damper. In figure
10, the hysteresis loop is changing all the time. The shape of hysteresis loop is not only decided by the
characteristic of the MR damper but also the fuzzy logic control gain. In this study, the hysteresis loop
of the semi-active controlled MR damper has a bone shape. Which means, when the relative
displacement is small the resistance of the MR damper is small to gain the better acceleration
reduction. When the relative displacement is big, the resistance of the MR damper is big to mitigate
the exceed displacement response.
CONCLUSIONS
This experimental study investigates performance of a 12-ton mass supported by a hybrid
base-isolation system that includes rolling pendulum system and a 20 kN MR damper. The system is
tested on a large shake table and numerous transducers monitor motion and feedback data to a
controller. Fuzzy logic control is used to design the semi-active controller that modulate voltage to
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the MR damper. The goal is to mitigate response of the mass with the aid of the nonlinear
base-isolation system. Different passive and semi-active control cases are used to test to the
effectiveness of each strategy.
Conclusions from this study are summarized as follows:
1.
The rolling pendulum system is in place of the HDRB as the isolator in this study. It can provide
a suitable restoring force with minimum friction force (or damping force). The damping force is
only provided by the adjustable MR damper, and it can increase the controllable rang of the
semi-active control system
2.
The benefit of a semi-active controllable damper in a base-isolation system is evident, especially
for protection against different kinds of levels of earthquakes.
3.
Semi-active controller S3, which considers both relative displacement and absolute acceleration,
is the most effective controller used in this study. Not only can it control absolute acceleration
for moderate levels of excitation, but it also mitigates relative displacement responses for large
excitations and near-fault earthquakes.
4.
Fuzzy logic control can be effective when used with a hybrid isolation system. Moreover, a
semi-active controller can be custom-designed according to the desired performance criteria.
For example, a controller can be designed to minimize both relative displacement and absolute
acceleration similar to controller S3 or unequal weight can be assigned to different inputs.
This study provides evidence of full-scale, real-time control and highlights several advantages of
augmenting a common base-isolation system with a semi-active MR damper that is modulated with a
fuzzy controller.

Figure 7: Time history responses of the relative displacement (upper plot), input ground acceleration
and isolated acceleration (lower plot) of the passive-controlled (“P-1V”) base-isolation system under
El Centro earthquake excitation (PGA=0.4g).
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Figure 8: Time history responses of the relative displacement (upper plot), input ground acceleration
and isolated acceleration (lower plot) of the semi-active controlled (“S3”) base-isolation system under
El Centro earthquake excitation (PGA=0.4g).

Figure 9: Time history responses of the MR damper force (upper plot), command voltage (middle plot)
and the hysteresis loops (lower left plot), force/velocity relationship of the MR damper in the passive
controlled (“P-1V”) base-isolation system under El Centro earthquake excitation (PGA=0.4g).

369

Figure 10: Time history responses of the MR damper force (upper plot), command voltage (middle
plot) and the hysteresis loops (lower left plot), force/velocity relationship of the MR damper in the
semi-active controlled (“S3”) base-isolation system under El Centro earthquake excitation
(PGA=0.4g).
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Abstract
In this paper, a bolted connection for rectangular concrete-filled steel tube column and H-shape steel
beams is proposed so that no welding is required at site. Moreover, the flanges of the beam close to
the column are widen by welding additional triangular plates to both sides of the flanges so that plastic
hinges are guaranteed to be developed away from the welding zone. The seismic performance of the
connection detail is investigated by subjecting the test specimens to cyclic loading tests. The
feasibility of the proposed beam-column connection is successfully verified by experiments. The
story drift ratio can be up to 6 % radian without collapse. The failure mechanism depends on the
relative strength of the beam, column and panel zone. When the width-to-thickness ratio of the
column is large, energy dissipation is mainly attributed to the failure of the panel zone. On the other
hand, when the width-to-thickness ratio is small, energy dissipation is mainly attributed to the failure
of the beams.
INTRODUCTION
The properties of steel and concrete are fully utilized in the concrete-filled steel tube structures so that
the strength, stiffness and ductility of the structures can be enhanced simultaneously. The
construction of concrete becomes more efficient because the form-work for concrete is provided by
the steel tube. Since longitudinal reinforcement and transverse confinement can be acquired due to
presence of the steel tubes, the traditional longitudinal and transverse reinforcement may be eliminated.
Continuous confinement provided by the steel tubes prevents excessive spalling of concrete and the
concrete filled inside the steel tubes prohibits local inward buckling of the steel tube wall. Even
though many advantages are exhibited by the concrete-filled steel tube structures, the application is
limited because of the complicated beam-column connection and the lack of construction experience
(AIJ 1987; Alostaz and Schneider 1996; Ricles et al. 1997).
In this paper, three full-scale connections, each composed of a rectangular concrete-filled steel tube
column and a pair of H-shape steel beams, were subjected to cyclic loading tests, so that the seismic
performance of the connection detail can be investigated. With bolted connection, welding is
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eliminated at site so that the quality of welding is no longer a problem. H-shape steel beam is welded
with end plate at shop and holes are allocated on the end plate. Holes are also allocated on the
rectangular steel tube with the same pattern. After concrete is placed in the tube and its strength is
developed, the bolts are pre-stressed. Moreover, the flanges of the beam close to the end plates is
widen by welding additional triangular plates to both sides of the flanges so that plastic hinges are
guaranteed to be developed away from the welding zone.
DETAIL OF BEAM-COLUMN CONNECTIONS
The test specimens are constructed in the cruciform shape to simulate the full-scale interior
sub-structure of a building with span 6 m and story height 3.2 m (Fig. 1). The columns are square
steel tubes with cross-section 400×400 mm and the thickness of the tubes varies from 6, 8 to 10 mm.
Meanwhile, the beams are commercially available H-shape steel with cross-section 500×200×10×16
mm for all test specimens. Since the square tubes with the required size are not available in the
market, the tubes are built up from steel plates. The steel plates are first cold-bent into U-shape and
two U-shape channels are jointed together by complete penetration groove welds with backing strip to
form a square tube. There are totally thirty-two pipe sleeves, sixteen in each direction, embedded in
the panel zone of the square tube. An end plate with thickness 25 mm is jointed to the end of the
beam by complete penetration groove welds. Holes, conformable with the pipe sleeves, are allocated
on the end plate. Two beams are connected to the column by bolting tie rods through the pipe
sleeves in the panel zone and the holes on the end plates. In order to shift the plastic zone away from
the column face, triangular plates are appended to the flange of the beams by complete penetration
groove welds. Moreover, the end of the beam is further strengthened by welding triangular plates,
which are aligned with the web of the beam, vertical to the flanges and the end plate.
The test specimens are named as FSB6, FSB8 and FSB10 where F denotes that the steel tube column
is filled with concrete, S denotes square tube, B denotes bolted connection and the number denotes the
thickness of the square tube in millimeters.
EXPERIMENTAL SETUP
The specimen in the cruciform shape represents two consecutive stories and two consecutive spans
(Fig. 2). The top of the column held by a horizontal actuator represents the point of inflection of the
upper story while the bottom of the column held by a short H-shape beam represents the point of
inflection of the lower story. The left and right ends of the beam held by vertical actuators represent
the points of inflection of the left and right spans, respectively. A cross beam is mounted on the top
of the column in the out-of-plane direction. A pair of tie rods, bolted to the cross beam and the
strong floor, are pre-stressed by oil jack so that dead load and live load are simulated. In order to
minimize the material used and simplify the procedure of specimen installation, the pair of beams are
extended to the required length by a pair of transferred beams. Since the transferred beams remain
elastic during the test, they can be used repeatedly. The horizontal actuator and the two vertical
actuators are all operated in the displacement control mode. The horizontal actuator holds the top of
the column in position with zero displacement while the two actuators move synchronously in
opposite direction. The cyclic story drift produced by the two vertical actuators simulates the seismic
load.
EXPERIMENTAL RESULTS
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The forces and displacements of the vertical actuators applied to the points of inflection of the beam
for all specimens are shown in Figs. 3-5. The failure mechanisms of the connections are shown in
Figs. 6-8.
In the specimen FSB6, the thickness of the column tube was 6 mm and concrete was filled inside the
tube. When the displacement of the beams was less than 60 mm (2 % radian), only the whitewash of
the triangular plates vertical to the flanges and the end plates of the beams spalled slightly. When the
displacement of the beams was 60 mm (2 % radian), the whitewash cracked horizontally between the
holes in the panel zone and the column web in the panel zone bulged out slightly. The whitewash on
the flanges of the beams also spalled slightly. When the displacement of the beams was 90 mm (3 %
radian), the whitewash in the panel zone cracked horizontally and vertically, and the prying action of
the end plates was observed. When the displacement of the beams was 120 mm (4 % radian), the
column web in the panel zone bulged out and the holes became ellipse. The concrete in the panel
zone lost its function as confinement and cracked along the holes. When the displacement of the
beams was 150 mm (5 % radian), the strength of the connection reached its maximum value. The
column web in the panel zone buckled outward and the column flanges above the end plates also
buckled locally. When the displacement of the beams was 180 mm (6 % radian), stress and strain
were concentrated around the holes in the panel zone. The column web in the panel zone buckled
seriously and the concrete in the panel zone crushed. When the displacement of the beams was 210
mm (7 % radian), the column web in the panel zone cracked from the hole but the strength of the
connection had not been attenuated to 80 % of its maximum value yet.
In the specimen FSB8, the thickness of the column tube was 8 mm and the tube was filled with
concrete. When the displacement of the beams was less than 30 mm (1 % radian), only the
whitewash of the triangular plates vertical to the flanges and the end plates of the beams spalled
slightly. When the displacement of the beams was 30 mm (1 % radian), the whitewash on the flanges
of the beams began spalling. When the displacement of the beams was 45 mm (1.5 % radian), the
whitewash in the panel zone cracked horizontally and vertically between the holes. When the
displacement of the beams was 90 mm (3 % radian), the whitewash kept on cracking and spalling.
When the displacement of the beams was 120 mm (4 % radian), the flanges of the beams buckled
slightly and the prying action was observed in the end plates. When the displacement of the beams
was 150 mm (5 % radian), the strength of the connection reached its maximum value. The
deformation of the column web in the panel zone concentrated around the holes and the buckling of
the beam flanges became significant. Moreover, the end plates were observed to begin deforming.
When the displacement of the beams was 160 mm (6 % radian), the holes in the panel zone deformed
to be ellipse and the column web in the panel zone buckled locally. When the displacement of the
beams was 210 mm (7 % radian), the column web fractured from the holes in the panel zone.
In the specimen FSB10, the thickness of the column tube was 10 mm and the tube was filled with
concrete. When the displacement of the beams was less than 30 mm (1 % radian), only the
whitewash of the triangular plates vertical to the flanges and the end plates of the beams spalled
slightly. When the displacement of the beams was 30 mm (1 % radian), the whitewash on the flanges
of the beams began spalling. When the displacement of the beams was 45 mm (1.5 % radian), the
whitewash in the panel zone cracked horizontally and the whitewash of the beam webs also cracked
due to flexure. When the displacement of the beams was 90 mm (3 % radian), the whitewash in the
panel zone kept on cracking horizontally and vertically between the holes. When the displacement of
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the beams was 120 mm (4 % radian), the buckling tendency and prying action were respectively
observed from the flanges and end plates of the beams. When the displacement of the beams was
150 mm (5 % radian), the strength of the connection reached its maximum value. The beam flanges
buckled seriously. When the displacement of the beams was 180 mm (6 % radian), the beam flanges
buckled more seriously but the concrete in the panel zone only cracked along the holes.
During the cyclic tests, the connections dissipated the energy through the columns, beams and panel
zones (Fig. 9). In the specimen FSB6, the column tube buckled locally, the column webs in the panel
zone cracked between the holes and the concrete in the panel zone crushed. Therefore, energy
dissipation was mainly attributed to the failure of the panel zone. In the specimen FSB8, the beam
flanges buckled locally, and the column webs and the concrete in the panel zone cracked between the
holes. Therefore, energy dissipation was attributed to both the failure of the beam and the panel zone.
In the specimen FSB10, both the flanges and the webs of the beams buckled locally. Therefore,
energy dissipation was mainly attributed to the failure of the beams.
CONCLUSIONS
The feasibility of bolted connection for concrete-filled steel tube and steel beam is successfully
verified by cyclic testing. The story drift ratio can be up to 6 % radian without collapse so that the
seismic performance of the proposed connection is satisfactory. The failure mechanism depends on
the relative strength of the beam, column and panel zone. When the width-to-thickness ratio of the
column tube is large, energy dissipation is mainly attributed to the failure of the panel zone. On the
other hand, when the width-to-thickness ratio of the column tube is small, energy dissipation is mainly
attributed to the failure of the beams. Since both sides of the flanges close to the end plate are
appended with triangular plates and the connection is furthered stiffened by welding triangular plates
vertical to the flanges and the end plate, the plastic hinge is successfully shifted away from the
welding zone and no brittle failure of the welding is observed.
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Abstract
A theory-based analytical hysteretic model is presented in the study to include post-peak behavior into
nonlinear dynamic analysis. Unlike other rule-based models, the proposed mathematical form can be
readily embedded into existing in-house and/or commercial software with no excessive coding efforts.
On the other hand, the introduction of performance-based earthquake engineering into the seismic
design documents has indicated the necessity of considering post-peak behavior of structural systems
into nonlinear dynamic analysis especially at the hazard level of very rare events such as 2% exceedance
probability in 50 years.
INTRODUCTION
Performance-based seismic design philosophy has been recently incorporated into new generation code
documents. An appropriate performance measure within the framework of performance-based seismic
engineering should be capable of representing both new-designed and existing structures. As such, a
conceptual Performance Matrix has been recently proposed in Pampanin et al. (2003), using both
maximum and residual deformations as performance evaluation indices. The reasons to evolve a
currently popular and relatively simple evaluation method into a more knowledge-demanding
performance evaluation method is based on an understanding of the following aspects:
1.

2.

The consideration of near-fault motions with severe directivity velocity pulses and/or static
displacement fling could lead to permanent deformation of the structural system when highly
nonlinear structural behavior occurs. Moreover, a 2% in 50 years hazard level usually make an
ordinary structure almost reach its collapse state.
Buildings designed to older code documents are susceptible to severe damage or may even collapse
during a severe seismic event. This is especially true for the observed low-cycle collapse of
reinforced concrete frame buildings with light transverse column reinforcement during the 1999

381

3.

Chi-Chi earthquake.
Modern advanced structural systems, in contrast to traditional systems, may be capable of
re-centering itself back to the original position after earthquakes.

The former two aspects are the main concerns of this study, while one may refer to Pampanin et al.
(2003) regarding the 3rd aspect on modern advanced structural systems. Modern advanced structural
systems with re-centering device have inspired the use of residual deformation as an additional
performance evaluation index in the near future. As we know, the current performance evaluation
method is based on one or multiple structural response indices including maximum drift ratio (or,
ductility) and cumulative inelastic energy dissipation, which are known to be able to fully characterize
performance levels for systems where the main concern is to avoid collapse, but are unable to
characterize the performance level of some modern structural systems (e.g., self centering frame
buildings) where the structural integrity is not at risk during seismic attack. Besides, in the three
aforementioned cases maximum response itself may not be able to fully represent the final status of the
structure. As such, an independent scale of residual-deformation based performance measure can be
effectively combined with the existing performance measure based on maximum response (or,
cumulative damage) to form a more general performance domain. For different seismic intensity levels
it would result in a full 3-dimensional performance domain, which is schematically described in Fig. 1
(Pampanin et al., 2003).

Fig. 1: Framework for Residual-Maximum Performance Based Approach: Performance Matrix (source:
Pampanin et al. 2003).
MATHEMATICAL FORMULATION OF HYSTERETIC MODEL WITH CONSIDERATION
OF POST-PEAK BEHAVIOR
The governing equation of motion for an SDOF oscillator demonstrating hysteretic behavior can be
expressed as:
n −1

mx!! + cx! + α n kx + k ∑ α i ui = −mx!!g

(1)

i =1

where m is mass, c is viscous damping coefficient, k is initial stiffness of the system, αi is
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post-to-preyield stiffness ratio (or, strain hardening ratio), ui is auxiliary state variables, xg is ground
displacement, and x is relative displacement of the SDOF oscillator with respect to the ground. Dots
indicate time derivative. The hysteretic models found in the literature to describe nonlinear behavior of
deteriorating structural systems under cyclic loading can be generally categorized into three groups: (1)
smooth hysteretic model, e.g., Wen, 1976, Baber and Noori, 1985, Wang and Wen, 1998, Sivaselvan
and Reinhorn, 2000, etc.; (2) rule-based polygonal hysteretic model, e.g., Park et al. 1987, Shi, 1997,
Elwood, 2002, Ibarra et al., 2002, etc.; (3) theory-based piecewise linear hysteretic model, e.g.,
Mostaghel, 1999, etc. In this study, a new theory-based piecewise linear model is proposed, and it can
be used to define constitutive relationship between stress and strain, force and displacement, moment
and curvature, or moment and rotation, depending on the applications as long as the quantity and quality
of experimental results are sufficient for the determination of the values of key model parameters. The
SDOF hysteretic system in Fig. 2 contains one linear spring, the deformation of which is represented by
x, and a slider-spring element with a frictional surface of variable Coulomb damping coefficient such
that the slider-spring will start to slip at a certain force level (e.g., k ⋅ u y at first yield). The slip may
accelerate when the friction coefficient reduces to a lower level because of a decrease in the interlocking
force between internal particles of the system, which, in the case of RC columns, physically means
major shear cracks have fully developed. Such post-peak behavior is commonly observed in
low-confinement RC columns, pre-Northridge steel connections, and wood shear wall system. To
describe such a phenomenon, unknown u representing the deformation of the spring connected to the
slider can be expressed as the following mathematical form:


φk ⋅ M ( u − λ p ⋅ φl ⋅ δ y+ ) ⋅ M ( x ) + φk ⋅ M ( u − φl ⋅ δ y+ ) ⋅ N ( x ) 




+
u! = x! ⋅  N ( x! ) ⋅  + ( −φc+ − φk ) ⋅ N ( x − δ u+ ) ⋅ M ( x − δ r+ ) ⋅ N (u ) ⋅ N ( x − δ FS
)



+
+
+



 + ( −φr − φk ) ⋅ N ( x − δ r ) ⋅ N (u ) ⋅ N ( x − δ FS )

φk ⋅ N ( u + λ p ⋅ φl ⋅ δ ) ⋅ N ( x ) + φk ⋅ N ( u + φl ⋅ δ ) ⋅ M ( x )  



−
+ M ( x! ) ⋅  + ( −φc− − φk ) ⋅ M ( x + δ u− ) ⋅ N ( x + δ r− ) ⋅ M (u ) ⋅ N ( − x − δ FS
) 


−
 + ( −φr− − φk ) ⋅ M ( x + δ r− ) ⋅ M (u ) ⋅ N ( − x − δ FS

)


−
y

(2)

−
y

µ
x
x

(1-α) k
c
m

αk

Fig. 2: Schematic representation of SDOF hysteretic system with consideration of post-peak behavior
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in which, N ( x) = H ( x) ; M ( x) = 1 − H ( x) ; N ( x) = 1 − H (− x) ; M ( x) = H (− x) , and H(x) is the
Heaviside’s unit step function. The constant λp, which takes a value between 0 and 1, denotes the
resistance ratio and represents pinching of a hysteretic loop due to unequal strengths. There is no
pinching in a structural component if λp is assumed to be 1. δy is the yield displacement of the system; δu
is the displacement at which the system reaches its ultimate strength and the friction coefficient of the
slider will start to decrease; δr is the displacement at which the system reaches its residual strength; δFS
defines the failure surface in Fig. 3 and represents the corresponding deformation of the linear spring
when the slider-spring reaches a certain deformation at a time step. The positive and negative signs in
the superscript indicate asymmetric material property may exist under compression and tension. The
failure surface may migrate to a lower level of material strength according to a prescribed flow rule
when dissipated hysteretic energy accumulates with time. In addition,

1

φk =

Stiffness-degradation function

(3)

1 + λk h(t )
1
φl =
1 + λl h(t )

Load-deterioration function

φc =

Post-peak stiffness function

(4)

(1 − ρ ) δ y

(5)

δ r − δu

And, h(t) denotes the hysteretic energy absorbed by the system. A multilinear system with more than
one slider-spring element may also be used to obtain a smoother hysteretic loop. For brevity, one
slider-spring model is used in the study since such an approximation is commonly used in practice, is
usually accurate enough in most cases, and can also lessen computational efforts. Unlike Bouc-Wen
hysteretic model, the physical meanings of the proposed model parameters are self-evident, so the
parameter values can be determined with no need to go through complicated nonlinear regression
procedures.
u

δ y+

(1)

ρ ⋅ δ y+
−δ u−

−δ r−

φr

Failure Surface

(2)

δ u+
− ρ ⋅ δ y−

(4)
(3)

δ r+

−φr
x

−δ y−

Failure Surface

Fig. 3: schematic representation of failure surface
Fig. 4 demonstrates several numerical hysteretic models having negative post-peak stiffness in the left
column and relevent experimental results showing the same characteristics are given in the right column:
(1) Bilinear hysteresis with capping (top left), and a welded haunch steel moment connection taken from
Uang et al. (2000) (top right), (2) Pinching with collapse (middle left), and a concrete shear wall taken
from Oh et al. (2002) (middle right), (3) Pinching with collapse (bottom left), and a low-ductility RC
column taken from Elwood (2002) (bottom right).
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Fig. 4: Numerical hysteretic models having post-peak negative stiffness (left column) and experimental
results showing similar characteristics (right column).
PERFORMANCE EVALUATION METHOD CONSIDERING PEAK AND RESIDUAL
DEFORMATIONS
A preliminary study has been conducted by the authors, and numerical results show that collapse
consideration is essential in order to implement the newly proposed Performance Matrix in the future
design codes. Experience shows that peak and residual deformations can be predicted with accuracy
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only if post-peak negative stiffness and collapse are taken into account in structural response analysis.
Collapse analysis on a 12-story RC building is discussed in the following.
Description of 12-story RC Model Building
A 12-story RC building with a natural period of 1.61 sec was designed in Liao and Wang (1999). The
building has a 25cm yield displacement according to static pushover analysis and a 10%
pre-to-postyield stiffnesss ratio. 5% viscous damping of critical is assumed. To perform collapse
analysis on the building, an equivalent SDOF system using base shear formulation suggested by Collins
et al. (1996) is used. Reliable estimate of global (roof) drift ratio of the building is expected using the
suggested procedure. For non-deteriorating bilinear system, φk = 1, φl = 1, λk = 0, λl = 0 and λp = 1. λp =
0.3 is assumed for pinching system; λk = 1 and λl = 0.1 for deteriorating system. ρ = 0.25 is assumed for
residual strength. When collapse is a concern, δu = 4δy , δr = 6δy , and φr = 0.1 is assumed for the system.
Suites of Uniform Hazard Ground Motions
Design spectra corresponding to 2 hazard levels of Design and Maximum Considered Earthquakes from
the Taiwanese seismic design code are constructed in Fig. 5 to represent the base shear coefficients of
the Xinyi district of Taipei basin. According to probabilistic seismic hazard analysis results (Chien,
2003), an intermediate hazard level of 5% exceedance probability in 50 years is added to our response
analyses. To get 10 uniform hazard earthquake motions at each hazard level, TSMIP array data in
Taipei basin since 1994 are selected to match the design spectra in a wide range of periods. Important
characteristics of these selected motions are summarized in Tables 1 through 3. The scaling factors are
preferentially no larger than 12.61, which imply that no small magnitude earthquakes are taken to
represent much higher hazard levels of large magnitude earthquakes. Due to the limitation of data
obtained from the field, it is observed that most of the selected motions are from the 1999 Chi-Chi
earthquake and the March 31, 2003 Hualien earthquake. Median, 16- and 84-percentile spectra of the 10
selected motions are plotted against the target design spectra for comparison (Fig. 5).

Table 1: Important characteristics of 10 earthquake motions in the 10% in 50 years hazard level
Date (GMT)
1995/6/25
1999/9/20
1999/9/20
1999/9/20
1999/9/20
1999/9/20
2000/9/10
2002/3/31
2002/3/31
2002/3/31

ML
6.5
7.3
7.3
7.3
7.3
7.3
6.2
6.8
6.8
6.8

Focal Depth
(km)
39.9
8.0
8.0
8.0
8.0
8.0
17.7
13.8
13.8
13.8

Station ID
TAP008
TAP
TAP005
TAP007
TAP083
TAP051
TAP050
TAP094
TAP044
TAP015
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Duration
(sec)
92
60
134
134
120
90
70
95
75
90

PGA (g)
0.050
0.042
0.083
0.071
0.035
0.071
0.027
0.045
0.062
0.130

Scaling
Factor
8.47
3.28
1.74
2.42
5.23
3.25
8.28
4.20
2.50
1.50

Table 2: Important characteristics of 10 earthquake motions in the 5% in 50 years hazard level
Date (GMT)
1995/6/25
1999/9/20
1999/9/20
1999/9/20
2002/3/31
2002/3/31
2002/3/31
2002/3/31
2002/3/31
2002/3/31

ML
6.5
7.3
7.3
7.3
6.8
6.8
6.8
6.8
6.8
6.8

Focal Depth
(km)
39.9
8.0
8.0
8.0
13.8
13.8
13.8
13.8
13.8
13.8

Station ID
TAP008
TAP
TAP083
TAP047
TAP075
TAP044
TAP044
TAP040
TAP110
TAP015

Duration
(sec)
92
60
120
87
76
75
75
79
87
90

PGA (g)
0.050
0.042
0.035
0.079
0.056
0.040
0.062
0.052
0.065
0.130

Scaling
Factor
9.55
3.70
5.90
4.24
6.67
4.10
2.82
4.25
2.90
1.70

Table 3: Important characteristics of 10 earthquake motions in the 2% in 50 years hazard level
Date (GMT)
1995/6/25
1999/9/20
1999/9/20
1999/9/20
1999/9/10
2002/3/31
2002/3/31
2002/3/31
2002/3/31
2002/3/31

ML
6.5
7.3
7.3
7.3
6.2
6.8
6.8
6.8
6.8
6.8

Focal Depth
(km)
39.9
8.0
8.0
8.0
17.7
13.8
13.8
13.8
13.8
13.8

Station ID
TAP008
TAP100
TAP083
TAP051
TAP050
TAP094
TAP044
TAP044
TAP041
TAP015

Duration
(sec)
92
144
120
90
70
95
75
75
84
90

PGA (g)
0.050
0.065
0.035
0.071
0.027
0.045
0.040
0.062
0.076
0.130

Scaling
Factor
12.61
4.32
7.79
4.84
12.33
6.25
5.42
3.73
4.73
2.24

Nonlinear Time History Analysis and Engineering Implications
Nonlinear time history analysis is performed on the equivalent SDOF system to yield estimates of
maximum and residual roof drift ratios of the 12-story RC building using the 5th order Cash-Karp
Runge-Kutta method to implement adaptive time stepping algorithm. Numerical results are given in Fig.
6 in the format of Performance Matrix. Although not significant, the bilinear system generally has a
lower level of maximum drift ratios, but its residual drift ratio is slightly higher. This is because in this
study an identical level of strength deterioration and stiffness degradation is assumed for bilinear and
pinching systems. Comparisons are also made in system responses with and without consideration of
collapse mechanism. It is observed that response estimates at the 10% in 50 years level coincide for
both cases since collapse, mostly, does not occur. However, as long as 2% in 50 years hazard level is of
concern, the response estimate will strongly depend on whether collapse is taken into consideration.
This observation surely has very important implications in seismic design, and performance evaluation
of structural systems under seismic excitation. If the use of Performance Matrix is a necessity in the
framework for performance-based earthquake engineering, then the consideration of collapse in
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dynamic analysis will help map a structure’s performance into its corresponding Performance Level
cells, as shown in Fig. 1, with confidence. In passing, it is noted that the traditional analysis approach
usually provides only information on whether the building collapses according to engineering judgment
and experience, but a confident estimate of maximum and residual drift is not possible.
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CONCLUSIONS
A new mathematical form is presented in this study to describe hysteretic loops with post-peak behavior.
Unlike other rule-based models, the proposed mathematical form can be readily incorporated into
existing in-house and commercial software with no excessive coding efforts. In addition, a preliminary
finding of this study is the introduction of performance-based earthquake engineering into the seismic
design documents has indicates the necessity of considering post-peak behavior of structural systems
into nonlinear dynamic analysis especially at the hazard level of very rare events such as 2% exceedance
probability in 50 years.
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Abstract
This paper focuses on the design, experimental testing of the frame. Based on design experience,
composite RCS moment frames, consisting of steel beams and reinforced concrete columns, can
provide efficient and economical alternatives to traditional steel or reinforced concrete construction.
Apart from the economies achieved by effective use of materials, research shows the viability of RCS
beam-column connections to provide strength and ductility exceeding that in conventional steel or
reinforced concrete moment frames. The full-scale RCS frame test was undertaken as a capstone
project to validate the system performance of composite frames designed according to current seismic
code provisions. The test offers additional opportunities to examine innovative pre-cast construction
methods and to validate performance simulation models. The frame was loaded pseudo-dynamically to
simulate the structural response under ground motions corresponding to earthquake hazards for a
high-seismicity site with 50%, 10%, and 2% chance of exceedence in 50 years. Following the
pseudo-dynamic tests, the frame was subjected to a monotonic push with inter-story drift ratios up to
0.10. Ground motions scaled to the 10% in 50 year earthquake hazard caused peak interstory drift
ratios up to 0.025, accompanied by steel beam yielding and concrete spalling and plastic hinging at the
RC column bases. The 2% in 50 year earthquake hazard was more damaging with peak interstory drift
ratios of up to 0.055 accompanied by local flange/web buckling in the beam hinge regions and
significant spalling and cracking of the concrete columns. Throughout the loading the composite
beam-column connections exhibited only minor damage.
INTRODUCTION
The use of the RCS system connecting steel beams to RC columns in Taiwan is only limited to a few
low-rise warehouse buildings while the use of this system in the US has been limited to high-rise
buildings in low seismic regions. A number of tests have been conducted in the US-Japan Cooperative
Research Program on Composite and Hybrid Structures during the past few years. It has concluded
that well designed and constructed steel beam-to-RC column joints possess excellent strength and
ductility characteristics for seismic applications. However, information such as the system
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constructability and performance of a RCS frame building are rather limited. Therefore, a large-scale
test is launched in the National Center for Research on Earthquake Engineering (NCREE) by the
researchers from US, Japan and Taiwan. It is believed that the large-scale test will well provide a
proof of concept for this structural system.
The large-scale, 3-story RCS frame shown in Fig. 1 and Photo 1 is employed in this experimental
research. The typical bay width of 7000mm and typical story height of 4000mm have been found
common in Taiwan and US building configuration. The 2150 mm wide concrete slab is adopted to
develop the composite action of the beams. Measuring 12 meters tall and 21 meters long, the frame is
among the largest frame tests of its type ever conducted. The three-story prototype structure is
designed for a highly seismic location either in Taiwan or California. Prior to the frame test, a series of
subassembly tests have been completed in the structural laboratory in NCREE and some
recommendations have been concluded (Tsai and Chen 2002, Cheng and Cian 2002, Chen and Lin
2002) for the design of frame specimen. Meanwhile, this experiment also provides the impetus to
explore international collaboration and data archiving envisioned for the Networked Earthquake
Engineering Simulation (NEES) initiatives and the Internet-based Simulations for Earthquake
Engineering (ISEE) (Hsieh et al. 2002, Yang et al. 2002) launched recently in USA and Taiwan,
respectively.
DESIGN OF SPECIMEN
Based on a perimeter frame concept, the frame is designed according to several standards, following
the Seismic Force Requirements for Building Structures in Taiwan, IBC 2000, the 1997 AISC Seismic
Provisions, the ACI 318-99 and the 1994 ASCE Joint Recommendations. Several types of connection
details in RCS system have been tested in the subassembly tests conducted prior to the large-scale
frame test, and those details adopted in the 3-story, 3-bay specimen are determined based on these test
results. All steel beams, H396×199×7×11 for roof level, H500×200×10×16 for second floor and
H600×200×11×17mm, are of A572 GR50. All columns are 650 ×650 mm square using 42Mpa
(6000psi) concrete.
Previous researches (Deierlein 1988; Kanno and Deierlein 2000) have suggested the behavior of
typical RCS beam-column joints and are used in designing the test frame. Fig.2 depicts the typical
joint details adopted in the full-scale specimen, which include face bearing plates and steel band plates.
Face bearing plates can help develop the concrete strut within the beam top and bottom flanges. Steel
band plates can help confine the concrete above and below the beam and develop the outer concrete
struts.
SCWB: An important design provision, which often controls the column sizes in ductile (special)
moment frame, is the strong-column weak-beam (SCWB) criterion. The IBC (2000) and ACI-318
(2002) provisions require that the ratio of nominal column to beam strengths should be greater than
1.2, except at the top floor beams where SCWB is not required. As shown in Fig. 3a, the calculated
strength ratios based on nominal steel beam and column strengths all equal or exceed the specified
ratio of 1.2. However, as shown in Fig. 3b, when calculated based on composite beam strengths,
several of the joints (shown in dashed boxes) violate the 1.2 limit. Some ratios indicate that the
composite beam strength exceeds the column strengths. The values shown in Fig. 3b are based on
the assumption that beams flexed in positive bending will act compositely and those in negative
bending will act as steel beams. Fig. 3c summarizes checks based on composite beam behavior using
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measured, as opposed to nominal, material strengths of the beams and columns. Being as the main
intent of the SCWB criterion is to avoid story mechanisms, the fact that one joint in a story violates the
criterion is not necessarily detrimental to the frame behavior.
EXPERIMENTAL PROGRAM
Selection of earthquakes using PISA2D
Extensive nonlinear static and dynamic time-history analyses were performed using OpenSEES
(Cordova et al. 2003) and PISA2D (Tsai and Chang 2001) prior to the tests. It was required to select
suitable earthquake ground accelerations and investigate the most probable ultimate lateral strength
and the inelastic demands imposed on the frame specimen under the simulated earthquake effects. The
main focus of these studies was to predict the possible peak responses of the frame during the test
while verifying that both the force and stroke limitations of the actuators were not exceeded.
Since this structure was based on a perimeter frame concept, the seismic mass used in the analytical
models was based on one-half of the dead load of the 3-D building. Using this same logic, a leaning
column must also be included to properly account for the P-Delta effect of the interior gravity columns.
The load on this leaning column was based on recommendations from FEMA356 considering the
following provision, 1.1DL+0.275LL. The fundamental period of the PISA2D frame model is 1.04
second. The material properties in the analytical models were all based on those measured from
material tests of the test frame. Nonlinear static pushover analyses were also performed cyclically
using PISA2D by increasing the story drift ratio gradually till 4% rad followed by pushing the
structure to a drift ratio of 8% rad (see Fig. 4).
The test specimen were to be subjected to increasingly larger seismic demands that represent incipient
damage level earthquakes (50% chance of exceedance in 50 years), design level earthquakes (10%
chance of exceedance in 50 years) and the maximum considered level earthquake (2% chance of
exceedance in 50 years). TCU082 EW component record of 1999 Chi-Chi Taiwan earthquake record
was chosen because the drift ratios in all the three floors (shown in Fig. 5) are more uniform than those
obtained from using several other records. Furthermore, the story energy time history as shown in Fig.
6 shows it is increasing evenly across the during of the earthquake effects. The estimated distribution
and the extent of the plastic hinges are shown in Fig.7. The maximum lateral frame displacement less
than 0.3 m fits quite well within the stroke limitation of the actuators. The results of the analyses
demonstrate that the story shear of each floor shown in Fig. 8 is less than 2510 kN. It is noted that the
peak story shear in each story usually do not occur simultaneously. Therefore, it does not directly
associate with the peak story force. Fig. 9 demonstrates that the maximum story forces of 2621 kN
might be developed at the 1st floor, 1852 kN at the 2nd floor and 1629 kN at the 3rd floor. In selecting
the earthquake records, the distribution of the peak story forces has been the most important factor to
ensure the force capacity of the actuators can satisfy the force demand. The final record chosen from
the Northridge and Loma Prieta events is the LP89g04 NS component. The acceleration time history
and the response spectrum of the selected ground accelerations (Chi-Chi_TCU082EW and
LP89g04NS) are shown in Figs. 10 and 11, respectively.
Testing techniques—ISEE
Internet-based Simulations for Earthquake Engineering (ISEE) has been developed by the researchers
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in NCREE as a prototype of Internet-based cooperative structural experimental environment (Yang et
al. 2002). During the full-scale RCS frame test, ISEE was activated to allow remote participants
witness the real time video images of the specimen in the laboratory as well as the digital response
data through the Internet. The schematic of the ISEE framework configured for this study is shown in
Fig. 12. It consists of three major parts: the Data Center, the Analysis Engine and the Facility
Controller. The Data Center is a database server, which processes all the prescribed data sent from the
Analysis Engine and the Facility Controller. The Analysis Engine, considering both the analytical and
experimental responses of the specimen, deals with the numerical integration of the dynamic responses
of the entire system using Newark explicit scheme with a time step size of 0.02 second. The Facility
Controller is the software bridging the experimental facilities and the Data Center. When the target
displacement was satisfactorily imposed, the load cells measured the force responses of the test
specimen and sent all the response data (about 300 channels) to the data logger while sending the
actuator force and other prescribed response data (some specific displacement transducer or strain
gauge data) back to and the Data Center for real-time Internet distribution. The related information
was sent to the Analysis Engine to compute the target displacement for the next time step. Because the
Data Center was too important to be interrupted, the web-casting of the digital response data have
been done through an independent Web Server. Meanwhile, the Real Video Server broadcasted the
video images to allow data viewers witness the experimental responses in the laboratory.
EXPERIMENTAL OBSERVATION
Four earthquake load effects were imposed on the specimen on 11, 14, 15 and 16 of October 2002,
respectively. During the tests, the actuators were paused to allow researchers to examine damages,
mark the cracks and take photographs. These specific pauses in terms of time step are marked by
vertical lines in Figs. 13 to 16. The observations are described following the sequence of the
earthquakes applied:
50% chance of exceeding in 50 years (TCU082EW, CC50/50, PGA=0.276g)
At the time step of 5.76 second in the loading time history, an abrupt loud noise was heard from the
specimen. It was speculated, and later confirmed, to be the slippage of the beam splice. At the point of
7.14 second, hairline cracks were found in the columns in the first story. At the point of 18.08 second,
cracks were found in all the columns, and all the slabs. Meanwhile, the beam-column joints on the first
and the third floors began to form hairline cracks. At the point of 23.50 second, the white wash were
found flaking in some of the beam flanges on the first and second floors as well as beam flanges and
beam webs on the third floor (see Photo 2). All the conditions kept becoming more and more severe,
but no drastic damage occurred through out the entire time history.
10% chance of exceeding in 50 years (LP89g04NS, LP10/50x0.8, PGA=0.341g)
At the 5.74 second time step, some of the beam flanges on the first and third floors locally buckled.
None of the beams on the second floor were found buckled. In the end of this time history, severe
concrete spalling shown in Photo 3 was found in the column bottom ends in the first story.
2% chance of exceeding in 50 years (TCU082EW, CC2/50, PGA=0.622g)
At the step of 12.82 second, concrete spalled under the steel band plate of column on the second floor.
Meanwhile, on the third floor, severe local buckling was found in the beams and the concrete slab was
crashed near columns. On the first floor, the steel beams were also found severely buckled. At the
point of 19.36 second, all the concrete under the steel band plates on the tops of the columns in the

394

first story were crashed due to bearing failure. Columns in the second story were found crashed in the
bottom ends along with the crash of the concrete slab around them. Some columns in the second story
were found damaged on the top and plastic hinge appeared there. At the step of 27.96 second, the test
was stopped because the roof displacement has reached the preset limit (about the stroke capacity) of
the actuators. In the end, the column bottom ends in the first story were crashed so drastically that the
stirrups of the columns were exposed. At the same time, all the beam-to-column panel joints in the
first story were found damaged with shear failure and bearing failure as illustrated in Photo 4. On the
second floor, bearing failure was found under the steel band plate, and the beam splice plates yielded
slightly.
10% chance of exceeding in 50 years (LP89g04NS, LP10/50x0.8, PGA=0.341g)
Since the test frame had experienced the most severe earthquake in this series of tests, new damage
was not as easy to find. In the end of this time history, only the plastic hinges in the bottom end of the
columns in the first story were found more pronounced.
Final pushover test
After the final pushover test to reach a roof lateral drift of about 1.0 meter, main bars in column
bottom ends in the first story were severely buckled (see Photo 5), and the plastic hinges were
evidently formed in the range of about a column-depth high from the top of the footings. Moreover, a
beam splice plate at one first floor beam bottom flange also fractured as shown in Photo 6. The
damage conditions on the second and the third floors were evidently more severe than those found
after all the pseudo-dynamic tests.
PISA3D VERSUS EXPERIMENTAL RESPONSES
Based on the experimental responses of the test frame and those of the subassembly test specimen,
PISA3D (Tsai and Lin 2003) has been used to simulate the responses of the full-scale frame specimen.
Analytical parameters adopted for the full-scale frame were calibrated using the experimental
responses obtained from the subassembly tests noted previously. Material properties are all based on
the actual material test results, including concrete cylinder tests conducted on the same day of frame
test. The analytical element for RC columns uses the three-parameter degrading beam-column element
considering stiffness degrading, strength deterioration and pinching effects of RC elements. The
analytical beams are represented by using the two-surface plastic hardening model. To take into
account of the composite effect of the steel beams and the RC slabs, the positive bending strength of
the beam is assumed higher than the negative bending strength of the beam by 10 percent.
Furthermore, a panel joint element, considering 3-parameter degrading effects noted above, was
adopted in all the beam-to-column panel zones in the PISA3D frame model. Thus, offset of rigid end
zones has been activated in formulating the flexural stiffness of all the beam and column elements.
The fundamental period of the PISA3D model is 1.08 second.
Figs. 13 to 16 depict the roof displacement and the base shear versus time relationships of both the
experimental and analytical responses. In the CC50/50 test, the roof displacements are accurately
captured from the 15th second to the 28th second, while the PISA3D model performs satisfactorily in
simulating the base shear effects through the first 28 seconds. In the first LP10/50x0.8 test, the
PISA3D analysis is satisfactory in the first 7 seconds in capturing the roof displacement; and the base
shear can be captured well through out the first 33 seconds. In the CC2/50 test, although the
simulation is not entirely satisfactory, the response trends of the test frame can be represented
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especially in the magnitude of the base shear. Finally, in the second LP10/50x0.8 test, the analysis can
no longer be as good as those in the previous tests but the permanent roof displacement can be well
captured as observed in the test frame. Comparing the four analytical simulations, it is found that the
analytical model seems less and less capable of simulating the experimental responses with
satisfactory precision. This variation might come from the differences between the damage conditions
of the real test frame and those considered in the analytical model. After the devastating CC2/50
excitation, more or less, the RC columns, the steel beams and the RC slabs are evidently damaged.
The complex damage conditions may contribute to the changes in the strength, the stiffness, the period
and the damping ratio of the specimen and therefore increase the difficulties of capturing the behavior
of the specimen precisely. Through adjusting the modeling parameters, perhaps, the simulations could
be more satisfactory.
CONCLUSION
This experimental program has allowed the international researchers jointly explore the system
performance of RCS moment resisting frame structure of realistic size subjected to various levels of
earthquake load effects. The experience of constructing the full-scale frame proves that the
construction of RCS system is highly efficient. Test results confirm that properly designed and
constructed RCS system is a viable alternative to all-steel or all-concrete frames in high-seismic
regions. However, designers should note that bolted beam splices using bearing type design might
result in slippage and large bangs when the structure is subjected to significant story drift. Analytical
studies suggest that numerical model constructed using PISA3D programs are effective in capturing
overall seismic responses of the specimen especially when the joint element is employed in the
analytical model. It incorporates the contributions of the deformations of the beam-to-column panel
zone joints to the global responses of the RCS frame. The software and hardware implemented in this
program for the internet-based simulations for earthquake engineering (ISEE) has allowed NCREE
effectively disseminate key information before, during and after the actual tests. It clear demonstrates
the potential benefits of many networked features promised in the NEES program initiated in the US.
Additional information can be found in the web site at: http://rcs.ncree.gov.tw. This program has
allowed the mutual exchanges of experiences not just on technical issues, but also on educational
perspectives among the participants across the continents. The information of a similar test program
focuses on concrete filled steel tube column and buckling restrained braced frame can also be found in
http://cft-brbf.ncree.gov.tw.
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THE ENGINEERING GEOLOGICAL DATABASE FOR
STRONG MOTION STATIONS IN TAIWAN
Ming-Hung Chen and Bing-Ru Wu
National Center for Research on Earthquake Engineering, Taipei, Taiwan
baron@ncree.gov.tw, brwu@ncree.gov.tw

Abstract
More than 650 seismograph stations all over Taiwan have been installed by the Central Weather
Bureau (CWB) to record the ground motion data. In order to obtain the geological conditions and
soil profiles of these strong motion stations, a site investigation project was established by the National
Center for Research on Earthquake Engineering (NCREE) and CWB in 2000. The site investigation
mainly consists of three parts: the basic description of a site, the on-site boring, and the Suspension
P-S Logger Technique which is used to determine the shear wave velocities of the stratum at various
depths. The Suspension P-S Logger Technique, using a single down-hole probe with one source and
two receivers, allows continuous measurements of wave velocities with high resolution. With
reference to Kyoshin Net in Japan and ROSRINE in USA, a preliminary engineering geological
database for 175 seismograph stations has been constructed on a web page for convenient accession.
Keyword: Geology, Database, wave velocity
INTRODUCTION
Taiwan is located on the Circum-Pacific seismic belt which is the most active seismic region in the
world. Preventing severe losses of lives and properties from large earthquake is a major concern for
the people in this region. The Taiwan Strong Motion Instrumentation Program (TSMIP) was
initiated by CWB in 1991 to monitor the ground motions at over 650 free-field stations around Taiwan
as shown in Figure 1. Once a major earthquake happens, all the records of ground motions from
TSMIP provide useful information for the operation of hazard mitigation. The ground responses
monitored by seismographs reveal the characteristics of ground motions in different geological
conditions which can be used to improve the design spectrum and the building codes of current use.
More than 1,000 seismograph stations have been installed in Japan to monitor the ground response
during earthquake. Users can download the data of ground response on a web site called “Kyoshin
Net”. The basic information of a station site, the physical properties of soils, and the wave velocity
of the stratum measured by the down-hole velocity logging technique are also available on the
Kyoshin Net. After 1994 Northridge earthquake, a project called “Resolution of Site Response
Issues from the Northridge Earthquake”, ROSRINE, has been activated to study the site response in
the USA. Users also can assess to a web site to download the geological information and the wave
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velocity profile of a station site.

Fig. 1: Distribution of stations in the Taiwan Strong Motion Instrumentation Program (TSMIP)
The distribution of seismograph stations in Taiwan is the densest in the world, although the amount of
seismograph stations installed by CWB in Taiwan is less than that in Japan and USA. However, the
application of earthquake data would be restricted without a complete geological database. Therefore,
NCREE and CWB collaborated to perform the site investigation to obtain the basic soil properties and
the wave velocity of the stratum in 2000. The engineering geological database established on a GIS
web site provides convenient access for researcher in earthquake engineering.
The local site conditions play an important role in the ground response during earthquake. Different
site conditions could induce amplification or deamplification at different period ranges in the response
spectra. It is called the site effect. Besides, in the seismic hazard analysis, the motion at bed rock of
a site is predicted by the attenuation low from the earthquake source. According to the 2000 Uniform
Building Code (UBC), 1997 National Earthquake Hazards Reduction Program (NEHRP) provisions in
the USA, and the revising earthquake-resistant codes in Taiwan, the ground motion at free field is
evaluated by the response at bed rock times the coefficient of site effect. The coefficient of site
effect is related to the magnitude of earthquake and the local site conditions. Thus, a complete
geological database is essential to the evaluation of site effect for earthquake engineering.
SUSPENSION P-S LOGGING TECHNIQUE
The wave velocity profile at a site can be measured by various conventional methods including the
up-hole, down-hole, and cross-hole logging techniques. The source and the receiver in those logging
techniques are separated in different units. For the up-hole and the down-hole logging techniques,
the distance between the source and the receiver is varied at different measuring points. The
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Suspension P-S Logging Technique, developed by the OYO Corporation in Japan, is used in this
project to measure the primary wave velocity (vp) and the shear wave velocity (vs) of the stratum.
The source and the receiver of this measuring system are integrated into a single probe within a short
distance. Therefore, the wave velocities of the stratum can be measured continuously and precisely.
As shown in Figure 2, the P-S Logging system mainly consists of a weight, a source and its driver,
filter tubes, lower and upper geophones, a head reducer, and a logging computer. With the filter
tubes, the overall length of the probe is about 7.8 m. The elevation of the probe can be adjusted by
the winch. The signals are triggered and recorded by the logging computer. The distance between
the upper receiver and the lower receiver is only 1 m, so the resolution of measurements is higher than
any other conventional logging techniques.
OYO PS-180
Logger/Recorder
Cable Head

Winch

Head Reducer

Upper Receiver
1m
Lower Receiver

Filter Tube
Source
Source Driver
Weight
Overall length ~ 7.8 m

Fig. 2: The Suspension P-S Logging System
The borehole was first drilled at an interest site and filled with water. If the borehole is not
well-standing, the borehole may be lined with a plastic tube. The probe was then put into the
borehole at a specified depth. A primary wave or a shear wave could be generated by the source in
the probe. The primary wave would be propagated through the surrounding soil in the direction
perpendicular to the borehole axis (horizontal direction). The shear wave would be propagated
through the soil along the vertical direction. Each receiver consists of a hydrophone for receiving the
primary wave and a geophone for receiving the shear wave. A normal pulse and a reverse pulse are
triggered by the source respectively in order to check the signals received by two receivers. The time
histories of those received signals should be in the same shape but with 180 degrees of the phase
difference, since the two shear waves were propagated through the same soil media.
Typical measured signals of the primary waves and the shear waves from the logging computer are
shown in Figure 3, where H1 and /H1 represent the signals received by the upper receiver in normal
and reverse directions, H2 and /H2 represent the signals received by the lower receiver in normal and
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reverse directions, V1 and /V2 represent the signals received by the upper and lower receivers,
respectively. From the time histories of H1 and H2, the first arrival time for the upper receiver and
the lower receiver could be picked as ts1 and ts2. Since the distance between the two receivers is 1 m,
the shear wave velocity could be determined as:
vs (m/sec) =

1
t s1 − t s 2

(1)

1
t p1 − t p 2

(2)

Similarly, the primary wave velocity is:

v p (m/sec) =

ts1
H1

/H1
ts2
H2
/H2

V1
tp1
V2
tp2
0

5

10

15

20

Travel time (ms)

Fig. 3: Typical measurements from the Suspension P-S Logging System
ENGINEERING GEOLOGICAL DATABASE

There are three major items in the Engineering Geological Database in Taiwan. The first item is the
general information of the station site, including latitude and longitude of the station site, ground water
level, geographical/topographical conditions, and surrounding structures. The second item is the
physical properties of soils. The SPT-N value, water content, unit weight, soil classification, and
grain size distribution are obtained by on-site boring, sampling, and laboratory testing. After the
borehole was drilled, the Suspension P-S Logging Technique was used to measure the wave velocity
of the stratum in depth for every 0.5 m. The wave velocity of the stratum is an important index for
site classification, so it is selected as the third item in the database. If the geological condition of the
station site is classified to the rock outcrop, only the general environmental investigation was
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performed to collect the basic information of the station site.
This project has been conducted for three years. Till now, the site investigations at 175 station sites
were completed, including 60 stations in 2000, 65 stations in 2001, and 50 stations in 2002. The
stations are located on the alluvial deposit, gravel or even rock sites. All the results are summarized
on a web page: http://geodata.ncree.gov.tw/overview_cht.htm. As shown in Figure 4, the general
information for station TCU110 (the photo of the seismograph, the plan section and the cross section
of the surrounding environment), the soil profile, the SPT-N value, the shear wave velocity, and the
primary wave velocity of the stratum are all available on the web page.
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Fig. 4: The information for station TCU110 in the database shown on the web site; (a) The soil profile,
SPT-N value, and wave velocity profile; (b) The photo of the seismograph in the field; (c) The
description of the plan section and the cross section in the field
Most studies of site effect for earthquake ground motion are based on the soil properties in the upper
30 m. In the 1997 UBC and 1997 NEHRP provisions in the USA, the average of the shear wave
velocity for the top 30 m of soils is used as an index for the site classification. In the site
classification of Taiwan free-field strong-motion stations (http://gis.geo.ncu.edu.tw/query/site/), the
site conditions are classified as class B (rock), class C (soft rock or very dense soil), class D (stiff soil),
and class E (soft soil) according to the geological age, rock type, and the average of SPT-N values for
the upper 30 m of the stratum. With detailed subsurface soil profile and quantitative soil properties
(SPT-N values and wave velocities) on a station site, the site effect of ground motions could be
thoughtfully analyzed for a certain class of site conditions. Engineers may evaluate appropriate peak
ground acceleration for the earthquake-resistant design of structures.
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CONCLUSIONS

The site investigation at 175 TSMIP stations was completed by NCREE cooperating with CWB in
Taiwan. By sampling soils in the borehole and using the Suspension P-S Logger Technique, specific
geological and geotechnical data are obtained including the soil profile, the physical properties of soils,
and the wave velocities of the stratum. All the results of investigation are systematically organized in
the database available on a preliminary web site. This project will be continuously performed in the
following years. Combining with the GIS technique, the engineering geological database for strong
motion stations in Taiwan will be more convenient for web querying. If an engineering project site is
close to the strong-motion station, engineers may retrieve the geological and geotechnical properties of
soils from the database for evaluating the ground response at the site. This database is helpful to the
site effect analysis and the earthquake-resistant design.
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APPLICATION OF NEURAL NETWORKS IN
STRUCTURAL HEALTH MONITORING
Ching-Yun Kao
National Center for Research on Earthquake Engineering, Taipei, Taiwan
cykao@ncree.gov.tw

Abstract
A neural network based-approach for structural health monitoring was presented. The proposed
approach involves two steps. The first step, system identification, uses NARX (Non-linear
Auto-Regressive with eXogenous) neural networks to identify the undamaged and damaged states of a
structural system. The second step, structural damage detection, uses the aforementioned trained
NARX neural networks to generate free vibration responses with the same initial condition or
impulsive force. Comparing the periods and amplitudes of the free vibration responses of the damaged
and undamaged states allows the extent of changes to be assessed. Furthermore, numerical and
experimental examples demonstrate the feasibility of applying the proposed method for structural
health monitoring.
INTRODUCTION
Conventional neural-network-based structural damage assessment methods (Ghaboussi et al., 1991;
Wu et al., 1992; Elkordy et al., 1993; Szewczy and Hajela, 1994; Pandy and Barai, 1995) use artificial
neural networks (ANNs) to extract and store the knowledge of the patterns in the response of
undamaged and damaged structure. Thus, the need for construction of the mathematical models and
the comprehensive inverse search is avoid. The inputs of the neural network are usually structural
responses in time or frequency domain, or structural modal parameters (frequency, damping ratio, and
mode shape), and the outputs are usually the damaged levels of members in the structure. However,
Masri et al. (1996, 2000) indicated that the failure modes of the test structure are so varied and so
unpredictable; thus, it is not feasible to train the neural network by furnishing it with pairs of failure
states and corresponding diagnostic response.
ANNs are robust and fault tolerant (Rumelhart et al., 1986). ANNs can also effectively deal with
qualitative, uncertain, and incomplete information, thereby making them highly promising for
identifying systems that are typically encountered in structural dynamics. Studies by Masri et al. (1996,
2000) complemented conventional ANN-based structural damage assessment methods by
concentrating on a class of problems where knowledge of the failure states is not available. They
presented an ANN-based system identification (SI) approach for detecting changes in the
characteristics of systems where the structure is unknown from predicted error. Similar work can be
found in Huang and Loh (2001). Moreover, the weights of the approximating neural network store the
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knowledge of the structural properties. Hung and Kao (2002) presented an ANN-based SI approach
for detecting changes in the characteristics of systems where the structure is unknown from the
optimum weights of the NARX neural network.
The periods and amplitudes of a structural free vibration responses contain information on structural
properties, meaning structural damage can be detected based on changes in the periods and amplitudes
of the structural free vibration response. This work develops a neural network-based approach for
detecting changes in the characteristics of structure-unknown systems. The proposed approach
involves two steps. The first step, system identification, uses NARX neural networks to identify the
undamaged and damaged states of a structural system. The second step, structural damage detection,
uses the aforementioned trained NARX neural networks to generate free vibration responses with the
same initial condition or impulsive force. Comparing the periods and amplitudes of the free vibration
response of the damaged state with those of the undamaged state allows changes to the physical
system from its undamaged state to be detected. Moreover, numerical and experimental examples are
presented to demonstrate the feasibility of using the proposed method for structural health monitoring.
HEALTH MONITORING STRATEGY
This neural network-based approach, as shown in Fig. 1, for detecting changes in the characteristics of
structure-unknown systems involves two steps. The first step, system identification, uses NARX
(Non-linear Auto-Regressive with eXogenous) neural networks to identify the undamaged and
damaged states of a structural system. The second step, structural damage detection, uses the
aforementioned trained NARX neural networks to generate free vibration responses with the same
initial condition or impulsive force. Comparing the periods and amplitudes of the free vibration
response of the damaged and undamaged states can reveal the extent of changes. The following
presents the details of the above approaches.

Fig 1: Schematic diagram of the proposed approach
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NARX Neural Network

ANN models have been extensively applied to identify dynamic systems. Cybenko (1989)
and Funahashi (1989) rigorously demonstrated that, even with only one hidden layer, neural
networks can uniformly approximate any continuous function. Consequently, this theoretical
basis for modeling linear or nonlinear systems by neural networks is sound. The NARX
neural network, as shown in Fig. 2, approximates the following equation:

y (t ) = g ( y (t − 1),!, y (t − n y ), x(t ),!, x(t − nx ))

(1)

where x and y are the system input and output vectors, respectively; nx and ny are the maximum lags in
the input and output, respectively; g is a linear or nonlinear function. The inputs of the NARX neural
network are y(t-1), …, y(t-ny), and x(t), …, x(t-nx). The output of the NARX neural network is y(t).
Notably, approximation by the NARX neural network in a discrete linear structural system is
analogous to identifying the mass, damping and stiffness coefficients in the equation of motion.

Fig 2: The architecture of the NARX neural network
Generating a free vibration response using the trained NARX neural network
The periods and amplitudes of a structural free vibration response contain information on structural
properties, meaning it is feasible to detect structural damage from changes in the periods and
amplitudes of the structural free vibration response. However, generating a structural free vibration is
difficult if the structural properties are unknown. Recently, Hung et al. (2001) have developed a
method for simulating the seismic response of a nonlinear hysteretic structure using the approximating
ANN. This approach can be used to generate the free vibration response of a structure-unknown
system. The generation on a free vibration response using the trained NARX neural network which
identifies the undamaged or damaged state of the system is as follows:
(1) Provide an initial input vector (initial condition or impulsive force) to the trained NARX neural
network.
(2) Feed forward the initial input vector in step (1) through the trained NARX neural network to
compute the output vector.
(3) Feed back this computed output vector to the input layer of the trained NARX neural network as
the next input vector.
(4) Feed forward the next input vector in step (3) through the trained NARX neural network to
compute the next output vector.
(5) Return to step (3) and repeat until the maximal number of iterations is reached.
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The free vibration response generated by the NARX neural network which identifies the undamaged
state is compared to that generated by the NARX neural network which identifies the damaged state. If
the network has been well trained, and if the system characteristics have not changed, the periods and
amplitudes of both free vibration responses will match. On the other hand, if the system has changed,
the above statement will no longer stand. The deviations between the periods and amplitudes of the
two free vibration responses provide a quantitative measure of the changes in the physical system
relative to its “healthy” condition.
ILLUSTRATIVE EXAMPLES
Example 1: The Numerical Example
In this example, a 5-story shear building was chosen to demonstrate the feasibility of using the
proposed approach for health monitoring of linear MDOF structure systems. The structural properties
of the building are assumed to be as follows: floor mass m=8×104 kg, floor stiffness k=4×107 N/m,
and floor damping c=1.5×106 N-s/m for all floors. EL-Centro earthquake was used as the external
excitation. The sampling period ∆t is 0.01 second. In this example, only the relative acceleration time
histories of the five floors, computed by SSP (State Space Procedure), were used as measured
responses of the structure.
First, relations between the changes of structural properties (floor stiffness and damping) and those of
the periods and amplitudes of the structural free vibration response were discussed. Figure 3 shows the
comparison of the free vibration responses (relative accelerations), with initial ground acceleration
0.01g, of three cases (floor stiffness reduction varies from 0 to 40% every 20%) between 0.5 and 6.5
seconds. It shows that the more the floor stiffness reduction, the longer the periods of the free
vibration response. Figure 4 shows the comparison of the free vibration responses, with initial ground
acceleration 0.01g, of the three cases (floor damping increase varies from 0 to 40% every 20%)
between 0.5 and 6.5 seconds. It shows that the more the floor damping increase, the smaller the
amplitudes of the free vibration response.

Fig. 3: Comparison of the free vibration responses, with initial ground acceleration 0.01g, of three
cases (floor stiffness reduction varies from 0 to 40% every 20%)
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Fig. 4: Comparison of the free vibration responses, with initial ground acceleration 0.01g, of the three
cases (floor damping increase varies from 0 to 40% every 20%)

Fig. 5: Comparison of the numerical solutions and generated free vibration responses, with initial
ground acceleration 0.01g, from the trained NARX neural network

Second, the undamaged case was used to compare the free vibration response generated by the trained
NARX neural network with the numerical solution (computed by SSP). The training data set of the
NARX neural network is the 2000 records of EL-Centro Earthquake. The NARX neural network
consists of 301, 0, and 5 nodes in input layer, hidden layer, and output layer, respectively, and denoted
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as NARX(301-0-5). The 301 input data are 250 the structural relative accelerations of the five floors in
(k-1) back-to (k-50) time steps, and 51 external excitations in k back-to (k-50) time steps. The five
outputs are the structural relative accelerations of the five floors at time k. The complete off-line
training process took 1000 cycles and the system error converges to 1.2085×10-18. After training, the
NARX neural network was used to generate free vibration responses of the building system. Figure 5
is the comparison of the two free vibration responses (between 0.5 and 6.5 seconds) with initial ground
acceleration 0.01g, which shows the excellent correspondence between the numerical solutions and the
generated free vibration responses from the trained NARX neural network for the five floors.
Example 2: The Experimental Example
In this example, the dynamic responses of a five-story steel frame, subjected to various strengths of the
Kobe earthquake in shaking table tests, were processed to demonstrate the applicability of the
proposed method. This series shaking table tests were undertaken by The National Center for Research
in Earthquake Engineering in Taiwan on a 3 meters long, 2 meters wide, and 6.5 meters high steel
frame (Fig. 6) to generate a set of earthquake response data for this benchmark model of a five-story
steel structure. Lead blocks were piled on each floor such that the mass of each floor was
approximately 3664 kg. The frames were subjected to the base excitation of the Kobe earthquake,
weakened by various levels. The displacements, velocity, and acceleration response histories of each
floor were recorded during the shaking table tests. Additionally, some strain gauges were also installed
in one of the columns and near the first floor. The sampling rate of the raw data was 1000Hz.

Fig. 6: Simple sketch of a five-story steel frame
Notably, it is reported (Yeh et al., 1999) that the frame responded linearly when it subjected to 8%,
10%, 20%, 40%, and 52% of the strength of the Kobe earthquake. Measured strains and visual
inspection revealed that 60% of the strength of the Kobe earthquake input caused the steel columns
near the first floor to yield.
NSINs Training: In the following, only the responses (relative accelerations) and inputs in the long
span direction were addressed. The significant responses between 4.5 and 12.5 seconds were used to
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train ANNs and thus, to some extent, reduce the noise effect. Five NARX neural networks were used
to identify five different states (from state 1 to state 5). States from 1 to 5 are the states that the frame
subjected to 10%, 20%, 40%, 52%, 60% Kobe earthquake, respectively. Networks with the same
topology of the previous example were employed in this example. That is, the topology of each NARX
neural network is NARX(301-0-5). The 301 inputs and the five outputs are the same as that in the
previous example. The complete off-line training process took 3000 cycles.
Structural Health Monitoring: After training, the five NARX neural networks were used to generate
free vibration responses to investigate the changes of the structural properties with excitation
magnitude. First, the comparison of the free vibration responses of state 1, state 2, and state 3, with
initial ground acceleration 0.01g, is shown in Fig. 7. It reveals that the periods of the three free
vibration responses were almost identical, but the amplitude becomes smaller and smaller with the
increasing of excitation magnitude. According to results of example 1, it shows that the stiffness
values of the three states were almost the same, and the damping values increase with the increasing of
excitation magnitude. Second, the comparison of the free vibration responses of state 3 and state 4,
with initial ground acceleration 0.01g, is shown in Fig. 8. It displays that the periods of the free
vibration of state 4 were slightly longer than that of state 3, and the amplitudes of the two free
vibration responses were almost the same. According to results of example 1, it exposes that the
stiffness values of state 4 were a little smaller than those of state 3, but the damping values of the two
states were almost the same. Finally, the comparison of the free vibration responses of state 4 and state
5, with initial ground acceleration 0.01g, is shown in Fig. 9. It reveals that the periods of the free
vibration of state 5 were longer than those of state 4, and the amplitudes of the free vibration of state 5
were larger than those of state 4. Based on results of example 1, the stiffness and damping values of
state 5 were smaller than those of state 4. In addition, it has to be pointed out that the free vibration
response of the fifth floor of state 5 obviously deviates the central line (relative acceleration=0), which
may be a massage that some elements of the frame were yield under such strong excitation magnitude.
The result completely corresponds with the evidence investigated in the lab.

Fig. 7: Comparison of the free vibration responses of state 1, state 2, and state 3, with initial ground
acceleration 0.01g
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Fig. 8: Comparison of the free vibration responses of state 3 and state 4, with initial ground
acceleration 0.01g

Fig. 9: Comparison of the free vibration responses of state 4 and state 5, with initial ground
acceleration 0.01g

CONCLUSIONS
This study presented a novel neural network based-approach for structural health monitoring.
Noteworthy, the proposed approach is practically feasible for structural health monitoring. The
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practical feasibility of the proposed approach is supported by the following two reasons. First, ANNs
are a promising tool for system identification of real-world structures. Second, the results of numerical
and experimental examples prove the practical feasibility of the proposed approach for structural
health monitoring. The following important conclusions can be drawn from the results presented in
this research.
1. Changes on structural properties (stiffness and damping) cause changes on periods and amplitudes
of the free vibration of the structure system. Therefore, periods and amplitudes of the free
vibration are useful indices to reflect changes of structural properties.
2. The proposed approach makes it easy to accurately generate a free vibration response of a
structure-unknown system using neural networks.
3. The proposed approach has the ability to detect changes of structural properties. Especially, this
approach can reveal clear massage when some structure elements were yield, which can’t be
achieved by other analytical methods.
Some limitations expected to be complemented in future studies were summarized as follows:
1. A drawback of proposed approach is the accumulation of simulation error. Since the accumulated
simulation error was not obvious in results of illustrative examples, this problem wasn’t discussed
in this paper. In fact, Hung et al. (2001) had addressed a sensitivity analysis method to decrease
the accumulated simulation error. Nevertheless, this interesting topic could be further researched.
2. Future investigations should apply the proposed approach to measurements in the field to examine
its capacity to deal with incomplete measurements and noise corruption. Furthermore, the ability
of the proposed approach to detect the location of damage should be further researched.
ACKNOWLEDGEMENTS
The authors would like to thank the National Science Council of the Republic of China for financially
supporting this research under Contract No. NSC 89-2211-E009-072. The appreciation is also
extended to the National Center for Research on Earthquake Engineering for providing shaking table
testing data.
REFERENCES
Cybenko G. (1989), “Approximations by superpositions of a sigmoidal function,” Mathematics of
Control, Signals and Systems, 2, 303-314.
Elkordy, M. F. et al. (1993), “Neural networks trained by analytically simulated damage states,”
Journal of Computing in Civil Engineering, 7(2), 130-145.
Funahashai K. (1989), “On the approximate realization of continuous mappings by neural networks,”
Neural Networks, 2, 183-192.
Ghaboussi, J. et al. (1991), “Knowledge-based modeling of material behavior with neural networks,”
Journal of Engineering Mechanics, 117(1), 132-153.
Huang, C. C. and C. H. Loh (2001), “Nonlinear identification of dynamic systems using neural
networks,” Computer-Aided Civil and Infrastructure Engineering, 16, 28-41.
Hung, S. L. and C. Y. Kao (2002), “Structural damage detection using the optimal weights of the
approximating artificial neural networks,” Earthquake Engineering and Structural Dynamics,
31(2), 217-234.
Hung S. L., C. Y. Kao, and M. F. Shieh (2001), “Application of back-propagation neural networks in
nonlinear hysteretic structural dynamic analysis,” Journal of the Chinese Institute of Civil and

417

Hydraulic Engineering, 13(3), 567-583. (in Chinese)
Masri, S. F. et al. (1996), “Neural network approach to detection of changes in structural parameters,”
Journal of Engineering Mechanics, 122(5), 350-360.
Masri, S. F. et al. (2000), “Application of neural networks for detection of changes in nonlinear
systems,” Journal of Engineering Mechanics, 126(7), 666-676.
Pandy, P. C. and S. V. Barai (1995), “Multilayer perception in damage detection of bridge structures,”
Computers & Structures, 54(4), 597-608.
Rumelhart, D. E. et al. (1986), Learning international representation by error propagation. In D. E.
Rumelhart et al. (eds), Parallel Distributed Processing, 318-362. MA, The MIT Press,
Cambridge.
Szewezyk, P. and P. Hajela (1994), “Damage detection in structures based on feature-sensitivity
neural networks,” Journal of Computing in Civil Engineering, 8(2), 163-179.
Wu, X. et al. (1992), “Use of neural networks in detection of structural damage,” Computers &
Structures, 42(4), 649-659.
Yeh, S. C., C. P. Cheng, and C. H. Loh (1999), “Shaking table tests on scaled down five-story steel
structures,” NCREE Report No. NCREE-99-002, National Center for Research on Earthquake
Engineering, R. O. C. (in Chinese)

418

MECHANICAL BEHAVIOR OF DOUBLE-SKINNED
COMPOSITE STEEL TUBULAR COLUMNS
Min-Lang Lin and Keh-Chyuan Tsai
National Center for Research on Earthquake Engineering, Taipei, Taiwan
mllin@ncree.gov.tw, kctsai@ncree.gov.tw

Abstract
The purpose of this experimental study is to investigate the behavior of the double-skinned concrete
filled steel tubular (DSCFT) columns on the strength, stiffness and ductility performance. The
diameter-thickness (D/t) ratio and the hollowness ratio were chosen as main parameters in designing
the specimens. A total of 18 specimens were tested under varied combinations of axial and flexural
loads, and two specimens were tested under a combination of constant axial load and cyclically
increasing bending for comparison. Test results concluded that the DSCFT columns can effectively
provide strength and deformation capacity even with a large D/t ratio.
INTRODUCTION
Double-skinned concrete filled steel tubular (DSCFT) columns consisting of two concentric circular
thin steel tubes with filler between them have been investigated for different applications. It has been
used for vessels under external pressure in very deep water (Montague et al. 1975) and for
compression member in offshore constructions (Wei et al. 1995). Compare to concrete-filled steel
tubular (CFT) columns, the DSCFT can reduce its own weight while have a high flexural stiffness.
Compare to traditional RC bridge columns, the DSCFT columns can reduced the requirements on
labor and construction time. The construction quality can be easily maintained. Due to these benefits,
some researchers have investigated the DSCFT for high rise bridge applications (Hsu et al. 2000,
Fumio et al. 2000). The land of Taiwan is mountainous; thus the construction of high rise bridge
columns is rather common. Therefore, the DSCFT columns may be a promising choice for the
construction of high rise bridge columns.
EXPERIMENTAL PROGRAM
Fabrication of Specimens
Fig. 1 and Table 1 show the typical dimensions of specimens tested in this study. The effective length
of the specimens is 1100 mm, and the external and internal diameters are 300 and 180 mm,
respectively. A36 steel and 28 Mpa concrete are used for all specimens. The specimens can be
separated into 3 series: SS-2, DS-06-4-2 and DS-06-2-2. Series SS-2 is the CFT columns for
comparison, where the SS denotes the single skinned tube and the thickness of the tube is 2 mm.
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DS-06-4-2 series is the DSCFT columns with a 0.6 hollowness (internal to external diameter) ratio, the
thickness of the external and the internal steel tubes are 4 and 2 mm, respectively. The corresponding
diameter-thickness ratio (D/t) is 100 and 90 for external and internal tubes, respectively. DS-06-2-2
series is with a 0.6 hollowness ratio, and both the external and internal steel tube thicknesses are 2 mm.
The corresponding D/t ratios are 150 and 90 for external and internal, respectively. The last string in
the specimen ID denotes the experimental method, where C stand for concentric axial loading, E for
eccentric axial loading. For example, SS-2-C means SS-2 series specimen subjected to concentric
axial loads. If the last string consists of numbers, it represents the applied axial load ratio (in
percentage) during four point bending test. The DS-06-4-2-25C and DS-06-2-2-25C denotes the cyclic
four point bending test under a magnitude of 0.25Pn axial load. Pn is the nominal axial strength of the
specimen (Pn=Asfy+Acf’c). All the specimens were fabricated using a cold-formed steel plate for
each skin.
Table 1 Dimensions of test specimens

Series

SS-2
DS-06-4-2
DS-06-2-2

Exter.
dia.
Amount
: De (mm)
4
7
7

300
300
300

Inter.
dia.
: Di
(mm)

Hollow
ratio
: Di / De

Thick. of
exter. Tube
: te (mm)

Thick. of
inter. tube
: ti (mm)

NA
180
180

NA
0.6
0.6

2
4
2

NA
2
2
Load

1100 mm

to

Concrete

P

ti

Di
De

Pn

(=Asfy+Ac
f’c)
(kN)
2398
1940
2355
Load

P
e

180 mm

P

300 mm

Fig. 1 DSCFT specimen details

P

Fig. 2 Setup for axial loading test

Testing Method
Experimental setup for axial loading tests is shown in Fig. 2. The tests were conducted using the
Shimadzu 4900 kN universal testing machine with a specified strain rate. Fig. 3 shows the test setup
for the four point bending experiment. After the horizontal actuator has applied a specified axial load,
then the vertical actuator applied monotonically or cyclically increasing bending to the specimen. The
middle region of the beam shown in Fig. 4 is subjected to pure bending. Thus, the specimen can be
loaded with a combination of axial load and bending moment.
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The THS-1100 data logger and SHW-50D switch box made by TML Company were employed for
data collection during the tests. External LVDTs and tiltmeters were used for measuring the
deformation and rotation of the specimens. Three-element rosette strain gages were also aligned on
tube surfaces of each specimen for further analysis.
Monotonic Loading

Cyclic Loading

P
Loading Beam

Lateral Actuator

Hinge

Roller

P

a
Load
Axial Actuator

a
Pure bending

Specimen

Moment Pa

Fig. 3 Setup for four point bending test

Fig. 4 Four point bending

EXPERIMENTAL RESULTS OF AXIAL LOADING TEST
Experimental results of axial loading test are listed in Table 2. Fig. 5 shows the axial load-strain
relationships. The load responses in Fig. 6 are normalized with respect to the corresponding peak axial
loads.
Strength Capacity
The strength capacity Pu of a specimen is defined as the peak value of the axial loads observed in the
axial load-strain curve. The corresponding strain is denoted as ε p . The value of P0 is the nominal
strength given by Eurocode 4:

P0 = As f y ,t + Ac f c'

(1)

where As and Ac are the cross-sectional areas of the steel and concrete section, respectively. The

f y ,t and f ' c are the yield strength of the steel tube and the actual compressive strength of the
concrete. Equation 1 differs from the AIJ specifications where a reduction factor of 0.85 for the core
concrete is not considered herein. It is observed that all values of Pu / Po are greater than 1.0 but not
too significantly. Thus, it appears that Eurocode 4 can conservatively predict the ultimate axial
strength of a DSCFT.
Table 2 Results of axial loading test
εp
Ecomp
Pu
P0
Ethe
Specimen
Pu/P0
Ecomp/Ethe μ95
(kN) (kN)
(%) (MPa) (MPa)
2846 2464 1.16 0.46
3.125
16338 29458
0.55

SS-2-C

DS-06-2-2-C

2311

2081

1.11

0.32

25185

36491

0.69

2.88

DS-06-4-2-C

2750

2567

1.07

0.61

29257

43680

0.66

2.78
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1.2

2000

0.8
P / Pu

Axial Load (kN)

3000

1000

0.4

Axial Loading

Axial Loading

SS-2-C
DS-06-2-2-C
DS-06-4-2-C

0

0

1

2
Axial Strain (%)

3

SS-2-C
DS-06-2-2-C
DS-06-4-2-C

4

Fig. 5 Axial load-strain curves

0

0

1

2
Axial Strain (%)

3

4

Fig. 6 Normalized load-strain curves

Stiffness
The initial stiffness Ecomp of a composite member is defined as the averaged initial slope of an axial
load-strain curve. It is calculated from its linear recurrence within the range of 0.05% to 0.10% axial
deformation, divided by the cross-sectional area Atotal of the composite member. The theoretical
stiffness, according to the theory of superposition can be expressed as:

Ethe = ( As E s + Ac Ec ) / Atotal

(2)

where the modulus of concrete is calculated from Ec = 4733 f 'c Mpa. The values of Ecomp / Ethe
of all specimens are listed in Table 2. Apparently, the values of Ethe computed from Equation 2
seriously overestimate the stiffness of the specimen.
Axial Ductility
In this study, the axial ductility is defined as:

ε 95
εy
ε
ε y = 75
0.75
µ95 =

(3)
(4)

where ε 75 and ε 95 shown in Fig. 7 are the axial strains corresponding to the 75% and 95% of the
peak axial load before and after the peak load was achieved, respectively. Because the yielding point
of a specimen is difficult to identify from the axial load versus strain curve, the idealized yield strain
ε y is extrapolated from ε 75 .
From Table 2, Figs. 5 and 6, it is observed that all the specimens have similar performance in axial
ductility. The ductility value of the CFT specimen is slightly lager than the DSCFT specimens. That is,
the strength degrading of the CFT specimen is slightly slower than the DSCFT specimens, but not
significantly. When a 0.03 axial strain is reached, all the specimens can still retain more than 50% of
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its peak strength.
Table 3 Results of four point bending test

Specimen

Mu

Experiment

EI
EXP

Theory

93

129

92

NA

182

200

128

NA

124

161

95

NA

122

209

92

12.2

192

265

128

6.0

138

233

95

4.9

(kN-m)
SS-2-0
DS-06-4-2-0

Four point bending
P = 0% Pn

DS-06-2-2-0
SS-2-25
DS-06-4-2-25
DS-06-2-2-25
DS-06-4-2-40

μ90/y

(102kN-m2)

Four point bending
P = 25% Pn

189

230

128

7.1

DS-06-2-2-40

Four point bending
P = 40% Pn

136

221

95

4.0

DS-06-4-2-70

Four point bending

122

168

128

3.8

107

85

95

1.6

DS-06-2-2-70

P = 70% Pn

Moment

Axial Load

Mu
0.9Mu
0.75M u

Pu
0.95 P u
0.75 P u

μ95 =
0.75 ε y

ε 95

κ
μ90 ,y = κ 90

ε 95
εy

y

0.75 κ y

Axial Strain

Fig. 7 Axial ductility definition

κ 90

Curvature

Fig. 8 Curvature ductility definition

EXPERIMENTAL RESULTS OF FOUR POINT BENDING TEST
Moment Capacity
The moment capacity Mu listed in Table 3 is defined as the peak bending in a moment-curvature curve
considering the second order effects caused by the horizontal actuator. Comparing with the CFT
specimen, the DSCFT specimens developed a larger moment capacity, even in the DS-06-2-2 series

423

specimens. These specimens have the same external steel thickness (2mm), but it should be noted that
DSCFT specimens have a 36% reduction on concrete area and a rather large D/t internal tube.
Flexural Stiffness
The flexural stiffness EI is defined as the averaged initial slop of a moment-curvature curve. And the
EI value is calculated from the linear recurrence within the curvature range of 0.05x10-2/m to
0.15x10-2/m. From Table 3, it’s observed the variation of the EI have the same trend as the moment
capacity of the specimens. The theoretical flexural stiffness (Zhong et. al 1999) adopted here is:

EI=(0.6625+0.9375 α )( E s I s + EC I C )
where

α=A

S

(5)

AC , E s and EC are the modulus of steel and concrete, I s and I C are the moment of

inertia of steel and concrete. The experimental EI of the specimens is higher than the theoretical EI.
One of the reasons may be due to the constant axial load applied before the bending. The strength and
stiffness of the core concrete were enhanced due to the lateral confinement from the steel tube.
Flexural Ductility
In this study, the flexural ductility is defined as:

µ90 / y =

κy =

κ 90
κy
κ 75

0.75

(6)
(7)

where κ 75 and κ 95 (Fig. 8) are the flexural curvatures corresponding to the 75% and 95% of the
peak moment before and after the peak load was achieved, respectively. Similar to the axial ductility,
the idealized yield curvature κ y is extrapolated from κ 75 .
Table 3 shows the µ90 / y value of the specimens. It is observed that µ90 / y value decreases as the
axial load ratio increases. The moment-curvature curves for DS-06-2-2 and DS-06-4-2 specimens are
shown in Figs. 9 and 10. The degrading speed of the moment capacity is related to the axial load ratio.
The normalized moment-curvature curves of the specimens under pure bending and 25% axial load are
shown in Figs. 11 and 12. The CFT and DSCFT specimens have very similar performance under these
axial load intensities. It should be noted that the degrading of the DSCFT specimen under a 25% axial
load is more evident than the CFT due to the buckling of internal tube occurred.
EXPERIMENTAL RESULTS OF CYCLIC FOUR POINT BENDING TEST
The DS-06-4-2-25C and DS-06-2-2-25C were subjected to the cyclic bending loads while an axial
load of 0.25Pn was maintained. From Figs. 13 and 14, both specimens have the same strength capacity
and degrading tendency as those observed in monotonic load tests. The cyclic energy dissipation
capacities of these two specimens are rather good as evidenced in their hysteretic responses.
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Fig. 12 Normalized moment-curvature curves
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CONCLUSIONS
1. Superposing the concrete and steel strength can predict the ultimate axial strength of DSCFT
conservatively. It is illustrated that steel tube can improve the confinement of the concrete, and the
in-filled concrete can delay the occurrence of local buckling of the steel tube with a large D/T ratio.
2. The DSCFT columns can have an optimal strength performance if the applied axial load is less than
40% axial capacity.
3. Experimental results indicate that the behavior of DSCFT columns under cyclic loading is as good
as that under the monotonic loading.
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Abstract
Nowadays, Fiber Bragg Grating sensors(FBG) have been proven to be immune from electronic and
magnetic field. By the support of FBG sensors, the advantage and feasibility of applying many
distributed sensors in active control becomes an interesting subject. This paper presents the advantage
of using many FBG sensors as feedback in smart structure control. To implement the concept of the
smart structure, genetic algorithms (GAs) is embedded in this study to search for the optimal control
gain for the control force. In order to evaluate the performances, three sets of feedback with different
sensors were used. For the first set(case 1G), the 8th-floor strain sensor was selected as feedback. For
the second set(case 3G), the 8th-floor, 7th-floor and 6th-floor strain sensors were chosen, and for the
last set(case 8G), all strain sensors in each floor were used as feedback. The structural responses of
each set under earthquake excitations were simulated and compared. According to the analysis results,
increasing the amount of distributed sensors used as feedback can improve the control efficiency.
INTRODUCTION
Civil structures, especially for high-rise buildings, are usually large in scale. Thus the control of civil
structures requires large energy and efficient control design methodology. The feedback selection to
determine the control action is usually assumed that the amount of measured feedback is limited. In
recent years, the development of technology progresses prosperously. A variety of smart materials
have been proposed in many literatures(Soong et al.2002 and Culshaw et al. 1996)) and also widely
used in the application of civil structures. One of the most popular is Fiber Bragg Grating sensors.(Lin
2002) With the support of FBG sensors measuring the structure responses, applying large amount of
distributed sensors in structures is becoming feasible. Many feedback control methodologies of active
control have been studied for the optimization of control performance.(Kim et al. 1999) A control
efficiency evaluation of a high-rise building under wind-excitation has been carried out by using
genetic algorithms.(Kim et al. 2001) Although these studies have provided much valuable information
about the control design methodology, the amount of the feedback signals is still limited. The purpose
of this study is to increase the control efficiency by adding more sensor feedback into the controller
optimization process with the help of genetic algorithms. The evaluation concept and procedure is
shown in Fig.1.
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High-Rise Buildings

System with Few Sensors

System with Sensors as many as possible

Genetic Algorithm

Optimal Control

Performance Evaluation

Fig.1 Flow chart of the evaluation of the advantage of distributed sensors
GENETIC ALGORITHMS
Genetic algorithms, which are based on the mechanism of evolution and biological systems, is often
used for optimization in many fields. The variables are coded into genetic strings known as
chromosomes and represented by bit strings. Each string contains several sub-strings, called genes,
which have different combinations to fit the optimization of the problem. The optimization was
achieved through the fitness function that characteristics the performance of each individual string.
There are three operators in genetic algorithms: selection, cross-over and mutation. Selection is the
process of choosing the fittest parameters from current population to yield better generations.
Cross-over is to exchange information between pairs to have new offspring strings. Mutation is a
random process which causes the individual string to be changed according to the probabilistic rule.
Mutation is generally considered to ensure the diversity of the population. This will inhabit the
possibility of converging to the local optimum, rather than global optimum.
PROBLEM DESCRIPTION
The model considered in this study is an eight-storey structure commonly referred in active control
research.(Yang et al. 1987) The structure property for each story unit is the same for illustrative
purposes. The floor mass is 345.6 tons; stiffness is 340,400 kN/m and the internal damping force is
2,937 tons/sec. Eight FBG strain sensors, in total, were distributed in this model at the lower-end of
the column for each floor. To evaluate the performance of the distributed sensors selected as control
feedback, three sets of selection combination were proposed. The first set, case 1G, only the 8th-floor
strain sensor was selected as feedback. In the second set, case 3G, the 8th-floor, 7th-floor and 6th-floor
strain sensors were chosen, and for the last set (case 8G), all the strain sensors in each floor are used as
feedback. The actuator was placed between the base and the first floor for the best control
efficiency.(Yang et. al 1983) Fig 2. shows the sketch of the model. The locations of distributed FBG
sensors and actuator are also shown in the figure.
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mi= 345.6 tons
ki=3.04E5 kN/m
ci=2,937 tons/sec

Fig. 2 Sketch of the model
CONTROL DESIGN METHODOLOGY
The methodology of the optimal controller design was described in this section. In this study, strains
and actuator force (control signal) are used as feedback to obtain the optimal control gain. The
controller design uses previous time histories of strains y(t) and control force u(t) as feedback in the
process of control gain optimization. For this study, twelve previous strain histories and three previous
control signals are selected as feedback to calculate the control gain at time t., The feedback vector in
case 1G for example is in the following form:

Y1G (t ) = [ y1 (t − τ ) y1 (t − 2τ ) y1 (t − 3τ )... y1 (t − 12τ )u1G (t − τ )u1G (t − 2τ )u1G (t − 3τ ) ]1×15
The control force u(t) was calculated by the multiplication of control gain matrix G and feedback
vector Y(t), which are shown in the following equations:

u1G (t ) = G1 × Y1G (t ) ; u3G (t ) = G3 × Y3G (t ) ; u8G (t ) = G8 × Y8G (t )
The control gain matrix G is optimized by using genetic algorithms. In the optimization process, the
mutation rate is set to 0.003, the cross-over rate is set to 0.8 and the evolution numbers up to 300
generations. The actuator control force u(t) is constraint to max |u(t)| ≤ 10000 kN.
ANALYTICAL RESULTS AND COMPARISON
Numerical simulations of the three cases proposed in this study have been carried out. The earthquake
history used in simulation was the scaled 0.3g El Centro earthquake. Fig.3 shows the fitness function
reduction process through the evolution for each case. It can be seen that the value of the fitness
function decreases as the generation increases, which proved the feasibility of applying GAs into the
optimization process. The value of the fitness function also became much smaller as using more
sensors as feedback. In other words, the best fitness function value of case 8G is smaller than those of
the other two cases.
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Case
Case
Case
1G
3G
8G

Fig.3 Cost of the fitness function for each generation
The overall performance of the control design was evaluated based on the peak and root-mean-squared
(RMS) response of the structure. From Table 1, which listed the numerical analysis results of the floor
peak displacement, it can be observed that the peak lateral roof displacement reduction percentage of
the model with actuator under scaled the 0.3g El Centro for case 1G, 3G and 8G were 33%, 46% and
53%, respectively. The peak lateral acceleration responses were listed in Table2. The RMS values of
the displacement and acceleration of each floor were listed in Table 3 and Table 4.
The optimized control forces histories of the three cases were plotted in Fig. 4. The time histories of
the roof displacement and the roof acceleration response values for the three cases were plotted in Fig.
5 and Fig. 6, respectively. As expected, case 8G can improve the performance by about 60% as
compared to case 1G, which means the more feedback used in searching for the optimal control gain,
the better performance can be achieved.
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Roof displacement (m)

0.12

1G
3G
8G

0.08
0.04
0
-0.04
-0.08
-0.12
10

15

20

25
Time (sec)

30

Fig.5 Controlled displacement responses

430

35

40

Roof acceleration (gal)

600

1G
3G
8G

400
200
0
-200
-400
-600
10

15

20

25
Time (sec)

30

35

40

Fig.6 Controlled acceleration responses

CONCLUSION
The advantage of using distributed sensors in smart structure control has been evaluated by using GAs
and FBG sensors. The controller performance is evaluated by considering as many sensors as possible
and the structural control efficiency improves as the amount of distributed sensors selected as control
feedback increases. The result gas determined that it is feasible to apply many sensors into the active
control algorithm to achieve better performance.
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Table 1. Peak lateral displacement and the reduction percentage of the model

Case
un
1G
3G
8G
Case
un
1G
3G
8G

8F
16.4
11.0
8.8
7.7

33.0%
45.9%
53.0%
4F

10.7
6.3
5.0
5.2

41.0%
53.3%
51.0%

Displacement(cm)
Reduction Percentage(%)
7F
6F
15.7
14.5
10.4
33.8%
9.4
35.4%
8.3
47.0%
7.4
48.9%
7.4
52.9%
6.9
52.5%
3F
2F
8.3
5.7
4.6
44.3%
3.2
45.0%
3.8
54.6%
3.2
44.5%
4.5
46.2%
3.9
32.8%

5F
12.8
7.9
6.2
6.1

37.9%
51.2%
52.1%
1F

2.9
2.3
2.6
3.1

21.0%
12.7%
-7.5%

Table 2. Peak lateral acceleration and the reduction percentage of the model

Case
un
1G
3G
8G
Case
un
1G
3G
8G

8F
749.3
546.6
511.5
388.2

27.1%
31.7%
48.2%
4F

440.7
385.2
338.3
225.0

12.6%
23.2%
48.9%

acceleration(gal)
Reduction Percentage(%)
7F
6F
654.6
559.3
488.3
25.4%
441.1
21.1%
441.1
32.6%
346.1
38.1%
323.8
50.5%
245.0
56.2%
3F
2F
489.8
513.9
406.3
17.0%
432.8
15.8%
336.0
31.4%
318.7
38.0%
247.6
49.4%
245.3
52.3%

5F
486.3
406.6
373.0
258.8

16.4%
23.3%
46.8%
1F

375.5
419.9
314.1
268.6

-11.8%
16.4%
28.5%

Table 3. RMS lateral displacement and the reduction percentage of the model

Case
un
1G
3G
8G
Case
un
1G
3G
8G

8F
4.7
2.2
1.7
1.6
3.2
1.4
1.1
1.1

53.1%
63.6%
66.4%
4F
56.0%
66.0%
64.0%

Displacement(cm)
Reduction Percentage(%)
7F
6F
4.5
4.2
2.1
53.5%
1.9
54.3%
1.6
64.1%
1.5
64.9%
1.5
66.3%
1.4
66.1%
3F
2F
2.5
1.7
1.1
56.4%
0.8
55.4%
0.9
65.8%
0.6
63.1%
1.0
60.7%
0.8
52.2%

432

5F
3.7
1.7
1.3
1.3
0.9
0.5
0.5
0.7

55.2%
65.6%
65.5%
1F
43.8%
41.3%
19.5%

Table 4. RMS lateral acceleration and the reduction percentage of the model

Case
un
1G
3G
8G
Case
un
1G
3G
8G

8F
193.1
133.6
123.1
83.2
139.6
88.1
98.2
65.1

30.8%
36.3%
56.9%
4F
36.9%
29.7%
53.4%

acceleration(gal)
Reduction Percentage(%)
7F
6F
168.5
148.0
106.2
37.0%
90.3
39.0%
93.7
44.4%
71.6
51.6%
65.2
61.3%
54.2
63.4%
3F
2F
137.1
122.6
97.9
28.6%
106.8
12.9%
98.1
28.5%
85.7
30.1%
64.1
53.2%
58.6
52.2%

433

5F
139.5
86.6
76.4
55.9
88.9
104.4
85.8
69.6

38.0%
45.3%
59.9%
1F
-17.4%
3.5%
21.7%
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Abstract
A shakemap system providing rapid estimates of strong ground shaking could be useful for emergency
response providers in a disaster earthquake. A hybrid procedure, which combines site-dependent
ground motion prediction models and the limited observations of the Real-Time Digital stream output
system (RTD system operated by CWB), was setup to provide a high-resolution shakemap in a
near-real-time manner.
One of the main factors that affect the result of ground motion prediction analysis is the existence of
site effects. The purpose of this paper is to investigate the local site effects and its influence in the
ground shaking and, then, establish an early estimation procedure of natural hazard for disaster
earthquakes. Based on the attenuation law, the site effects of each TSMIP site are discussed in terms
of a bias function that is site and intensity-level dependent function. The standard deviation of the
site-dependent ground motion prediction model can be significantly reduced. The nonlinear behavior
of ground soil is automatically taken into account in the intensity-level dependent bias function. Both
the PGA and the spectral acceleration are studied in this study. Based on the RTD data, event
correctors are calculated and applied to precisely estimate the shakemap for disaster earthquake.
INTRODUCTION
The Seismicity in Taiwan area is very high; the government supported an extensive seismic
instrumentation program, which operated by the Central Weather Bureau (CWB) for the populated
areas with dense digital strong-motion networks. This instrumentation program consists two networks
around Taiwan: (1) The Taiwan Rapid Earthquake Information Release System (TREIRS, also known
as the Real-Time Digital stream output system, RTD), and, (2) The Taiwan Strong Motion
Instrumentation Program (TSMIP). The RTD system using a real-time strong-motion accelerograph
network consisting more than 80 stations is currently capable of routine broadcasting of the earthquake
location and its magnitude about one minute after the occurrence (Wu et al., 2002). The TSMIP
system, consisting of more than 700 stations that are spaced approximately 5 km apart in populated
areas, was widely deployed in Taiwan area.
The networks of RTD and TSMIP collect a large amount of high quality earthquake data and provide
useful information for seismology and earthquake engineering. The wealth strong motion data
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recorded at wide range of PGA due to different levels of excitation. These ground motion data offer a
good opportunity to study attenuation models and the site amplification effects for a given site in
response to different levels of excitation. There are several site classification schemes used in
engineering practices. However, the information for site classification may be not widely available for
strong motion station sites. An effective site-dependent attenuation model should be provided for
better estimate of ground motions.
The seismic hazard analysis is usually to develop rock outcrop or hard soil site ground motion for
seismic design and earthquake loss estimation. One of the main factors that affect the seismic risk is
the existence of site effects on the attenuation relations, which are probabilistic descriptions of the
level of ground motion as a function of the earthquake and site parameters. In order to make a good
estimate of ground motion, many parameters are taken into consideration for attenuation relations.
Many researchers proposed several attenuation relations for different source regions and site
classifications (Campbell, 1981; Abrahamson and Shedlock, 1997). In these attenuation relationships
there is a degree of scatter about the median value calculated by the attenuation form. An important
issue is to find some measurable parameters or functions that can help to reduce the uncertainty
(and/or bias) in the attenuation laws, which can be used in seismic hazard analysis and earthquake loss
estimations to account for site effects.
Completing a three-phase research project performed by Southern California Earthquake Center, the
phase-III report pointed out some aspects about the ground-motion and the site effects (Field et al.,
2000): (1) in a single earthquake the ground shaking at one site can easily be 10 times stronger than
that at a neighboring site; (2) there are two important geologic factors, the softness of the rock or soil
near the surface as well as the thickness of the sediments above hard bedrock, can significantly affect
the level of ground shaking. A site- and intensity-level- dependent ground motion prediction model
(attenuation form) is proposed in this paper. This model can be used to improve the results for seismic
hazard analysis.
However, for an individual earthquake, the intensity predicted by the attenuation model may not be
adequate. It is easy to find that the pattern of shaking varies from earthquake to earthquake, especially
for some basin areas. This discrepancy may be come from the source effects. It is believe that a
theoretical 3-D model should be developed to precisely solve this problem. Instead of such model, an
empirical procedure is developed to correct the discrepancy of the ground shaking estimated from the
attenuation form. The RTD system is capable of routine broadcasting of the earthquake location and
its magnitude about one minute after the earthquake occurred. The ground shaking information of the
RTD site can also be automatically distributed in the same time. In this study, the RTD data are used
event correctors and the ground shake-map is modified for earthquake emergency response providers.
PROPOSED EMPIRICAL PROCEDURE TO ESTIMATE SHAKEMAP
An empirical procedure was setup to provide a high-resolution shakemap in a near-real-time manner
for earthquake emergency response. This procedure combines site-dependent ground motion
prediction models and the limited observations of the Real-Time Digital stream output system (RTD
system). The flowchart, as shown in figure 1, shows the procedure to estimate the shakemap. Three
considerations are described as followings:
1. Reference Attenuation Form: the ground motion attenuation form for rock site is estimated in
the first step. This attenuation form is used as the reference model (artificial reference site) to
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study the site effect.
2. Site Corrector: the second step is to estimate the site-dependent ground-motion prediction
model for each CWB site. Based on residue analysis, the site effect modification function is
generated to modify the attenuation obtained from step 1.
3. Event Corrector: when an earthquake occurred the earthquake parameters (magnitude and
hypocenter) can be determined by the CWB RTD system within one minute. The
ground-motion prediction models will, then, be applied to generate the shakemap that can take
the site effects into consideration. In general, however, there still exists a bias in the shakemap
for individual earthquake. This bias may be contributed from the event characteristics, and be
corrected by the observations from the CWB RTD array data.

Earthquake

Earthquake Parameters (by RTD system):
(Magnitude, Depth, Epicenter etc.)

1.
2. Site Effect Modification:

yr = f ( M , R )

ys = f S ( yr , C0 , C1 )

PDS = ysS × f S ( R, D0 , D1 )

PGA Attenuation Model:

= b1 eb2 M [R + b4 exp (b5 M)] −b3
R=

(RTDS )obs
(RTDS )y
s

3. Update estimation using
Taiwan Rapid Information
Release System

Estimation of Spatial Distribution of Ground Motion
Fig. 1. Procedure to estimate the shakemap of a disaster earthquake for emergency response
Earthquake Database
One of the purposes of this paper is to investigate the classification criterion of local site effects and its
influence in the seismic risk estimation. Earthquake data collected from RTD and TSMIP system were
used in the first two steps to develop the rock-site empirical attenuation form and to study the site
amplification factors. The database collects 242 events of magnitude M L ≥ 4.0 from 1993 to 2002.
Fifty-nine events of magnitude M L ≥ 5.0 are used to develop the rock-site attenuation form.
Considering the distribution of hypo-central distance, only the RTD data and the TSMIP data that with
distance less than 25.0 km was used in step 1. On the step two, the whole database was used to
estimate the site effects for each instrumental site. The 1999 Taiwan earthquake main-shock and its
aftershock are also included in the database.
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Attenuation Model For Rock Site
The attenuation relations are probabilistic descriptions of the level of ground motion as a function of
the earthquake and site parameters. The Campbell’s attenuation form (Campbell, 1981) can reasonably
predict the characterization of ground motion attenuation for TSMIP array data, and is applied in this
study. The Campbell's form is expressed as

Yr ( g ) = f ( M , R ) = b1eb2 M [ R + b4 exp(b5 M ) ]

− b3

(1)

where Yr is peak ground acceleration (or the spectral acceleration), M is magnitude, and R is
bM
source-site distance. The significant feature of the Campbell form is the term, b4 e 5 , which
describes a magnitude dependence of the transition from near-field to far-field attenuation and it
reflects a distance saturation that depends on the extent of fault rupture. The source-site distance R for
the present study is taken as the hypocenter distance, however, for the earthquake data collected from
1999 Taiwan earthquake the closest distances to the surface fault rupture were used.
Site Effects
Based on the attenuation law, site effects are discussed in terms of a bias function that is site and
intensity-level dependent function. The non-linear behavior of ground soil is automatically taken into
account in the intensity-level dependent bias function. More than 3000 seismic records from more than
242 earthquake events are used to study the site effects.
A systematic bias of the data scattering in the attenuation law is found from the earthquake data. It is
believed that the systematic bias mainly comes from the site effects. It is necessary to reduce the data
scattering in the attenuation law by removing the systematic bias. For this purpose, a residual is
defined as the difference between the observed and predicted values of the natural logarithm of PGA
(or other ground motion parameters). Comparison on the PGA and Sa-value between observed data
and those calculated from the reference attenuation form (Eq. 1) is constructed. An example of this
comparison is shown in Figure 2; it shows that this site has large amplification effect (for PGA the
amplification factor is about 3.0). For the case that the data points fall onto the dashed line, it means
that the reference attenuation form can predict well for this site (no significant site effects).

Fig. 2: Comparison between the predicted and observed PGA, and Spectral acceleration
to indicate the site amplification
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Based on the intensity dependent residual model, a modified intensity prediction model is found for
each site. A regression form is determined for each site

Ys (estimated ) = f s (Yr , C 0 , C1 ) = exp[C 0 + C1 ⋅ ln Yr ( M , R)]

(2)

where Yr ( M , R ) is obtained from equation (1), and then the site amplification factor can be
calculated from the above equation. These models (Eq. 2) are used in seismic hazard analysis to
account for site effects.
Event Correctors
The RTD system is capable of calculating the earthquake location and its magnitude about one minute
after the earthquake occurred. The ground shaking information of the RTD site can also be
automatically distributed in the same time. A predicted shakemap can then be generated form Eq. (2)
to take site amplifications into consideration. Comparing the difference between the observed
ground-motion and that predicted by Eq. (2), an event corrector (indicated in Figure 1) is used to
modify the predicted shakemap to complete the early estimation of shakemap for earthquake
emergency response providers.
CASE STUDY
Taipei City is the capital of Taiwan and it is located on a sediment-filled basin. The area experienced
several damaging earthquakes, the most recent of which occurred on March 31, 2002. Even the
earthquake located more than 80-100 km away; a large earthquake can still cause severe damage in
Taipei basin. In this study, Taipei basin was taken for case study. The ML7.3 1999 Taiwan earthquake
caused severe damage in central region of Taiwan. Many buildings totally collapsed. The damaged
buildings’ locations are indicated in Fig. 3 and compared with the early estimated shakemap. The
shakemap estimated by this study and that directly observed from the TSMIP, which could be
collected more than one week latter and is too late for emergency response, are in good agreement in
the ground motion intensity as well as the pattern.
CONCLUSIONS
The hybrid procedure, which combines site-dependent ground motion prediction models and the
limited observations of the Real-Time Digital stream output system (RTD system operated by CWB),
was setup to provide a high-resolution shakemap in a near-real-time manner. The site-dependent
ground-motion prediction models are setup and ready for use. If a disaster earthquake occurred, the
earthquake magnitude and its location can be determined within one minute. A predicted shakemap
will be calculated by Eq. (2). Comparing the difference between the observed ground-motion and that
predicted by Eq. (2), an event corrector is, then, used to modify the predicted shakemap to complete
the early estimation of shakemap. Testing with many observations of large earthquakes, it is concluded
that this empirical procedure is able to provide very good estimation of shakemap in a near-real-time
manner for earthquake emergency response providers.
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Fig. 3. Comparison of estimated shakemap (PGA) and the distribution of damage statistics in
Taipei basin for 1999 Taiwan earthquake
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