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Preface

The construction of earthquake resistant buildings was based for centuries on the
observation of earthquake damage to the built environment and the adoption of cor-
rective measures during reconstruction. As a result, the areas affected by earthquake
disasters have served as large fields for testing construction practice, albeit in an
uncontrolled way. The advent of laboratory-controlled experiments, in combination
with field observations, allowed during the last decades a fast advancement towards
what we know today as modern earthquake engineering, which required experimen-
tal tests to be representative of real conditions in the field. It meant the use of full-
scale specimens, accurate control of boundary conditions and reliable readings of
response, which implied continuous evolution of the infrastructure supporting the
experimental tests, still today one of the main challenges in earthquake engineering.

Shaking tables and reaction frames/walls coupled with hydraulic actuators have
been in use for more than half a century for carrying out experimental tests in earth-
quake engineering. This has permitted the development of new design procedures
and innovative technologies for earthquake protection, as well as the calibration
of numerical models. In Europe, experimental testing has been at the fore-front of
pre-Normative research in support of the European standards for construction, in
particular of EN 1998 (Eurocode 8: Design of structures for earthquake resistance),
through the participation of smaller scale labs, mostly for testing of sub-assemblag-
es and components, up to large laboratories for full-scale validation and demonstra-
tion tests. Geotechnical centrifuges have also been used in earthquake engineering
for studying wave propagation and soil-structure interaction phenomena, for both
surface and embedded structures.

In an effort towards capitalizing on the existing infrastructures in Europe for ex-
perimental testing in earthquake engineering, the European Commission financed
the SERIES Project (Seismic Engineering Research Infrastructures for European
Synergies, www.series.upatras.gr) under grant agreement n° 227887 of the Re-
search Infrastructures Programme in the Seventh Framework Programme. The proj-
ect was coordinated by Prof Michael N. Fardis of the University of Patras. It aimed
at fostering a sustainable culture of co-operation among all research infrastructures,
by taking advantage of their complementarities while at the same time bringing the
less advanced infrastructures to the levels of the most advanced ones. A major part
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of the project was devoted to transnational access of users to a world-class portfo-
lio combining Europe’s largest facility for pseudo-dynamic testing, four diverse
shake tables and two centrifuges. The project also envisioned joint research activi-
ties towards new fundamental technologies and innovative techniques, promoting
efficient and joint use of the research infrastructures.

In this volume, experts from Europe, USA and China present their work in the
three areas addressed by the SERIES Project: networking, transnational access and
joint research activities. The networking activities include the development of a
public distributed database of past, present and future test results, distributed test-
ing capabilities, hybrid simulation, telepresence, and protocols for qualification of
Research Infrastructures. The results of transnational access activities are presented
for a number of projects among the 27 carried out at the seven large-scale infra-
structures of SERIES, ranging from the retrofit of existing to the design of new
reinforced concrete, steel, masonry and wood structures, as well as soil-structure
interaction and wave propagation. The joint research activities explored novel tech-
niques for better control of fast tests or special applications, new sensing and instru-
mentation systems, data assimilation in equipment-specimen models for better test
control and optimisation of testing campaigns, as well as experimental studies of
soil-structure interaction.

The SERIES concluding workshop on “Earthquake Engineering Research In-
frastructures” was held at the Joint Research Centre of the European Commission
at Ispra, Italy on May 28-30, 2013, jointly with the George E. Brown, Jr. Network
for Earthquake Engineering Simulation (NEES, USA). The workshop attracted a
large audience to listen to renowned experts from around the world presenting close
to 55 invited contributions. The event was dedicated to the memory of Prof Roy
Severn, who established and led the EQUALS facility at the University of Bristol
and co-ordinated seismic infrastructure projects which preceded SERIES in past
Framework Programmes, notably ECOEST I and IT and ECOLEADER.

We gratefully acknowledge the support of Ms Claudia Carniel from the Joint
Research Centre, and Ms Vassia Vayenas and Dr Dionysis Biskinis from the Uni-
versity of Patras for their contribution to the organisation of the SERIES Workshop
at Ispra.



In Memory of Prof Roy Severn

Professor Roy Severn CBE FREng FICE initiated and led the formation of the strong
network of European earthquake engineering laboratories that has underpinned Eu-
ropean research in this field for nearly 25 years, leading to EU funded projects
including ECOEST1, ECOEST2, ECOLEADER, CASCADE, FUDIDCOEEF and
SERIES. All these projects promoted the development and application of large scale
shaking table, reaction wall and centrifuge experiments, enabling a large number of
EU researchers to access a network of world class facilities. The resulting research
has led to many advances and has underpinned the development of Eurocode 8.

Roy joined the University of Bristol as a lecturer in 1956, becoming a Pro Vice
Chancellor, twice Dean of Engineering, Head of the Department of Civil Engineer-
ing and Director of the Earthquake Engineering Research Centre, before retiring in
1995. He was elected President of the Institution of Civil Engineers in 1990-1991.

Roy Severn was born in Hucknall Nottinghamshire on 6th September 1929. He
eventually moved with his family to Great Yarmouth, spending his final 6th form
year at Great Yarmouth Grammar School.

At the end of the war, in 1947, he read mathematics at the Royal College of Sci-
ence in London. He played cricket, rugby and soccer and as a direct consequence
met Professor Sammy Sparkes of Imperial College when they both played for the

vii
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Wasps Rugby Club. Sparkes persuaded Roy that a career in Civil Engineering
would be sensible. At that time Roy also met Deryck N. de G. Allen who was later
to become his PhD supervisor at Imperial College. Allen was a student of Sir Rich-
ard Southwell who was developing numerical relaxation techniques for the solution
of large sets of equations. The Consulting Engineers, Binnie, Deacon and Gourley
had a commission to design the Dokan Arch Dam near Baghdad. They asked Allen
for help so he and Roy took on the task and spent many hours with hand calculators
grinding out numerical stress analysis solutions.

In 1956, after National Service with the Royal Engineers, during which he served
as a 2nd Lieutenant in Egypt, Cyprus and Aden, Roy was offered a lectureship in
civil engineering at Bristol. That same year, the Institution of Civil Engineers set up
an Arch Dams Committee, chaired by Sir Angus Paton, to investigate the potential
of the emerging finite element technique. Roy was the most junior member of the
committee and was allocated the task of developing numerical earthquake response
analysis techniques. This was the starting point of earthquake engineering research
at the University of Bristol.

Although a mathematician by background, Roy recognised the importance of
large scale experimentation and prototype observations in seeding and validating
theory and analysis. In 1981, he won the Telford Gold Medal of the Institution
of Civil Engineers with Alan Jeary and Brian Ellis of the Building Research Es-
tablishment for their pioneering work on forced vibration testing of embankment
dams using a novel eccentric mass exciter system. Then, in 1984, Roy became a
member of the Civil Engineering Committee of the UK Science and Engineering
Research Council. He won the bid from that committee to set up a 15 t capacity,
six degree of freedom shaking table capable of testing large structural components
and models with simulations of real earthquakes. At the same time, Roy promoted
the SERC’s initial funding of the UK Earthquake Engineering Field Investigation
Team (EEFIT).

In 1990, the European Commission invited Roy to co-ordinate the large earth-
quake engineering facilities in LNEC (Lisbon), ISMES (Italy), NTU Athens and
Bristol in a joint programme to calibrate and improve the performance of shaking
tables. This project put Europe’s shaking table facilities amongst the best in the
world and led to the sequence of EU funded projects listed above. The ELSA reac-
tion wall facility at JRC Ispra, the shaking tables at CEA Saclay and EUCENTRE
Pavia, and centrifuges at Cambridge and IFSTTAR Nantes subsequently joined the
laboratory network, making their facilities available to researchers from across the
EU. Roy continued to co-ordinate this European laboratory-based earthquake engi-
neering research until 2005—some 10 years after his official retirement—Ileaving
behind a thriving, world class, research community that continues to underpin im-
provements in global earthquake safety.

In 1981, Roy was elected a fellow of Royal Academy of Engineering. In 1992, he
was awarded a CBE for services to Civil Engineering. In 1997 he delivered the 6th
Mallet-Milne Lecture entitled “Structural Response Prediction Using Experimental
Data”.
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Roy was still working right to the end. His last big project was a book of the his-
tory of the Faculty of Engineering at the University. He, very generously, funded its
production and donated the royalties to the University to set up a scholarship fund
for students.

Roy Severn died on 25 November 2012, aged 83. He is survived by his wife Hil-
ary, daughters Fiona and Elizabeth and his five grandchildren.

The European Research Infrastructures on earthquake engineering will always
remember Roy Severn as the initiator of a long and successful period of European
research and collaboration. We all acknowledge Roy for his continuous leadership
and European spirit.

Bristol, UK Colin Taylor
Patras, Greece Michael N. Fardis
Ispra, Italy Artur V. Pinto

August 2014
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Chapter 1

The George E. Brown, Jr., Network for
Earthquake Engineering Simulation (NEES):
Reducing the Impact of EQs and Tsunamis

Julio A. Ramirez

1.1 Introduction

In November 1998, the National Science Board approved the George E. Brown
Jr., Network for Earthquake Engineering Simulation (NEES) for construction with
funds totalling $ 82 million from the National Science Foundation (NSF) Major Re-
search Equipment and Facilities Construction (MREFC) appropriation. Construc-
tion occurred during the period 2000-2004. As part of its contribution to the Nation-
al Earthquake Hazards Reduction Program, the National Science Foundation (NSF)
funds NEES operations (Award # CMMI-0927178) as well as many of the research
projects that are conducted in NEES facilities. NEEScomm houses the headquarters
of operations of a nationwide network of 14 laboratories. Each of these university-
based laboratories enables researchers to explore a different aspect of the complex
way that soils and structures behave in response to earthquakes and tsunamis. The
laboratories are available not just to researchers at the universities where they are
located, but to investigators throughout the USA who are awarded grants through
NSF’s annual NEES Research (NEESR) Program and other NSF programs.

NEES laboratories are also used for research conducted or funded by other fed-
eral, state, and local agencies, by private industry, and by international research-
ers under the partnerships that NEES has cultivated with research facilities and
agencies in Japan, Taiwan, Canada, and China. To date, more than 400 multi-year,
multi-investigator projects have been completed or are in progress at NEES sites.
These projects are yielding a wealth of valuable experimental data and continue
to produce transformational research and outcomes that impact engineering prac-
tice from analytical models to design guidelines and codes. The family of NEES
researchers, educators, and students encompasses an ever increasing group of uni-
versities, industry partners, and research institutions in the US and abroad. Project
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teams and the NEEScomm team have developed a rich set of resources for research
and education.

This paper provides a sample of the breadth of the activities of researchers,
students, educators, and practitioners collaborating in NEES (http://nees.org/).
More information about the activities presented here and others can be found in
Buckle and Ramirez (2010), in the 2009-2010 NEES Facility Project Highlights
(NEEScomm, 2010), 2010-2011 NEES Activity Highlights (NEEScomm, 2011) at:
https://nees.org/about/neescommunications/neesprojecthighlights, and in the retro-
spective study on NEES requested by IDA Science and Technology Policy Institute
of Washington DC on behalf of the National Science Foundation, “STPI Report—
NEES Self-Study Report for Science and Technology Policy Institute (STPI)/IDA”,
at: https://nees.org/resources/3234/supportingdocs.

1.2 Research Accomplishments

Today, NEES is a vibrant collaboratory consisting of world-class laboratories and
cyberinfrastructure with its collaboration platform, NEEShub at: http://nees.org/,
representing hundreds of millions of dollars of investment. The NEES collaboratory
serves tens of thousands of users from over 180 different countries. The NEEShub
now has 5700 registered users with thousands of data downloads per quarter and
more than 59,000 general users from over 182 nations (Fig. 1.1).

Research at NEES facilities has resulted in a wealth of information produced
by large-scale testing facilities such as tsunami wave basins, centrifuges, and

NEEShub (NEES.org)

Fig. 1.1 NEEShub global usage. Red dots represent researchers and students browsing NEEShub,
watching videos, and taking courses while performing 840,656 web and 38,854 tool sessions
between August 2010 and April 2013. Yellow dots represent users who are running simulations.
Dot size corresponds to the number of users at a location
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Fig. 1.2 NEESR-GC: simulation of the seismic performance of nonstructural systems. NSF
Award #: 0721399P1: Emmanuel “Manos” Maragakis. Co-PlIs: Robert Reitherman, Steven French,
Andre Filiatrault, Tara Hutchinson. Research Sites: University of Nevada, Reno; Hyogo Earth-
quake Engineering Research Center, aka “E-Defense,” Miki, Japan; NEES, University at Buf-
falo. (Reproduced by permission of PI: Emmanuel “Manos” Maragakis, Dean of Engineering,
University of Nevada, Reno)

shake tables. This research community has advanced the understanding of seismic
phenomena and laid the groundwork for improvements in design and construction
practices to enhance resilience.

A research team led by Manos Maragakis, dean and professor of engineering at
the University of Nevada, Reno, has recently completed a major examination of
the seismic responses of nonstructural systems. They focused on ceiling-piping-
partition systems: identifying their major failure mechanisms, quantifying how their
failure affects critical facilities (Fig. 1.2). This grand challenge project provides
experimental data and experimentally based simulation tools that will allow better
understanding of the seismic behaviour of nonstructural systems.

The Sacramento-San Joaquin River Delta in USA supplies fresh water to 25 mil-
lion people in southern and central California and irrigates the breadbasket of the
San Joaquin Valley. Some 1100 miles of levees protect the region from inundation
and serve as a protective lifeline for California agriculture and nearly two-thirds
of the state’s population. The aging Delta levees are a known flood risk, and many
levees are composed of loose granular soils that are susceptible to liquefaction dur-
ing earthquakes. However, no one knows exactly how the peat underlying many of
the levees will behave in an earthquake. A team of researchers led by Scott Bran-
denberg, a professor of civil and environmental engineering at the University of
California, Los Angeles (UCLA) have partnered with the California Department of
Water Resources (DWR) to determine how the Delta’s peat soil, which serves as the
base of the levees, will affect these earthen structures during an earthquake. The re-
search team conducted full-scale shake tests on model levees. To conduct the shake
tests, the research team built a model-scale levee six feet tall and 40 ft wide on an
island located within the Delta (Fig. 1.3). Unlike existing levees, which were con-
structed in a haphazard, non-engineered manner, the model levee was constructed
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-

Fig. 1.3 NEESR-II: evaluation of seismic levee deformation potential by destructive cyclic field
testing NSF award #: 0830081, PI name: Scott J. Brandenberg, Co-PI: Jonathan P. Stewart, Robb
E.S. Moss, Research Sites: University of California, Los Angeles and University of California.
(Reproduced by permission of PI: Prof. Scott J. Brandenberg, Department of Civil and Environ-
mental Engineering, University of California, Los Angeles)

from clay that was carefully compacted and reinforced with geogrids. Furthermore,
the clay was unsaturated and therefore not susceptible to liquefaction like many
Delta levees are.

Other NEES research has developed or validated new seismic protection sys-
tems, design methods, or simulation tools that enable engineers to improve the seis-
mic performance of structures. After an earthquake, infrastructure damage can be
difficult to detect. In particular, cracks and breaks in underground water pipelines
often can’t be identified without excavating the pipes. Yet securing lifelines is a
high priority for post-quake repairs; undetected or inaccurate information about
damage to water-delivery networks can lead to epidemic outbreaks in communities
hit by natural disasters.

Earthquake engineers are seeking to design “smart” self-sensing concrete pipes
that are able to send wireless messages to signal where and how they were damaged.
In a four-year study, Radoslaw Michalowski, professor of civil engineering at the
University of Michigan, conducted large-scale tests on buried segmental concrete
pipelines to understand exactly how water pipes fail during earthquakes.

These damage-assessment tests mark the first steps toward the development of
strategies for wirelessly detecting damage and monitoring the structural health of
pipelines (Fig. 1.4). Using data collected from the experiments, Michalowski and
his team are now developing protocols for rapid, wireless damage assessment, ob-
viating the need for pipe excavation.

Many of the projects conducted in the NEES laboratories have prompted, or
laid the groundwork for, improvements in model building codes and in design and
construction practices, enhancing societal resilience to earthquakes and tsunamis.
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Fig. 1.4 NEESR-SG: dam-
age detection and health mon-
itoring of buried pipelines
after earthquake-induced
ground movement. NSF
Award #: 0724022. PI name:
Radoslaw Michalowski. Co-
PIs: W. Jason Weiss, Russell
Green, Jerome Lynch, Aaron
Bradshaw Research Site:
Cornell. (Reproduced by
permission of PI: Radoslaw
Michalowski, Department
of Civil and Environmental
Engineering, University of
Michigan)

Facilitating these outcomes has been the dissemination of NEES findings through
publications, NEEShub at nees.org, and NEES Education, Outreach and Training
(EOT) activities. NEES research has been cited in more than 1700 publications ac-
cording to data collected to June 2012, including rising numbers of refereed journal
articles. The distribution of these publications as of July 2011 is shown in Fig. 1.5.

In 2012 the National Science Foundation commissioned a number of studies to
help elucidate the view of the broader research community regarding grand chal-
lenges ahead for earthquake engineering and the type of earthquake research infra-
structure needed to meet those challenges. The findings of those studies are in the
NRC Report Grand Challenges in Earthquake Engineering Research: A Community
Workshop Report (available at: http://www.nap.edu/catalog.php?record id=13167)
and the Report 2020 Vision for Earthquake Engineering Research: Report on an
OpenSpace Technology Workshop on the Future of Earthquake Engineering (avail-
able at: https://nees.org/resources/1636).

1.3 NEES Cyberinfratructure and the NEEShub

Linking the NEES experimental facilities to each other, to NEEScomm, and to
off-site users is the NEES cyberinfrastructure. This unique system of informa-
tion technology resources enables researchers participating on-site or remotely to
collect, view, process, and store data from NEES experiments, to conduct numerical
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NEES publications

350

300 F
3 ;
S 0|
]
a p
e 200 |
o
3 150 |
3
a y
% 100
‘ -

"l .

| 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 2008 | 2009 2010 | 2011 |

Wlourmals 0 | 8 9 29 48 a4 65 99 128 147 24
& Other 6 19 24 70  S6 108 122 165 125 192 33

Fig. 1.5 Publications resulting from NEES work as of July 2011

simulation studies, and to perform hybrid (combined experimental and numerical)
testing involving one or more NEES equipment sites. At the heart of this system is
NEEShub, a platform designed to facilitate information exchange and collaboration
among earthquake engineering researchers, educators, students, practitioners, and
stakeholders. Accessed via the NEES website, https://nees.org/, NEEShub is pow-
ered by HUBzero software developed at Purdue University.

NEEShub features the NEES Project Warehouse (Fig. 1.6), a curated, central-
ized data repository used to store and share research results. When launched in
2009, NEEScomm prioritized a strong partnership with the NEES sites and targeted
what had been a seriously deficient central data repository and cyberinfrastructure
for collaboration. Since the first release of the NEEShub “cloud” platform less
than three years ago, the community has actively responded to our user-focused
cyberinfrastructure improvements with a pace of file and directory creation that
has increased sevenfold. Today, the NEES-curated central repository of research
data—Project Warehouse—features a vastly populated repository of NEES research
data and showcases over 1.9 M data files and folders that engineers can search, sort,
download, and manipulate. NEEShub also stores and shares a variety of other earth-
quake engineering resources, including publications, databases (Browning et al.
2013), computational models, simulation software, educational materials, and data
management and visualization tools. Some of these resources and tools have been
developed by NEES staff, while others have been contributed by the earthquake
engineering community. NEES solicits and welcomes such contributions from the
United States and abroad.

In addition to enabling sharing and collaboration that can accelerate advances in
earthquake risk reduction, NEEShub is also helping to disseminate these advances
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Fig. 1.6 NEES data repository: project warehouse

and to build the workforces needed to discover and implement research findings.
NEES is enabling students to learn earthquake engineering through involvement in
research projects, undergraduates through NEES” annual Research Experiences for
Undergraduates program, and graduate students by directly assisting NEES inves-
tigators. In a recent survey, NEEScomm found that at least 559 graduate students,
including 191 PhD candidates, have been trained through participation in NEES re-
search. Many of those receiving PhDs now hold faculty positions at major research
universities worldwide.

1.4 International Collaborations

NEES has cultivated partnerships with research facilities and agencies in Japan, Tai-
wan, Canada, and China (Ramirez 2010). The development of a Memorandum of
Understanding with The National Research Institute for Earth Science and Disaster
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Fig. 1.7 Testing the NEES-
Wood Capstone building on
the E-defense shake table.
(Reproduced by permission
of PI: John W. van de Lindt,
Colorado State University)

Prevention (NIED) on earthquake engineering research using E-Defense and NEES
Facilities represents an important accomplishment with significant realizations in
the collaborative research arena. Japan’s E-Defense shake table, operated by NIED,
is the world’s largest multi-degree shake table. In September 2005, the NSF and the
Japanese Ministry of Education, Culture, Sports, Science, and Technology (MEXT)
signed a memorandum concerning cooperation in the area of disaster prevention
research. NSF-supported NEESR projects addressing the seismic performance of
midrise wood frame buildings, steel frames, and base-isolated structures utilized
both NEES facilities and E-Defense during the 2009-2010 timeframe. An example
of the successes is the testing on July 14, 2009, of a six-story condominium build-
ing on the shake table at the E-Defense facility, located in the city of Miki, north
of Kobe (Fig. 1.7). This was the culminating experiment of the National Science
Foundation (NSF) multi-year NEESWood project under the direction of Prof. John
van de Lindt. The enabling agreement originally was intended to last five years.
NSF and NIED supported the extension of this program for another 5-year term.
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Thus, on 7 June 2010, the Memorandum of Understanding with The National Re-
search Institute for Earth Science and Disaster Prevention (NIED) on earthquake
engineering research using E-Defense and NEES Facilities was renewed for up to
five more years.

Acknowledgement NEES Operations is managed through a cooperative agreement between the
National Science Foundation and Purdue University for the period of FY 2010-2014 [NSF Award
(0927178) from the Civil, Mechanical and Manufacturing Innovation (CMMI) Division] under the
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Chapter 2
A Faceted Lightweight Ontology for Earthquake
Engineering Research Projects and Experiments

Rashedul Hasan, Feroz Farazi, Oreste Salvatore Bursi and Md Shahin Reza

2.1 Introduction

The inventor of the Web, Tim Berners-Lee, envisioned a more organized, well con-
nected and well integrated form of its data that are suitable for humans to read and
for machines to understand (Berners-Lee 1999; Berners-Lee et al. 2001). This new
form of the Web is called the Semantic Web. With the invention of the Semantic
Web, computing paradigm is experiencing a shift from databases to Knowledge
Bases (KB), where ontologies play a major role in enabling inferencing that can
make hidden facts unconcealed to produce better results for users.

Moreover, KB-based systems provide a mechanism to manage information and
semantics thereof that can make systems semantically interoperable and as such can
exchange and share data between them. To overcome the interoperability issues and
to exploit the benefits offered by the state of the art technologies, we moved to the
KB-based system.

In fact, we have developed an ontology named as Earthquake Engineering Re-
search Projects and Experiments (EERPE) using a faceted approach that gives em-
phasis on research project management and experiments. Following the validation
of the ontology by a domain expert, it was published in the knowledge representa-
tion language RDF and integrated to the generic ontology WordNet (http://wordnet.
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princeton.edu/). The experimental data coming from, inter alia, cyclic and pseudo-
dynamic tests were also published in RDF. We used Jena (http://jena.apache.org/),
OWLIM (http://www.onto-text.com/owlim) and Sesame (http://www.openrdf.org/)
tools for publishing, storage and management, respectively. Finally, integrating the
tools, ontologies and data, we developed a system to evaluate the effectiveness of
the approach.

The rest of the paper is organized as follows. Section 2.2 depicts an ontology
based information management approach. Section 2.3 describes the ontology de-
velopment methodology that has been followed to build the ontology. Section 2.4
provides a brief description of the ontology representation languages RDF and
OWL. In Sect. 2.5, we present existing ontology/thesaurus relevant for this work
and as such worth discussing them. Section 2.6 provides the ontology integration.
Section 2.7 presents the experimental set-up whilst Sect. 2.8 illustrates evaluation
results that show the effectiveness of EERPE ontology. In Sect. 2.9 we briefly de-
scribe related work and, finally, in Sect. 2.10 we present conclusions.

2.2 Approach

Figure 2.1 describes an ontology based information management system develop-
ment approach that involves standard three-tier architecture. KB works as a back-
end of the system hosting ontologies represented in RDF while query processing,
reasoning and inference mechanisms are incorporated in the business logic layer.
User queries and corresponding results are shown in the User Interface (presenta-
tion) layer. However, for ontology development we follow the DERA methodol-
ogy (Giunchiglia and Dutta 2011), for ontology representation in RDF we use
Jena and for ontology integration we implemented a facet based algorithm (see
Sect. 2.6).

Ontology Ontology Ontology ! Knowledge

Development Representation Integration Baka

Fig. 2.1 Ontology based systems development approach
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2.3 Ontology Development

We use the DERA methodology for ontology development. In fact it is known that
it is extendable and scalable (Giunchiglia and Dutta 2011) and ontologies such as
GeoWordNet were developed following this approach (Giunchiglia et al. 2010a).

DERA methodology allows for building domain specific ontologies. Domain is
an area of knowledge in which users are interested in. For example, earthquake en-
gineering, oceanography, mathematics and computer science can be considered as
domains. In DERA, a domain is represented as a 3-tuple D=<E, R, A>, where E is
a set of entity-classes that consists of concept sand entities; R is a set of relations that
can be held between concepts and entities and A is a set of attributes of the entities.

In this three basic components concepts, relations and attributes are organized
into facets; hence, the ontology is based on faceted methodology. Facet is a hierar-
chy of homogeneous concepts describing an aspect of a domain. Ranganathan SR,
who was an Indian mathematician-librarian, was the first to introduce faceted ap-
proach capable of categorizing books in the libraries (Ranganathan 1967).

Note, however, that a domain can alternatively be called as domain ontology.
Henceforth in this paper it will be referred to as domain ontology. Among the macro-
steps to develop each component of a domain ontology, we used the following ones.

In the first step (identification) towards building an ontology, we identified the
atomic concepts of terms collected from research papers, books, existing ontologi-
cal resources and experts belonging to the Earthquake Engineering domain giving
emphasis on research projects and experiments aspects. We found terms such as
device, shaker, experiment, dynamic test, etc., and identified the atomic concept
for each of them. We use WordNet as Knowledge Base. The term device has 5
different concepts in it. In our case, we selected the one that has the following
description: “device—(an instrumentality invented for a particular purpose)”. We
have found 193 atomic concepts. In the second step (analysis) we analyzed the
concepts, i.e. we studied their characteristics to understand the similarity and dif-
ferences between them. Once the analysis was completed, in the third step (syn-
thesis) we organized them into some facets according to their characteristics. For
example, shaker is more specific than device, dynamic testing is more specific than
experiment and we assigned the following relationship between them: shaker IS A
device and dynamic test IS A experiment. In this way, we built 11 facets. Device
and experiment facets are shown in Fig. 2.2 In the fourth step (standardization), we
marked concepts with a preferred name in the cases of availability of synonymous
terms. For example, while experiment and test are referred to the same concept, we
assigned the former term as the preferred one. Finally, the ontology was validated
by a domain expert.



14 R. Hasan et al.
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O MR damper substructuring
O  Friction damper o  Shaking table test

o Shaker-Based Test

o Hammer-Based test

Fig. 2.2 Device and experiment facets

2.4 Ontology Representation

2.4.1 RDF

The Resource Description Framework (RDF) is a data model used to represent in-
formation about resources in the World Wide Web (WWW) and can be used to
describe the relationships between concepts and entities. It is a framework to de-
scribe metadata on the web. Three types of things are in RDF: resources (entities
or concepts) that exist in the real world, global names for resources (i.e. URIs) that
identify entire web sites as well as web pages, and RDF statements (triples, or rows
in a table) (Klyne 2004). Each triple includes a subject, an object and a predicate.
RDF is designed to represent knowledge in a distributed way particularly concerned
with meaning. The following RDF statements describe the resources ‘Hammer’ and
‘Damper’.

<rdf:Descriptionrdf:about="http://earthquake.linkeddata.it/resource/Hammer">
<rdfs:subClassOfrdf:resource="http.//earthquake.linkeddata.it/resource/Device"/>
<ontology:desciptionrdf:datatype="http://www.w3.0rg/2001/XMLSchemat#string">A hand
tool with a heavy rigid head and a handle; used to deliver an impulsive force by strik-
ing</ontology:desciption>
<rdf:typerdf:resource="http://www.w3.0rg/2002/07/owl#Class"/>

</rdf:Description>

<rdf:Descriptionrdf:about="http://earthquake.linkeddata.it/resource/Damper">
<rdfs:subClassOfrdf:resource="http://earthquake.linkeddata.it/resource/Device"/>
<ontology:desciptionrdf:datatype="http://www.w3.0rg/2001/XMLSchematstring">A
device that decreases the amplitude of electronic, mechanical, acoustical or aerodynamic
oscillations</ontology:desciption>
<rdf:typerdf:resource="http://www.w3.0rg/2002/07/owl#Class"/>
</rdf:Description>
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The above example represented relationship between ‘Hammer’ and ‘Device’ con-
cepts; and the rdfs:subClassOf property is used to relate the former class to its more
generic later class.

2.4.2 OWL

Web Ontology Language is designed to represent comparatively complex ontologi-
cal relationships and to overcome some of the limitations of RDF such as represen-
tation of specific cardinality values and disjointness relationship between classes
(Giunchiglia et al. 2010b). The language is characterized by formal semantics and
RDF/XML based serializations for the web. As an ontology representation language,
OWL is essentially concerned with defining terms that can be used in RDF docu-
ments, i.e., classes, properties and instances (Antoniou and van Harmelen 2004). It
serves two purposes: first, it identifies current documents as an ontology and second
it serves as a container metadata regarding the ontology. This language focuses on
reasoning techniques, formal foundations and language extensions. OWL uses URI
references as names and constructs these URI references in the same manner as that
used by RDF. The W3C allows OWL specification includes the definition of three
variants of OWL, with different levels of expressiveness. These are OWL Lite,
OWL DL and OWL Full, ordered by increasing expressiveness.

2.5 Existing Ontology/Thesaurus

2.5.1 WordNet

WordNet (Miller et al. 1990) is an ontology that consists of more than 100 thousand
concepts and 26 different kinds of relations e.g., hyponym, synonym, antonym, hy-
pernyms and meronyms. It was created and is being maintained at the Cognitive
Science Laboratory of Princeton University. The most obvious difference between
WordNet and a standard dictionary is that its concepts are organized into hierarchies,
like professor IS A kind of person and person IS 4 kind of living thing. It can be
used for knowledge-based applications. It is a generic knowledge base and as such
does not have good coverage for domain specific applications. It has been widely
used for a number of different purposes in information systems including word
sense disambiguation, information retrieval and automatic text summarization.

2.5.2 NEES Thesaurus

The Network for Earthquake Engineering Simulation (NEES) is one of the lead-
ing organizations for Earthquake Engineering in USA. They developed the earth-
quake engineering thesaurus; it is based on Narrower and Broader terms. It contains
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NEES Earthquake Engineering Ontology by Broader Term

Broader Term Term Narrower Term
AASHTO_2001 | AASHTO_LRFD_Bridge_Design_Specifications
Acceleration | Peak_Base_Acceleration
Actuator | Dynamic_Actuator
Actuator | Static_Actuator
Axial_Load | Cyclic_Axial_Load
Bearings | Preformed_Fabric_Pads Cotton_Duck_Bearing_Pads

Fig. 2.3 NEES thesaurus

around 300 concepts and we have integrated in our ontology 75 concepts from
NEES. Figure 2.3 depicts a small portion of NEES thesaurus.

2.6 Ontology Integration

Developed facets include concepts that were selected from NEES thesaurus to be
incorporated into our ontology. This integration was accomplished in fact when
we built the facets. In this Section, we describe how we integrated our developed
ontology with Wordnet. Basically, we applied the semi-automatic ontology integra-
tion algorithm proposed in Farazi et al. (2011). In particular, we implemented the
following macro steps:

Facet concept identification: For each facet, the concept of its root node is man-
ually mapped to WordNet, in the case of availability.

Concept Identification: For each atomic concept C of the faceted ontology, it
checks if the concept label is available in WordNet. In the case of availability, it
retrieves all the concepts connected to it and maps with the one residing in the
sub-tree rooted at the concept that corresponds to the facet root concept.

Parent Identification: In the case of unavailability of a concept it tries to identi-
fy parent. For each multiword concept label it checks the presence of the header,
and if it is found within the given facet, it identifies it as a parent. For instance,
in WordNet it does not find hydraulic damper for which damper is the header and
that is available there in the hierarchy of device facet. Therefore, it recognizes
the damper with the description “damper, muffler—(a device that decreases the
amplitude of electronic, mechanical, acoustical, or aerodynamic oscillations)”
as the parent of the hydraulic damper.

2.7 Experimental Set-Up

Figure 2.4 represents the architecture of our KB-based information management
system that uses semantic tools and technologies. We published our developed do-
main specific ontology into RDF using Jena, a Semantic Web tool for publishing
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and managing ontologies and integrated it with WordNet RDF using the approach
described in Sect. 2.6. To increase the coverage we integrated our developed ontol-
ogy with WordNet. The outcome of the ontology integration was put in OWLIM tri-
ple store that was queried using Sesame API. For translating user natural language
queries into SPARQL queries, we developed a few lines of code written in java.
SPARQL is a query language specific to query RDF representations. It allows add,
update and delete of RDF data.

2.8 Results

In this Section, we describe basically what advantages users can get with KB-based
systems over traditional DB systems. In particular, we performed synonym search
and more specific concept search.

Synonym Search When a concept is represented with two or more terms, they are
essentially synonymous that are represented in RDF with ow!: equivalent Class. For
example, test and experiment represent the same concept and in the ontology they
are encoded accordingly with equivalent relation. Therefore, user query for test can
also return experiment, (Fig. 2.5) because they are semantically equivalent.

More Specific Concept Search In our ontology concept hierarchies are repre-
sented using rdfs: subClassOf. For example, hammer and damper are more specific
concepts of device, hence, they are represented as follows: hammer rdfs: subClas-
sOfdevice; and damper rdfs: subClassOf device. Moreover, hydraulic damper is
more specific than damper and it is encoded as hydraulic damper rdfs:subClassOf
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damper. Note that rdfs: subClassOf is a transitive relation. Using OWL inference
engine, we can utilize the power of transitivity and for a given concept we can
retrieve all more specific concepts that are directly or indirectly connected by
rdfs:subclassof. Therefore, a search for device retrieved all of its more specific con-

cepts as shown in Fig. 2.6.
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2.9 Related Work

NEES ontology has been developed in the domain of earthquake engineering. How-
ever, it is mainly a thesaurus encoding broader and narrower relations that cannot
capture ontological details. For instance, it cannot be clarified in thesaurus whether
a relation between two concepts is IS 4 or PART OF. As a result ontologies repre-
sented as thesaurus might lead to some unexpected results. DBPedia is an example
that uses broader/narrower relations and ended up establishing connections between
Telecommunication, and Flora and Fauna. In contrast, the ontology developed in
this paper does not suffer from this issue; rather it provides better clarification be-
cause it exploits ontological relations.

2.10 Conclusion

In this paper, we provided a detailed description of the development of Earthquake
Engineering Projects and Experiments ontology. We followed DERA methodology
for building this domain specific ontology. We exploited an ontology integration al-
gorithm that was employed to incorporate our ontology into WordNet. It helped to
increase the coverage of the Knowledge Base. On top of the integrated ontology, i.e.,
put inan OWLIM store of an experimental setting, we experimented the semantic and
ontological capabilities of the developed system and interesting results were found.
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Chapter 3
The SERIES Virtual Database: Architecture
and Implementation

Ignacio Lamata Martinez, loannid Ioannidis, Christos Fidas,
Martin S. Williams and Pierre Pegon

3.1 Introduction

The European earthquake engineering community is highly fragmented, lacking
an operational unity to maximise research effectiveness. Rapid increases in com-
putational resources and connectivity have contributed to address such problems
efficiently and to fill the technological gap between European laboratories. These
laboratories have typically worked independently, storing their experimental data in
proprietary or, sometimes, not formal structures. This complicates the dissemina-
tion and reuse of information, which has motivated the development of the SERIES
virtual database (SVDB): an infrastructure to make laboratory experimental data
available in a formalized way whose treatment can be automated.

The European situation has strongly affected the architecture of such infrastruc-
ture. One of the main challenges is the fact that the 22 participant laboratories are
very different from each other: they have different objectives, engineering infra-
structures, capabilities, working languages, hardware and software platforms and
they create and utilise data from many different types of experiments.

Existing data repositories and sharing facilities were studied before starting the
development of the SVDB. The most relevant earthquake engineering repository
is the one developed by the US Network for Earthquake Engineering Simulation
(NEES 2012; Hacker et al. 2011; Pejsa 2012). NEES is composed of a headquarter
and 14 laboratories distributed around the United States, with different shared fa-
cilities. The NEES data repository is a centralised data repository to store and share
experimental data through a well-defined interface, and supported by a number of
data management tools.
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Another data repository was developed in UK-NEES, a collaborative grid-based
research network established between the Universities of Oxford, Bristol and Cam-
bridge in the United Kingdom (UNKEES 2013). The UK-NEES data repository was
a simple centralised database to store experimental results from the three institutions.

The JRC also developed a Web accessible database to store results of tests con-
ducted at ELSA (European Laboratory for Structural Assessment). Its data model
served as a foundation for the SVDB exchange data model (Bosi and Pegon 2009).

In the light of the differences in institutional practice within the SERIES consor-
tium, the decision was taken to develop a virtual database instead of a centralised
repository. The virtual database provides access to multiple distributed sources of
information by using a single, centralised gateway. The experience to the end user
should be similar to accessing a single data repository.

The virtual database aims to create the necessary infrastructure for data integra-
tion between the 22 participant laboratories. This involves inculcating a common
understanding of the data structure and data exchange methods within the European
earthquake engineering community as well as providing access to experimental re-
sults for the earthquake engineering community worldwide. This work also encour-
ages the automation of data processing by providing systems that treat information
in a standard way and store it in a formal, common format.

In this paper, we describe the architecture and implementation of the SERIES
virtual database, linking the 22 leading European earthquake engineering research
institutions participating in the European FP7 project SERIES. Section 3.2 discuss-
es the architecture of the SERIES virtual database, presenting its main character-
istics. Section 3.3 describes the implementation of the elements part of the virtual
database. Section 3.4 explains the general security architecture and finally Sect. 3.5
presents some conclusions.

3.2 Architecture of the Virtual Database

The Series Virtual Database (SVDB) is the infrastructure that allows access to the
SERIES European laboratories’ data through a single user interface. The system
developed is described as a “virtual database”, meaning that it provides single-point
access to different distributed data sources (many data sources are accessed using a
common method).

3.2.1 Characteristics of the SERIES Virtual Database

The main characteristics of the SVDB architecture are discussed below:

1. It is decentralised. The SVDB has no centralised repository to store data, herein
every institution in the virtual database is a different node acting as a source of
information. Nodes are responsible and ultimate owners of the data they pro-
duce, which makes institutions behind those nodes to work for their own benefit
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and avoids the need to motivate a dispersed scientific community. All the infor-
mation is stored and controlled locally and nodes decide what and what not to
share. A decentralised data architecture is more appropriate for institutions that
have inter-state political and legal differences within Europe and do not enjoy a
complete political and territorial unity. Data decentralisation also encourages the
enhancement of the technical computing infrastructure in each node, construct-
ing a technical balance between nodes within the SVDB.

. It provides a centralised access. The access to every node in the SVDB is pro-
vided by a single Web interface (also called DAP or Data Access Portal). This
single access is desirable since it provides a single route to the data and enables
operations (such as searching) over the data as a whole instead of accessing
each node’s data separately. Another main advantage is that users only need to
become familiar with one single interface. For the end users, the decentralised
nature of the SVDB is transparent: the system acts as if it was a big centralised
repository. A centralised access can become a single point of failure: even if all
the distributed repositories are available, they cannot be accessed if the central-
ised access is off-line. This situation occurs in centralised repositories as well,
and can be corrected easier in a distributed environment by providing redundant
systems to access the SVDB.

. The centralised access performance is enhanced by a central site, which hosts
the DAP and provides facilities to increase performance of the data access. To do
so, the central site stores metadata of every node’s data. When an end user access
the DAP, it is not necessary to connect to every node in the virtual database
(which would make the access unacceptably slow) but to use the local metadata
information instead. Extended information about the communication between
the central site can be found in Sect. 3.2.3.

. The SVDB is node-oriented. The primary component is the node, not the central
site. Nodes are the providers of information and they are managed and controlled
by their respective institutions. The central site does not provide a method to
submit data to the repository. On the contrary, it is the node that provides the
necessary mechanisms to store and access its data. This aspect is a fundamental
difference between this and other systems governed by a centralised component.
This approach allows at the same time promoting sharing of data as well as
coping with the strong sense of ownership laboratories usually have for the test
results they produce.

. The SVDB architecture is service oriented. This means nodes provide informa-
tion by following a Service Oriented Architecture (SOA). SOA is an architectural
paradigm in distributed systems that focuses on organizing and utilising distrib-
uted capabilities of heterogeneous systems under the control of different owners
(MacKenzie et al. 2006). This reference model allows interoperability between
different systems, which satisfies the European requirements perfectly. Herein,
nodes make available some services to provide access to their data. In the SVDB,
nodes are servers that provide access to their respective data to the central site—
which acts as client of every node. The node services are discussed in Sect. 3.2.2.
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3.2.2 Services Provided by the Nodes

The service oriented architecture of the SVDB is implemented by means of SOAP
Web Services, which are “a software system designed to support interoperable ma-
chine-to-machine interaction over a network” (Web Services Architecture 2013).
SOAP (Simple Object Access Protocol) is a fundamentally—but not mandatorily,
stateless framework to exchange structured, XML-based messages between two en-
tities (SOAP 2013) and it is standardised as a W3C recommendation (W3C 2012).
SOAP makes use of WSDL (Web Services Description Language (WSDL 2013)),
that is an XML-based language to describe Web Services. The WSDL is what for-
mally defines the list of services that a node provides and the data structures that are
exchanged in each possible request.

In the SVDB, a common list of services has been defined by means of a WSDL
structure, which is basically a piece of software to define operations, message ex-
changed and data types for input and output data. To be part of the SVDB, every
node must provide the operations defined in a WSDL file. Hence, the real data inte-
gration between nodes is achieved by defining a common list of services that each
node must provide. An example of service is “getProject”, which returns a project
data based on a provided project identifier.

Web Services allow interoperability of heterogeneous systems. Nodes are free to
choose their internal technical structure, as long as they provide the necessary list
of services for the SVDB defined in the WSDL structure. From the SVDB point of
view, it is only required that nodes provide their information in a common format
but how this information is obtained is up to each node. This provides great flex-
ibility to nodes, since different types of databases, operating systems, programming
languages and hardware can be used.

3.2.3 Communication Between the Nodes and the Central Site

The central site needs to keep an updated version of each node’s data to make it
available through the DAP. For this reason, the central site contacts each of the
nodes in the SVDB overnight, and collects all the necessary information. The cen-
tral site is in charge of triggering this updating process and managing errors coming
from it. With this operational schema, nodes are released from many administrative
tasks. How updated the information is in the DAP directly depends on updating
policies in the central site, which can adjust the updating procedure differently for
each node, updating information more often for more active nodes in the virtual
database. Additional information of the updating process can be found in (Lamata
Martinez et al. 2013).

Since all nodes in the SVDB provide their information in a common format
(specified by the WSDL), the central site can query nodes in the exact same way,
simplifying the operations that it has to do to collect and treat information. This
process is easily scalable to any potential new node in the network, and the effort to
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Fig. 3.1 SERIES virtual database global architecture

include a new node in the SVDB is minimum. Figure 3.1 depicts the SVDB archi-
tecture, where the nodes’ information is accessed by the central site and supplied to
external users (the general public, the earthquake engineering community).

3.2.4 Large Files Download

The central site provides access to every node’s information within the SERIES vir-
tual database by means of a Web interface called the DAP. To speed up the process
of accessing each node’s information, the central site stores some metadata. Howev-
er, the central site is not a centralised repository, so it does not store large files such
as documents, videos, images and signals, which are still served by each particular
node. When an external user requests a large file, it is transparently redirected to
the specific node hosting the file. This process delegates the task of delivering large
files to the different nodes, which should accept direct connections from external
users. An extended discussion of the operation of large files download can be found
in (Lamata Martinez et al. 2013).
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3.3 Implementation of the Virtual Database

3.3.1 The Node

The node is the main source of information and, therefore, the main component of
the SVDB. Each node can use heterogeneous architectures internally as long as they
comply with the list of services defined in the WSDL. At the University of Oxford,
an initial node structure has been formalised, consisting of the design depicted in
Fig. 3.2. In this figure, the node is divided in three layers: the Web Services, that
makes the node’s information available for external systems; the repository, that
stores the node’s experimental data; and the interface, that allows node’s local users
to interact with the database in a user-friendly way.

How these elements are implemented (or even they are implemented at all) is
the decision of the node. However, software implementing the repository, the Web
Services and the software component to allow download of large files has been
developed at the University of Oxford, and can be easily reused by other nodes. In
practice, most of the nodes in the SVDB are reusing these components instead of
developing their own ones. The software at Oxford has been developed by using a
MySQL database management system, Java and Apache Tomcat.

The database developed at Oxford has been based on the data user requirements
defined for SERIES (Lamata Martinez et al. 2010). The model defines four hi-
erarchically organised levels: Project, Specimen, Experiment/Computation and
Signal. A fifth independent level can be considered, containing metadata of media
resources: documents, videos and images, as depicted in Fig. 3.3. One of the most
important aspects is the privacy attribute of some of the elements in the database.
Three levels are defined to mark database information: private (for information that
must not be shared), partner (for information that can be shared only within SVDB
partners) and public (for information that can be shared with the whole earthquake
engineering community).

The Oxford Web Services implement the Web Services according to the defined
SERIES WSDL and mediate with the local database to obtain the requested infor-
mation. A Java interface has been created to interact with the database in an abstract
way, so any code accessing the database can access it in a uniform way. The Web
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Fig. 3.3 The four-level database schema with a fifth vertical layer

Services are in charge of filtering the information according to its privacy level, so
they will only send to the central site information marked as “partner” or “public”.
Information marked as “private” is invisible for any external system. The Web Ser-
vices are divided into the following groups:

» Testing Services, to check the correct operation of the node and its interaction
with the central site. These services are especially useful to trace possible errors
when a node joins in the SVDB.

» Data Services, to deliver the information from the local repository or database.

» Updating Services, related to the updating process of the central site.

» Control Services, to control the system operation or to obtain system informa-
tion.

Finally, the Oxford component to download large files works as an independent
piece of software that interacts with the local database. When an external user re-
quires the download of a file, they access this component which validates the re-
quest, identifies the element of the database to be downloaded and sends it to the
end user. Documents, videos and images are sent in their established format. As for
signals, the download component will perform some data transformation to deliver
the data.

3.3.2 The Central Site

The central site is the main access point to all data available from the SERIES part-
ners, including downloading and searching. However, no actual data are stored on it
but only some metadata retrieved from the distributed SERIES laboratories.
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The central site consists of:

» Data Access Portal (D.A.P.), which is the main Web interface for accessing the
available projects of the SERIES partners. The main purpose of D.A.P. is to act
as an information space where users are able to explore, download and search for
the information they need. Information on the D.A.P. is presented and structured
according to the data user requirements defined for SERIES (Lamata Martinez
et al. 2010). Two different privacy levels are available at the D.A.P. (public to
the whole earthquake engineering community or restricted to SERIES partners).
Projects for SERIES partners require a login process. The D.A.P. provides func-
tionalities for downloading the actual data, redirecting external users in a trans-
parent way to the specific laboratory which owns the data. Download is permit-
ted only for users that have accessed the site and agreed to the terms of use. The
D.A.P. was designed following a user centered design approach (UCD) and any
complex security process involved is transparent to the end user.

* Web Services client: which is the communication layer between all the nodes
and the central site. This is the component that communicates overnight to every
node in the SVDB as explained in Sect. 3.2.3.

» Metadata database: hosts all the metadata necessary to provide the information
through the D.A.P, which is obtained by means of the Web Services client. This
database gathers the metadata for all the nodes in the SVDB.

These three elements can be seen in the central site component of Fig. 3.1.

The central site resides at the University of Patras and has been developed and
maintained by the Human Computer Interaction group of the Department of Electri-
cal and Computer Engineering.

3.4 Security

The security of the SVDB has been supported by public-key certificates, which are
based on public key cryptography (Schneier 1996). This method uses two comple-
mentary keys, one “public” and another one “private”, which are mathematically
bound. Obtaining one key from the other is protected by the mathematical problem
of factoring the product of two large prime numbers.

The main security measures implemented in the SVDB architecture are:

» Communication between the central site and the nodes is encrypted by using the
HTTPS protocol. This also helps to determine if the exchanged information was
altered during its transmission.

» The identity of the central site is verified by means of public-key certificates,
before accepting any Web Service request.

*  When an external user requests the download of a large file, the central site has to
create a special link for the node to accept such request. That special link can be
only generated by the central site (which is guaranteed by public cryptography)
and has a time expiration.
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Security on the node side mainly depends on each node’s security policies. Some
institutions have very severe security policies whereas some others are more per-
missive. As a general rule, most of the SVDB nodes provide firewall restrictions
(either via software or via hardware) and some make use of a DMZ infrastructure
(Demilitarized Zone) to protect SVDB public services from the rest of the internal
network. The components most likely to be attacked are the Web Services and the
download component, because they have to be publically exposed. Security restric-
tions have been applied to these components so they are only able to read from the
local database, which can be also located on a different machine that applies ad-
ditional security rules. Some nodes make use of virtualization techniques to isolate
software in a “virtual machine” and minimize security implications.

The SERIES Central Site is exposed to a number of virtual threats, from hacking
and malicious code to denial of service attacks. Two main external entities inter-
act with the central site: external users (Website visitors, who retrieve information
from the central site) and laboratories (which provide information to the central
site via Web Services). Access from/to the central site requires traffic supervision
on incoming and outgoing connections, especially to know when and over which
ports someone is trying to grant unauthorized access and what changes have been
performed on the file system. For this purpose, an Intrusion Detection System (IDS)
is used to monitor the network traffic and to log suspicious activity such as viola-
tion of computer security policies. Also, data replications mechanisms have been
applied to the central site in the case of a failure.

3.5 Conclusions

The SERIES Virtual Database creates an infrastructure to enable data integration
between the leading earthquake engineering institutions in Europe. Such virtual
database consists of a group of independent, geographically distributed data sources
that are accessed in a unified manner via a Web interface. To communicate the dis-
tributed data sources (also called nodes) with the centralised access (also called the
central site), Web Services are used, which are a standardised method for machines
to exchange information on the Web. Nodes are owners of the information they pro-
duce and can have heterogeneous hardware and software configurations. To speed
up the process of presenting information to external users, the central site keeps a
local copy of each node’s metadata which updates overnight by connecting to each
node in the SVDB. Security of the communication between nodes and central site
firmly rely on public key certificates.
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Chapter 4
The SERIES Virtual Database: Exchange
Data Format and Local/Central Databases

Anna Bosi, Ilias Kotinas, Ignacio Lamata Martinez, Stathis Bousias,
Jean Louis Chazelas, Matthew Dietz, Rashedul Hasan, Gopal S. P.
Madabhushi, Andrea Prota, Anthony Blakeborough and Pierre Pegon

4.1 Introduction

SERIES (NA1 Networking Activity) targeted at creating a European platform (the
SERIES Virtual database, SVD) for wide sharing of experimental data and knowl-
edge across the field of earthquake engineering and amongst academia, research
and industry, which could be maintained and enhanced in time.
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Before SERIES, despite European earthquake engineering laboratories generated
large amounts of data either in the experimental facilities (shake tables, centrifuges,
reaction walls), or by in-situ (field) tests, few laboratories had adopted the approach
of a database for storing their test results, with the majority saving data in a frag-
mented and unstructured way and without any strategy for the long term preservation
of data or for its effective dissemination. Hence, the dissemination and use of the ex-
perimental results outside the laboratory where they were produced was problematic.

To overcome this situation, a common effort led by the Joint Research Centre,
the University of Oxford and the University of Patras was undertaken to develop a
prototype database with enhanced characteristics, which could then be implemented
at all collaborating sites. The approach was not that of building a central database in
which local ones would either migrate or merge their data into, but to provide cen-
tralised access to individual database nodes distributed over the network, and which
would be able to dialog with a central portal in a uniform manner.

The most important elements of the SERIES virtual database developed by this
joint effort are (Ioannidis et al. 2011, 2012):

» Data Access Portal. It provides a centralized access to all the projects the SE-
RIES laboratories make public. The Data Access Portal presents the information
of the available projects, by following the structure of the Exchange Data For-
mat. It is at the discretion of each individual laboratory to select which projects
or project results to make public.

» Exchange Data Format. This is the format in which the data and other informa-
tion is stored (locally) and presented by the Data Access Portal.

» Local database. It is the local repository where data is stored, following the de-
fined Exchange Data Format.

* Web Services. An ensemble of software tools which allow the exchange of con-
tent and configuration between the Data Access Portal and the local databases.

The present paper presents the SERIES virtual database from both the point of
view of an external user and that of an internal one. Details on the architecture
and implementation of the SERIES virtual database can be found in a companion
paper (Lamata Martinez et al. 2013a). Section 4.2 describes the data format that
is used in the communication between every SERIES participant and the central
site containing the Data Access Portal. Section 4.3 discusses methods used by the
different SERIES participants to interact with their respective local databases. Sec-
tion 4.4 explains the SERIES virtual database from the perspective of external users
and how they can take advantage of this SERIES infrastructure. Finally, Sect. 5.3
presents some conclusions.

4.2 The Exchange Data Format

The Exchange Data Format (EDF) is the format in which data are presented via the
Data Access Portal as well as the format in which data (with some additional fields)
are stored locally at individual sites. Therefore, it has to be both comprehensive in
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satisfying internal user needs and understandable by external users. The Exchange
Data Format has been designed to:

* Host data produced by experiments and/or simulations.

» Be suitable for any experimental data type: data produced by centrifuges, reac-
tion walls, shaking tables, etc.

» Allow storing data along with all other types of information (documents, images,
etc.) which are useful to describe, repeat or simulate the experiments under the
same conditions (Lamata Martinez et al. 2010).

» Allow for data accessibility restrictions: projects can be public, restricted only
to partners or, completely private (accessible only to the laboratory where have
been produced).

A critical analysis of data formats pre-dating that of SERIES was performed at
the beginning of the project. In view of the lack of many alternatives, the analy-
sis practically was limited to the NEES (US Network for Earthquake Engineering
Simulation) and the ELSA (Joint Research Centre) repositories (Bosi and Pegon
2009). To cover the desirable characteristics of the existing repositories and further
extend their potential, a four-tier hierarchical structure, consisting of Project, Speci-
men, Experiment/Computation and Signal (Fig. 4.1) has then been selected for the
Exchange Data Format.

Project level includes general information on the project: infrastructures and
persons involved and scope of the project. For the sake of uniformity, most of the
fields have a fixed list of possible entries from which the user can chose. This al-
lows for avoiding typos or using different naming for same objects, while simpli-
fying retrieval of data and information via the search functionality. Examples of
fixed fields at the Project level are ‘project main focus’, ‘role’, ‘institution name’,
‘infrastructure’.

LEVEL 1 PROJECT
__________________________________________ D

0
LEVEL 2 SPECIMEN S
__________________________________________ M

E
LEVEL 3 EXPERIMENT COMPUTATION N

T
__________________________________________ S
LEVEL 4 SIGNAL

Fig. 4.1 The four-tier hierarchical structure of the Exchange Data Format. (Lamata Martinez et al.
2013b)
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A project usually includes testing of more than one physical (or numerical) struc-
ture (a short bridge pier and a tall one, several masonry structures made by different
kinds of clay...) identified as Specimens. It is also possible to test the same structure
but in different “states”: for example the structure in its original state and then after
different types of retrofitting. While it may be argued that, in this case, all tests are
performed on the same specimen, the hierarchical structure of the database demands
that retrofitted specimens are included as new specimen. At this level, the physi-
cal and mechanical characteristics of the specimen are specified. Each structure is
subdivided into structural elements (as for example beam, column, jacketing sys-
tem...). Nominal mechanical properties and, when experimentally measured, also
actual ones can be specified.

In the case of a physical experiment, the same specimen is usually subjected
to several types of tests that differ by the type of load imposed (quasi-static test,
pseudo-dynamic test, shake table test, impact hammer test, etc. with or without
substructuring, in-situ or in laboratory), by the location of the loading and/or by
the configuration of the sensors. The original load time-histories and the effective
inputs used on the different experiments must be explicitly identified. For example,
in case of seismic experiments, the same accelerogram can be used several times
by changing its intensity, or a different one may be used for each test. The original
signals are preserved by providing some information on their nature (natural for
accelerogram, natural-normalized for natural accelerogram normalized in the in-
tensity, natural-modified for natural accelerogram modified according to Eurocode,
etc.) and the peak excitation. The original load signal can then be scaled in intensity
or applied in different directions: this represents the effective input that has also to
be provided.

The laboratory database residing at each local site adopts the very same Ex-
change Data Format, with the addition of some extra fields which allow the descrip-
tion of the characteristics and configuration of devices and sensors employed in
testing. As this information is considered meaningful to (and in some cases, under-
standable by) only the laboratory personnel that performed the experiment, it is not
made available to external users.

In the case of numerical simulation results being introduced in the database, the
computer system and software used must be specified, along with detailed informa-
tion on issues regarding modelling the structure (models, assumptions, hysteresis
rules, etc.).

At the bottom of the hierarchy is the Signal level. Each signal is delivered togeth-
er with data regarding its units, the nature of the signal (force, acceleration etc.),
the location and the associated time sequence. In the local site database each mea-
sured signal is reported along with the associated sensor. Signals resulting from data
processing or computation (for instance modal frequency, target displacement for
a pseudo dynamic algorithm, inter-storey drift, etc.) are stored as computed ones.

Numerical values of signal measurements are stored and exchanged using either
an ASCII human-readable representation of the numerical series, i.e. a serialized,
space-separated series of the alphanumeric representation of one or more numbers,
or by using binary IEEE 754-2008 standard format (Lamata Martinez et al. 2010).
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The design of the Exchange Data Format allows for additional documentation,
photos, and videos to be stored at each level.

4.3 Local Site Management of SERIES Virtual Database

The standardization of the Exchange Data Format has been an iterative process
involving all laboratories, especially for the part concerning the definition of a com-
mon naming which could accommodate the heterogeneity of the data encountered
in the different laboratories. Once the Exchange Data Format had been defined, it
was implemented in a MySQL database (MySQL database 2013) and tested with
real experimental data. Figure 4.2 depicts the corresponding Experiment level of the
Exchange Data Format. MySQL Workbench was initially used to input information
into the database, although using this generalized user-interface for data manipu-
lation appeared to be tedious and error prone, considering that just one complete
experiment may consist of 250 or more interconnected records comprising signals,
sensors, configurations, materials and other metadata. Therefore, a formal process
definition for the automatic conversion of laboratory data into the common format
and specialized tools for its implementation have been developed, consisting of two
main logical layers:

* An intermediate portable experiment format enabling the expression and storage
of proprietary experimental structures in a common specification.

» Specialized interfaces and tools that allow the local users to automatically import
the portable experiment files and easily manage the database.
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The portable experiment format has been developed in XML and is accompanied
by a specialized platform, called “Data Import Platform (DIP)” to allow the auto-
matic import of portable experiment files and management of the local database. An
additional tool, called “GUIDE” has been created as a Web interface for database
management and users’ administration at local sites.

4.3.1 Local Data Processing and Data Import Platform (DIP)

The task of storing proprietary experimental data into the local databases would be
tedious and error-prone without a formal process definition and the necessary tech-
nology for its implementation. To facilitate the conversion and importing process,
an enhanced portable XML specification of the Exchange Data Format was devel-
oped, providing an intermediate language between the proprietary data structures
used by local laboratories and the SERIES database. The XML schema describing
this language was designed as a mapping of the structure of the real database al-
lowing for automatic conversion scripts to express laboratory experiments without
significant prior knowledge of the database structure. The schema expresses the
necessary data constraints and relations present in the database, along with addition-
al helper variables to represent inner data relations. These include the cardinality of
data records and their relations as foreign keys, according to the database terminol-
ogy. A fragment of the XML schema and a corresponding fragment of a portable
XML experiment are presented in Tables 4.1 and 4.2.

Table 4.1 Sample part of the XML Schema: It describes how a proper XML data file should be
formatted

<edf:element name="signal" parentTables="experimentcomputation
sensorconfiguration sensor signaltimes"
childTables="detailedloadingcharacteristic originalloadingsignal">
<edf:complexType>

<edf:element name="idSignal" type="int" size="10" numeric="1"
unsigned="1" primary="true"“ nullable="false" autoUpdated="true"
referencedBy="originalloadingsignal.signalID" />

<edf:element name="signallLabel" type="string" size="25"
nullable="false"“ autoUpdated="false“naturalKey="true" />
<edf:element name="attribute" type="string" size="20"

nullable="false“ autoUpdated="false“/>

</edf:complexType>
<edf:attribute name="serial" type="integer" />
</edf:element>
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Table 4.2 Sample part of an XML data file: the XML data file holds the actual data

<signal serial="2">

<signallabel>ml5 gefran</signalLabel>
<attribute>Internal Step Counter</attribute>
<physicalQuantity>Number</physicalQuantity>
<type>Computed</type>

<unit>m</unit>

<location>nord 1 floor</location>
<valueVector>-1.201661934 -1.201065324 -1.206541137 1.202002825 -
6.39337E-05 -1.202855051 ...</valueVector>
<expCompID>1</expCompID>
<repetitionNumber>1</repetitionNumber>

</signal>

The database value constraints are expressed by the numeric, nullable, size, al-
lowedValues, default attributes. Foreign key relationships are specified for fields
with the ref and referencedBy attributes. The naturalKey attribute defines a field
which should uniquely identify a record, as a natural key outside the database. Fi-
nally, the serial attribute is used to allow the expression of cardinality for similar
records.

Since the internal data structures used by each local laboratory are informally
specified, unpublished and often inconsistent, the responsibility of their conversion
to the proposed XML format relies with the individual laboratory. In realizing this
task, a possible route is that deployed and distributed by the Structures Laboratory,
University of Patras, consisting of a well-defined process and the accompanying
scripts to convert an internal proprietary MATLAB structure to XML. The process
involves usage of an intermediate comma-separated (CSV) mapping file as a refer-
ence for the conversion process and MATLAB script files to transform the initial
structures to a portable XML experiment file.

The portable XML files are finally uploaded and the enclosed data records are
automatically imported into the database using the DIP platform, presented next.

The scope of the Data Import Platform (DIP) is to facilitate the import process
enabled by the portable XML experiment format, as well as to provide a conve-
nient database manipulation interface for local laboratories. Additionally, since
each laboratory may use a slightly different version of the SERIES database for its
own needs, it is engineered to allow easy local modifications decoupling the busi-
ness logic from the underlying database model. This was achieved using the same
XML schema as the specification of the underlying model and removing specific
data dependencies from the code. A block diagram of the DIP platform operation is
illustrated in Fig. 4.3.
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Fig. 4.3 Data Import Platform (DIP) block diagram

The DIP tool offers two main functionalities, the Import space and the Database
Manipulation space. The first allows users to upload their portable XML experiment
files and import the enclosed data into the database. The enclosed data is checked
for conflicts with existing database records and users may select between overwrit-
ing/merging with existing data, inserting duplicate or ignoring conflicting records.
The experimental data is also checked for validation errors before the import into
the database. Figure 4.4 illustrates a part of the conflict-resolution step.

The Database Manipulation space provides a database interface to create, re-
place, update and delete records and individual fields, forming a fully featured
CRUD interface (in the databases terminology, from the initials of the above op-
erations). Users are able to manually add projects, specimens, experiments and re-
lated metadata or edit and delete existing ones. Convenient functions for rapid data
manipulation, like multiple selections, have also been introduced. Apart from the
modifications to the database, users may also use the provided interface to navigate
the database, using drop-down menus, tree-like navigation, hierarchical filters and
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Fig. 4.4 Conflict-resolution step during the XML import process

field searching. The main interface elements of the database manipulation space are
illustrated in the Fig. 4.5.

A multi-user authorization system has also been incorporated in order to provide
different levels of access to privileged and non-privileged users. More specifically,
the user roles Viewer (guest), Contributor, Editor, Publisher and Admin are pro-
vided with increasing manipulation privileges from just viewing to adding, editing,
publishing data and managing users (in the same order the roles were listed above).
Concluding, the web-based DIP platform along with the portable data specification
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provide a flexible solution to populate local databases either standardizing the lo-
cal experimental data format and automatically importing data into the database or
manually using a database CRUD interface.

4.

A

3.2 GUIDE Interface

Web interface called “Guide” has been developed by the University of Naples

and the University of Trento under the supervision of the University of Oxford. This
interface is designed to enable:

Database access: functionalities to interact with the whole database internal
structures in a user-friendly way. Users just need to use a visually appealing
interface to create, edit or delete elements in the database without knowing how
the database is actually implemented. They can also conduct other tasks such as
visualise or search for data.

Management of local users: Guide allows different local users to access the da-
tabase. Every user has a role assigned (administrator, contributor or guest) that
enables them to use different functionalities within the interface. For instance,
guest users can only visualise data, but they cannot modify any information.
Advance tools: to extend the functionality of the system by supporting data migra-
tion, automatic input of large sets of information, visualisation of signal data, etc.

Figure 4.6 presents two screens of GUIDE, corresponding to the Project level vi-
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Fig. 4.6 GUIDE log in page and project page
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required by the Exchange Data Format) is specified, together with the privacy re-
striction. The interface enables browsing of existing projects, as well as the creation
of new projects (button on the left side).

4.4 SERIES Virtual Database for an External User

Implementing local databases based on the Data Exchange Format allows SERIES
laboratories to store their data in a (common) structured way. However, the access
to these databases would still be limited for external users. In order to provide the
necessary access to shared data, thus increasing their value and promoting collabo-
ration, the concept of SERIES virtual database. was introduced. Users can access
individual databases distributed over Europe by using a single centralized Web in-
terface also known as Data Access Portal (Lamata Martinez et al. 2013a).

4.4.1 SERIES Virtual Database Working Principle

The distributed architecture, depicted at Fig. 4.7, is named “the SERIES virtual
database” since, although it is presented like a centralized database to external users

NODE A
CENTRAL SITE
WEB
cuenT NODE B

CENTRAL
WEBSITE

WEB
sgrvice REPOSITORY  INTERFACE LABORATORY
USERS

EXTERNAL
USERS

Fig. 4.7 SERIES virtual database: local databases, web services and Data Access Portal. (Lamata
Martinez et al. 2013b)



42

A. Bosi et al.
CENTRAL-SITE
JRC
WEB
SERVICE
CLIENT o
b4
CENTRAL SE“:\E?CE LOCAL  INTERFACE  USER
WEBSITE DATABASE (GUIDE)
4

|STEP4 |STEP3| |STEP2||STEP1

STEP 5

EXTERNAL
USERS

Fig. 4.8 Data workflow: from the local database to the Data Access Portal

through the Data Access Portal, it is actually a time-evolving aggregated collection
of experimental data, which are regularly retrieved and updated from local distrib-
uted repositories. The aggregation of publicly shared data is performed by the Web
Services installed at each local node and their communication with the Central Site.

The data flow from SERIES laboratories to the external user is depicted in

Fig. 4.8 and can be broken down into the following steps:

STEP 1: a laboratory produces experimental data and stores them in its local
database. At this stage only the local users can access the data.

STEP 2: the Web Services implemented at the local site automatically make
available for the central site the experimental data which have been flagged as
“public” in the local database.

STEP 3: the Data Access Portal Central Site communicates regularly with indi-
vidual nodes to retrieve updated information or new data.

STEP 4: the information retrieved is then made publicly available in the Data
Access Portal.

STEP 5: external users may access, explore and finally download the published
local experimental data, through the Data Access Portal.

The whole process from step 2 to step 4 is automatically performed without human
intervention. Internal users provide data according to the Exchange Data Format
(described in the paragraph 2), while external users are presented with a user-friend-
ly representation of the same format through the Data Access Portal.
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4.4.2 The Data Access Portal

The SERIES Virtual Database can be accessed by an external user at the Data Ac-
cess Portal (DAP) at www.dap.series.upatras.gr. The interface simulates that of
the SERIES portal with the difference of a left column, which actually presents a
breakdown list of available test results from the laboratories participating in SE-
RIES (the presentation order is selected by the user after the Laboratory name, the
Project name or the date). Information about the SERIES database and its format
(EDF) and well as a user’s manual is available at this level (Fig. 4.9). Navigation
around all available data produced by the SERIES laboratories and flagged by them
as “public”, is open without restriction at any level. The information offered may
be characterized as general (information about the project and contributors—see
Fig. 4.10), or detailed (when referring to Specimen, Experiment, Computation or
Signals level—Figs. 4.11,4.12, 4.13 and 4.14).
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mens can be seen collapsing the folders above (Structural Element Data, Structural Element and

it’s Material, etc.)



4  The SERIES Virtual

Jeement Data (G tems |

Database

Paanssayname Tats on 4-steeny Nonsucais Frimes. wih RC Intieg of the Biy  KE_Rostrodmed Buisieg 1
Frprras. wih RC Inditerg

Fmruoogymam Tests on 4-ytoney Monguchie

i}

52 20 Fruems
a2 T infl

of the Bay | KE_Retrofitned Buiing 1
. 2 20 Fame

e BT infiing of the Bay

KE_Rirofiims Bkt 1

Predodyrams: Tests o0 4-stovey

wih R infiling of the Bay
Nonductin Frames wes RC et of the Bey

KE_Fiatrofanes Buddng 1
KE_Fintrotienms Buteng 1

KE_Fwro e Buidng 1

Potudody®  Pagusosysame Tests an 4 WE_Foaratmed Cancrem
Faadsdyn Frovmas win A iefing of the By Buitng1 | 'WOFmm | oo
Frausonyn Toats on dptorwy Monsucsly | KE_Reosimed | oo | Concre
Faaussdyn Framas wit: RC infiling of the Bay g 1 cwam
il sl b o] Bl rredll ST LS ey

Framan

Exauonma
P T G smutodynasmic eats on sty Nordustis Frarmas with RC infiing of tha Bay
ooy | Pratosymamic Tasts on atormy Nosductie Frames wih RC infiling of the By
Passdotyss | PUSetynamie Tests on 4.atsewy Nosdustis Frames wan RC infiing of the Say
Erames  Passodynamic Tests on 4-siormy Nonductie Frames wth RC infilng of the Bay
Fandodynamse Tsts on &-atomy Nosductie Frames weh FT Infing of the Bay
Framas | pagudoynarmic Tests on 4-siorry Nondustile Frames with R infiling of the Bay
""m P aussceny namec. Tanta o6 4-showy Nondustis Frames wth RO infdng of the Say
Famuoymamss Tests on 4-atormy Nonductie Frames weth R Infilng of the Bay
Framay | Pawuctynasme: Teats on 4.5ty Nosductie Frames wih RC infillng of the Bay

Paaudodyramc Tests on 4-atory Nonductie Frames wih AT infiling of the Bay
Faausosyname Tsss on &stormy Nosguctis Frames weh RC Infing of the Bay
Pasucdodynarmic Tests on 4-stormy Norductie Frames weh RC Infiing of the Bay
Paauotynams: Testa on dstormy Nosduzte Frames wah BT Infing of the Bay
Paaucodynamic Tests on 4-stonry Norductis Frames wah RC infiling of the Bay
Pasgonyname: Tevts on bty Nosductis Frimes man A Infdng of the Say.
Pasucdodynarme: Tests on 4-story Norcuctle Frames wth RC infiing of the Bay

0 Frama
RC infil

1ot 30 Frame Furtoroes Concrets
15t 20 Frame Conerem CY820
1ut 20 Frame Srwei BAOC

181 Frama Corere
Fwnistance

19t Indl Cancram
Resatance

g Frame Concoete
Fesaranes

KE_Rtrolittes Budng 1
KE_Fiptroittes Busking 1
KE_Risrnimms Buiseng
KE_Resrofiins Buldng
KE_Rtroitims Buideg 1
KE_Retrotened Bulding 1
HE_Rurnlinms Buldeg 1
KE_Retrofiied Buldng 1

WE_Rutrofines Buting 1 |

¥E_Rtrofieme Buldng 1
KE_Rwtrnlitms Busisng |
¥E_Rewrofime Buidng 1
KE_Fiaers e Buideg 1

KE_Rutrofiies Buldng 1 |
KE_Rurofmes Bulding 1

VE_Rptrotims Buitng 1

45

Mok lagtcry
Specetichinss

Fig. 4.12 Specimen level: expanded view of specimen characteristics

Current project Psewdodynamic Tests on 4-storey Nonductile Frames with RC Infilling of the Bay

Pseudogyramic Tests on 4-storey

KE_Retrofitted 2132013 PsD with
Frames with RC = KE_RDBG1_swi
Infiling of the Bay 1 105230 e | substructuring
Tests on 4-gtorey .
KE_Retrofitted 32013 PsD with
Nonguctie Frames. with RC = "2 | ve_RDBOZ_sud . 0 ’
Infiling of the Bary Budang 2 05247 my | substructunng
Fl-ms:‘l:;c KE_Retrofitied | o qrons oo 2132013 | PaDwah
Infiling of the Bay Tkl = - 105257 my | substructuring

*  Original Loadin

OLS signal Attributes (3 tems.

periment Detalled Loading Characteristics (3 tems )

Effective input Files |

Experiment Video (1

misecd

28 Experemant
28 Experment
28 Expenmaent

Fig. 4.13 Experiment level: three pseudo-dynamic tests have been performed



46 A. Bosi et al.

_— Signal

Pseudodynamic Tests on
Nenductie Frames w C in

KE_RDBG1_sur! Abs_Ere

Faeudodynamic Tests on
Nonductie Frames with RC In

the Bay
Pseudodynamic Tests on 4-ston
onductie Frames with RC Infiling of

the Bay

Pseudodynarmic Tests on
c Load Cedl 2 Foroe MEASURED kN

Led Load Cell 4 Foro MEASIURED

Fig. 4.14 Signal level: each signal is delivered together with data regarding its units, the nature of
the signal, the location and the associated time sequence

Actual data of any type may be freely downloaded for all public project data.
If a project is to be accessed only by SERIES partners, downloading requires user
authentication (managed at the Data Access Portal). Nevertheless, regardless of the
data type being downloaded from the database, acceptance of the Terms and Condi-
tions displayed is a prerequisite. The statement declares that all intellectual property
rights in the data, including, but not limited to, copyright and database rights are
vested in their respective right holders.

The DAP is further equipped with a Search functionality which performs a key-
word-based search (Fig. 4.15). The keywords forming the basis for the search are
presented in categories according to the level they belong to. When more than one
filter is selected they are logically connected by an AND operator, while multi-
selection is also allowed for some of the filters.
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Fig. 4.15 Search functionality implemented at the Data Access Portal

4.5 Conclusions

The paper describes the principle and associated elements which constitute the SE-
RIES virtual database. An Exchange Data Format that could host heterogencous
experimental data and provide all the information needed to reproduce a test, has
been developed and agreed. Additionally, a portable specification of the Exchange
Data Format in XML and user-friendly tools which allow data navigation or/and
automatic data insertion have been developed and are currently under evaluation.

Data stored at local sites is made accessible to external users by means of the
Data Access Portal hosted at the University of Patras. In this way a centralised ac-
cess to database nodes that are distributed over a network and are able to dialog with
a central portal in a uniform manner, is provided.

The SERIES virtual database enables a wider sharing of data and knowledge and
ultimately, offers an unprecedented service to the earthquake engineering commu-
nity. SERIES users will be able to have access to a wide database of experimental
data and information, without violating the ownership of the data that will remain
with the local laboratory where data have been produced.

This platform is to be maintained and enhanced well beyond the end of SERIES
project, to serve as a reference point for the earthquake engineering community
worldwide.
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Chapter 5
Qualification of Seismic Research Testing
Facilities in Europe

Maurizio A. Zola and Fabio Taucer

5.1 Introduction

5.1.1 Why the Qualification?

The Qualification process is defined in EN ISO 9000: 2000 as a Process to demon-
strate the ability to fulfil specified requirements.

As far as the industrial sector the answer to the question is taken from the In-
ternational Standard ISO/IEC 17011 (2005) dealing with Conformity assessment:

* In the regulatory sector, government authorities implement laws covering the
approval of products (including services) for reasons of safety, health, envi-
ronmental protection, fraud prevention or market fairness. In the voluntary
sector, many lines of industry have, both within an economy as well as globally,
set up systems for conformity assessment and approval, aiming at achieving a
minimum technical level, enabling comparability, and also ensuring compe-
tition on equal terms. A prerequisite for trade on equal terms is that any product
(including services), accepted formally in one economy, must also be free to cir-
culate in other economies without having to undergo extensive re-testing, re-
inspection, re-certification, etc. This should be the case regardless of whether
the product (including services) falls wholly or partly under the regulatory sector.

» Intoday’s society it is often required to state objectively conformity of products
(including services) to specified requirements. Conformity assessment bodies
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(CABs) can objectively state such conformity. These CABs perform conformity
assessment activities that include certification, inspection, testing and calibration.

» It is important for the purchaser, regulator and the public to know that these
CABs are competent to perform their tasks. For that reason there is an increas-
ing demand for impartial verification of their competence. Such verification
is done by authoritative accreditation bodies that are impartial in relation to
both the CABs and their clients, and which normally operate in a non-profit dis-
tributing manner.

» Asystem to accredit CAB conformity assessment services should provide confi-
dence to the purchaser and regulator. Such a system should facilitate cross-bor-
der trade, as pursued by trade authorities and organizations. The ultimate goal
is to achieve one-stop accreditation and one-stop conformity assessment.

» A “cross border” trade facilitating system can work well if accreditation bodies
and CABs all operate to globally accepted requirements in an equivalent
manner and take into account the interests of all parties concerned.

* On these bases ISO/IEC 17011 International Standard specifies the general re-
quirements for accreditation bodies. Peer evaluation mechanisms have been cre-
ated at regional and international levels, through which assurance is provided
that accreditation bodies are operating in accordance with ISO/IEC 17011 Stan-
dard. Those who have passed such an evaluation can become members of mutual
recognition arrangements.

* These mutual recognition arrangement members facilitate the one-stop pro-
cess, through recognition, promotion and acceptance of each other’s accredited
conformity assessments. This means that a CAB in an economy should not need
to be accredited more than once for the same scope by different accreditation
bodies.

In the European Community the requirements for the conformity assessment con-
cerning the free circulation of products are stated in REGULATION (EC) No
765/2008 (2008).

A sound system of National Accreditation Bodies is already operating in Europe
under the European cooperation for Accreditation (EA) peer evaluation system. On
a worldwide basis, ILAC (International Laboratory Accreditation Cooperation) and
IAF (International Accreditation Forum) are the reference. International Associa-
tions deal with the mutual recognition agreements between the National Accredita-
tion and Certification Bodies.

The following definitions are taken from the Dutch Accreditation Council docu-
ment RvA/T031 (2010) respectively of research activity and research and develop-
ment activity.

» The carrying out of observations/tests on a research object, based on a research
plan, and the interpretation of the results thereof.

» The research, within the field of competence which in its design and/or execu-
tion is not of a repetitive nature, and the relevant research techniques in which
the body has proven experience and the required expertise. The field of research
is primarily determined by the problem with which the body has experience
of and is faced with. The research field must be based on the research methods/
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techniques or on the inspection methods/techniques as specified in the list of
already recognized activities, applied standard methods within the body. The
development of new research techniques, within the research field, may form a
part of the research.

As far as research activities, from a technical point of view the qualification is a tool
that guarantees the reliability of testing research laboratories through the combina-
tion of two main requirements: technical competence and quality assurance. Reli-
ability is translated in practice into

» Repeatability, the principle that experimental activities repeated on the same
specimen in the same laboratory lead to the same results, and

» Reproducibility, the principle that experimental activities repeated on the same
specimen in different laboratories lead to the same results.

Repeatability and reproducibility can be more easily achieved if common standard
test procedures are used. Moreover there is the need to establish a common lan-
guage on the basis of international standards, thus helping avoiding mismatches and
misunderstandings.

Besides establishing the general reliability of structural testing in Europe, a com-
mon platform for qualification will significantly enhance the expertise of testing
facilities, as a result of the continuous benchmarking of similar laboratories.

It is expected that the mutual acknowledgement of European research infrastruc-
tures in earthquake engineering through the qualification will enhance their stand-
ing with respect to their American or Japanese counterparts, promoting a unified EU
policy on acceptance criteria for products and techniques.

5.1.2 The SERIES Project

The SERIES project has received funding from the European Community’s Sev-
enth Framework Programme [FP7/2007-2013] under grant agreement n°® 227887
(2009).

The SERIES project aimed at bridging the following two gaps of Research and
Technological Development (RTD) in experimental earthquake engineering and
structural dynamics:

a. between Europe and the US and Japan, and

b. between European countries with high seismicity but less advanced RTD infra-
structures on one hand and some more technologically advanced but not so seis-
mic Member States on the other.

The goal was pursued by integrating the entire European RTD community in earth-
quake engineering via the following list of activities:

» A concerted program of Networking Activities, fostering a sustainable culture
of co-operation among all research infrastructures and teams active in European
earthquake engineering;
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» A distributed database of test results, pooling data from the beneficiary research
infrastructures and others, accessible and maintained by a virtual research com-
munity after the project’s end;

» Tele-presence and geographically distributed concurrent testing at the research
infrastructures;

» Standards, protocols and criteria for qualification of RTD infrastructures in
earthquake engineering;

* Enhancement of human resources by training new users and beneficiary tech-
nical/research personnel in courses on good practices in operation and use of
research infrastructures.

In the framework of the Project there were Transnational access Activities (TA),
Joint Research Activities (JRA) and Networking Activities (NA); the networking
activities of the Project aimed at enhancing the services provided by the research
infrastructures, transcending their current extreme fragmentation, through the fol-
lowing:

* Common European standards and protocols for similar research infrastructures
and

* Qualification criteria for European research infrastructures in earthquake engi-
neering.

5.1.3 NA2 Networking Activity—Qualification of Research
Infrastructures

5.1.3.1 General Description of the Activity

NA2 was the Networking Activity of the SERIES Project, which had as a primary
goal to create the conditions leading to the qualification (in the form of mutual ac-
creditation) of Structural Testing Research Laboratories specialising in earthquake
engineering and equipped for large scale testing.

Among the other Partners participating to the SERIES Project, the following
nine European Countries and a European Joint Research Centre were contributing
to the development of the NA2 activities:

* France—CEA (Paris)

» Germany—University of Kassel

* Greece—University of Athens, University of Patras

» Italy—P&P LMC srl (Bergamo), EUCENTRE (Pavia), University of Trento,
University of Naples

» Portugal —LNEC (Lisboa)

» Republic of Macedonia—IZIIS (Skopje)

» Romania—~University of lasi

* United Kingdom—University of Bristol

» Turkey—University of Ankara, University of Istanbul, and

» EC Joint Research Centre in Ispra (Italy).
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The activities in NA2 addressed the assessment criteria for technical competence
of large European research infrastructures—and of similar ones in the future—and
developed the basis for their mutual accreditation, focusing on seismic experimen-
tation through real-time, pseudo-dynamic and quasi-static testing with shaking table
and reaction wall, and on-site testing and monitoring. Moreover, special testing
techniques, such as hybrid techniques, and devoted testing apparatuses, such as
seismic bearing and damper testing equipment, were considered.
The activity was broken down in four Tasks.

» Task 1: Evaluation and impact of qualification of experimental facilities in
Europe

» Task 2: Assessment of testing procedures and standards requirements

» Task 3: Criteria for instrumentation and equipment management

» Task 4: Development and implementation of a common protocol for qualification

As far as the two main requirements for the qualification of the laboratories, quality
management system and technical competence, a sound experience is available in
the application of international standards (EN ISO 9001: 2008 and ISO/IEC 17025:
2005). Therefore it was decided to conduct the activities with reference to these
standards to get a contribution from European Accreditation Bodies and Standardi-
sation Organisations to reach an agreement to issue a final Common Protocol for the
qualification of research infrastructures in earthquake engineering.

5.1.3.2 Task NA2.1: Evaluation and Impact of Qualification
of Experimental Facilities in Europe

The task included:

* acritical analysis of the problems that limit the free circulation of the products of
the European Industry, the solution of which will be promoted by the qualifica-
tion of structural laboratories, and

+ a study of the issues—of technical, quality or commercial relevance—which in
fact constitute obstacles to mutual accreditation.

The accreditation of research infrastructures faces at present the following obstacles:

» while the qualification of CABs performing structural tests on products for the
civil structures industry is covered by Regulation 765, there are no standards
covering the qualification of RTD infrastructures in earthquake engineering;

» The existing International or European Standards dealing with certification or
accreditation do not specifically cover RTD infrastructures;

» There are no International or European standards or regulations requesting the
qualification of RTD infrastructures in the field of structural and seismic engi-
neering testing.

Final Users (Industry) and Accreditation or Standardisation Organisations were di-
rectly involved, through questionnaires and meetings. The task ended with a techni-
cal report including a detailed roadmap towards the common protocol for mutual
accreditation among the laboratories (Zola and Taylor 2010).
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5.1.3.3 Task NA2.2: Assessment of Testing Procedures and Standards
Requirements

The focus of this task was on Shaking Table and Reaction Wall facilities, which,
owing to their special character and relatively small number, their differences in
technical solutions, the wide variety of testing procedures among their operators
and the limited knowledge of the technology used by the facilities among users in
the industrial sector, do not lend themselves to fully harmonised approaches.

The task carried out a survey that aimed at checking the compliance of the dif-
ferent approaches used with the requirements of applicable standards or reference
recommendations (concerning, for instance, the selection of the seismic input and
how it conforms to reference spectra, as well as the measurement, assessment and
documentation of the technical aspects affecting the reliability of the tests). The
work was based on a comparative analysis and critical assessment of present proce-
dures and equipment in the different laboratories for the execution of tests. Quality
Management approaches were investigated as well.

The conclusions of the assessment of testing procedures and standards require-
ments have led to a critical analysis of the requirements imposed by official stan-
dardization and accreditation organisations, National and European, based on ISO/
IEC 17011 (2005).

5.1.3.4 Task NA2.3: Criteria for Instrumentation and Equipment
Management

This task treated the management criteria of instrumentation (testing equipment,
measuring instrumentation, acquisition systems and processing tools), including
the issues related to the calibration of instruments (periodicity and technical condi-
tions), their maintenance, the estimation of measurement uncertainty and the instru-
mentation implementation on specimens.

As in Task NA2.2, a critical assessment of the methods currently being adopted
was made, after having exchanged information between the different laboratories
regarding the procedures used, and cross visits of the laboratory operators to the co-
operating facilities on the occasion of important or benchmark tests.

As in Task NA2.2 the assessment of testing and instrumentation management
procedures led to a critical analysis of the requirements imposed by official stan-
dardization and accreditation organisations, National and European.

5.1.3.5 Task NA2.4: Development and Implementation of a Common
Protocol for Qualification

The starting point of this task were the International Workshops on the “Qualifica-
tion of research infrastructures” and on the “Role of research infrastructures in per-
formance-based earthquake engineering”, held in Ohrid (Republic of Macedonia) in



5 Qualification of Seismic Research Testing Facilities in Europe 55

September 2010, in conjunction with the 14th European Conference on Earthquake
Engineering (Zola and Taylor 2010; Kurc et al. 2010).

A factor which is related to the construction and use of large-scale facilities is
the application of the structural Eurocodes. In detail, with the Eurocodes earthquake
engineering moved from prescriptive codes to performance-based codes (Perfor-
mance Based Engineering—PBE). In prescriptive codes, the designer has little or
no opportunity to take a rational engineering approach to design provisions. With
performance-based codes, the designer can use any safety strategy he wishes pro-
vided that adequate safety can be demonstrated. In general terms, a prescriptive
code states how a structure is to be constructed whereas a performance-based code
states how a structure is to perform under a wide range of conditions. The perfor-
mance-based analysis and design of structures needs large amount of experimental
data relevant to several limit states. As a result, structural research testing represents
a key point for this new approach (Taucer and Pinto 2010; Ozturk 2010).

Concerning the last point, as stated above, there is a lack of specific Standards
covering RTD seismic testing and special seismic testing with multi-axial large
shaking tables, quasi-static and pseudo-dynamic techniques or hybrid experimental
& mathematical modelling techniques; moreover the taking in of the testing ap-
proach, as a consequence of too rigid accreditation requirements and procedures, is
often unpractical, due to the complexity of the tests and to the hazardous character
of the specimen response: in many situations, testing procedures may require real-
time adjustments suggested by engineering judgments based on the acquired results
of the experiments.

The accreditation, as called for by REGULATION (EC) No 765/2008 (2008), is
based on the so called fixed scopes of accreditation, published by the national ac-
creditation bodies (NABs). This system for defining the scope permits on one hand,
an accurate description of the accredited activities of the CAB and on the other
ensures that an appropriate evaluation of its competence is carried out each time an
additional activity is added to the scope.

However, this method of describing a scope of accreditation is considered too
restrictive by most research infrastructures:

» There is a difference between listing specific activities that an organization is
competent to carry out, and defining its competence to apply its knowledge,
skills, and experience to different activities.

» A fixed scope does not readily enable additional or modified activities to be
added to the scope of a research infrastructure without further assessment, even
where competence in this general area has already been demonstrated.

* In practice, end-users are not always experienced in seismic testing standards.
They are often faced with significant difficulties to understand the content of the
very long, detailed and technical activities of seismic testing. A more generic ap-
proach might help end-users to promote the use of the scope of accreditation.
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5.2 Acknowledgement of the European Situation

5.2.1 Introduction

The questionnaires were prepared and distributed starting in January 2010 and the
collection of the filled questionnaires ended in March 2010.
Thirty five European Large Testing Facilities replied to the questionnaire:

» As far as the state of the certification of the quality system the situation seems
not uniform: 40 % of the laboratories have a quality system, while 66 % of labo-
ratories do not have any certification of the quality system nor any accreditation
for the performance of experimental tests.

* 46% of the laboratories declare to have a demand for qualification, but only
29% indicate a reference standard, mainly ISO 9001.

* The main part of the laboratories (more than 80 %) seems to cover the general
and technical requirements coming from EN ISO/IEC 17025 standard.

Six National Accreditation Bodies replied to the questionnaires:

* One of the main issues as far as the “General requirements for the accreditation
of Laboratories” has been the necessity to make reference to REGULATION
(EC) No 765/2008 (2008).

» Regulation 765 states that accreditation is part of an overall system, including
conformity assessment and market surveillance, designed to assess and ensure
conformity with the applicable requirements; moreover, the particular value of
accreditation lies in the fact that it provides an authoritative statement of the
technical competence of bodies whose task is to ensure conformity with the ap-
plicable requirements.

» Regulation 765 was issued in order to develop a comprehensive framework for
accreditation and to lay down at European level the principles for its operation
and organization.

* A system of accreditation which functions by reference to binding rules helps
to strengthen mutual confidence between Member States as regards the compe-
tence of conformity assessment bodies and consequently the certificates and test
reports issued by them.

* In order to avoid multiple accreditations, to enhance acceptance and recognition
of accreditation certificates and to carry out effective monitoring of accredited
conformity assessment bodies, conformity assessment bodies should request ac-
creditation by the national accreditation body of the Member State in which they
are established.

» Regulation 765 provides for the recognition of a single organization at European
level in respect of certain functions in the field of accreditation. The European
cooperation for Accreditation (the EA) manages a peer evaluation system among
national accreditation bodies from Member States and other European countries.
Therefore EA is the first body recognized under the Regulation and by Member
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States to ensure that their national accreditation bodies seek and maintain mem-
bership of the EA for as long as it is so recognized.

ISO 17025 Standard covers also the accreditation of a Facility that conducts non-
standard testing and research at large scale on a base of flexible scope (EA-2/15
2008).

Four Standardization Organizations replied to the questionnaires:

No specific standards were identified covering qualification and accreditation
of seismic tests facilities; the outcome was that reference should be made to the
general approach to certification of quality system by ISO 9001 and to the ac-
creditation of laboratories by EN ISO/IEC 17025.

The following Standards covering seismic testing were identified with specific
reference to:

— Nuclear Power Plants

— Electro-technical Equipment

— Telecommunication Equipment

No specific standards were identified for the seismic testing of Civil Structures
and Buildings. Some standards were found for the measurement of vibrations
on buildings and evaluation of their effects and some standards are covering the
seismic testing of components for civil structural applications.

As far as standards covering the management of experimental facilities and mea-
suring equipment, some ISO standards were identified. No standards were found
specifically devoted to the management of data acquisition systems.

ISO standards are covering data acquisition and processing, including frequency
analysis, statistics, modal analysis. Moreover specific ISO standards are cover-
ing the accuracy (trueness and precision) of measurement methods and results.

Twelve Industrial Companies replied to the questionnaires:

As far as the free circulation of the products the industry is requiring Facilities
with quality management system, if possible with the certification, and with the
accreditation for seismic tests performance. Moreover, reference should be made
to the certification of the quality system by ISO 9001 and to the accreditation of
laboratories by EN ISO/IEC 17025.

A special request is the outcome of the telecommunication industry that is relay-
ing on the QUEST Forum that has developed the TL 9000 quality management
system (QMS). Built on ISO 9001 and eight quality principles, TL 9000 is de-
signed specifically for the communications industry.

Legally independent Facilities are preferred and Facility’s policies and proce-
dures to ensure the protection of its customer’s confidential information and pro-
prietary rights are strongly envisaged.

Standardized test methods are preferred and the uncertainty of test measure-
ments should be addressed.

Opinions and interpretations of a test should be in the test report only on request.
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5.3 The Common Protocol

5.3.1 The Road Map

Using as baseline the outcomes of Tasks NA2.1 to NA2.3 and the conclusions of the
discussions held at the International Workshop in Ohrid, the following conclusions
were drawn:

» ISSUES

— Qualification of a Research and Technological Development (RTD) infra-
structure in earthquake engineering implies a process different from the quali-
fication of a Conformity Assessment Body;

— International or European Standards dealing with certification or accredita-
tion are not specifically devoted to the RTD laboratories;

— Lack of International or European standards or regulation requesting the qual-
ification of RTD infrastructures;

— Lack of international recognition of the large capacities and associated human
resources of the European RTD infrastructures;

— Lack of co-operation between
a. more technologically advanced but less seismic countries and
b. less technologically advanced but more seismic countries.

e OBSTACLES

— Lack of specific Standards for the qualification of RTD infrastructures;

— Lack of specific Standards covering RTD seismic testing;

— Lack of specific Standards covering special seismic testing with single and
multi-axial large shaking tables, quasi-static and pseudo-dynamic techniques
or hybrid experimental & mathematical modelling techniques and on-site
testing;

— Lack of a qualification-oriented mentality of the high level management of
the RTD infrastructures;

— Underestimation by the laboratory staff of the benefits of an official qualifica-
tion of the RTD infrastructures;

— Reduced investment capabilities of the RTD infrastructures.

A road map towards a Common Protocol for Qualification was conceived:

1. Evaluation of the suitability of the General Management Requirements of EN
ISO/IEC 17025 for RTD infrastructures;

2. Evaluation of the suitability of the General Technical Requirements of EN ISO/
IEC 17025 for RTD infrastructures;

3. Identification of Specific Technical Requirements (STR) for RTD seismic
testing;

4. Identification of Specific Technical Requirements relevant to documentation and
data sharing to guarantee repeatability and reproducibility of test results aiming
to the development of a Common European Database;

5. Issue of a draft Common Protocol for Qualification with respect to the General
Management and Technical Requirements;
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6. Drafting of RTD testing procedures;

7. Issue of a technical specification for the development of a Common European
database to guarantee repeatability and reproducibility of seismic testing;

8. Implementation on a voluntary basis of the draft Common Protocol in some
laboratories of the SERIES Partners;

9. Development of the Final Common Protocol for Qualification.

5.3.2 The Draft Common Protocol Implementation

After the completion of the first two points of the road map it was recognized that:
the general management and technical requirements of EN ISO/IEC 17025 are suit-
able also for the RTD infrastructures, but not for the requirements of clause 5.4.2—
Selection of methods.

RTD infrastructures therefore need to include additional activities in their scope
of accreditation on the basis that their competence has been evaluated not only to
carry out activities in accordance with previously evaluated procedures, but also
for the development and validation of their procedures in accordance with a pre-
established system. This kind of scope is defined “flexible scope” by EA document
2/15 (2008).

To lead to the qualification with “flexible scope” of the RTD infrastructures, in
accordance with EA 2/15, Specific Technical Requirements for the RTD seismic
testing were identified with reference to the requirements of clauses 5.4.3, 5.4.4 and
5.4.5 of EN ISO/IEC 17025.

The adoption of technical annexes to the Common Protocol dealing with Spe-
cific Technical Requirements is accounting for the need to cover the special require-
ments for the performance of research tests in the seismic engineering field.

After the exercise for the implementation of the Draft Common Protocol made
by seven large European research testing facilities, as stated in point § of the road
map, three activities of the RTD Facilities were identified:

* Research Engineering Activities: general specifications for the research, design
and planning of the research, test specifications, supervision of experimental re-
search activities, mathematical modelling, experimental data processing, design
of the experimental rig, research reporting. The research engineering activities
may be summarized as follows:

1. general study of the problem and identification of the research activities needed,
2. supervision of the experimental activities;
3. experimental data processing, results interpretation and final reporting.

* Measurement Activities: these activities are performed in accordance to stan-
dard or internal methods; the internal methods should be validated;

* Research Testing Activities: the experimental testing activities are performed
by following a test specification issued as a result of the research design and
planning performed by the research engineer. The research testing activities are
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concluded by issuing the test report; the test report should include the raw data
and pre-processed data.

As far as the qualification of the research testing facilities the following approach
may be adopted:

* Research Engineering Activities may be covered by the certification of the
Management System after [ISO 9001;

* Measurement Activities may be covered by the accreditation of the Laboratory
after ISO/IEC 17025;

» Research Testing Activities may be covered by the accreditation of the Labora-
tory after ISO/IEC 17025 with flexible scope.

Thus the qualification of a research testing facility performing research test-
ing activities should be covered by the application of the Common Protocol for
Qualification.

The output for a research testing laboratory, just as it is for a laboratory which
is accredited with fixed or flexible scope, is the crude result of the research tests.
A characteristic difference is that in the case of a research testing laboratory the
development of the relevant testing method also falls within the scope of the ac-
creditation. Accordingly a research testing laboratory is operating on the base of a
test specification or a research plan issued by the Customer who is responsible of
the research engineering activities.

5.3.3 The Final Version of the Common Protocol

The publication of the following documents concluded the NA2 activity of the
SERIES Project (Zola et al. 2013). Please refer http://www.series.upatras.gr/pub-
lic_documents in Work Package 3:

e Common Protocol for the Qualification of Research Infrastructures in Earth-
quake Engineering and Technical Annexes

» Annex 01—Check List for the Performance of the Audit to the Research Testing
Facilities

* Annex 02—Specific Technical Requirements for Seismic Research Tests by
Shaking Table

» Annex 03—Specific Technical Requirements for Seismic Research Tests by On-
site Testing

» Annex 04—Specific Technical Requirements for Seismic Research Tests by Re-
action Wall Testing

» Annex 05—Specific Technical Requirements for Data Acquisition and Processing

These documents have been drafted making reference to docs. ISO 9001 and ISO/
IEC 17025; the justification of this choice is as follows:

» Concerning the two main requirements for the qualification of laboratories,
quality management system and technical competence, a sound experience is
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available in the application of ISO 9001 and ISO/IEC 17025; this choice will
allow to fulfil the requirements of the last task of NA2, by proposing to Euro-
pean Accreditation and Standardisation Organisations the Common Protocol on
which base it is envisaged to reach an agreement to issue a guiding document for
the qualification of research infrastructures;

» Four technical Annexes were developed to cover the Specific Technical Require-
ments for seismic research testing, which are proposed to European Standardiza-
tion Organizations as a base on which to reach an agreement to issue technical
documents for the performance of seismic research tests;

* In the realm of globalization of economic activities the International Standards
serve as comparison between various enterprises around the world and they are
applicable to the manufacturing and services industries and are a necessary tool
for mutual recognition.

It should be remembered that the aforementioned International Standards are suit-
able for the Laboratories to demonstrate that:

* They have a Management System to guarantee the Quality of the performed
activities;

» They have the technical competence to perform the tests;

» They are able to produce technically correct and reliable results.

Moreover these International Standards cover the accreditation of tests:

e Performed after Standard methods
e Performed after non standard methods and
e Performed after internal methods.

Annex 01 is composed of the following six sections addressing:

1. Issues and remarks relevant to the qualification of Research Infrastructures.

2. Audit performance.

3. Current state of certification, accreditation, and management procedures within
the Facility. This could be used for a preliminary self-evaluation.

4. Current state of the Facility’s management system.

5. Current state of the Facility’s general technical procedures.

6. Specific test procedures that are applied.

Sections of Annex 01 apply for the qualification of the following activities:

» Sections 1 through 4 apply to research engineering activities
» Sections 1 through 5 apply to measurement activities
» Sections 1 through 6 apply to research testing activities.

The four Technical Annexes to the Common Protocol, from 2 to 5, are intended to
cover the Specific Technical Requirements for the performance of research experi-
mental tests in the seismic field.
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5.4 Conclusions

5.4.1 General Requirements

As far as the general requirements for the qualification of experimental facilities the
following conclusions can be drawn:

* Most of the testing facilities do not have any official certification, nevertheless
they declared to have a Quality Management System;

» The laboratories declared that they are often requested to be certified.

* The laboratories declared to fulfil most of the requirements for accreditation
after EN ISO/IEC 17025;

* The accreditation of the Conformity Assessment Bodies (CAB) for the free cir-
culation of products in the European Community is ruled by REGULATION
(EC) No 765/2008 setting out the requirements for accreditation and market sur-
veillance;

* Regulation (EC) No 765/2008 makes reference to the European cooperation
for Accreditation (the EA) for peer tests of the national accreditation bodies of
Member States;

* Regulation (EC) No 765/2008 makes reference to ISO 9001 and EN ISO/IEC
17025 for certification and accreditation, respectively;

* No specific standards cover the qualification of facilities for the performance of
seismic tests;

* There are Standards that cover the seismic testing of equipment for Nuclear
Power Plants, electro-technical and telecommunication applications; no specific
standards cover seismic testing of Civil Structures and Buildings, either on site
or on laboratory models. Some standards cover the seismic testing of structural
components;

* Some ISO standards cover the management of both experimental facilities and
measuring equipment and data acquisition and processing;

 Industry requires qualified Facilities;

* Industry also requires Standardized test methods and an estimate of the uncer-
tainty of test measurements.

Irrespective of the activity, research or services to industry, the testing facilities are
requested to be qualified.

5.4.2 Specific Technical Requirements

As far as the specific technical requirements, the two main experimental procedures
that should be dealt with are:

» Shaking table testing and
* Point load testing.
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Shaking table testing is mainly referred to the base excitation of a specimen, where-
as point load testing is referred to static, quasi-static and dynamic excitation by the
application of loads through actuators directly connected to the tested specimen.

For the shaking table testing many international standards are available to per-
form shock and vibration tests on electrical and mechanical equipment, but there are
no specific standards for the testing of civil structures and components. There are
many design standards dealing with structures made of concrete, steel and wood,
but no standards exist covering experimental testing.

For point load testing there are no standards for equipment or structures.

5.4.3 European Standard Development

The Common Protocol for the qualification of large research infrastructures was
presented to the Laboratory Committee of EA in Oslo and to the 1st Conference of
the European Programme for Critical Infrastructures Protection (ERNCIP) in Ispra
(Taucer and Zola 2012).

The Common Protocol for the qualification and Annex 1 (Check List for the Per-
formance of the Audit to the Research Testing Facilities) could be the starting point
for the development of a Guide for the qualification of Research Testing Facilities
in Europe.

The four Technical Annexes to the Common Protocol could be a technical pro-
posal for the development of technical standards for the performance of research
experimental tests in the seismic field.

Acknowledgments The research leading to these results has received funding from the Euro-
pean Community’s Seventh Framework Programme (FP7/2007-2013) under grant agreement n°
227887.

References

EA-2/15 (2008) EA Requirements for the accreditation of flexible scopes

EN ISO 9000 (2000) Quality management systems—Fundamentals and vocabulary

EN ISO 9001 (2008) Quality management systems—requirements

Grant agreement No. 227887 (2009) Integrating activity—combination of collaborative project
and coordination and support action—series—seismic engineering research infrastructures for
European synergies—Annex I: “Description of Work”—29 January 2009

ISO/IEC 17011 (2005) Conformity assessment—General requirements for accreditation bodies
accrediting conformity assessment bodies

ISO/IEC 17025 (2005) General requirements for the competence of testing and calibration labo-
ratories

Kurg O, Sucuoglu H, Molinari M, Zanon G (2010) Qualification of testing procedures, instrumen-
tation and equipment management in large testing facilities in earthquake engineering. 14th
ECEE -International workshop on qualification of research infrastructures—Ohrid (Republic
of Macedonia)—2 September 2010



64 M. A. Zola and F. Taucer

Ozturk B (2010) Current state of art of the role of research infrastructures on performance based
earthquake engineering and future perspectives for Europe. 14th ECEE-International work-
shop on role of research infrastructures in performance-based earthquake engineering—Ohrid
(Republic of Macedonia)—2 September 2010

Regulation (EC) No 765/2008 of the European parliament and of the council of 9 July 2008 set-
ting out the requirements for accreditation and market surveillance relating to the marketing of
products and repealing Regulation (EEC) No 339/93

RvA/T031 (2010)—Dutch Accreditation Council (Raad voor Accreditatie)—Research and De-
velopment

Taucer F, Pinto A (2010) How can experimental testing contribute to performance based earth-
quake engineering. 14th ECEE -International Workshop on Role of Research Infrastructures in
performance-based earthquake engineering—Ohrid (Republic of Macedonia)—2 September
2010

Taucer F, Zola M (2012) Qualification of large seismic research infrastructures in Europe. Present-
ed at 1st conference on European programme for critical infrastructures protection—EU-wide
certification and accreditation for security solutions, Ispra (Italy)—12th—13th December 2012

Zola M, Taylor C (2010) Impact of the qualification of seismic testing facilities.— 14th ECEE
-International workshop on qualification of research infrastructures—Ohrid (Republic of
Macedonia)—2 September 2010

Zola M, Taucer F, Bonzi A (2013) Deliverable 3.4—Common protocol for the qualification of
research infrastructures in earthquake engineering and technical annexes, seismic engineering
research infrastructures for European Synergies, January 2013



Chapter 6
Towards Faster Computations and Accurate
Execution of Real-Time Hybrid Simulation

Khalid M. Mosalam and Selim Giinay

This chapter reports three recent developments aimed towards faster computations
and more accurate execution of real-time hybrid simulations (RTHS). The first of
these developments is a standalone RTHS system which can accommodate inte-
gration time steps as small as 1 ms. The fast execution feature eliminates the ap-
proximations that would be introduced by the application of a predictor-corrector
smoothing technique and increases the applicability range of explicit integration
methods. The second development is the use of an efficient equation solver in RTHS
which reduces computation time. This efficient solver, which decreases the compu-
tation time by factorizing the Jacobian of the system of linear algebraic equations
only once at the beginning of the simulation, is especially beneficial in RTHS which
involves analytical substructures with large number of degrees of freedom (DOF).
The third development is a novel use of a three-variable control (TVC) for RTHS
on a shaking table configuration. Although the TVC, which employs velocity and
acceleration control in addition to the typical displacement control, is commonly
used in conventional shaking table tests, this development is the first application of
TVC in RTHS.

6.1 Introduction

Hybrid simulation is a testing method for examining the seismic response of struc-
tures using a hybrid model comprised of both physical and numerical substructures.
Because of the unique feature of the method to combine physical testing with nu-
merical simulations, it provides an opportunity to investigate the seismic response
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of structures in an efficient and economically feasible manner. It is this feature of
the method which made it gain widespread use in recent years.

Hybrid simulation can be divided into three categories as follows: (1) Slow hy-
brid simulation (HS) in a discrete actuator configuration, (2) Real-time hybrid simu-
lation (RTHS) in a discrete actuator configuration, and (3) RTHS in a shaking table
configuration. In the first category, slow HS, the experimental substructure(s) is
directly connected to actuator(s), physical mass generally does not exist and the test
rate is slower than the computed velocity. Starting from the initiation of the method
in (Takanashi et al. 1975), considerable amount of research has been conducted
on conventional slow HS in the last forty years including the works of Mahin and
Shing (1985), Nakashima et al. (1988) and Elkhoraibi and Mosalam (2007) among
others. Second category, RTHS, is similar to the first one except that the loading is
applied to the experimental substructure(s) at a rate equal to the computed velocity.
Conventional HS with slow rates of loading is sufficient for substructure testing in
most of the cases where rate effects are not important. However, for rate-depen-
dent materials and devices, such as viscous dampers or friction pendulum bearings,
RTHS becomes essential. Dynamic actuators and a digital servo-mechanism have
been used by Nakashima et al. (1992) as the first progress of RTHS. After the devel-
opment of actuator-delay compensation methods by Horiuchi et al. (1999), research
on RTHS gained momentum. Rapid development of computing technologies and
control methods increased the number of RTHS research in recent years (Mercan
and Ricles 2007; Bonnet et al. 2008; Bursi et al. 2008; among others). Unlike the
first two categories, the experimental substructure(s) is not connected to actuator(s),
but located on shaking table(s) in the third HS category, RTHS on a shaking table.
Although conventional shaking table testing is well-established in many laborato-
ries and there is considerable amount of accumulated experience on RTHS in the
recent years, research and developments on the combination of these two, RTHS
on a shaking table, is limited. The use of shaking tables in RTHS, similar to the
approach presented in this chapter, where the analytical substructure represents a
lower portion of the hybrid structure, has been reported in (Igarashi et al. 2000;
Neild et al. 2005; Lee et al. 2007; Ji et al. 2009). Shao et al. (2011) used a shaking
table together with dynamic actuators, where it was possible to model analytical
substructures both on top and bottom of the experimental substructure. Recently,
Nakata and Stehman (2012) proposed a method that allows the modeling of analyti-
cal substructures above the experimental substructure where the latter is tested on
the shaking table. It should be mentioned that an increase in smart shaking table
RTHS applications is expected in the coming years, especially with the develop-
ment of shaking table grids in various laboratories around the world, such as Tongji
University or the NEES facilities at the University of Nevada, Reno. Giinay and
Mosalam (2013) demonstrated that RTHS on a shaking table configuration can be
used as an effective and economical testing method and as an alternative to conven-
tional shaking table tests for electric substation equipment.

This chapter presents three recent developments on the last two HS categories
mentioned above, namely RTHS in actuator and shaking table configurations. De-
tails of these developments are discussed in the subsequent sections.
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6.2 Development I: Standalone RTHS System

The first development is an RTHS system that can accommodate integration time
steps as small as 1 ms. This system is developed at the Structures Laboratory of the
Civil Engineering Department of the University of California, Berkeley. The com-
ponents of the developed RTHS system, namely the shaking table, controller, data
acquisition (DAQ) system, and the test specimen (in this case, an insulator post of
a high voltage vertical switch in an electric substation), are shown in Fig. 6.1. As
indicated in the figure, the DAQ system also represents the computational platform
via the digital signal processor (DSP) module. An outline of the communication
process between the components of the developed RTHS system is as follows:

1. The computations are conducted on the DSP card (computational platform).

2. The displacement computed by the DSP card is physically transferred to the
controller with a standard BNC to BNC cable.

3. The controller commands the computed displacement to the actuator connected
to the uniaxial shaking table.

4. Atthe completion of the displacement command within the allocated time, that is
equal to the integration time step for real-time compatibility, the algorithm pro-
ceeds with step 1 above for the next time step, using the force feedback acquired
by the DAQ system.

The fast execution time of an integration time step, i.e. completion of all four steps
listed above and shown in Fig. 6.1, as small as 1 ms is realized by a combination

DAQ & Computational platform (DSP)

Test specimen:

Insulator post \|' Step 1 (Computatlons)

-

..7'
‘\;..

\ Step 3 (Command displacements)

Fig. 6.1 Components of developed RTHS systems and communication between the components
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of the computation power introduced by the DSP card (communication step 1),
the physical cable transfer between the computational platform and the controller
(communication step 2), and the real-time compatible PID control technology of the
controller together with the servo-hydraulic system (communication step 3).

Explicit integration methods are more suitable than the implicit ones for RTHS.
Implicit methods require at least two iterations, where the number of iterations is in
general dictated by the convergence checks, while the explicit ones require no itera-
tions. It is important to note that the number of iterations, if any, in an integration
scheme used in RTHS should be constant and small in order to be able to allocate a
fixed and practically applicable time for the completion of each iteration. Moreover,
the displacement increments in all iterations of an integration time step should be as
close as possible to each other to avoid velocity and acceleration oscillations within
the integration time step. Although implicit integration methods with constant num-
ber of iterations have been developed for HS, e.g. Schellenberg et al. (2009), the
small number of iterations has the potential of introducing larger numerical errors
since the convergence criteria are not controlling the advancement of the integration
in this case. A limiting factor which restricts the applicability of explicit integration
is the conditional stability criterion, At < T, /7, where At is the integration time step
and T, is the period of the highest mode of vibration of the structure. In that regard,
the ability to use integration time steps as small as 1 ms within the developed RTHS
system allows the use of real-time compatible explicit integration for a broader
range of analytical and experimental substructure configurations.

Another advantage introduced by the 1 ms integration time step is the assurance of
continuous movement of the actuator of the smart shaking table, since a command is sent
to the controller at every millisecond. It is noted that the controller operates at a rate such
that it expects a command every millisecond. Since the developed RTHS system is ca-
pable of executing integration time steps equal to a millisecond, the computed displace-
ment is directly sent to the controller as the command. If it were not possible to complete
the integration time step in a millisecond, it would not be possible to send the computed
displacement as the command. This is attributed to the fact that at the end of the cur-
rent millisecond, where the next command is expected by the controller, the computed
displacement would still be in the determination stage. In this case, a predictor-corrector
smoothing algorithm, e.g. Mosqueda et al. (2005), would need to be invoked to deter-
mine the command to the controller and to assure continuous movement of the actuator,
while the computed displacement is still being determined. Although the predictions in
these predictor-corrector algorithms can be sufficiently accurate due to the use of high
order functions, they can still be considered as approximations introduced to the loading
path of the specimen. An example of such an approximation is illustrated in Fig. 6.2.
Such an approximation is eliminated in the developed RTHS system with the ability to
execute integration time steps corresponding to the operating rate of the controller.

The developed RTHS system was utilized extensively for RTHS of electrical
disconnect switches as reported in Mosalam and Giinay (2013b) and Giinay and
Mosalam (2013). Although the RTHS system is developed for a shaking table con-
figuration, it is worth noting that there are no restrictions that prevent the use of the
developed system for RTHS in an actuator configuration.
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Fig. 6.2 Approximation in the loading path due to a predictor-corrector smoothing algorithm

6.3 Development II: An Efficient Equation Solver

A proper computational platform is one of the essential requirements of a HS sys-
tem. In the first development, the DSP card served as the computational platform,
which was an important factor for the RTHS capability to accommodate integration
time steps as small as 1 ms. Similarly, real-time functioning Simulink models, such
as those operating on a workstation that runs Mathworks xPC real-time operating
system provide the same fast computational platform option. However, as opposed
to the advantage offered by the fast computation capability, these computational
platforms require case-specific programming and therefore do not offer a versatile
usage. Furthermore, they require a considerable training period to be completed by
anovice HS user. The Open System for earthquake engineering simulation (OpenS-
ees, McKenna et al. 2010) offers relatively slower computations compared to the
mentioned fast computational platforms. However, OpenSees possesses the basic
features such as being a well-established, versatile, research-oriented, open-source
and HS-compatible platform, which makes it one of the most suitable candidates to
be utilized as a computational platform in HS. The second development presents an
efficient equation solver to increase the computation speed of OpenSees, especially
for the RTHS of structures possessing analytical substructures with a large number
of DOF.

In order to provide a background to the explanation of the second development,
the HS scheme of one of the most straightforward and HS-compatible numerical
integration methods, namely the Explicit Newmark method (Newmark 1959), is
presented first for the two DOF hybrid structure in Fig. 6.3.

The equations of motion of the hybrid structure shown in Fig. 6.3 subjected to a
ground motion excitation i, are represented as follows:
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Where

{ml 0} § [ul} [Cu Clz} . {ﬁl} [-fﬁfe} {ml}
m = =] - |e= a=| L f= P=- U,
0 m, u, €y Cp u, Ja m,

In the above definitions, m, and m, are the masses corresponding to DOF 1 and 2,
respectively, ¢, ¢,,, ¢,, and c,, are the viscous damping coefficients, i, G,, #; and
u, are the accelerations and velocities at DOF 1 and 2, respectively, and f, and f, are
the restoring forces of the analytical and experimental springs, respectively.

The algorithm for the application of Explicit Newmark integration for the re-
sponse determination of the hybrid structure in Fig. 6.3 is presented in Fig. 6.4. The
most time consuming part in this algorithm is step “3e”, where a linear system of
equations is solved. This is especially true for a hybrid system with a large number
of DOF in the analytical substructure. Therefore, in order to reduce the computation
time, the utilized efficient solver seeks to reduce the computation time by reducing
the duration of step 3e. Solution of the linear set of equations in this step requires
the coefficient matrix, i.e. the Jacobian matrix, m g, to be factorized. Although it is
observed in Fig. 6.4 that m_g is constant and does not change during the full course
of integration, standard equation solvers execute this factorization for each integra-
tion time step, which leads to an unnecessary increase of the computation duration.
However, there is a special, efficient solver in OpenSees, defined by the Tcl (Oust-
erhout 1994) syntax, “algorithm Linear-factorOnce”, which does this factorization
only once at the beginning of the simulation.

The Jacobian matrix is not constant during the entire time history for all the
integration methods, e.g. Implicit Newmark, which includes the tangent stiffness
matrix. Hence, the efficient solver cannot be used together with such integration
methods. It is noted that standard solvers in conventional structural analysis soft-
ware do not employ the efficient solver to avoid such potential of misuse.

The efficient solver is used for the RTHS of the hybrid structure in Fig. 6.5,
which possesses a generic analytical framed substructure with varying number of
bays and stories. Figure 6.6 compares the computation time per integration time
step with the efficient and standard solvers as a function of the number of DOF.

Fig. 6.3 A two DOF system

consisting of experimental .

and analytical substructures Analytical
substructure

> U,

> Uy

Experimental

substructure :'
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Determine the initial values of response variables: ug,1,1,

2. Calculate the effective mass: m g =m+Atyc

At:

integration time step, y: integration parameter

3. For each time step i; 1 <1< N, N: total number of steps

a.

bl.

b2.

b3.

f.
g.
Fig. 6.4

Compute the displacement: u; =u; | + Atxu;; + (At2 / 2)>< 18]
Compute the force f;; corresponding to the displacement u,; —uy;
from the constitutive relationship of the analytical spring

Apply the displacement u,; to the experimental spring and measure

the corresponding force f, ;

Determine f; from f,; and f,; by using the above definition for f
Compute the predicted velocity: ﬁi =u;; +At (l - y)iii_l

Compute the effective force: po.g =p; —f; — cﬁi

Compute the acceleration by solving the linear system of equations:
Mg Ul = Pegr

Compute the velocity: u; = ﬁi + Aty

Increment i and go to step a

Algorithm for Explicit Newmark integration for HS of the two DOF hybrid structure

It is to be noted that the computation times in this figure are obtained from pure
analytical simulations where the experimental substructure is replaced with another
analytical column. The number of DOF is varied by changing the number of stories
for a fixed number of four bays. Figure 6.6 clearly demonstrates the reduction in
computation time due to the efficient solver, where it is observed that the efficient
solver results in about 2.5 times reduced computation time compared to the standard
solver. It was possible to conduct RTHS of the hybrid structure in Fig. 6.5 with the
efficient solver accurately up to 720 DOF while this number was limited to only 240
DOF with the standard solver.

Analytical
Substructure

N story
X M bay

NN

%
é
%

pzzzzA

Fig. 6.5 Hybrid structure with varying DOF analyzed and tested with different equation solvers
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Fig. 6.6 Computation time reduction due to the efficient equation solver

6.4 Development III: TVC Implementation

In the third development, an advanced control method, namely the Three Variable
Control (TVC), developed by the MTS Corporation, is implemented in the HS sys-
tem of the nees@berkeley laboratory for RTHS on a shaking table configuration.
Proper displacement tracking may not be adequate for the accuracy of RTHS on a
shaking table configuration, because a small displacement error may translate into
larger acceleration errors for high frequencies according to the relationship between
the pseudo spectral acceleration (Sa=w?Sd) and the spectral displacement (Sd). If
the natural frequency (o) of a specimen is high, then the force feedback used in the
computations will be erroneous since the force feedback of a specimen on a shak-
ing table strongly depends on the acceleration of the shaking table. An example of
such phenomenon is shown in Fig. 6.7, where in Fig. 6.7a it is observed that the
feedback displacements satisfactorily follow the command displacements during
the full time history with a slight overshoot at the displacement peaks as shown in
Fig. 6.7b. This slight overshooting of displacements translates into large accelera-
tion differences for periods smaller than 0.4 s. as shown in the 1 % damped response
spectra in Fig. 6.7c.

There is an inherent delay in the actuator response, which can be eliminated by
using the feed-forward gain offered by a servo-hydraulic controller, which does not
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necessarily offer additional features for a shaking table control. The feed-forward
gain is multiplied by the rate of the command, i.e. command velocity, and added
to the servo-valve command. This additional valve command minimizes or com-
pletely eliminates the time delay (Fig. 6.8). The effectiveness of a similar feed-
forward error compensation is demonstrated in Mosalam and Giinay (2013b). How-
ever, as shown in Fig. 6.8b, the feed-forward gain introduces overshooting of peak
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displacements, which can be explained by the fact that the command rate is close
to zero around the peak displacements, leading to almost no feed-forward benefit
around these regions. It is this same reason that is responsible for the overshooting
of displacement peaks in Fig. 6.7b and the corresponding acceleration errors in
Fig. 6.7c. It is noted that the time delay does not introduce a problem on a conven-
tional shaking table configuration as long as the target displacements and accelera-
tions are realized as intended, such as the case shown in Fig. 6.8a. However, phase
lag induces not only errors but also negative damping which may lead to instability
during RTHS (Nguyen and Dorka 2009), the reasons of which are explained in
(Mosalam and Giinay 2013a; Mosqueda et al. 2005). Accordingly, there is a need
for an advanced control to improve the acceleration response at high frequencies
without sacrificing the elimination of the time-delay. TVC is an adequate control
method that serves well for this purpose. Since the HS controller of the nees@
berkeley laboratory is not a shaking table controller, TVC is implemented in this
controller for the improvement of RTHS on a shaking table configuration. This
implementation is achieved by adopting and modifying the TVC Simulink model
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provided by MTS to the HS system of nees@berkeley and by using a feature of the
controller to bypass the servo-valve control to an outside resource, while maintain-
ing all other controller features. Implementation is not only conducted for HS, but
also for a conventional shaking table configuration. Details of the implementation
process are not presented herein due to space limitations.

TVC is a modified version of state variable control enhanced with additional
features. In addition to the conventional displacement feedback, two additional ki-
nematic variables, namely velocity and acceleration, are used in the control process.
TVC is currently being utilized for the control of many conventional shaking tables
including those in the NEES facilities of University of California at San Diego
(Luco et al. 2010), University of Nevada, Reno, The University at Buffalo and the
PEER shaking table at the University of California, Berkeley. The internal structure
of TVC is presented in Thoen (2010). A modified version of this scheme, as adopted
for the implementation described herein, is shown in Fig. 6.9. As shown in this
figure, the adopted scheme consists of four main parts: (1) reference generator, (2)
feedback generator, (3) Delta-P stabilization term and (4) determination of servo-
valve command.

The reference generator is used to provide the command, where the reference
input in terms of a specific kinematic variable (displacement, velocity, or accelera-
tion) is converted to the command input in terms of the other kinematic variables.
Although the original TVC scheme can use all of the mentioned kinematic vari-
ables as the reference input, the modified scheme herein considers only displace-
ment, because displacement is the quantity conventionally computed and imposed
to the experimental substructure in HS. Furthermore, considering displacements
as the reference input better suits the existing HS system of nees@berkeley. After
a low-pass filter, the reference displacement input is differentiated once and twice
to obtain the velocity and acceleration commands, respectively. It is noted that the
low-pass filter is not utilized in the implementation for RTHS to avoid altering the
computed displacement and only considered for the implementation for a conven-
tional shaking table configuration.

The feedback generator is utilized to determine the feedback in terms of the con-
sidered kinematic variables. Displacement and acceleration measurements obtained
from displacement and acceleration sensors are used by the reference generator
to determine the displacement, velocity and acceleration feedbacks to be used in
the control process. Displacement feedback is obtained as a combination of the
low-pass filtered displacement measurement and the double integrated accelera-
tion measurement after high-pass filtering. Acceleration feedback is obtained as a
combination of the high-pass filtered acceleration measurement and the double dif-
ferentiated displacement measurement after low-pass filtering. Velocity feedback
is determined as a combination of the differentiated low-pass filtered displacement
measurement and integrated high-pass filtered acceleration measurement. In this
manner, the displacement and acceleration measurements are primarily used for
low-to-medium and high frequencies, respectively, which correspond to the most
accurate measurement range of the corresponding sensors.
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Fig. 6.9 Schematic of TVC as implemented in nees@berkeley

Three types of gains are applied to the commands and feedbacks obtained from
the reference and feedback generators. First of these types, the proportional gain,
is the gain applied on the displacement, velocity and acceleration errors, defined as
the difference in the respective command and feedback terms. Gains applied to the
commands constitute the second type, which can be regarded as the feed-forward
gain terms. The third type of gain is the integral gain, the one applied on the inte-
grated displacement error. All the resultant values after the application of the gains
are normalized by the full scale values and then summed.

The third part in the adopted TVC scheme, the Delta-P stabilization, is em-
ployed to suppress the effect of the oil-column. It is known that the hydraulic fluid
in the actuator chambers is compressible and therefore acts as a linear spring.
This spring and all the mass that slides together with the actuator, e.g. the table
mass, specimen mass, and actuator piston mass, form a single degree of freedom
(SDOF) system (Conte and Trombetti 2000) with a natural frequency designated
as the oil-column frequency. The Delta-P gain acts as damping that reduces and
preferably eliminates the response of this SDOF system, which otherwise alters
the hybrid simulation by introducing artificial forces. The Delta-P measurement
in the TVC scheme is the differential pressure between the actuator chambers,
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measured by a differential pressure sensor after high-pass filtering. The Delta-P
gain applied to the Delta-P measurement normalized by its full scale value is add-
ed to the resultant of all other terms mentioned in the previous paragraph. The last
step before the determination of the servo-valve command is the application of
the notch filters, which are filters that attenuate or amplify the response in a spe-
cific frequency range. In addition to the Delta-P gain, the notch filters are sought
to be used herein to eliminate the oil-column effect. However, since a significant
improvement is not observed due to the application of the notch filters, they are
not employed in the current HS implementation.

Finally, it is beneficial to note that one other kinematic variable, which is the
third derivative of displacement and designated as the jerk, is utilized in the origi-
nal TVC scheme. This term is neglected in the implementation herein because the
jerk related gain is mainly beneficial to boost the frequency above the oil column
frequency (Thoen 2010), which is about 25 Hz in the present system. Therefore, the
jerk is not beneficial for the objectives of this development, which is the reduction
of the overshooting of the accelerations in the high frequency range, approximately
3 Hz and higher in the present study.

The improvement of the acceleration responses as a result of the TVC scheme is
shown in Fig. 6.10. The response as a result of to the tuning of the TVC parameters
for RTHS, where delay is eliminated between command and feedback, is shown in
Fig. 6.10a. A further improved acceleration response is shown on Fig. 6.10b, which
presents the tuning for a conventional shaking table configuration, where delay is
allowed. With further tuning efforts, it may be possible to improve the acceleration
response, especially for the case when delay is eliminated.

After the sufficiently acceptable tuning shown in Fig. 6.10, TVC implementa-
tion is used in RTHS of 230-kV electrical vertical disconnect switches, Fig. 6.11a,
where the experimental substructure, Fig. 6.11b, is a jaw side post insulator of the
disconnect switch and the analytical substructure consists of a 3D model of the
steel support structure and the remaining insulators, Fig. 6.11c. In addition to the
TVC utilization, the conducted RTHS features other novel HS characteristics, first
of which is the 3D analytical substructure, where the bandwidth of the Jacobian
matrix is increased due to the presence of 12 DOF per element. This situation in-
troduces a computational time challenge in RTHS. In order to be able to overcome
this challenge, the efficient solver mentioned in the second development is utilized
together with the RTHS compatible a-Operator-Splitting integration (Combescure
and Pegon 1997). It is to be noted that it was not possible to use Explicit Newmark
integration since the infinite frequency modes introduced by the massless rotational
DOF violated the stability criterion.

The ratios of the Sa of accelerations measured on the platform to the Sa of com-
puted accelerations at the top of the support structure, at the corner node where the
experimental substructure is attached to the analytical substructure, are plotted in
Fig. 6.12 for the cases of displacement control and TVC. Similar to the case of the
conventional shaking table configuration, TVC is successful in bringing the mea-
sured accelerations closer to the computed values, which increases the accuracy of
RTHS by reducing the force feedback errors. This is also valid at the natural period
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Fig. 6.11 Hybrid model of the electrical disconnect switch tested with RTHS using TVC. a 230-
kV vertical switch (porcelain posts) tested on a shaking table. b Analytical substructure of the
switch (3D braced steel frame as the support structure + other posts). ¢ Experimental substructure
(polymer composite post)
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of the tested insulator post, which is represented with the vertical line in Fig. 6.12.
As mentioned previously, although it may be possible to further reduce the mea-
sured accelerations to bring the ratios closer to 1.0 in the high frequency range, i.e.
for periods smaller than about 0.3 s, the current results are indeed indicative of the
benefits of the TVC, validating the objective of the implementation of TVC in HS
system of the nees@berkeley laboratory.

6.5 Closure

This chapter presented three recent developments aimed at faster and more accurate
execution of RTHS. As the first development, a standalone RTHS system is devel-
oped which can execute integration time steps of 1 millisecond and can accordingly
benefit from the advantages of such fast execution. Towards the objective of the
improvement of the more general and versatile computational platform OpenSees,
an efficient linear equation solver is utilized in the second development to decrease
computation time. The additional challenge introduced by the control of accelera-
tions in RTHS on a shaking table configuration is addressed in the third develop-
ment by the adaptation of the three-variable control.

Acknowledgements Special thanks are due to Mr. Brad Thoen of MTS Corporation for providing
the original Simulink model for TVC and to Dr. Frank McKenna for coding the efficient solver in
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Chapter 7

Pseudo-Dynamic Testing Based on Non-linear
Dynamic Substructuring of a Reinforced
Concrete Bridge

Giuseppe Abbiati, Oreste Salvatore Bursi, Enrico Cazzador, Rosario
Ceravolo, Zhu Mei, Fabrizio Paolacci and Pierre Pegon

7.1 Introduction

In order to estimate the seismic performance of an old concrete viaduct for both the
as built and the retrofitted conditions at Serviceability Limit State (SLS) and Ul-
timate Limit States (ULS) a comprehensive set of continuous-time hybrid simula-
tions was conceived within the RETRO TA (Taucer 2011) of the SERIES European
research project (Fardis 2009). The structure is characterized by twelve couples of
portal piers, which support two independent roadways. The views of the viaduct
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Fig. 7.1 a Views of the Rio Torto viaduct portal piers. b Views of the Rio Torto viaduct concrete
decks

portal piers and of the concrete deck are illustrated in Fig. 7.1. The installation of a
couple of friction pendulum bearing isolators -one per column- interposed between
the cap beam for each pier frame and the deck was proposed to achieve Eurocode 8
seismic-performance requirements (Eurocode 1998 Part 2 20006).

Hence, the hybrid simulation set-up is described first: two of the twelve piers,
i.e., the Physical Substructures (PSs), are loaded through dynamic actuators, whilst
the remaining piers and the deck, i.e., the NS, are simulated numerically. Then, the
OpenSEES (OpenSEES 2009) Reference Model (RM) of the bridge is introduced to
support the design of the experimental campaign. Since time history analyses exhib-
ited appreciable nonlinearities in the dynamic response at SLS, in order to obtain a
NS suitable for testing purposes, a rigorous reduction of the aforementioned OpenS-
EES RM is proposed. In this particular case, a component mode wise synthesis ap-
proach was considered. With reference to the piers, 3-DoFs superelements of each
pier portal frame obtained via the Guyan method (Guyan 1965) were extended to
the nonlinear regime by means of a modified Bouc-Wen spring. In order to provide
stiffness and mass matrices for the preliminary linear substructuring, a linear AN-
SYS FE model was set. With regard to isolator elements, a state space model based
on the formulation proposed by Mostaghel (1999) was implemented. Since isolators
contributed to most of the energy dissipation, linear reduced piers were adopted in
the isolated case. A comparison in terms of transversal displacements, velocities and
accelerations is presented as validation of the reduced model of the bridge. Lastly, a
testing procedure aimed at simulating a consistent degradation of both PS and NS is
presented. It was based on recursive offline identification and model updating ses-
sions occurring at the end of each Pseudo-Dynamic (PsD) test run.

7.2 Main Characteristics of Hybrid Simulations

The performance of the bridge with and without seismic isolation system was es-
timated by means of the continuous-PsD method. Two of the twelve piers with
relevant isolators -PSs- were loaded through dynamic actuators at the ELSA labora-
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Fig. 7.2 Structural scheme and main dimensions (in m) of the Rio Torto viaduct

tory of the Joint Research Centre of the European Commission at Ispra, Italy, whilst
the remaining ten piers and the deck as well -NSs- were numerically modelled and
solved. Figure 7.2 depicts the whole emulated system and highlights Piers #9 and
#11, that is, the PSs.

In order to comply with the capacity of actuators and more general restrictions
imposed by the experimental facility, 1:2.5 scale specimens of Piers #9 and #11
were considered for the PsD tests. Because deck masses play an important role dur-
ing testing, the scale factor for forces and time was S? and S, respectively (Kumar
etal. 1997). As shown in Fig. 7.3, which depicts the experimental set-up in the non-
isolated case, both physical and numerical piers are coupled to the linear deck at the
Center of Gravity (CQG) of its own cross section.

= Pier#12 E

e

Fig. 7.3 Physical-DoFs localisation
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Fig. 7.4 N-S component of the Emilia earthquake —May 2012— selected for the ULS. a accelero-
gram. b acceleration response spectra

Vertical loads were applied to the physical piers by means of force controlled
hydraulic actuators according to nominal values considered in the OpenSEES RM.
Two records form the Mirandola station corresponding to the Emilia (Italy) earth-
quake of May 29th, 2012 were selected owing to their seismological characteristics,
i.e. PGA and duration. The East-West (EW) component of the earthquake with
2.56 m/s> PGA was considered for the SLS, whilst the North-South component
with 2.67 m/s?> PGA was assumed for the ULS. For both the E-W and N-S accelero-
grams, a significant amplification was observed for low periods, i.e. between 0.50
and 1.00 s. The N-S component exhibited spectral accelerations of about 0.40 g in
the period range from 1.00 to 1.50 s. The ULS record and its relevant acceleration
response spectrum are depicted in Fig. 7.4..

In this context, the PM interfield-parallel time integration algorithm (Pegon and
Magonette 2002; Bonelli et al. 2008) was implemented: its subcycling capabilities
allow for handling the complex NS with a coarse time step, whilst the PS advances
with the controller fine time step.

7.3 The Reference OpenSEES FE Model

In order to support the PsD test design, a refined OpenSEES fiber-based FE RM
able to simulate the hysteretic behaviour of piers was set (Paolacci and Giannini
2012). The Kent-Scott-Park model was used to emulate the concrete behaviour
(Kent and Park 1971), while the Menegotto-Pinto model was adopted for the steel
reinforcement (Menegotto and Pinto 1973). As a result, the Concrete0! OpenSEES
material was considered for concrete, whilst the Stee/02 OpenSEES material was
adopted to model steel reinforcement. The Aysteretic material provided by OpenS-
EES was used to simulate the nonlinear shear behaviour of transverse beams. The
piers were considered fully constrained at the bottom, whilst the abutments at both
sides were released along the longitudinal direction of the bridge. To take into ac-
count the offset distance between the CG of the deck cross section and the cap beam
axis, each pier was connected to the deck through rigid links. In detail, each rigid
link was considered fixed to the deck and hinged to the relevant pier, as shown in
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Fig. 7.5 Details of the FE modelling of the pier-deck connection (dimensions in m)

Fig. 7.5. Only flexural behaviour of the deck was taken into account. Since this
refined FE model was capable of reproducing the complex behaviour of the full-
emulated system, a comprehensive set of time history analyses was carried out to
simulate the dynamic response of the bridge at different limit states.

Figures 7.6a and b report the hysteretic loops relevant to Piers #9 and #11 (PSs)
for the ULS; each transversal displacement was measured at the cap beam level,
whilst forces correspond to base reactions along the same X direction.

In principle, hysteretic loops of tall piers, such as Pier #9, are more jagged than
those of short piers, such as Pier #11.

x10 x10°

Base reaction [N]
o
Base reaction [N]
o

D2 015 01005 0 005 01 015 '§3 595 07 005 0 005 07 045
Top displacement [m] Top displacement [m]

a b

Fig. 7.6 Hysteretic loop relevant to transversal behaviour of a Pier #9 at ULS. b to Pier #11 at
ULS
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7.4 State Space Reduction of the RM

In order to provide stiffness and mass matrices for model reduction, an 832-DoFs
ANSYS Linear Model (LM) of the bridge was implemented. The same constraint
conditions, material properties and equivalent viscous damping of 5% of the
OpenSEES RM were considered. Figures 7.7a and b show the two eigenmodes
of the ANSYS LM carrying most of the modal mass in the X transversal direction
along which the seismic loading acted.

The two transversal bending modes of the deck, see Fig. 7.7, govern the global
dynamics response of the system and entail a substantial in-plane deformation of piers.
More precisely, the deck pulls piers along the transversal direction. Consequently,
higher modes of such sub-components do not come on stage. As a result, a static Guyan
reduction (Guyan 1965) was found to be very effective as a basis for the synthesis of
piers superelements discussed in Subsection 7.4.1. Since the experimental set-up does
not allow for out-of-plane displacements of piers, a deep analysis of the internal con-
straint setting was addressed to prove that piers could be considered as plane superele-
ments. As a result, an ANSY'S Simplified Model (SM) embedding the new constraint
setting was set; in particular, relative rotations between deck and piers were released,
whilst out-of-plane displacements of piers were fixed. The first five eigenfrequencies
of the ANSYS RM, the ANSY'S SM and the OpenSEES RM are reported in Table 7.1:

ANSYS linear models are in agreement with the OpenSEES RM. In particu-
lar, the ANSYS SM lends itself for an effective Guyan reduction of piers as plane
superelements. This implementation aspect facilitated the tuning of each single sub-
structured pier as a stand-alone Multiple-Input-Multiple-Output (MIMO) system
with a reduced number of DoFs.

a b

Fig.7.7 ANSYS FE model of the Rio Torto viaduct a 2nd eigenmode at 0.64 Hz. b 4th eigenmode
at 1.1 Hz

Table 7.1 Eigenfrequency comparison between bridge numerical models

Mode OpenSEES RM ANSYS RM ANSYS SM
(Hz] (Hz] (Hz]
0.6035 0.6254 0.6227

2 0.6590 0.6452 0.6433

3 0.6687 0.7017 0.7004
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7.4.1 Nonlinear Dynamic Substructuring of Piers

Since the seismic load excites mainly the lowest global eigenmodes of the viaduct,
piers can be considered as being pulled along the X transversal direction indicated
in Fig. 7.7. Therefore, an effective pier superelement was obtained via the Guyan
method applied to the ANSYS SM; in-plane translational interface DoFs between
the piers and the relevant rigid link elements were retained, whilst the remainder
was condensed. Moreover, the proposed tailoring allowed for the implementation
of isolator elements without any change to the pier superelements. According to the
relevant formulation, the static condensation reads:

[H]Z{MR}:{I][”R]:[T]'[”R] (7.1)

up Pr

where:

* up: master DoFs
* u,: slave DoFs
* ¢, boundary node functions

Figure 7.8a represents the 3-DoFs pier superelement, which allows for easy inclu-
sion of the isolator elements, as shown in Fig. 7.8b.

Since no local eigenmodes are excited, the proposed reduction is almost exact
in the linear range. In the ease of local modes, a further refinement of the reduc-
tion could be based on the Craig-Bampton method (Craig and Bampton 1968). As
highlighted by Paolacci and Giannini (2012) during the seismic event most of the
damage was concentrated within the piers. The proposed pier superelement lent
itself to a lightweight extension to the nonlinear range through modified Bouc-Wen
springs. In particular, three by three matrices resulting from linear substructuring
of each single pier were assumed as basis for the formulation of nonlinear state-
space models capable of reproducing the hysteretic energy dissipation typical of
such structural elements. In detail, the k,, element of the reduced stiffness matrix of
Eq. (7.2) and corresponding to the transversal displacement was removed and the
relevant restoring force was taken into account by means of a modified Bouc-Wen
hysteretic spring characterized by a softening elastic component. Hence, the nonlin-
ear extension of the state space model reads,

ki ko ks || ug, 0 ky ks || ug, A
ky ky kys||upy || kot kap kos || ugp |+] O (7.2)
ky k3 ks3] ugs k3 k3 k3 || ugs 0

fl =(p-A/(1+ a~x12)—(ﬁ-sgn(5c] OEFIINA |”).5€I (7.3)
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Fig. 7.8 a Superelement representing the generic substructured pier without isolators. b Inclusion
of isolator elements within the pier superelement endowed with isolators

where 4, f, y and n are parameters of the Bouc-Wen model. 4 was assumed equal
to the k,, element of the linear initial tangent stiffness matrix, whilst p was intro-
duced to represent its average degradation. Since the reduction of the global bridge
entailed the tuning of all twelve piers, in order to decrease the computational burden
of the resulting set of optimization problems y was set equal to zero and 7 to one.
The softening factor depending on the a parameter was introduced according to
the material properties of the OpenSEES RM. 1t is evident from Eq. (7.2) that pos-
sible nonlinear interactions between horizontal and vertical springs of Fig. 7.8 were
neglected. Nonetheless, this assumption was proven to be satisfactory. With regard
to the nonlinear identification of parameters, each substructured pier was consid-
ered as a stand-alone MIMO system. Interface forces calculated by OpenSEES RM
were considered as input applied to the coupling DoFs of the substructured pier,
whilst cap beam level displacements, velocities, accelerations and dissipated ener-
gies were considered as output. With respect to the reference OpenSEES solution,
a penalty function was defined as a weighted sum of the Normalized Root Mean
Square Errors (NRMSEs) on the transversal displacements and on the absorbed
energy of the substructured pier. In greater detail, NRMSE reads,
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Table 7.2 Identified parameters of reduced piers for both SLS and ULS

Pier SLS ULS

P a [1/m?] B [1/m] p o [1/m?] o [1/m]

1 1.00 198.71 0.00 0.55 199.59 0.66

2 0.82 54.70 1.54 0.50 0.03 0.94

3 0.88 89.58 1.36 0.50 0.05 0.84

4 0.064 61.54 1.46 0.52 37.06 1.23

5 0.64 78.23 1.63 0.50 28.69 1.24

6 0.86 84.01 1.14 0.61 0.06 0.82

7 0.67 10.06 0.92 0.59 6.30 0.53

8 0.75 48.30 0.68 0.70 34.13 1.24

9 0.78 191.34 1.19 0.50 23.00 1.00

10 0.99 199.06 0.00 0.53 165.58 1.58

11 0.66 175.68 1.05 0.50 193.81 2.50

12 0.91 198.86 0.02 0.56 199.60 0.00

n
\/ié(yred ~ Vo)’ (7.4)
NRMSE =

yref,max - yref,min

Where the subindeces red and ref stand for reduced and reference quantities, respec-
tively. The MatLAB pattern search algorithm was used to minimize such penalty
function. Table 7.2 summarize the identified parameters for both the SLS and ULS.

It is interesting to note that an appreciable stiffness degradation occurs at ULS.
With reference to Pier #9, Fig. 7.9 compares both the transversal displacement and
the dissipated energy of the reduced model with the OpenSEES RM; the results are

satisfactory.

X—disp. [m]

Time [s]

Energy [J]

5 x10
‘l '5 "
1 .
0'5 ........ ;I
= = =0penSEES
—— Reduced pier
0 :
0 5 10 15
Time [s]

Fig. 7.9 Validation of the reduced model of Pier #9: a displacement and b dissipated energy

histories at ULS
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7.4.2 Nonlinear Dynamic Substructuring of Isolator Elements

The hysteretic model of nonlinear friction pendulum isolators used in the isolated
case, shown in Fig. 7.10a, was based on the bilinear model proposed by Mostaghel
(1999) and shown in Fig. 7.10b. The aforementioned bilinear model was used to re-
produce the nonlinear behaviour of the two-node singleF'PBearing element imple-
mented in the OpenSEES RM (2009).

The slip behaviour of the element was considered thanks to the state space vari-
able u. The system of differential equations governing the behaviour of the bilinear
system depicted in Fig. 7.10c reads:

{m-)’é+c'5c+ akx+(1—a)ku=_0~p(t) (7.5)
i = %(N (%)M (1= 5)+ M (%) N(u+6))

where N,M,N and M are defined as linear combinations of the standard signum
function. The integration of Eq. (7.5) defines the response of any nondegenerat-
ing hysteretic bilinear system under a given load. In the present case, no mass and
damping contributions of isolators were considered. Since OpenSEES recorders
provide relative displacements and restoring forces of isolator elements, the iden-
tification of the nonlinear parameters of the single isolator was associated to the
following optimisation problem:

{&,l:t, 5‘} = min

a.k,0

r, T, (a.k0)| (7.6)

. (7.7)

red ,i

=ak-x,, +(1-a)-k-u,

Fig. 7.10 Representation of a SDoF bilinear hysteretic system. a single sliding surface friction
pendulum system (courtesy of ALGA Spa). b Hysteretic loop for the bilinear system. ¢ bilinear
S-DoF system after Mostaghel (1999)
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Fig. 7.11 Validation of the reduced isolator element in Pier #9 at ULS: a Hysteretic loop and b
Time history of dissipated energy

where r_, is the restoring force vector from the simplified bilinear model, r,,efis the
restoring force vector from the OpenSEES simulation, x, efis the relative displace-
ment vector from OpenSEES, X, is the relative velocity vector from OpenSEES.
Identified parameters read,

k =2.03¢8 N /m, & = 0.0046 and & = 0.00050 m

Figure 7.11 compares the hysteretic loop and the dissipated energy history of the
reduced and the OpenSEES isolator element located on Pier #9 at ULS.

The same quality of matching was achieved for all piers. Although the effect of
variable vertical loading was neglected, simplified bilinear models reproduced sat-
isfactorily the complex behaviour of OpenSEES isolator elements.

7.5 Validation of the Reduced Model of the Bridge

The validation of the nonlinear reduction of the OpenSEES RM is discussed herein.
With reference to the OpenSEES RM solution, NRMSE was introduced as a dimen-
sionless error measure on kinematic quantities, such as displacements, velocities
and accelerations. Tables 7.3 and 7.4 summarized NRMSEs on kinematic quantities
in the transverse direction obtained from time history analyses conducted at both
limit states.

With regard to the isolated case, piers were supposed to remain in the linear
regime. Consequently, the nonlinear extension based on the modified Bouc-Wen
spring was not needed and all nonlinearities were concentrated on isolators.

With reference to Pier #9, Figs. 7.12 and 7.13 compare the cap beam level trans-
versal displacements obtained from the global reduced model of the bridge with the
OpenSEES reference solution:
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Table 7.3 NRMSE values for the non-isolated case

Pier SLS ULS
Disp. [m] | Vel. [m/s] | Acc. [m/s?] | Disp. [m] | Vel. [m/s] | Acc. [m/s?]
1 0.06 0.06 0.06 0.11 0.06 0.04
2 0.05 0.05 0.05 0.07 0.06 0.03
3 0.05 0.05 0.05 0.06 0.05 0.03
4 0.05 0.05 0.05 0.06 0.05 0.03
5 0.05 0.05 0.05 0.06 0.05 0.03
6 0.05 0.05 0.05 0.06 0.05 0.03
7 0.03 0.03 0.03 0.05 0.03 0.02
8 0.03 0.03 0.03 0.05 0.03 0.02
9 0.03 0.03 0.03 0.08 0.03 0.02
10 0.05 0.05 0.05 0.13 0.04 0.02
11 0.04 0.04 0.04 0.15 0.04 0.03
12 0.04 0.04 0.04 0.08 0.03 0.02

Table 7.4 NRMSE values for the isolated case

Pier SLS ULS
Disp. [m] | Vel. [m/s] | Acc. [m/s?] | Disp. [m] | Vel. [m/s] | Acc. [m/s?]
1 0.09 0.07 0.08 0.06 0.08 0.07
2 0.05 0.05 0.05 0.04 0.05 0.06
3 0.06 0.04 0.05 0.09 0.05 0.08
4 0.08 0.07 0.08 0.06 0.07 0.08
5 0.10 0.09 0.07 0.07 0.08 0.08
6 0.06 0.07 0.08 0.07 0.08 0.09
7 0.06 0.07 0.07 0.08 0.08 0.08
8 0.06 0.06 0.07 0.07 0.08 0.08
9 0.09 0.09 0.06 0.07 0.08 0.08
10 0.07 0.08 0.08 0.06 0.06 0.06
11 0.10 0.07 0.07 0.07 0.07 0.08
12 0.07 0.06 0.06 0.06 0.07 0.08

Figures 7.12 and 7.13 qualitatively confirm the NRMEs collected in Tables 7.3
and 7.4, which emphasize a slight degradation in the quality of the solution for the
isolate case. The different mass matrix formulations of the OpenSEES and the re-
duced models can explain this phenomenon. In fact, to avoid matrix ill-conditioned
cases, a consistent formulation was adopted for the ANSY'S based reduced model,
whilst OpenSEES allows for lumped mass matrices only. Since hysteretic damping
does not occurs in the linear range, the dynamic response of higher eigenmodes,
sensitive to small mass changes, deteriorate kinematic matching. According to
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Fig. 7.12 Comparison between OpenSEES and the reduced model: Cap beam level transversal
displacement response of Pier #9 in the non-isolated case at a SLS and b ULS
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Fig. 7.13 Comparison between OpenSEES and the reduced model: Cap beam level transversal
displacement response of Pier #9 in the isolated case at a SLS and b ULS

Section 7.2, the proposed reduced model is suitable for the foreseen experimental
implementation where only scaled specimens of Piers #9 and #11 replace relevant
superelements in the NS as depicted in Fig. 7.3.

7.6 Simulation of a Consistent Degradation of the Bridge

To date, only a few attempts aimed at simulating a consistent degradation of PS
and NS during a PsD test campaign have been carried out. In particular, the work
of Kwon et al. 2013 and Yang et al. 2012, were limited to numerical simulations.
An offline testing procedure is proposed herein to take into account degradation. In
order to propagate the damage experienced by specimens to the overall emulated
system, hybrid simulations are performed at increasing levels of PGA with offline
model updating of the NSs according to PS data from one run to the next. Two-
dimensional OpenSEES fiber based FE models of experimental piers are taken as
reference for damage identification. In particular, the displacements measured at
the cap beam level of the physical pier at a generic PsD test run are imposed on
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Hybrid test at PGA level 1
v
Identification of OpenSEES material parameters

-
Propagation of the identified parameters through the overall
OpenSEES 3D fiber based FE model

.

OpenSEES simulation run at PGA level i+1
v

Model updating of state space models of reduced piers (NSs)
v
- Hybrid test at PGA level i+1

L 4

Fig. 7.14 Recursive identification and model updating tasks

the OpenSEES model of the specimen through a nonlinear static analysis; then a
penalty function is defined as the NRMSE of the calculated restoring force with
respect to the measured one. The minimization of such penalty function leads to the
estimation of the concrete yielding strength parameter of the concrete0l OpenSEES
material. In fact, after an accurate sensitivity analysis conducted with respect to all
the material parameters, fpc was considered as an effective measure of the degrada-
tion level. This implies that the mechanical properties of reinforcing bars are known
and fixed in the analysis. fpc can be easily applied to the overall OpenSEES RM in
order to simulate the dynamic response of the bridge from one PsD test to the next.
The flowchart depicted in Fig. 7.14 summarizes the main steps of the proposed
updating procedure:

7.7 Conclusions

The assessment of the seismic performance of an old 400 m span reinforced con-
crete bridgef by means of continuous-time hybrid simulations was conceived within
the RETRO project within the framework of Transnational Access of the SERIES
FP7 project. A complex fiber-based FE OpenSEES model of the viaduct was set to
support the PsD test design. Nonetheless, implementation issues relevant to the typ-
ical solving time of the Numerical Substructure (NS) dictated by the controller time
step rendered complex FE fiber models not suitable for testing purposes. Therefore,
a rational design of a suitable NS was conceived; it was based on a model reduc-
tion of the whole emulated bridge. In order to provide stiffness and mass matrices
an additional ANSYS Linear Model (LM) was produced. Moreover, a deep study
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aimed at discarding out-of-plane displacements of piers was addressed to set inter-
nal constraints. As a result, nonlinear subcomponents, i.e. piers and isolators, were
reduced to standalone subsystems. Resulting state space models were deemed as
suitable for time integration with deterministic solving time. In particular, 3-DoFs
pier plane superelements were extended to the nonlinear range by means of a modi-
fied Bouc-Wen spring, whilst isolators were synthetized with the bilinear hysteretic
model suggested by Mostaghel (1999). According to previous analyses of Paolacci
and Giannini (2012) a linear deck was considered. Time history analyses both at
serviceability and ultimate limit states proved the suitability of the reduction with
respect to the OpenSEES Reference Model (RM). Moreover, the component wise
reduction approach made the accommodation of physical specimens straightfor-
ward according to the experimental set-up. Finally, a testing procedure aimed at
simulating a consistent degradation of physical and numerical piers, which was
based on recursive identification and tuning sessions, was proposed.
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Chapter 8
Geographically Distributed Continuous Hybrid
Simulation Tests Using Shaking Tables

Ferran Oboén Santacana and Uwe E. Dorka

8.1 Introduction

Geographically distributed testing has been one important goal of the FP7 SERIES
project. The envisioned platform was designed to be able to deal with different al-
gorithms and communication protocols so that its users or the facilities participating
in it would not be constrained by these aspects. The platform also goes beyond the
mere protocol and algorithm freedom, and should prove the possibility to perform
continuous time-scaled distributed tests with non-linear substructures, including
large numerical models. With this in mind, several activities were performed at the
University of Kassel with major institutions in the Earthquake Engineering field,
not only within Europe but also worldwide: University of Oxford in the United
Kingdom, the University of California at Berkeley (USA), the Hybrid Simulation
Testing Center (HYSTEC) in South Korea and the National Research Center for
Earthquake Engineering (NCREE) in Taiwan. These facilities were also selected
due to their participation in the creation of the communication softwares that are
being used within the community: OpenFresco and NSEP.

The continuous time-scaled distributed tests that were performed included a non-
linear experimental substructure located at the University of Kassel and a simple
numerical model at the different “remote” or numerical facilities. An efficient sub-
structure algorithm was used in order to perform the time integration, while the
communication and the exchange of data was assigned to OpenFresco or to the
NSEP protocols.
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8.2 Dorka’s Substructure Algorithm

One of the basic elements of the success on having performed continuous distribut-
ed tests was the use of Dorka’s substructure algorithm which has been successfully
applied in both civil and aerospace engineering fields (Bayer et al. 2005; Dorka and
Heiland 1991; Dorka and Fiillekrug 1998; Dorka 2002; Dorka et al. 2006, 2007,
Roik and Dorka 1989). The underlying layer of the substructure algorithm is a dis-
crete formulation of the dynamic equilibrium equation, which is given by:
2
Mdd—t+C%+Ku PO+ f. + 1, (8.1)

where M, C and K are respectively the mass, damping and stiffness matrices of the
numerical model and u and p(?) are the displacement and loading vectors. The terms
/. (numerical non-linear restoring force) and f, (force measured at the interface be-
tween numerical model and substructure specimen) take care of the restoring forces
coming from substructures.

A general solution of the previous equation can be obtained if a finite element
discretisation in the time domain and shape functions with three supporting points'
(3-step scheme) as in (Zienkiewicz 1977) are used. It is worth to point out that
nearly all major time stepping algorithms can be obtained if different weighting
functions are used when performing the time integration. If the displacement is
discretised in the time domain, Eq. (8.1) results into:

Wt = K;l . {fe"ﬁ + £+ fe"} (8.2)
Ke_l =K +ayM + a,C (8.3)
orp = M(aou" + axit" + a3ii") + Caou" + asii” + asii") (8.4)

where f,=f +f +p, u is the discretised displacement vector in the time domain,
K is the effective stiffness matrix, f .is the effective load vector and f is the error
force (see Sect. 8.2.2). The super-index # is used to differentiate the time steps. The
abbreviations introduced are:

1 1 1 A
N L :—§a=——1>3a4 }/ -1 as = t(y \

a, = s A, = s a
oot g pae o 2p L

The different parameters such as time intervals, stability, accuracy and numerical
damping are analysed in a deeper way in (Dorka 2002). In conclusion, the only
unconditionally stable implicit 3-step algorithm without artificial damping and with
the least numerical softening is the so-called Newmark-f (y=0.5; f=0.25).

! The formulation can also be extended to four supporting points.
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8.2.1 Sub-Stepping

In Eq. (8.2) there is also the term /" * ! (inside £.") which takes care of the reaction
of the subsystem. Since it is only available through measurement, the use of itera-
tion methods leads to high frequency oscillations during a test. To deal with this
problem, a sub-stepping approach has been used. In (Dorka 2002) in Eq. (8.5) the
implicit algorithm is expressed as a form of a general linear control equation within
each time step.

U = u0n+l 4 Ke_l(fxn-H + frn-H) (8.5)

W = K+ o 1) (8.6)

where u, is the initial vector (updated at the beginning of the time step) and f,, f,
the calculated and measured force vectors respectively. By applying a sub-stepping
technique, the displacements present in Eq. (8.5) are introduced to the specimen
in small increments as specified in the ramp function, forming the inner loop in
Fig. 8.1b:

— [1 _;’] oy (;} 8.7)

sub sub
o ) ) Explicit displacement at each step
Time integration algorithm u B+l
nil nil =1 el n+l @
u' =uy +K?Ur +f, ) is0
is a linear control equation with
constant gain K/ ‘
Apply displacement at each substep
"~ ([ [ J s g
u=u|l-=— |+, | =— [+ K(f. + 1)
Wi e
»
calculate f measure f;
-y
L K+
i)
] s ’ error force no
z ug™™! compensation
o
]
£ T yes
A Calculate time derivatives at end of step
P d* gon#l, g o n+l
12 k-1k at o at
o Calculate error force
n=+1 m+l n+l =1
SO =TS

f g n+l d ,, n+l n=l
- (M Sru'T o+ CEu™ + Ku™)

n-1 n n+l step

— linear control mechanism
a b

Fig. 8.1 Flowchart of Dorka’s substructure algorithm

— flow chart of substructure algorithm
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Where k_, is the number of sub-steps and i denotes the current sub-step. In this way,
for each sub-step 7, the displacement of the subsystem is computed, applied to the
test and then the measured; the calculated non-linear restoring forces are given as
an input to the algorithm.

8.2.2 Error Force Compensation

The number of sub-steps &, (Fig. 8.1a) is an important factor for stability and ac-
curacy (when k, — o Eq. (8.5) and (8.6) give the exact value), but there are also
other sources like the positioning error of actuators, that can make the test unstable.
In order to minimise their effect and their tendency to destabilise the test, a PID
compensator is used to minimise the error:

1= —P{e” +1At2e" +%(e” —e”l)} (8.8)

where e is the equilibrium error defined as the sum of all dynamic forces, whether
they are internal or external, at the end of the time step. P, [ and D are adequately
chosen proportional, integral and derivative constants of the error compensator, and
/" is the compensation force, which is added at the beginning of the next step as a
load to the system. Figure 8.1b summarises how the algorithm runs in displacement
control.?

8.2.3 Adaptation of the Algorithm for Multiple Testing Sites

To perform distributed testing the algorithm must be adapted in order to accommo-
date the necessary data exchange between facilities. Since the restoring forces are
treated separately this is achieved by splitting the algorithm into two natural parts:
the computation of the explicit displacement and time derivatives (in the numerical
facility) and the sub-stepping part (the experimental facility), as shown schemati-
cally in Fig. 8.2.

The exchange of data requires however some consideration due to the nature of
the matrices and vectors involved in this process. Since the restoring forces are vec-
tors with all the elements equal to zero except in those degrees of freedom where
these forces are applied, there is no need to send the whole vector, only the relevant
parts. This effectively decreases the amount of data to be exchanged and reduces the
order of the operations to be performed in the sub-stepping process. This also ap-
plies to the gain matrix, K"/, sent to the experimental facility only at the beginning
of the test. The sub-stepping process can be rewritten as:

2 1t is possible to formulate it also in velocity and acceleration control.
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. Numerical facility

. Experimental facility

Fig. 8.2 Adapting Dorka’s substructure algorithm for multiple testing sites

a"“zag( _kL)”gH(/J +K;! (f ﬁ) (8.9)

sub

Where the superscript “~” denotes the sub-matrix or sub-vector that contains the
coupling nodes. From here there are several possibilities for the data communica-
tion depending on the number of experimental facilities:

» There is one experimental facility with one or more subsystems: The communi-
cation can be performed at the step level, that is, the data exchange takes place
after computing the explicit displacement and after finishing the sub-stepping
process.

* There are multiple experimental facilities: the data has to be exchanged between
the different experimental facilities at the sub-step level due to the presence of
off-diagonal coefficients in the gain matrix which describe the interaction be-
tween the subsystems.

* Note that if the influence between the substructures is negligible (the off-diag-
onal coefficients are several orders of magnitude smaller than the ones in the
diagonal) the communication can still be performed at the step level as described
above.
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Fig. 8.3 Special actuator control for continuous distributed testing

8.2.4 Actuator Control

Since the data is exchanged between the two facilities through the internet and
the speed is not constant (jitter), the hydraulic actuators require special attention
to ensure a smooth and continuous motion throughout the test. In the case of not
receiving the required displacement update at the beginning of the step, the actuator
will continue with the ramp function that was present at the end of the previous sub-
stepping process (red line in Fig. 8.3) and when an update is available it will move
to the desired point (blue line). Although this may introduce some error it is neg-
ligible and it will be taken care of by the error compensation. This is because only
the last displacement and coupling force of the sub-stepping loop are sent to the
numerical facility for time derivatives and error force compensation calculations.

8.3 Continuous Time-Scaled Geographically Distributed
Tests with Non-Linear Experimental Substructures

8.3.1 Description of the Test Set-Up

The tests were performed using the shaking table present in the laboratory of the
University of Kassel (UNIKA). The test set-up consisted of a friction device, the
UHYDE-fbr, and a Tuned Mass Damper (TMD). However, since the time scaled
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Fig. 8.4 Test set-up at the University of Kassel. (See Table 8.1)

tests cannot accommodate dynamic masses, the TMD was fixed using four bracings
to restrain movements in the x and y direction. This leaves the friction device as the
only active device in the test set-up. The table was driven by a single actuator with
a capacity of 200 kN (x-direction). Figures 8.4 and 8.5 show the test set-up while
Table 8.1 summarises the components and sensors used.

The actuator, the sub-stepping process and the data acquisition are delegated to
the ADwin Pro II system (ADwin 2013). This electronic equipment features a real-
time operating system and multitasking capabilities as well as digital and analog
inputs/outputs. It exchanges data, using the UDP protocol, with the computer used
for communication purposes (the one running OpenFresco or PNSE) through an
Ethernet cable. This was purely a security decision, since complete isolation from
the out-side world was desired for the controller. This introduces another layer of
communication, with a negligible impact on performance, since the communication
time is between 0.2 and 0.3 ms.

8.3.2 The Friction Device UHYDE-fbr

The UHYDE-fbr, Uwe’s Hysteretic Device, f for friction and br for bridges, is a
friction device that dissipates energy as a result of solid friction. It was developed
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/TP _\_

Fig. 8.5 Position of the sensors and components of the test set-up

by Uwe E Dorka for the protection of structural systems against dynamic actions.
As can be seen in Fig. 8.6, there are two steel plates and a group of bronze inserts in
the patented sliding mechanism (Dorka 1995).

This device shows an ideal friction behaviour, with the friction force easily ad-
justed varying the gas pressure in the chamber. If this device is made semi-active (a
pressure control is implemented) a range of different force-displacement character-
istics can be achieved.
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Table 8.1 List of sensors and elements

Label Name ‘ Location ‘ Model Range ‘ Sensitivity

Displacement gauges

1 DTMDY TMD HBM +10 mm 80 mV/
(y-direction) | W10TK (V*10 mm)

2 DTMDX TMD HBM W100K | £100 mm 80 mV/
(x-direction) (V*100 mm)

3 DCYLX Cylinder
(x-direction)

Force gauges

4 LCY1 y-direction HBM S9 +10 kN 2mV/

(V*10 kN)

5 LCY2

6 LCX x-direction

Pressure sensors

7 PMEAS Valve 2 bar

8 PCTRL Valve 2 bar

Other components

3 Hydraulic cylinder in the x-direction (Sandner 2013)

9 Friction device UHYDE-fbr

10 Tuned mass damper

11 Steel braces

guide plate

bronze insert

pressure cham ower flange

Fig. 8.6 The UHYDE-fbr

8.3.3 Numerical Models

Two experiments were initially envisioned. The first would help in validating the
actuator control and the software set-up, while the second would be targeted at per-
forming continuous geographically distributed hybrid tests. The numerical model of
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Fig. 8.7 Numerical models: steel frame (Khanlou et al. 2011) and SDOF

a steel frame with 33 degrees of freedom (Fig. 8.7, left) was used for the first experi-
ment, while a damped single degree of freedom model with the friction device act-
ing on it was used for substructure testing in the second experiment (Fig. 8.7, right).

8.3.4 Continuous Geographically Distributed Tests Using
OpenFresco and NSEP Protocol

For the tests, two popular communication softwares were tested: the Open-source
Framework for Experimental Setup and Control (OpenFresco) and the Networked
Structural Experiment Protocol (NSEP).

OpenFresco is a NEES software actively developed at the University of Berke-
ley in California. It provides the necessary layers in order to perform both local
and distributed hybrid simulation using an object oriented programming approach
(C++). OpenFresco features a multi-tier client-server architecture as described in
(Schellenberg et al. 2008, 2009, 2011) and integrates OpenSSL for secure commu-
nications. For the purpose of the tests, OpenFresco v2.6 was used in both sites to
avoid compatibility problems (see Chap. 4 in (Obon Santacana and Dorka 2012b)).
To communicate with the ADwin system, the GenericTCP experimental control
facility from OpenFresco was used as specified in (Obdn Santacana and Dorka
2012b). It is worth noting that this facility does not depend on a specific hardware
since it connects to the controller using a client/server approach.

On the other side, the NSEP protocol was developed during the ISEE (Internet-
based Simulation on Earthquake Engineering) project in the National Research Cen-
ter for Research on Earthquake Engineering in Taiwan. It was designed to perform
geographically distributed tests and it is written in C++ and features a star topology
network. After a redesign in 2011, the integration of other facilities and hardware
became more flexible. NSEP uses the Transmission Control Protocol/Internet Pro-
tocol (TCP/IP), designed to guarantee reliable data transfer between different hosts,
to communicate with different components or modules assuming single precision
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Table 8.2 Average round trip time with University of Kassel

Facility Average round trip time (ms)
University of Oxford 38 ms

University of California 197 ms

National Research Center for Earthquake Engineering 343 ms

Hybrid Simulation Testing Center 382 ms

data types for floating point operations. For a more in-depth documentation on how-
to implement the NSEP protocol the reader should refer to (Wang et al. 2007; Wang
2011). Table 8.2 summarises, independently of the protocol used, the average round
trip time between the University of Kassel and the different institutions that partici-
pated in the test.

8.3.4.1 Validation of the Actuator Control with HYSTEC

With HY STEC, the numerical model of the steel frame (Fig. 8.7) was used to evalu-
ate the performance and the control of actuators using internet in order to exchange
data. Due to the slow motion, the gain value of the PID control in the actuator
had to be decreased and therefore positioning errors were encountered as shown in
Fig. 8.8. Through the use of adaptive phase lag compensation (Nguyen and Dorka
2008, 2009; Nguyen et al. 2011), and the number of control steps (a control step is a
sub-division in time between the displacement updates applied to the cylinder), this
position error was reduced during the tests as shown in Fig. 8.9.

8.3.4.2 Continuous Time-Scaled Continuous Tests

The SDOF system was used for sub-structure testing, using the same sine-sweep
excitation with each facility as summarised in Table 8.3. During the first test, the
pressure in the air chamber at the UHYDE-fbr was kept constant at 0.25 bar, while
on the second test the pressure was suddenly dropped to 0.1 bar to simulate a break-
age. This translated into a sudden force drop and thinner hysteresis loops (Fig. 8.9).

Note that although the UHYDE-fbr device dissipates energy through solid fric-
tion, four springs are installed in the TMD. This explains the “post-yield” stiffness
effect shown in Fig. 8.9. The reader should refer to (Obon Santacana and Dorka
2013) for the complete set of results.

It is noted that with the NSEP protocol, the advantage of having a smaller round
trip time could not be exploited and the test had to always run at the speed of
500 ms per sub-step. Both protocols yield, as expected, the same results, as shown
in Fig. 8.10.



110 F. Obon Santacana and U. E. Dorka

Accuracy of the actuators

T
Control value
Measured

o S
m\x“s

[ H ﬂ' {' Hﬂmﬂlm phal MJM MR atAAAA Mm‘fwm

E
E OW ) | WWWWWW o
€
[

5
§ ! u
o
i
Z -10
2

-15

-20

-25

-30

0 2000 4000 6000 8000 10000 12000 14000 16000
Number of substeps
Accuracy of the actuators
2 T
Control value
1 A E{ ﬁt Measured

TRET e e
| L

e
=

Displacement [mm]
N o
—_—
—_——t

1 1.1 1.2 1.3 1.4 1.5 1.6
Number of substeps 4

Fig. 8.8 Error positioning of the actuators at UNIKA



8 Geographically Distributed Continuous Hybrid Simulation Tests ...

Displacement of the cylinder. Pressure drop (0.25 bar to 0.1 bar)

0.03

111

(Numerical value)

Measured displacement
Control displacement

0.01

ﬂﬁ a WAMAAA

Displacement [m]

—_——
I

-0.01

—_—

-0.02

L
-l

-0.03

2000

Coupling Force. Pressure drop (0.25 bar to 0.1 bar)

2000

3000 4000 5000
Number of substeps

6000

7000

1500

\

1000

500

1|

-500

g//IlA

\'\ﬂM

|

Coupling Force [N]

-1000

-1500

-2000

-2500
0.

03 -0.02 -0.01

0 0.01
Displacement [m]

0.02

0.03

Fig. 8.9 Tests with the University of California and sudden pressure drop in the friction device at

2500 sub-steps



112 F. Obon Santacana and U. E. Dorka

Table 8.3 Protocols tested

Institution Communication software tested
University of Oxford OpenFresco, NSEP
University of California OpenFresco
National Research Center for Earthquake Engineering NSEP
Comparison of protocols
0.03 I
OpenFresco
——— NSEPV2
0.02 A
% &ﬂv [\{\VA ‘/\v/\/\/\/\/\/\ AN/
g LAl
g 1
2000 3000 4000 5000 6000 7000

Number of substeps

Fig. 8.10 Comparison between NSEP and OpenFresco. Pressure drop in the UHYDE-fbr

8.4 Large Numerical Models in Continuous Hybrid
Simulation

As a prove of concept and in order to assess the extensibility of the platform to
large and complex numerical models, purely numerical simulations were conducted
at the University of Kassel with the collaboration of the Middle East Technical
University (METU). These preliminary tests included all the electronic equipment
present on the previous tests, leaving out only the hydraulic cylinders.

The preparation of the tests was conducted in two parts. The first phase was a
parallel adaptation of Dorka’s substructure algorithm in order to take advantage
of multiple cores and high performance computers. As shown in (Obon Santacana
and Dorka 2011a, b, 2012a) this allowed using large and complex models with
several thousands of degrees of freedom. The second phase was a collaboration
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Fig. 8.11 A five storey building with 10,000 equations (provided by METU)

Table 8.4 Required step-time for different numerical model sizes

Size of the numerical models Step-time
Regular desktop Linux cluster
1000 DOF 0.7ms -
10,000 DOF 250ms 87ms
50,000 DOF Not possible 452ms

with METU, who provided numerical models with different complexity and with
multiple substructures (UHYDE-fbr devices), as shown in Fig. 8.11.

The numerical tests were performed using the numerical models presented in
(Obon Santacana and Dorka 2013) using only eight nodes with 32 cores each of
the Linux Cluster at the University of Kassel and the Intel MKL libraries and a
regular desktop with an Intel core i5 using the OpenBLAS libraries. A custom TCP/
IP protocol was implemented in order to exchange data. Table 8.4 summarises the
required step-time:

8.5 Conclusions

Through the use of a single degree of freedom system and the UHYDE-fbr non-lin-
ear device, it has been proven that it is possible to perform time-scaled continuous
geographically distributed tests also on the transcontinental scale. The key element,
the substructure algorithm developed by Dorka, can be adapted, without much ef-
fort, to work with the different available protocols and it offers great flexibility and
performance. Depending on the number of experimental facilities and/or the inter-
action between these subsystems, two situations are possible:
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o With only one substructure or negligible interaction between the subsystems of
the different facilities: the communication could be performed at the step level
and the step time can be set to:

Average Round Trip Time
0.8

Step Time = * NSubsteps

where the 0.8 value has been experimentally determined and selected to ensure that
the update arrives on time and therefore actuators move continuously.

»  With non-negligible interaction between the subsystems of the different facilities:
the communication must be performed at the sub-step level in order to achieve
the correct results. This case has not been addressed in the current study and it
should be analysed in future work.

Two communication protocols were also evaluated and despite of using different
floating point precision (NSEP uses single precision while OpenFresco assumes
double precision) the results showed no difference in this respect (Fig. 8.10). It can-
not be said the same, however, regarding the maximum speed that they offer since
the NSEP protocol always had to work with a scale factor of 200 regardless of the
distance between the facilities. Using Dorka’s substructure algorithm and only one
experimental facility, the time scale factors achieved considering 10 ms to be real
time, are shown in Table 8.5.

The substructure algorithm also showed a great versatility when being ported to
large numerical facilities. Using a custom and in-house built TCP/IP communica-
tion protocol and high performance linear algebra libraries, large numerical facili-
ties and complex models were used for the first time in the field of hybrid simula-
tion. In this field, further improvements are still being investigated in order to re-
duce the amount of RAM memory required to run large models in regular desktops
and increase performance altogether through the use of sparse routines and further
parallel optimisations.

Table 8.5 Achieved time scale factors

With Time scale factor
OpenFresco

University of Oxford (UK) 20

University of California, Berkeley (USA) 100

Hybrid Simulation Testing Center, HYSTEC (S. Korea) 200

NSEP

University of Oxford (UK) 200

National Center for Research on Earthquake Engineering, NCREE

(Taiwan)
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Chapter 9
Hybrid Simulations of a Piping System Based
on Model Reduction Techniques

Md Shanin Reza, Giuseppe Abbiati, Alessio Bonelli
and Oreste Salvatore Bursi

9.1 Introduction

The highly important role of piping systems, e.g., transferring dangerous fluids like
oil and gas, in many industries such as petrochemical plants calls for necessary
measures to ensure their safe operations, since a single failure can trigger serious
accidental chains. Nevertheless, significant damages of piping systems and their
components causing severe consequences both to human lives and to the environ-
ment during recent earthquakes have been reported (Sezen and Whittaker 2006;
Krausmann et al. 2010; Zare and Wilkson 2010; Paolacci et al. 2013a) which in-
spired researchers to conduct seismic performance evaluation of these systems/
components; see, for example, Touboul et al. (2006), Bursi et al. (2012) and Reza
(2013). However, until now few experimental investigations -mainly through shak-
ing table tests- have been performed on such structures at full-scale under realistic
seismic loading; see DeGrassi et al. (2008) and Otani et al. (2011). All these tests
displayed a good performance of piping systems which remained below yield limits
under design level earthquakes, while authors confirmed an over-conservativeness
of relevant design standards; see, among others, Touboul et al. (2006), Otani et al.
(2011) and Paolacci et al. (2011, 2013b). To this end and in order to evaluate its
seismic performance, the University of Trento, Italy, undertook an experimental test
campaign on a typical full-scale industrial piping system through pseudo-dynamic
and real time tests.

M. S. Reza (X)) - G. Abbiati - A. Bonelli - O. S. Bursi
University of Trento, Trento, Italy
e-mail: Md.Shahin.Reza@unitn.it

G. Abbiati
e-mail: giuseppe.abbiati@unitn.it

A. Bonelli
e-mail: alessio.bonelli@unitn.it

O. S. Bursi
e-mail: oreste.bursi@unitn.it

© Springer International Publishing Switzerland 2015 117
F. Taucer, R. Apostolska (eds.), Experimental Research in Earthquake Engineering,
Geotechnical, Geological and Earthquake Engineering 35,

DOI 10.1007/978-3-319-10136-1 9



118 M. S. Reza et al.

Pseudo-Dynamic (PDT)and Real Time (RT) Testing with Dynamic Substructuring
(DS) (Mahin and Shing 1985; Shing et al. 1996; Bursi et al. 2008, 2011) are hybrid
testing techniques (HSDS) in which the overall response of a structure is evaluated
by combining the experimental PS) -which is generally the most critical part of the
structure- with the numerical response of a Numerical Substructure(NS).Thus, these
methods allow for testing of structures, essentially without a size limit, by the use
of actuators and controllers. Such experiments have successfully been performed
to test various systems (Melo et al. 2001) including civil structures (Pinto et al.
2004; Braconi et al. 2008a, b). Unlike RTs which are conducted at real time, PDTs
are generally carried out at an extended time scale, typically 50-200 times slower
than the actual earthquake time, requiring inertia and damping forces to be numeri-
cally modelled. However, because rate dependent effects can be neglected for steel
elements (Tanaka 2012), thanks to experimental measurements of restoring forces
combined with numerical evaluations of other contributions, the PDT method can
potentially reproduce the actual response of a structure under dynamic loading.

Nevertheless, due to lumped mass idealization, so far PDTs have been consid-
ered inadequate for systems characterized by distributed masses. In fact, to apply
the PDT technique to a distributed mass system, the needs for spatial discretization
entails a large number of actuators leading to an ineffective test method. However,
implementations of hybrid tests on piping systems are challenging mainly because
these systems with distributed masses are subjected to distributed earthquake forc-
es. Hence, the work presented in this study brings a novelty in the PDT technique,
by enabling its applicability to structures endowed with distributed masses. Rel-
evant hybrid experiments on the piping system were implemented by means of
model reduction techniques, which were employed for the reduction of both the PS
and earthquake forces to coupling nodes.

A description of the aforementioned test campaign is offered herein. Implemen-
tations of PDTs and RTs with DS are presented in detail along with the application
and effectiveness of adopted component mode synthesis methods. Finally, the per-
formance of a piping system characterized by an internal pressure of 3.2 MPa under
several levels of earthquake loading is analyzed and discussed.

9.2 Main Characteristics and FE Analysis of the Piping
System Under Investigation

9.2.1 General Dimensions

A typical industrial piping system placed on a steel support structure illustrated in
Fig. 9.1 was considered for this study; its general dimensions and other geometrical
properties were taken from DeGrassi et al. (2008). The piping network contained
8 and 6 inch straight pipes, several elbows, a Tee joint and an EN 1092-1 Standard
PN 40 weld-neck bolted flange joint. The pipes were of API 5L Gr. X52 material
(yield and ultimate strengths: 418 and 554 MPa, respectively) and were filled with
water at an internal pressure of 3.2 MPa, corresponding to 80 % of the maximum al-
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Fig. 9.1 a A 3D model of the piping system and the support structure (dimensions are in mm); b
specifications and dimensions of the piping system after DeGrassi et al. (2008)

lowable pressure of the piping network. Specifications and dimensions of the piping
system are presented in Fig. 9.1b.

9.2.2 FE Modelling and Modal Analysis

A 3D FE model of the piping system was developed in ANSYS (2007). Straight
beam elements with pipe sections were used to model all pipes including elbows.
Two 1000 kg masses, employed to take into account valves etc., were applied in
two relevant joints through MASS21 elements. Pipe material density was increased
to take into account water mass. Although elbows were modelled using straight
elements, flexibilities (see EN 13480-3 (2002)) of these elements were adjusted
according to an ABAQUS-based (Hibbit et al. 2003) FE analysis. Each elbow had a
radius R equal to 1.5 times the outer diameter d_ , of connecting pipes; moreover, we

Fig. 9.2 a Elbow geometry and equivalent straight elbow element; b support structure and refer-
ence floor accelerogram with relevant spectrum generated at point (/)
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Table 9.1 Elbow properties considered in the piping system model

M. S. Reza et al.

Property 8" Elbow 6" Elbow

Original Modified Original Modified
Thickness, e, (mm) 8.18 6.61 7.11 4.35
Flexibility factor, &, 6.84 1.35 597 2.46
Moment of inertia, J* (mm?) 3.02x 107 2.49x107 1.17x107 7.53x10°

considered that the effect of flexibility of an elbow spreads across a distance / equal
to two times the mean diameter of the pipe as depicted in Fig. 9.2a. The adjusted
geometry and properties of elbow elements considered in the FE model are reported
in Table 9.1.

A modal analysis of the piping system model showed that the first 20 modes
were able to excite about 87 % of the total mass of the piping system in the x direc-
tion. In particular, see Fig. 9.1b, response in the x direction was mainly of interest,
therefore, during the experiments, earthquake loading was applied to that direction.
Due to reduction requirements described later, the 1st and 2nd modes were consid-
ered as the two main modes; they excited about 36 and 12 % masses, respectively,
in the x direction.

9.2.3 Selection of Input Earthquake Loading

The steel support structure of the piping system shown in Fig. 9.1a typically acts
as a dynamic filter which causes amplifications of input earthquakes at different
structure locations. Therefore, in order to select a realistic earthquake input both
for analyses and experimental tests, earthquake accelerations were generated on
elevated floors of the support structure through time history analyses carried out on
an FE model of the structure subjected to a base input, i.e., the north-south El Centro
earthquake with 0.29 g Peak Ground Acceleration (PGA). A reference floor accel-
erogram was thus chosen as shown in Fig 9.2b, relevant PGA was about 4.13 m/s?
and the period 7 at maximum amplification was around 0.2 s which was close to the
natural frequency of the piping system. To comply with performance-based earth-
quake engineering Italian Standards (Norme Techniche 2008), PGA of the reference
floor accelerogram was magnified corresponding to both serviceability (SLO, SLD)
and ultimate limit states (SLV, SLC) as listed in Table 9.2.

Table 9.2 PGAs corresponding to serviceability and ultimate limit states

Limit states PGA (m/s?) | PGA (g)

Serviceability limit states SLO Operational limit state 0.77 0.08
SLD Damage limit state 1.1 0.11

Ultimate limit states SLV Safe life limit state 4.13 0.42
SLC Collapse limit state 5.88 0.60
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9.3 Substructuring and System of Equations of Motion
9.3.1 Substructuring

As already mentioned, during a hybrid test, a structure is divided into two parts:
(1) a PS which is physically built in the lab and loaded through actuators; (ii) a NS
that is solved via software; the two substructures exchange information through the
coupling degrees of freedom (DoFs) they mutually share. Hence, for substructuring
purposes, it was required to find proper coupling points and ensure the compat-
ibility and equilibrium conditions at these nodes. In order to be compatible with
the available actuator control system, two coupling DoFs at two nodes were chosen
where two MOOG actuators were mounted. The nodes were selected in the xy
plane -most of the pipe runs in this plane- at the positions of bending moments
close to zero found from time history analyses relevant to the horizontal x direc-
tion. Both the piping system with the two substructures and coupling nodes are il-
lustrated in Fig. 9.3a, whereas specifications and dimensions of the PS are depicted
in Fig. 9.3b.

During experiments, displacement commands were applied to the two coupling
nodes of the PS in the x direction. To better reflect this testing situation, an FE mod-
el was considered where the two coupling nodes were constrained to move together
in the x direction, thus satisfying the compatibility condition. The other movements
were kept free except movements along y and z, which were constrained. This mod-
el was considered as the Reference Model (RM). It was found that, by satisfying
the compatibility condition of the two coupling nodes in the x direction only, we
were potentially able to reproduce seismic response of the piping system by means
of experimental tests. In this respect, the root mean square error e,, . between time
history responses of the RM and of the Continuous Model (CM) of the piping sys-
tem was calculated as,

4 Numerical *
Substructure
* Coupli
upling
Force [~ _‘K
[ Fa:
- 4;
& F:! tﬁ‘m,.,

Earthquake o _x
Fe—~ " T~ Physical
i % Substructure
“Lx
a b

Fig. 9.3 a PS, NS and relevant coupling nodes; b Specifications and dimensions of the PS
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where x,, and x,, define time history responses of the CM and RM, respectively;
in detail, N is the number of total DoF considered and M is the length of time his-
tories in terms of number of samples. The average value of e, ¢ of all nodes was
found to be about 0.22.

9.3.2 System of Equations of Motion

The system of equations of motion of the emulated system subjected to earthquake
forces -neglecting damping for simplicity- can be written as,

MY i + KN u™ + M Li, + MTi" + M Li, = F 2)
MYi" + KNu™ + MY Li, + M Lii, = F, 9.3)

for a PDT and RT, respectively, with DS, where M and K are mass and stiffness ma-
trices; i and u are acceleration and displacement vectors; 7 is a matrix composed of
one and zero that projects earthquake forces to desired DoFs; i, is the ground ac-
celeration from the earthquake; NV and P corresponds to the NS and PS, respectively.
F . defines the coupling force vector. In a greater detail, F. reads,

F.=-K"u"
F.=-M"i" - K"u"

in Egs. (9.2) and (9.3), respectively. Note that the expression of F. indicates that
inertia and damping forces of the PS are numerically modelled in case of a PDT.
The reader may note that in order to solve Egs. (9.2) and (9.3), earthquake forces
needed to be applied to all DoFs of the PS, which required an unfeasible task of
applying one actuator per DoF. Therefore, given the actuator availability, an earth-
quake force vector having two elements corresponding to the two coupling DoFs
was considered in order to solve the system of equations of motion. These two
forces that synthesized the overall earthquake forces on the PS were then summed
to the measured coupling forces. In case of a PDT, two by two mass and damping
matrices were also required to be numerically modelled. To overcome this problem,
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we applied model reduction techniques, which allowed for reducing the number of
DoFs of a system preserving properties of the original model; a discussion on these
techniques is provided in the following Section.

9.4 Model Reduction of Physical Substructure
and Earthquake Forces

Reduction of earthquake forces and of the PS were deemed necessary to carry out
hybrid tests. In this respect, mode synthesis or model reduction techniques, in order
to retain a subset #R of the total DoFs, truncate the remainder #L while retaining
important properties, e.g., mode shapes of interest of the original model. The rela-
tionship between the two models can be expressed as,

u:[uR u, ]T:TuR ©.4)

where T is a linear transformation matrix that allows for the transformation between
the original and the reduced model.

A number of model reduction techniques are available in literature, e.g., Guyan
method (Guyan 1965), dynamic IRS method (O’Callahan 1989), SEREP method
(O’Callahan et al. (1989), Craig Bampton (CB) method (Craig and Bampton 1968)
and its variants. Several reduction methods were investigated for hybrid tests and,
on the basis of their effectiveness, the SEREP and CB techniques were implement-
ed, both of which are briefly discussed herein.

9.4.1 SEREP Reduction

The System Equivalent Reduction Expansion Process (SEREP) developed by
O’Callahan et al. (1989) is an effective dynamic reduction that allows the reduced
system to retain arbitrary modes of interest of the original model with exact eigen-
values. It utilizes computation of eigenvectors to produce the transformation be-
tween master and slave coordinates. Let us split the mass normalized eigenvectors
@ of our system in retained FR and truncated FL eigenmodes -column wise- and
relevant retained and truncated DoFs -row wise-:

9.5)
D, D,

D=0 ]= [
The SEREP transformation matrix T, can then be defined as,

Ty = D Dip 9.6)
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One may note that transformation between original and reduced models requires
only manipulations of retained eigenvectors entailing reduced computational costs.
The SEREP reduction was useful for RT where all contributions of coupling forces,
i.e., inertia, damping and restoring force, were experimentally measured and only
earthquake forces needed to be reduced. Since an RT aimed at the reproduction of
dynamics of the emulated Global System (GS), modes of the global piping system
model were considered for the reduction, thus potentially better approximating the
actual response of the piping system; Mode #1 and Mode #2, which excited maxi-
mum masses in the x direction, were retained to perform this reduction.

9.4.2 Craig—Bampton Reduction

The CB reduction technique was originally developed by Craig and Bampton
(1968); it produces a reduced model of the substructure whose mode shape infor-
mation consists of all free modes expressed in physical coordinates and a deleted set
of elastic modes expressed in modal coordinates. The reduction can be defined as,

LH

in which u, and u, are coupling and internal DoFs respectively; B and @ are rigid
body vector and fixed-based mode shapes, respectively; ¢ contains the modal coor-
dinates; T, is the CB transformation matrix. The CB reduction seemed to be very
appropriate for PDT testing. With this reduction, the overall response of the PS was
obtained by combining two contributions: (i) the response of internal nodes owing
to static movements of the coupling nodes; (ii) the response of internal nodes ow-
ing to local dynamic modes of interest of the PS. Note that the measured restoring
force during an experiment was the contribution of (i), whereas the contribution of
(i1) was numerically considered. As a result, overall interaction between PS and NS
could be taken into account and we were potentially able to reproduce the behav-
iour of the emulated system through a PDT. Mode #1 and Mode #3 of the PS that
contained maximum participation masses in x were preserved for this reduction.

The effectiveness of the aforementioned reduction techniques were assessed
through several time history simulations carried out on the Reduced Model of the
piping system (NS + reduced PS) and results were compared with those of the Ref-
erence Model. The CB and SEREP techniques were found to be the most effective
for hybrid tests; in detail, they were characterized by e,, . values calculated on the
PS DoFs of 0.01 and 0.02, respectively.
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9.5 Integration Schemes and Hardware-Software
Architecture

9.5.1 Integration Methods

The successful execution and quality of a PDT or RT depends, among other factors,
on the integration scheme that solves the system of equations of motions. In order to
carry out the RTs, both the LSRT2 method developed by Bursi et al. (2008) and the
Modified Generalized-o(MG-0) method developed by Abbiati et al. (2012) were
employed, whereas PDTs were carried out by the LSRT2 method. These monolithic
algorithms are both RT compatible and offer second order accuracy and linear sta-
bility with proper selections of relevant parameters.

9.5.1.1 The LSRT2 Method

The L-Stable Real-Time compatible algorithm with two stages (LSRT2) results to
be more competitive than popular Runge-Kutta methods in terms of stability, ac-
curacy and ease of implementation (Bursi et al. 2008). This method is uncondition-
ally stable for uncoupled problems and entails a moderate computational cost for
real-time performance. Let us consider the following state space representation of
our system:

Vu=8t)=M"'(f,-Ky,) (9.8)

]VI—I O'E_O—I._un__ 0
- 0 MN ' - KN CN I = i’n ’f”_ fne _fnc

in which K, C, and M, are stiffness, damping and mass matrices of the NS, where-
as: f, and f, are external load vector and the restoring force vector measured on
the PS, respectively; u, and &, are displacement and velocity vectors. Hence, the
LSRT?2 algorithm can be summarized in algorithmic form as follows:

Stage 1:

where,

Vuia, = Yu+ arkys Ky =[1—yAJ] " g(,.1,)At (9.9)

Stage 2:

Yust = Yo+ bk +bokeyshey =[1 = yAtJ T 8Wnsaysturay )AL (9.10)
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where Y14, and Y41 are displacement commands sent to actuators at n +a, and
n+ I time steps, respectively; relevant measured forces are fed back to g(y , ¢ ) and
E(Woi cnoturan) atn+a,and n+ 1 time steps, respectively.

In order to preserve A-Stability, the Jacobian J was evaluated on the GS. In order
to achieve L-stability, second order accuracy and to reduce algorithmic damping in
the low frequency range, the following parameters are recommended for the LSRT2
method:

y=1-2/2,0,= @y =1/2, 7y, =—7,b, = 0,b, = 1 (9.11)

9.5.2 Modified Generalized-a Method

The balance equation of the MG-o method proposed by Abbiati et al. (2012) and
based on the Generalized-a (G-a) method of Jansen et al. (2000), is forced at the end
of the time step by means of additional state variables or velocity-like quantities.
These quantities satisfy the following recurrence relationship:

&V t(l—a,)v, =a,y,.,+(1-a,)p, 9.12)

in which parameters . , o and y can be expressed in terms of p,, i.e. the spectral
radius for an infinite time-step length:

0, =1/2G=p,) /(4 p)ay =1/ (14 p,), y=1/24 g, —a;  (9.13)

If p_ is chosen to be zero, the method annihilates the highest frequency components
of the response. Conversely, if p_ is chosen to be unitary, all frequency components
of the response are preserved in the linear problem. The MG-a is L-Stable for p <1
and RT compatible.

9.5.3 Modification of the NS and Delay Compensation for RTs

With regard to RT, a critical limitation was posed by hydraulic actuators. Due to
several factors, such as delay and insufficient hydraulic power, high frequency
operation set limits of about £10 mm to maximum strokes of actuators for 6 Hz.
Hence, it was not possible to run a RT on the piping system with high earthquakes
PGA values. In order to obtain a real time compatible structure, the NS of the piping
system was modified by adding masses to several nodes thus reducing the overall
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eigenfrequencies of the piping system to about 1.10 Hz. Additionally, to com-
pensate actuator delays, the delay over prediction method developed by Wu et al.
(2013) was implemented and incorporated with Simulink (Simulink 2012) models
of relevant algorithms. This allowed us to carry out RTs on the piping system, partly
different from the original structure, with low PGA earthquakes.

9.5.4 Hardware-Software Architecture

Integration schemes were developed in MATLAB/Simulink environment in a Host
PC where they were compiled and then sent to an xPC target (real time software)
via a LAN connection. During experimental tests, integration algorithms solved
the system of equations of motion in the xPC target and estimated displacement
commands for the PS. These displacement commands were written locally to the
xPC target, which instantaneously copied these signals to an MTS controller (MTS
2008) through a SCRAMNET (a shared memory between the Host PC and the con-
troller). The controller then commanded two MOOG actuators (capacity: 1000 kN
force, £250 mm stroke) to move the coupling DoFs to desired positions and read
back reaction forces from actuators. Measured reaction forces were instantaneously
copied to the xPC target via SCRAMNET. The hardware-software scheme for the
hybrid tests is presented in Fig. 9.4.

Rosenbrock Integration Algorithm- LSRT2

= : Force feedback
s : Displacement command

Fig. 9.4 Hardware-software architecture for hybrid tests with the LSRT2 integration scheme
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9.6 Test Program and Experimental Set-Up

As reported in Table 9.3, a number of PDTs and RTs were carried out. RTs were con-
ducted with low PGA values and handled a similar structure owing to the limitations
underlined in Subsect. 9.5.3. PDTs were performed with the CB reduction, while
both the SEREP and CB reductions were adopted to perform RTs. All PDDS were
carried out at a time scale extended 50 times with respect to the actual earthquake
time.

In addition to hybrid tests, in order to characterize dynamic properties of the PS
and to have an estimation of actual damping to be used in the NS, four Identification
Tests (IDTs) were performed on the PS. In all tests, an internal pressure of 3.2 MPa
was used and earthquake loading was applied in the horizontal x direction depicted
in Fig. 9.3b.

The test specimen corresponds to the PS described in Subsect. 9.3.1. The experi-
mental set-up was placed on the reaction floor of the Materials and Structural Test-
ing laboratory (LPMS) of the University of Trento. A schematic arrangement of the
test set-up is depicted in Fig. 9.5a, while the actual set-up is presented in Fig. 9.5b.
In order to measure strains, displacements and rotations in different positions, the
test specimen was instrumented with several strain gauges and displacement trans-
ducers. Data were acquired by 4 Spider8 acquisition systems and by an MTS FT60
controller. IDTs were carried out using ten accelerometers and a National Instru-
ments data acquisition system.

Table 9.3 Hybrid test program

Test case PGA (g)
Identification tests IDT — Hammer test | —
Real time tests RT1 SEREP + LSRT2 RT 0.02
RT2 CB + LSRT2 RT 0.02
RT3 SEREP + MG-a RT 0.02
RT4 CB + MG-a RT 0.02
Elastic tests Elastic test, ET CB + LSRT2 PDT 0.04
Serviceability limit | Operational limit CB + LSRT2 PDT 0.08
state tests state test, SLOT
Damage limit state | CB + LSRT2 PDT 0.11
test, SLDT
Ultimate limit state Safe life limit state | CB + LSRT2 PDT 0.42
tests test, SLVT
Collapse limit state | CB + LSRT2 PDT 0.60
test, SLCT
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Fig. 9.5 Test set-up a schematic; b actual

9.7 Main Experimental Results

All PDTs and RTs listed in Table 9.3 were successfully executed. IDTs carried out
on the PS confirmed a damping of 0.5 %, which was used in the NS during experi-
ments.

The piping system and its components exhibited a favorable performance under
all limit state earthquakes. In fact, it was observed that, even under the Collapse
Limit State (SLCT) earthquake, the piping system remained below its yield limits
without any leakage, and only limited strains and rotations were found in different
components. In all tests, maximum strain was found in Elbow #2 as can be noted
in Fig. 9.6a; in greater detail, one may observe that the maximum elbow strain at
SLCT was about 950 pum/m, which was well below its yield strain, i.e., 2019 um/m.

Significant amplifications of input earthquake PGAs were found in the piping
system as depicted in Fig. 9.6b, where accelerations of Coupling Node #1 at SLCT
are presented. One may note that the maximum acceleration at SLCT was about
twice of the corresponding input PGA. Moreover, relevant Fourier spectra illustrate
that the dynamic responses of the piping system were dominated by its lower modes
corresponding to first (5.87 Hz) and second (6.47 Hz) eigenfrequencies.

Strain in Elbow 2 a Accelerations of Coupling DoF #1 at SLCT
20 v . v .
ﬁ | datat
_ﬁ, 8%, 5 10 15 20 30
Time [s]
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7] @
4 : : l
1000 i i - 400 i i
0 o 20 07 o 2 SR 10
Time [s] Froquency M)
a b

Fig. 9.6 a Strain histories in Elbow #2; b acceleration history and relevant spectra of Coupling
Node #1 at SLCT
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Fig. 9.7 Accelerations of Coupling DoF #2 at: a RT1; b RT2

All RTs exhibited similar responses of the piping system. In this respect, accel-
eration histories of Coupling Node #2 from RT1 and RT2 are presented in Fig. 9.7;
one can note that the input PGA was amplified about three times in both tests.

According to the selection of eigenmodes characterizing the SEREP reduction
in the case of the modified NS, one may observe from relevant Fourier spectra that
the system response was dominated by Modes #2 and 3#, both at about 1.10 Hz.

Additionally, both LSRT2 and MG-a integration schemes were proved to be ef-
fective for RTs; they entailed similar experimental responses, which showed a favor-
able agreement with relevant numerical simulation results, as depicted in Fig. 9.8.

A comparison between numerical and experimental results exhibited a favour-
able agreement; e, calculated according to Eq. (9.1) between experimental and
numerical responses of Coupling DoF #2 at SCLT was found to be about 11 %, while
its value was about 30 % for all RTs. Nevertheless, the above-mentioned agreement
between numerical and experimental results justified effectiveness of the CB and
the SEREP reduction techniques, as was predicted analytically.

E £
3 5>
E g £ 0
3 3
B _gf- K]
& : : : : a5 i :
a -30 3 6 9 12 15 e 0 5 10 15
Time [s) Time [s]
30 : : 30 T T . -
[ ——Numerical o i ——Numerical
E 20} | — Experimental :g_' 20 i f| —— Experimental
g 5 5 = ' :
0 ; A o —— 0 ; i o -
0 05 1 1. 2 25 0 05 1 15 2 25
Frequency [Hz] b Frequency [Hz]
a

Fig. 9.8 Displacements of Coupling DoF #2 at: a RT1; b RT3 (Red Experimental; Blue Numerical)
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9.8 Conclusions

This paper presented a seismic performance evaluation of a typical industrial pip-
ing system at full-scale through pseudo-dynamic and real-time tests under Service-
ability and Ultimate limit state earthquake levels suggested by performance based
earthquake engineering Standards. All tests were conducted with the presence of
an internal pressure of 3.2 MPa and considering a 0.5% damping found through
identification tests on the test specimen.

The long-held considered inadequacy of PDT technique for distributed mass
systems was overcome through successful execution of relevant tests on the piping
system. The so called mode synthesis methods, in particular, SEREP and Craig-
Bampton, were employed for implementations of hybrid tests. Moreover, two real-
time compatible monolithic time integration algorithms namely, the LSRT2 and the
MG-o method, were employed to carry out PDTs and RTs. Effectiveness of reduc-
tion techniques and time integration schemes were justified through the successful
execution of relevant hybrid tests.

A favourable seismic performance of the piping system and its critical com-
ponents was observed during experiments; they remained below their yield limits
without any leakage even for the Collapse Limit State. Furthermore, a favourable
agreement between experimental and numerical results was observed for all tests.
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Chapter 10
A Support Platform for Distributed Hybrid
Testing

Ignacio Lamata Martinez, Ferran Ob6n Santacana, Martin S. Williams,
Anthony Blakeborough and Uwe E. Dorka

10.1 Introduction

Large-scale testing continues to play an important role in earthquake engineering,
generating research results that lead to improved safety and security of European
society. However, realistic tests of large or complex structural systems are con-
strained by the capacities of existing laboratories.

Distributed hybrid testing enables the use of resources at different locations to
perform more complex, larger-scale tests than are possible in most individual labo-
ratories. In a distributed experiment, the system under test is split into several sub-
structures which can be tested or simulated in different locations. Data are passed
between the sub-structures at each time-step to ensure that the distributed experi-
ment realistically simulates the full system under test.

There are multiple benefits in conducting an experiment in a distributed manner
but it also involves some difficulties: organizing and planning distributed experi-
ments entails much more complexity than what is involved in a single-laboratory
hybrid test. In a distributed test, the experimental procedure and the systems to sup-
port the experiment execution must be closely linked, and multi-site experiment co-
ordination can entail many technical and social challenges (De la Flor et al. 2010).

Moreover, the difficulty of tracing errors caused by the distributed environment
is greater than in a local one. Errors can occur in any of the participants of the ex-
periment or in the communication between them, and tracing where and why some-
thing failed can be extremely complicated. When a system raises an error during an
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experiment, it can be detected and fixed. Unfortunately, not every error is raised and
recognised at its source, and many of them have to be traced through several distrib-
uted systems or devices. Even when seemingly no major or obvious error happened,
bugs in programs or unexpected situations might give the impression of a test being
conducted successfully yet produce incorrect results. Tracing where the test failed
involves following all testing steps carefully, and sometimes the erroneous situa-
tion is impossible, or not easily reproducible. This all points to the importance of
a platform to support testing activities, dividing them into two groups: high-level
activities (experiment planning, organization, participant location...) and low-level
activities (the actual data exchange).

Several programs exist to conduct distributed tests, such as UK-NEES DHT (de-
veloped at the University of Oxford (Ojaghi et al. 2010)), OpenFresco (developed
at the University of California, Berkeley (Schellenberg et al. 2010)) or the Platform
for Networked Structural Experiments (developed at the National Center for Re-
search on Earthquake Engineering, Taiwan (Yang et al. 2004; Wang et al. 2004)).
All of these programs expect to communicate with their homologous program at the
other end, so it is not possible to use UK-NEES DHT at one end and OpenFresco
at the other, for instance. This means that service integration in distributed test-
ing software is null, which is one of the motivations for the creation of a common
framework called Celestina'.

The Celestina framework is explained in Sect. 10.2 of the paper. In Sect. 10.3 we
describe a first implementation of the framework and its evaluation through a se-
ries of distributed experiments. In a typical substructured test, nodes at Oxford and
Kassel Universities were used to simulate the response of a 33-degree-of-freedom
steel frame fitted with a tuned mass damper, with both nodes conducting testing (in
simulation) according to instructions from a Celestina-based program running in
Oxford. Finally, conclusions and future developments are presented in Sect. 10.4.

10.2 The Celestina Framework

The Celestina framework is a specification to support high-level activities such as
identification and location of participants, compatibility verification of participants,
experimental planning and results collection.

When conducting an experiment on the Celestina framework, a computer works
as a manager sending orders to the rest of the experiment participants to instruct
them how to proceed and organise the experimental workflow. The experiment plan
is defined only by the manager, so researchers just need to specify the experiment
steps at one time at one place. The manager will contact every participant to instruct
them specifically what they have to do at every workflow step.

! As a side note, Celestina gets its name from a 15" century Spanish novel (Comedia de Calisto
y Melibea by Fernando de Rojas), where a woman called Celestina manages to get a lady to fall
completely in love with a man who she initially rejected.
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Networking services:

To know how to contact others

and discover new managers

and laboratory facilities. Testing services:

To order the test execution according

to the test phases, to collect results
&= s2 oy Oe
§E S

and to abort a test when errors occur.

4 ¥ test communication S
Definition services: LAB FACILITY /__\ LAB FACILITY
To verify that the simulation can be
work, data types are understood,
simulation dates are correct and the SPECIFIC TESTING|——» [SPECIFIC TESTING
simulation plan is accepted. SOFTWARE | | SOFTWARE

Actual data exchange

Fig. 10.1 Celestina services overview

The Celestina framework specifies what to do but not how to do it. The ex-
periment manager sends orders about what to do but it is actually the decision of
each experiment participant how to conduct the instructions given by the manager.
Likewise, the Celestina framework does not dictate how the actual data exchange
of low-level testing activities is conducted between participants, it only defines the
data types that have to be exchanged at each experiment step.

To enable understanding between the manager and the experiment participants
sharing laboratory facilities, the specification defines a set of services. These ser-
vices must be implemented by any testing software integrated into the Celestina
framework, but their specific implementation is actually decided by the software.
The Celestina services are divided into three groups, as depicted in Fig. 10.1:

» Networking services: deal with operations to locate and discover new Celestina
nodes in the network (the experiment participants), identification of nodes and
the resources they share.

» Definition services: deal with compatibility, preparation of an experiment and
the verification that the experiment is feasible and can be achieved. It involves
verification of connectivity, checking that the data types used in potentially het-
erogeneous systems are compatible and validating an agreed experiment plan.

» Testing services: deal with the actual experiment execution. This involves es-
tablishing the communication, running the data exchange over the network and
collecting the results.

These services will be discussed in the following sections.
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Fig. 10.2 P2P Celestina network divided into sky and ground nodes

10.2.1 Networking Services

The Celestina framework is configured in a hybrid peer to peer network (P2P) oper-
ated above the Internet infrastructure. A peer to peer network is a network where
all the machines within it share some of their hardware resources and where any
machine is accessible by any other machine in the network without intermediaries
(Schollmeier 2010). The Celestina hybrid P2P network is divided into sky nodes,
which are pure managers in charge of controlling the experiment plan, and ground
nodes, which are in charge of the simulation execution. Sky and ground nodes are
connected as depicted in Fig. 10.2. In terms of the network, both sky and ground
nodes are treated equally. The only practical exception is that sky nodes are ex-
pected to be online all the time and do not have the necessity of sharing laboratory
facilities.

Every Celestina node has a unique ID that identifies the node within the net-
work. Since the network is totally unstructured and decentralised, every node in
the network keeps a list of known nodes (also called the friendbook). Friendbooks
are exchanged between nodes in one-to-one basis when they get in contact. When
a node joins in the Celestina network, it should know the contact details of at least
another node (preferably a sky node) already in the network, so its contact details
are populated within the network and it starts creating a larger friendbook. To make
friendbook information persistent, a file, database or other structure must be used.
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10.2.2 Definition Services

The definition services verify the feasibility of an experiment, in terms of the under-
standing of the participants on the nature and configuration of the experiment, the
possibility of establishing network connections and an agreement on the terms the
experiment to be conducted. Each service in the definition services is commanded
by a sky node and executed by the respective ground nodes, which return the results
once completed. The main services are discussed below.

One of the services verifies the link connection between two nodes. This is nor-
mally done by means of a ping command, which is considered a low-level network
command, but in practice there is no restriction of how nodes test the link. Typically
two nodes will be ordered to execute a ping command to the other node, and after
executing it, the results will be returned to the sky node. Note that this verification
is just a first verification and is only illustrative: ping might work in one way but
not in the other, and it does not really reflect accurately the possibility of a test being
conducted or the time-step that can be achieved.

Another service verifies data compatibility to check if two nodes understand each
other in terms of exchanged data types. To do so, the sky node sends two values to a
node (normally similar to the ones that will be used during the experiment) together
with an operation. The node will then send this information to the second node (so
the network link is verified at a higher level), which operates the two values with the
operation and returns the result. The first node then verifies that the received result
is exactly the expected result and sends this to the sky node. An example is a sky
node sending the values “7.803” and “124.986” with the operation “multiplication”.
The first ground node multiplies the two values and gets the expected result. Then
it sends the information to the second ground node which performs the multiplica-
tion and sends the result back. This checks the possibility that different machines
understand values in different ways, so the result sent by the second ground node is
different from what is expected.

A third service assures that the experiment plan is agreed between all partici-
pants. Ground nodes must be able to analyse the experiment plan sent by the sky
node and determine if they are able to conduct it. For example, if a ground node is
only capable to conduct a two-site test, it will reject any multi-site test. Similarly,
if the experiments use unknown data types or the date to conduct the experiment is
not suitable, the experiment plan can be rejected.

10.2.3 Testing Services

The testing services are the most complex of the three groups of services. They
define an experiment workflow and, unlike the network or definition services, they
have to be called in a strict order. The experiment workflow defines the following
phases:
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» Test locking: This prevents other tests from running at the same time.

» Establishment of connections: Every node that needs to communicate with oth-
ers will establish network connections (if necessary) and leave them open ready
to start the test.

» Preparation: During this phase, nodes will process all instructions in the experi-
ment to have them ready for the final data exchange. Researchers might need to
conduct some additional tasks in the laboratory to get the physical devices ready.

» Experiment execution: This is when the experiment takes place and the actual
data exchange occurs. At this point, no task in the computers should interfere
while the experiment is running. The experiment will finish either because an
error arises or an “end-of-experiment” signal is transmitted.

» Result collection: After the sky node is informed of the end of the test, it will at-
tempt to collect results (mainly experimental data) from each of the participants.
Every participant will normally generate a signal file for each command they
managed during the test.

» Test unlocking and closing resources: Once the experiment is finished, every
node receives the order of cleaning resources and reverting to a stable initial
state, ready to conduct a new test.

10.2.4 Services Implementation in the Nodes

There are two types of implementations in the Celestina framework. Every ground
node in Celestina has to implement the three groups of services and provide mecha-
nisms to conduct each of them (nodes are free to decide how to implement them in
practice). Sky nodes have to implement methods to call ground-node services, man-
aging orders and data involved in the process. The nodes should normally provide a
user-friendly interface for the operator.

While it is very useful to have many different implementations of ground-node
software, sky-node software is not as important—it can be implemented once and
be reused in many places. The reason for this is that ground-node software might
need to implement different testing behaviors, but the main operation of sky nodes
does not often vary.

The next section will discuss how the Celestina framework can be currently used.

10.3 A First Celestina Implementation

The Celestina specification has been implemented in a functional software by us-
ing Java and Web Services, and tested in a distributed environment between the
universities of Oxford and Kassel. This implementation includes both the Celestina
high-level activities as well as the data exchange required in low-level activities. It
is very flexible in terms of the experiment plans that can be conducted. Therefore,
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Celestina Celestina Direct

NCREE OpenFresco (with DEBUG) | (Fastlava) | Communication

Measured - - 0.18823 0.03637 0.03613
(average, s/step) . : ;
TOTAL (ms/step) 200 36 188 36 36

Fig. 10.3 Celestina performance compared to other testing software (average time required per
test step—latency not guaranteed)

all the experiment steps can be configured at the sky node, and the ground nodes
will execute these steps automatically without requiring any code modification. For
instance, an experiment could be configured to send two “float” values from a node
to another, and receive three “float” values as a response. Should it be decided that
the experiment uses “double” values instead of “float” and to send one value and re-
ceive four, this can be configured in the experiment plan without requiring any code
modification. Ground nodes will just adapt themselves to the experiment situation.

Several experiments were conducted to validate the operation of the Celesti-
na framework and its implementation. Nodes at Oxford and Kassel were used to
simulate the response of a 33-degree-of-freedom steel frame fitted with a tuned
mass damper, with both nodes conducting testing (in simulation) according to the
instructions given by a Celestina sky node installed at Oxford. Two different imple-
mentations of Celestina were tested (“with Debug” and “FastJava”). Figure 10.3
shows the performance of the Celestina implementations compared to other test-
ing software (NCREE and OpenFresco) under similar testing circumstances. The
“direct communication” shows the performance of the numerical testing program
by itself—with no additional software. As the figure shows, there is no significant
overhead added by the operation of the Celestina FastJava implementation.

In order to use Celestina and take advantage of the framework, testing software
has to implement the Celestina specification and be aware of its existence. Existing
software can be operated under Celestina, but if it does not implement any of the
services, the real benefit of the framework is rather limited.

Current options to use the framework are the following:

» Using the Celestina implementation created by the University of Oxford and
validated with the University of Kassel. This is the implementation that has been
used to validate the whole framework and to demonstrate the capabilities of ser-
vice integration as well as the execution of low-level testing activities without
significant overhead.

 Integrate existing software or create a new one following the Celestina specifica-
tion. Once the software is aware of the specification, it can take full advantage of
the service integration.

The success of Celestina is bound to the commitment of testing software to imple-
ment the specification.
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10.4 Conclusions

In this paper we have discussed the Celestina framework, which is a specification to
support high-level activities (such as experiment planning and verification of an ex-
periment feasibility) as well as to promote the integration of heterogeneous testing
software. Celestina defines three groups of services that must be implemented by
every node conducting experiments in the Celestina network. Two types of nodes,
sky and ground, are considered, and they are integrated in a P2P network. Sky nodes
are managers of the experiment whereas ground nodes share their laboratory facili-
ties and conduct the actual data exchange.

Several compatibility tests are conducted under Celestina, such as testing the
network link or verifying the data types understanding. A first implementation has
been developed at the University of Oxford and tested with the University of Kas-
sel, to validate the framework and demonstrate its capability of conducting distrib-
uted testing without significant overhead.

The next efforts should focus on promoting a framework to be used in existing or
new testing software and to improve and create new implementations.
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Chapter 11
Substructuring for Soil Structure Interaction
Using a Shaking Table

Matthew Dietz, Zhenyun Tang, Colin Taylor and Zhenbao Li

11.1 Introduction

In a conventional seismic analysis, incipient waves applied at the foundation of a
structure induce dynamic loads within the superstructure. Dynamic soil structure
interaction (SSI) analyses recognize that the foundation is affected by interplay be-
tween the dynamic characteristics of the underlying soil and those of the overlying
superstructure. Theoretical results (e.g. Wolf 1985; Mylonakis and Gazetas 2000)
indicate that SSI is sometimes beneficial and sometimes detrimental to structural
performance. However, experimental evidence relating to SSI systems is scarce.
The capacities of conventional testing apparatus makes full scale testing of SSI sys-
tems (including both superstructure and soil-foundation systems) under earthquake
loading difficult to achieve. As a result, simplified models are tested at reduced
scales (e.g. Chen et al. 20006; Pitilakis et al. 2008) producing uncertainty in the ap-
propriate interpretation and application of results.

Real-time dynamic substructuring (RTDS) works to circumnavigate such issues
and as such has garnered a great deal of interest since the pioneering study of Na-
kashima et al. (1992). Conceptually, real-time dynamic substructuring is a method
of dynamically testing an entire structure with only a part of that structure repre-
sented physically in the laboratory. The structure is split into two coupled parts; the
unpredictable component of interest is tested experimentally, while the remainder
is tested numerically. Thus, the mass of the structure can be much larger than the
capacity of the test apparatus since much of that mass exists only numerically.
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SSI systems are an obvious candidate for RTDS testing. Konagai and Ah-
san (2002) modeled a soil-foundation system numerically and a superstructure
physically while Heath et al. (2008) modeled a superstructure numerically and the
soil-foundation system physically. However, the work is in its infancy and further
validation of the test method is required. This chapter establishes a framework for
SSI substructuring. Prevalent control strategies are examined and found wanting.
A new controller is developed that provides enhanced performance. Finally, the
output of a conventional, entirely physical SSI shaking table tests is compared to
that obtained by different substructure test variants in order to validate the method.
The chapter begins with a description of the benchmark SSI test used for validation
purposes.

11.2 Benchmark SSI test

A benchmark shaking table test will be used as a source of experimental data relat-
ing to an SSI system in order to validate the substructuring test methodology. The
benchmark test was conducted as part of the New Methods of Mitigating the Seis-
mic Risk of Existing Foundations (NEMISREF) project funded by the 5th frame-
work of the European Commission.

11.2.1 Experimental Components

The term ‘shear stack’ refers to the flexible-walled hollow box designed and built
to enable geodynamic testing at the University of Bristol. The latest incarnation on
the shear stack is a direct descendant of Crewe et al.’s (1995) apparatus. However,
it is closer in size to Dar’s (1993) small shear stack: 1.2 m long as opposed to 5 m,
0.55 m wide as opposed to 1 m, and 0.8 m deep as opposed to 1.2 m, significantly
reducing the costs and timescales associated with testing. Design details are pre-
sented in Fig. 11.1.

The apparatus consists of eight aluminium rings, rectangular in plan, which are
stacked alternately with rubber sections. The rubber sections span only the end-
walls of the stack, not the side-walls, giving a fundamental frequency when empty
of 6 Hz, significantly less than Dar’s (1993) apparatus. The aluminium rings are
constructed from box section to minimise inertia. The stack is secured to the shak-
ing table by its base and shaken horizontally lengthways. Its floor is roughened
to aid the transmission of shear waves; the internal end walls are similarly treated
to enable complementary shear stresses. The internal side walls are lubricated for
plane strain. Not pictured in Fig. 11.1 are the rigid steel restraining frame nor the
system of bearings used to prevent unwanted motion in the x and z-directions.

The stack works in conjunction with the shaking table at the University of Bris-
tol’s Bristol Laboratory of Advanced Dynamics Engineering (BLADE) facility. The
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Fig. 11.1 Shear stack soil container a Long section, b Cross section

BLADE shaking table consists of a 3 m by 3 m platform driven by eight 70 kN ser-
vo-hydraulic actuators to give full control of motion in all six degrees of freedom.
Despite this capability, the shear stack is designed to be subjected solely to uniaxial
dynamic excitation in the y-direction.

Dry Hostun S28 sand is used as the test soil. The average mass of sand deposited
across the reported tests is 722 kg (+1%) implying a void ratio of 0.76 (£2 %).
The spread results from difficulties in depositing and leveling the sand close to the
model structure, accidental spilling of sand outside of the shear stack, and inac-
curacies of the crane scale used to measure mass. The fundamental frequency and
damping of the shear stack when filled to a depth of 798 mm and excited with a
random (white noise) waveform at a strain level of 0.003 % in the x-direction was
recorded as 26.5 Hz and 8 %, respectively. The depth of sand used during the test
was 750 mm.

The dimensions of the single degree-of-freedom model of the Euroseistest build-
ing (Pitilakis et al. 1999) are detailed in Fig. 11.2. The mass of the model is mea-
sured as 130 kg, of which 80 kg are attributable to the ‘foundation’ and the remain-
ing 50 kg to the ‘structure’. The direction of shaking is from left to right in the cross
section detailed on the left of the figure. An array of steel columns are fixed to
the foundation and pinned to the structure. The model was configured with twelve
S mm thick columns. The resonant frequency and damping of this model configura-
tion measured by securing the model foundation to the shaking table is 22.5 Hz and
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Fig. 11.2 The geometry of the benchmark model structure a in direction of shaking, b cross section

2.4% respectively. The foundation was embedded by 100 mm into the soil deposit.
An image of the benchmark test taken prior to testing is displayed as Fig. 11.3.

11.2.2 Experiment

Prior to testing, a digital spectrum analyser was used to measure the resonant prop-
erties of the system. A random signal from the analyser’s inbuilt signal generator
was used to excite the shaking table along its y-axis with an RMS acceleration
of around 0.03 g. The measured FRF is presented in Fig. 11.4 wherein resonant
frequency and modal damping values are also inscribed. The 22.5 Hz fixed-base

Fig. 11.3 The benchmark test
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response of the model structure is not apparent in the FRF. Instead a peak at 12.6 Hz
is apparent which represents the resonant frequency of the SSI system.

The shear stack is excited in the y-direction by the two earthquake time histories:
the Y-Y component of Friuli-San Rocco earthquake (15/9/76) and the N-S compo-
nent of the Vrancea earthquake (4/4/77). In order to excite both the model (which
resonates at 22.5 Hz) and the soil (which resonates at small strain magnitudes at
26.5 Hz) time was scaled by a factor of 5.4 (1/\I where / is the scale factor for
length). The 16.75 s Friuli-San Rocco earthquake was replayed over 3.1 s; the 40 s
Vrancea earthquake, over 7.4 s.

11.3 RTDS Test Method

A generalized shaking table RTDS system comprising of a numerical model of a
soil column and a single degree of freedom physical substructure is shown fully-as-
sembled in Fig. 11.5a and decomposed into its physical and numerical components
in Fig. 11.5b. Herein, subscripts N and P are used to denote the numerical model
and physical substructure respectively, and m, ¢, and k, represent mass, damping
and stiffness.

The numerical model of the soil column is acted upon by both an excitation load
d(?) and an experimentally measured reaction force f'generated by the physical sub-
structure inertia and measured at the physical-numerical interface. A numerical in-
terface displacement y, is calculated under these loads. The interface displacement
is used to derive the command signal y, sent to the transfer system, here a shaking
table, which is subsequently imposed using an outer loop controller. The transfer
system responds to the command signal and imparts a physical displacement y,
to the physical substructure which, for accuracy, must be commensurate with the
interface displacement y,.
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Since the focus here is on validation of the SSI substructuring test methodology
rather than attaining a high level of realism, linear elastic properties are adopted
for the numerical model of the soil. The SSI substructuring control loop is then as
depicted in Fig. 11.6, from which linear expressions governing the relationships
between the system components can be synthesized (Egs. (11.1)—(11.4)):

Y :GNdd_Gfo (11.1)
yu = GcontrolleryN (1 12)
Ve =Gned (11.3)
=Gy, (11.4)
d + VN Vu yp
*~—> GNd > Gconlrollcr — Gtab]c

+

\.5
L S

GNf 4— GP

Fig. 11.6 Block diagram for generalized SSI substructuring
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11.3.1 Control Strategy

The successful application of the dynamic substructuring test method requires that
the displacements of the shaking table track those of the interface outputted from
the numerical model. For this, an outer loop controller is required to compensate the
dynamics of the shaking table.

11.3.1.1 Proprietary Shaking Table Control

The dynamic motion of the platform of the BLADE shaking table is controlled digi-
tally via a proprietary Instron Labtronic 8800 system. Due to their commercial sen-
sitivity, the precise workings of the digital controller in its entirety are unavailable.
However, it is clear that signals from eight linear variable differential transformers
(LVDTs), one per actuator, are transformed and fed into six proportional-integral-
derivative-lag (PIDL) controllers, one per axis (i.e. X, y, z, roll, pitch yaw). The
predominant action of these controllers is via the proportional gain; small integral
gain proves to be sufficient to correct any steady-state error and derivative and lag
gains are set to zero. The geometric transformation which converts measured (i.e.
actuator) to modal (i.e. axis) positions is conducted via an Instron Accelerator con-
troller which also converts modal servovalve drives into physical valve drives. The
precise nature of these transformations is unknown.

The analogue input ports of the digital controller provide the ability to use ex-
ternally generated command signals to drive the shaking table. Thus, an outer-loop
controller can be used to drive the shaking table directly whilst retaining the de-
sirable features of the proprietary controller (transformations, drive limits, system
health monitoring, etc). Here, the utilized RTDS controllers are complied alongside
the numerical model onto a dSpace D1103 real time control board using the Matlab
tool Simulink. Command and feedback signals are routed via the I/O connector
panel of the dSpace control board.

To evaluate the dynamics of the BLADE shaking table (including the proprietary
controller), a sine sweep test was conducted. Figure 11.7 shows the experimen-
tally measured transfer function alongside the frequency domain characteristics of a
fourth-order transfer function model of Eq. (11.5). The model provides a reasonable
fit to the experimentally measured data up to around 15 Hz.

7.53€7

G, ()=
e (5) (s+60.43)(s> +41.35+ 62.9%)(s +305.2)

(11.5)

11.3.1.2 Delay Compensation

The most prevalent outer-loop control scheme that is intended to enhance per-
formance of RTDS tests is delay compensation. Delay compensation recognizes
that a natural delay is inherent within a RTDS control loop due to the inability
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of the transfer system to react instantaneously to a change in state prescribed by
the numerical model. As such, the motions of the transfer system lag behind those
intended by t seconds adding negative damping to a RTDS control loop and result-
ing in poor performance. These adverse effects can be negated by extrapolating y,,
forward in time by an amount equivalent to 7 and using the predicted values to drive
the transfer system, thereby compensating for the delay. On this basis, numerous
alternative formulations of delay compensation have been proposed.

The conception at the core of delay compensation is that the dynamics inherent
in the transfer system are encapsulated by the following ‘pure delay’ model:

Yp()=yy(t-7) (11.6)

The Padé approximation can be used to obtain a rational transfer function from
Eq. (11.6) (Chi et al. 2011). Specifying 7 as 28.5 ms produces the pure delay transfer
function presented in Fig. 11.7. The fit to the experimental data at frequencies above
4 Hz is poor and, as such, the pure-delay model is a poor choice to represent the
dynamical characteristics of the shaking table.

As a result, the application of delay compensation to shaking table RTDS has
adverse consequences. By way of demonstration, Fig. 11.8 presents the y,/y,
bode plots derived by simulating the G, G, .. outer control loop of Fig. 11.6.
Here, a 20 Hz sine sweep is used as the reference excitation (applied as y,) and the
force feedback loop is neglected. Equation (11.5) is taken to represent the shak-
ing table and three alternative formulations for delay compensation are considered:
a computationally undemanding single step delay compensation (Horiuchi et al.
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Fig. 11.8 Delay compensated shaking table substructuring

1999), a multi step delay compensation which removes some of the restrictions of
the single step technique (Wallace et al. 2005), and a variable delay compensation
technique intended to account for time varying delays (Darby et al. 2002). (Details
of these alternative strategies are left to be expounded upon within the original
publications.)

In Fig. 11.8, an optimal frequency response would be associated with a magni-
tude of unity and phase of zero. Delay compensation is found to be practicable for
shaking table RTDS across narrow, low-frequency bandwidths due to the lack of
fit between the underlying pure-delay model and the dynamic characteristics of the
shaking table. The frequency-dependent magnitude and phase errors that exist for
shaking tables are beyond the scope of delay compensation.

11.3.1.3 Full State Control via Simulation

Shaking table RTDS demands control strategies that are capable of improving on the
performance offered by delay compensation. Much attention has been focused on de-
veloping mathematical models to represent the dynamics of servo-hydraulic systems
(e.g. Williams et al. 2001; Zhao et al. 2003). If such models are inverted, they can be
used to cancel the magnitude and phase errors of a transfer system (Carrion et al. 2009).
This conception is used herein to develop a new controller for shaking table RTDS.
Based on Inverse Dynamics Compensation via Simulation (Tagawa and Fukui 1994)
and using Full State Feedback control the new substructuring controller is called Full
State Compensation via Simulation (FSCS). Figure 11.9 illustrates the detail of FSCS
control scheme, wherein a parallel, real-time simulation loop of the shaking table (the
‘virtual” shaking table) is used to generate a noise-free, inverse dynamics control signal.
The simulation loop incorporates the fourth-order transfer function model of Eq. (11.5).
Since the focus of this chapter is on SSI substructuring, further details regarding FSCS
control will be reported elsewhere.

A performance assessment for FSCS is obtained again via simulation of the
Fig. 11.6 outer loop (i.e. no force feedback) and applying a sine sweep input as
the reference excitation (y,). Results are contrasted with the ‘no controller’ case of
Fig. 11.8 in Fig. 11.10. FSCS can successfully compensate for the dynamics of the
shaking table.
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Fig. 11.10 FSCS performance assessment

11.3.2 RTDS for SSI

Linear modeling of the benchmark test has previously provided a reasonable corre-
lation with the benchmark test results (Pitilakis et al. 2008). Due to the elapsed time
since the benchmark test was conducted, the physical substructure was no longer
available for use in the substructuring SSI tests. As a result, the ‘physical” and nu-
merical parts of this system are both modelled numerically. Note, however, that in
the following discussion the terminology and the subscripts NV and P are retained in
order to distinguish between the different components of the system.
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Lumped mass models are adopted for both soil and structure. A schematic of the
substructuring system used in the validation tests is that presented in Fig. 11.11.
The superstructure of the benchmark test is represented by a single degree of free-
dom oscillator with the following parameters: m,=50 kg, ,=22.5 Hz, {,=5.8%.
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The frequency and damping of the superstructure are those that were recorded
for the benchmark test structure in the ‘fixed-base’ condition (i.e. by securing
the foundation of the structure directly to the platform of the shaking table). The
soil-foundation system is similarly represented as a single degree of freedom oscil-
lator but with parameters: m,=120.5 kg, 0, =15.96 Hz, ¢,,=14.1 %. This parameter
set was derived following a frequency domain system identification analysis and
with reference to Fig. 11.4.

The frequencies exhibited by the benchmark test exceed the current substruc-
turing capability. Some time scaling is consequently required. A factor of four is
chosen which reduces the resonant frequencies of the physical and numerical sub-
structures to 5.6 and 4.0 Hz respectively, and extends the duration of the seismic
excitation signals accordingly.

The response of the system is assessed in terms of the acceleration measured on the
shaking table (3,) which, in the benchmark test, corresponds to the horizontal accel-
erations recorded on the foundation of the model structure. A comparison between the
recorded acceleration time histories is presented at benchmark-test scale in Fig. 11.12a.
The SSI RTDS test appears to perform reasonably well for the Vrancea excitation but
poorly for the Friuli motion. The power spectra of the acceleration time histories pre-
sented in Fig. 11.12b unify the picture and reveals that for both excitation motions the
RTDS test performs adequately up to 10 Hz benchmark scale.
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Fig. 11.13 Rocking acceleration of the benchmark test foundation a time histories, b power
spectra

The reason for the malfunction of the RTDS test above 10 Hz is thought to
be associated with two phenomena: firstly, the increasing nonlinearity of the soil-
foundation system as the resonant frequency (measured at 12.6 Hz in Fig. 11.4)
is approached; second, dynamic behaviour that is not taken into account by the
RTDS test but is exhibited during the benchmark test. Figure 11.13 shows the rock-
ing acceleration measured on the benchmark test foundation in both the time and
frequency domain. Unlike the Vrancea input motion, the Friuli excitation motion in-
duces significant rocking of the benchmark test structure. Furthermore, the frequen-
cy band in which the rocking occurs coincides with the frequency band where the
RTDS and benchmark test data diverge. A better correspondence between bench-
mark and RTDS data will be achieved by addressing these issues either through the
application of a nonlinear numerical substructure and by the development of the
multi-axis shaking table RTDS method.

11.4 RTDH Test Method

The response of soils when subjected to dynamic loading is anisotropic and non-
linear at strain levels well below its failure condition. The stiffness of the material
is stress-level and strain-level dependant and its behaviour may change during an
earthquake, as primary loading/unloading evolves to reloading and volumetric de-
formations occur. As a result soil is a complicated material to model numerically.
This section takes these considerations into account and considers an inverted Soil
Structure Interaction (SSI) test methodology wherein the physical substructure is
the soil—tested in a soil container on the shaking table—and the numerical model
is the structure. Such testing involves mounting the substructuring transfer system
(i.e. an actuator or system of actuators) on the shaking table above a soil container
filled with the test soil. The use of an actuator within a substructuring control loop
in conjunction with a shaking table pushes the methodology into the category of
Real Time Dynamic Hybrid (RTDH) testing.
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RTDH testing combines shaking tables and reactive systems (actuators, reac-
tion walls, strong floors, etc) with substructures and real-time processing hardware
for full system simulation (Reinhorn and Shao 2004). Unlike substructure testing
conducted away from a shaking table, hybrid testing imposes the true inertial forces
in the specimen since the dynamic excitation is applied directly to the physical
substructure. The physical and numerical substructures interact through the appli-
cation of interface equilibrium and compatibility conditions. This is achieved by
measuring the displacement imposed on the numerical substructure at the numer-
ical-physical interface and imposing this displacement on the numerical substruc-
ture, hence satisfying the equilibrium condition. Then the resultant interface force
computed from the numerical model is imposed on the physical system, satisfying
the compatibility condition. The transfer system (consisting of a hydraulic or elec-
trical actuator, for example) is required to impose the interface force calculated
from the numerical substructure on the physical substructure. Compared to the
RTDS described in § 11.3, the loop is reversed and the transfer system is operated
in force, not displacement control.
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To investigate the performance of a hypothetical RTDH SSI system, a complete
model of a test system is developed and used to obtain a simulated RTDH response.

11.4.1 Generalised Hybrid Modelling

The hybrid test system is depicted in Fig. 11.14. Figure 11.14a) presents the emu-
lated test system, Fig. 11.14b the RTDH model. It is the uppermost degree of free-
dom, modeled numerically in order to calculate the numerical reaction force f}, at
the interface between the numerical and physical substructure that is commensurate
with the feedback displacement y. f,, is the reaction force at the physical-numerical
interface as imposed by the actuator with a desired value f,. Two instances of FSCS
are implemented to compensate for the dynamics of both the shaking table and the
actuator.

The physical components of the RTDH test system include the soil (here the low-
ermost degree of freedom), the shaking table, and the actuator used to impose the
interface force. Subjected to reference excitation d(f), the physical substructure re-
sponds and the displacement is measured. This displacement is fed to the numerical
substructure, producing a reaction force that is applied via the actuator. In essence,
the shaking table applies the reference excitation to the physical substructure, the
actuator applies the reaction force to the physical substructure.

The block diagram of the feedback control loop pertinent to Fig. 11.14 is de-
picted in Fig. 11.15 from which the following linear relationships for the different
system components can be derived (Eqgs. (11.7)—(11.9)).

cps+k
Gp=—Sth) (11.7)
mps” +cps+k,
1
G, =———— 11.8
v m,s> +cps+k, (11.8)
2
G =S (cys+ky) (11.9)
Ny T 2 k ’
mNS + CNS + N
d . . AR
~—p (Jmmmllcy —» Gmh]c — Gp (JN) —> (—‘cunm\llcr
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Fig. 11.15 Block diagram of a typical control strategy for a hybrid substructure testing
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An expression for G, (from the command force to the applied force) can be
obtained by applying Newton’s second law to the forces on the actuator piston and
following the modeling techniques presented by Carrion and Spencer (2007).

11.4.2 Hybrid Simulation of the Benchmark

The simulated displacement of the RTDH superstructure relative to the foundation
is compared with that recorded during the benchmark test and during the RTDS
test in Fig. 11.16. The input motion utilized is the N-S component of the Vrancea
earthquake. The agreement between the different test methodologies is satisfactory,
validating the RTDH test method for SSI studies on the shaking table. However
before the method can be adopted by practice, there are a number of issues that
require further attention.

As with all shaking table testing, the size of the specimen (the physical substruc-
ture) is limited by the capacity of the earthquake simulator. Ideally, for securing
fast, accurate control of actuation, the capacity of the shaking table should be far
in excess of the model mass. However, shaking table tests of geodynamic models
generally involve large volumes of soil in an attempt to reduce the effects of the
specimen boundaries. Filled with dry sand, the large and small shear stacks at the
University of Bristol are 200 % and 33 % of the mass of the shaking table platform.
It is reasonable to expect that such levels of mass will have significant effects on
the performance of the shaking table, modifying the dynamic characteristics. The
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effects of specimen-table interaction would need to be compensated for in order to
guarantee the performance of a RTDH test. Furthermore, thought needs to be given
to the practicalities of mounting servo hydraulic actuators above soil containers on
shaking tables. Seismically rigid reaction frames to support the actuator are required
to prevent feedback signals becoming corrupted with components associated with
reaction frame resonance. Due to FSCS being an inverse dynamics controller, there
exists the possibility that small high frequency components within signals will be
amplified and adversely influence test performance. Finally, as mentioned in the
introduction to this section, soil is a highly nonlinear material whose stiffness and
damping characteristics are time variant. The properties of a physical substructure
have a domineering influence on the dynamic stability of a substructuring system.
Thus, before RTDH testing of authentic (i.e. non-simulated) SSI systems can occur
in practice, a stability analysis method for nonlinear hybrid test substructures needs
to be developed.

11.5 Summary

This chapter has considered two implementations of the substructuring test tech-
nique for SSI studies using a shaking table. The first implementation separates the
SSI system into a numerical soil model which is subjected to excitation at the base
and acted upon from above by a physical model of a superstructure tested on a shak-
ing table within the laboratory. The second implementation inverts the numerical-
physical divide. The system component tested in the laboratory becomes the soil;
the numerical model, the superstructure.

Adequate performance of substructuring tests requires the use of a controller to
negate the dynamical attributes inherent within the physical test apparatus. Swept
sinusoidal tests reveal that the characteristics of the shaking table significantly de-
part from the pure-delay model that underlies the delay compensation algorithms of
the prevalent substructuring controllers. As such, delay compensation is ineffectual
for shaking table substructuring. In response, a new control strategy called Full
State Control via Simulation (FSCS) is introduced that conjoins inverse dynamic
control and full state feedback to provide a noise free, inverse dynamics control
signal that effectively nullifies shaking table dynamics.

The performance of FSCS controlled substructuring using a shaking table was
verified through a comparison of the results with those of a benchmark test. The
benchmark test of an entirely physical SSI system comprised of a shaking table,
a soil container, a granular geomaterial, and a small scale model of a superstruc-
ture-foundation system. When the input motion fails to excite neither significant
soil nonlinearity nor superstructure rocking, FSCS controlled substructuring test
data align with those recorded during the benchmark test, verifying both variants
of the test methodology. With more demanding input motions, nonlinear soil mod-
els and multi-axis substructuring (combining translational and rotational degrees of
freedom) are required. The first of these requirements is addressed in Chap. 11, the
second is a topic for future work.
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Chapter 12

On the Control of Shaking Tables
in Acceleration Mode: An Adaptive
Signal Processing Framework

Vasileios K. Dertimanis, Harris P. Mouzakis and Ioannis N. Psycharis

12.1 Introduction

A central issue in structural testing is the reproduction of time—series for the ap-
plication of forced excitation to structural components. This emerges for a series
of different experimental studies that include reaction wall tests, seismic tests via
shaking tables (Ji et al. 2009; Psycharis and Mouzakis 2012), hybrid testing (Saou-
ma and Sivaselvan 2008), as well as combinations of these (Bursi and Wagg 2008).

The time-series selected as the excitation signal, henceforth referred to as the
reference signal, may be as simple as a pure sinusoid, or as complex as a strong
ground motion. In any case, a requirement of primary importance for the testing en-
gineer is to be able to reproduce this signal with the least possible loss of frequency
information. This is not a trivial task, as the mechanical facility' that transfers the
reference signal to the specimen is characterized by its own dynamics. As a result,
the actual signal (henceforth referred to as the achieved signal) that finally excites
the specimen does not match the reference one.

Focusing on shaking tables, several researchers have tried to introduce further
control actions, in addition to the three—variable—controller (TVC) (Tagawa and
Kajiwara 2007; Plummer 2007) concept that is usually used to drive the actuators.
Among others, a minimal control synthesis (MCS) framework is proposed in Stoten
and Gomez (2001), which adaptively controls a shaking table in both displacement
and acceleration modes, mainly by formulating an outer loop strategy (other alter-
natives also exist). Results of this strategy show actual performance improvement
(Goémez and Stoten 2000), although the main recommendation of the authors is the

! The mechanical facility contains actuators, controller(s), data acquisition devices and possibly
inertial elements, such as a table. Since it transfers the reference signal to the specimen, it will be
henceforth referred to as the transfer system.
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Fig. 12.1 a Sketch that shows the fundamental configuration of a shaking table facility, b The
proposed configuration, at which the reference signal corresponds to acceleration time—series

use of MCS in displacement mode, which retains certain limitations. More recently,
an adaptive inverse controller that is based on the recursive least squares algorithm
is presented in Shen et al. (2011), again as an outer loop control strategy that is used
in conjunction to a TVC. A thorough review on control issues for structural testing
is given by Plummer (2007), while the same author has attempted to analytically
model a 5mx5m shaking table with 6 degrees-of-freedom (Plummer 2008).

As a general remark it is observed that (i) most of the proposed algorithms and
methods seem to qualify the operation of shaking tables in displacement mode,
rather than acceleration mode, and (ii) reported applications involving testing of
large—scale specimens (with complex geometry and mass comparable to that of the
table) in acceleration mode are limited. This Chapter aims at filling these gaps, by
developing a novel framework for the conduction of shaking table tests in accelera-
tion mode. The envisioned scheme takes advantage of established adaptive signal
processing methods (Widrow and Wallach 2007) and generates a form of adaptive
inverse control that compensates the dynamics of the transfer system, while provid-
ing an estimate of the total transfer delay. In this way, the cascade of the adaptive
controller and the transfer system tends to become a delayed unit impulse response,
so that the specimen gets excited by the reference signal unaltered. To verify the
proposed methodology, a structure of sufficiently high mass (comparable to the
mass of the table) and complex geometry, with 0.5s (2Hz) fundamental period is
used as the specimen and two waveform replication tests (sinusoidal and seismic)
are performed with satisfying results.

12.2 Description of the Method

The idea behind any test that utilizes a shaking table facility is to force the latter to
replicate a reference signal. Schematically, this is displayed in Fig. 12.1a: the refer-
ence signal, which is first converted into an analogue format by an appropriate digi-
tal-to—analogue (D/A) hardware, is driven to the actuators through the controller
and it is finally transferred to the table, where a specimen has been installed. While
this is a straightforward procedure, several issues arise with respect to

* the type of the reference signal: testing under displacement mode differs consid-
erably from testing under acceleration mode, as in the former case the frequency
band is significantly narrower. In addition, many recorded time—series that serve
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as reference signals (e.g. ground motions) come in the form of acceleration and
their integration to displacement almost always results in some loss of informa-
tion;

» the dynamics of the transfer system: these result in alteration of the actual ref-
erence signal in (i) its frequency content, due to the inherent dynamics of the
converters, the controller, the actuators and the sensors, and (ii) its temporal
realization, as the transfer system dynamics include a delay; and

 the dynamics of the specimen: these cause a serious alteration to the performance
of the shake table. This alteration is a function of the specimen’s mass and geom-
etry.

To overcome the aforementioned issues, the configuration depicted in Fig. 12.1b is

proposed. The idea is simple: place an adaptive controller in series to the transfer

system, in order to produce a (delayed) unit impulse response from the reference to
the achieved signal. To this end, the theory of adaptive inverse control is utilized.

Specifically, two steps are employed and analysed in the rest of the Section: Step 1:

An adaptive identification framework is formulated, both off-line and on—line, and

the dynamics of the transfer system are identified, including the transfer delay; Step

2: An adaptive inverse identification scheme is performed and an inverse control-

ler is identified. This controller filters the reference signal in a way that cancels the

dynamics of the transfer system.
It is noted that, while the method is applicable to any type of reference signal, in
the following it is assumed that all the indicated signals refer to acceleration.

12.2.1 Adaptive Identification

The adaptive procedure for specifying the unknown transfer dynamics is illustrated
in Fig. 12.2. The (discrete—time) adaptive modeling system samples the reference
(x[#]) and the achieved (y[#]) accelerations and adjusts its internal parameters, in

|
|
|

SHAKING | _|
TABLE ‘ !
|

|

|

|

> SPECIMEN

TRANSFER SYSTEM

****************************************************** Y eft]

\

y[¢
ADAP% y[ ]

Fig. 12.2 Adaptive identification of the transfer system (having an impulse response /[¢]). x[]:
reference_acceleration signal; J[7]: achieved acceleration signal. The adaptive filter adjust its
weights A[¢], so that its output J[¢] matches the achieved acceleration of the shaking table (y[7]).
Notice that identification is performed with the specimen installed
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Table 12.1 Steps of the decorrelated LMS algorithm. Parameter p is a trimming factor. Notation
follows Fig. 12.2. (Glentis et al. 1999)

Step Description Equation
1 Calculate filter’s output 3] = h? [eIx[¢]"
2 Calculate error e[t]= y[t]1- plt]
3 Calculate decorrelation coefficient xT[t]x[t —1]
atl=——"—""—
I X[t —1]x[¢ —1]
4 Update gradient glt]=x[t]—alt]x[t —1]
5 Update step size t
ﬂ[[] = ﬁ
X [r]g[t]
6 Update filter’s weights ﬁ[t +1]= ﬁ[t] + ulfgl1]

“R7[¢] = [A[,01A[¢1]... Alt,n]]" and x[t] = [X[t]{¢ - 1]... x[¢ - n]]

order to produce a sampled output (j[¢]) that closely resembles y[z]. Once the ad-
aptation has converged, the adaptive filter provides sufficient information about
the transfer system dynamics and can be used for further processing (Widrow and
Wallach 2007).

Several issues arise with respect to the adaptive identification procedure dia-
grammed in Fig. 12.2, such as the choice of an appropriate input signal and the in-
ternal structure of the adaptive filter. It must be emphasized that the adaptation must
be accomplished with the specimen installed on the shaking table, which imposes
significant difficulty, since the specimen introduces a strong disturbance to the out-
put of the transfer system. In fact, as the mass of the specimen approaches the mass
of the shaking table, more disturbance is added to the output of the transfer system.

This feature limits the range of adaptive algorithms that can be effectively ap-
plied to those that retain the ability of very fast convergence. While several other
alternatives are possible (and are currently being investigated) the applied method
selected for the adaptive identification of the transfer system is the decorrelated
LMS algorithm that belongs to a family of adaptive instrumental variable methods
(Glentis et al. 1999) and it is characterized by improved convergence properties and
low computational complexity. The internal steps of the algorithm are summarized
in Table 12.1.

12.2.1.1 Delay Estimation

The application of the decorrelated LMS algorithm to the identification of the trans-
fer system leads to the availability of a mathematical description which describes
the unknown dynamics. Normally, any delay terms of the transfer system are es-
timated as leading zeros in the weights of the adaptive filter. However, due to the
presence of disturbance from the specimen, of unavoidable instrumentation noise,
as well as of non—Gaussian excitation, these leading terms may not converge to zero
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at all. To this, an off-line procedure is additionally employed for the verification
of transfer delay, which applies a Gaussian white noise acceleration to the shak-
ing table and performs two distinct non—parametric tests for the verification of the
delay. The former test estimates the sample cross—correlation function between the
reference and the achieved acceleration of the table, while the latter uses the same
data to estimate the impulse response of the transfer system from the inverse dis-
crete Fourier transform (DFT) of the frequency response function (FRF).

In detail, assume that the transfer system is described by a finite impulse re-
sponse (FIR) model of the form

] = Zh[k]x[z —k-1,] =h"[1]x[] (12.1)

where x[¢] and y[¢] are the reference and the achieved accelerations of the transfer
system, respectively, and 7, is the transfer delay. Their cross—correlation function is
given by

R [7]=E{x[t]y[t+ ]} (12.2)

where 7 is the time lag. Substituting Eq. (12.1) to Eq. (12.2) and performing simple
algebraic manipulations implies

R []= Zh[k]Rxx[r—k— z] (12.3)

with R denoting the autocorrelation of the reference signal, which is given by
o 28[r], when the latter is zero mean Gaussian white noise of variance o.. It fol-
lows that

R [7]= o0, Zh[k]é'[r—k— 5]= o h[t— 1] (12.4)

where the discrete—time equivalent of the shifting theorem has been applied. Since
h[k] is zero outside the [0,n] interval, R [7] must be zero outside the [Tl,n+ Z'l:|
interval. Thus, by estimating the sample cross—correlation function between the ref-
erence and the achieved acceleration, it is possible to obtain reasonable estimates
for the transfer delay.

Remark 1 The previous analysis is valid only when the reference acceleration con-
sists of an unfiltered Gaussian white noise time—series. In any other case, Eq. (12.4)
does not hold, so the cross—correlations R, [7] are not zero outside the prescribed
interval. This includes the case of bandlimited white noise (Bendat and Piersol
2000).

Remark 2 In practice, the following steps can be utilized to the estimation of the
transfer delay using the cross—correlation approach:
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1. Excite the transfer system with Gaussian white noise acceleration (reference sig-
nal) and sample the achieved acceleration of the shaking table.

2. Estimate the normalized sample cross—correlation ﬁxy[ 7] for 7=0,1,...,N /4,
where N is the length of data, as

7 R,[7]

»L71=" [R 0], 0] (12.5)

3. Under the assumption of normality, it can be shown (Brockwell and Davis 2002)
that Iz},[ 7] can be considered zero at 95% level of significance, when is contained
within the £1.96/+/N bounds.

4. Estimate the transfer delay as the leading values (normally 7,) that fall within the
bounds of Step 3, before a non—zero one appears.

5. If required, combine Egs. (12.4), (12.5) and obtain a rough estimate of /[¢] as

Al =%ny[r] (12.6)

As noted above, the impulse response of the transfer system can be alternatively
estimated by the inverse DFT of the estimated FRF

S, ()

(12.7)
S.()

] = idft [

where S_ (/) and S_(f) are the cross—spectral and autospectral densities of the
indicated quantities, respectively. In order to avoid circularly biased estimates (Ben-
dat and Piersol 2000), it is recommended to use the two-sided estimates of S, (/)
and S_(f) and to avoid using tapering. Naturally, the obtained impulse response
estimate provides additional insight about the delay of the transfer system.

12.2.2 Adaptive Inverse ldentification

The impulse response of the adaptive inverse controller of Fig. 12.2 is just the re-
ciprocal of the one that describes the transfer system (including its delay). However,
since the transfer system is dominated by internal delay, the inverse controller may
have difficulty in overcoming it, as it must be a predictor. In addition, if the transfer
system is nonminimum phase the inverse controller results unstable, while any dis-
turbances bias the converged solution and prevent the formation of a proper inverse
(Widrow and Wallach 2007).

To cope with these problems, two configurations are employed for the adaptive
inverse identification of the transfer system, which are shown in Fig. 12.3. The first
configuration (Fig. 12.3a) adapts the weight of the inverse model on—line, whereas
the second configuration (Fig. 12.3b) performs the same operation off-line. The
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Fig. 12.3 Adaptive inverse identification of the transfer system a on-line, b off-line

critical point in both configurations is the use of the transfer system’s adaptive es-
timate to the estimation of the inverse. This is justified by the fact that the estimate
has essentially the same dynamic performance as the transfer system but is free of
disturbance. Therefore, a closer approximation to the desired delayed inverse can be
obtained, which is unbiased from plant disturbance.

The main disadvantage of the configuration of Fig. 12.3a is that the convergence
of the on—line adaptive algorithm may be very slow, especially when conventional
LMS algorithms are utilized, in order to cope with the high disturbance levels that
appear to the transfer system due to the presence of the specimen (Widrow and Wal-
lach 2007). To cope with this problem, the decorrelated LMS algorithm described
in Table 12.1 is also applied to the inverse identification process, causing a dramatic
decrease in the convergence rate. Alternatively, having an estimate of the transfer
system’s impulse response available, the configuration of Fig. 12.3b can be applied,
which utilizes the same functionality. It consists of the on—line scheme of Fig. 12.2
that estimates the impulse response of the transfer system, followed by an off-line
simulation that realizes a copy of that estimate to the estimation of the inverse con-
troller. This configuration can be run much faster than real time and, at the same
time, it permits the selection of a properly set simulation environment, in which sev-
eral critical adaptation parameters can be tested and controlled, such as the choice
of the input signal, the length of the inverse model and the step size.

In any case, the successful estimation of the transfer system and the adaptive
inverse controller is a critical step towards the design of the process depicted
in Fig. 12.1b and leads to a cascaded system with impulse response of the form
g[t]= &[t — A] approximately, where A is is the total delay of the cascade of the
transfer system and the adaptive inverse controller.

12.3 Application

The method is now applied and assessed through the testing of the specimen shown
in Fig. 12.4a. Span length and height limitations imposed by the shaking table di-
mensions (4.00m x4.00m ), as well as force and overturning moment capacity, re-
quired the construction of only one half of a frame. In specific, the specimen con-
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Fig. 12.4 The specimen was used for the tests a Installation, b Sketch

sists of a fixed-base column that is interconnected to a beam by a hinge. The bound-
ary conditions applied to the free end of the beam pertain to free rotation around the
horizontal axis and free sliding in the horizontal direction. This is achieved using
a special device that provides a sliding pinned support. Both the column and the
beam have grade S275 HEB240 cross sections, leading to a self weight of the speci-
men of 1102 kg, including the roller and its support. The weak axis of the column
is placed parallel to the X axis of the shaking table and a lumped mass (i.e., dead
weight) of 2350 kg is distributed on the beam, leading to a total mass of the speci-
men of 3452 kg. Under this configuration, the specimen is characterized by a single
DOF with period at 0.5s (2Hz). A sketch of the specimen is shown in Fig. 12.4b.
It must be stretched out that the conduction of initial tests after specimen installa-
tion revealed a strong alteration of the shaking table’s performance, as a result of
specimen’s response. This is attributed to its mass (comparable to the mass of the
shaking table) and geometry, which cause significant disturbance to the behavior of
the shaking table. As a result, the corresponding reproduction of the reference ac-
celerations prove extremely demanding, as a lot of effort of the controller must be
paid to the compensation of any undesired performance.

The experimental procedure consists of (i) sine sweep (four—octave logarithmic,
frequency range at [1 16] Hz) and Gaussian white noise (rms = 0.014g) tests for the
specimen structural identification, (ii) transfer system adaptive identification and
delay estimation, (iii) transfer system adaptive inverse identification (online and
offline) and derivation of the overall transfer delay, (iv) waveform replication tests.

Figure 12.5 shows the achieved absolute acceleration of the specimen under the
four—octave logarithmic sine sweep test. There’s a clear pick around 105s, followed
by a smaller one at around 112s. The corresponding FRF of the specimen, estimated
using the recorded acceleration of the shaking table and the specimen accelera-
tion of Fig. 12.5, is shown at Fig. 12.6 for the same frequency range. Estimation
is based on Eq. 12.7 using Welch’s method with Hanning windowing (number of
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Fig. 12.6 Estimated FRF using sine sweep test data

Fig. 12.7 Reference (a) and achieved (b) acceleration of the shaking table during the Gaussian
white noise test

FFT points A =250, 50% overlapping). There’s a clear peak in the area of 2 Hz, at
which the phase changes from zero to almost zrads. Using the peak picking method
(PPM), the natural frequency and the damping ratio of the specimen are estimated
f"" =1.953Hz and ¢, = 2.690%, respectively, showing that the natural frequency
is very close to its theoretical counterpart, while the lightly damped nature of the
specimen is confirmed.

The reference and achieved acceleration of the shaking table during the Gaussian
white noise test are shown in Fig. 12.7. It is emphasized that the excitation signal
is unfiltered, which means that it is characterized by a flat spectrum over the entire
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Fig. 12.8 Impulse response of the transfer system (off-line) a normalized sample cross—correla-
tion estimate, b inverse DFT of the FRF estimate, ¢ decorrelated LMS estimate

frequency range considered. Based on these data, Fig. 12.8 displays the impulse
response of the transfer system, estimated using the normalized sample cross—cor-
relation function, the inverse DFT of the FRF and the decorrelated LMS algorithm
(off-line), respectively, as discussed in Sect. 12.2. All three estimates are charac-
terized by a damped oscillating behavior, as a result of the specimen’s presence.
While the inverse FRF estimate (Fig. 12.8) has not identified any lag, the other two
estimates have done so and this is very evident in Fig. 12.8, where the decorrelated
LMS filter has four trailing “zeros”. Moreover, as expected, all estimates are non-
minimum phase, which means that their direct inverses are unstable and cannot be
realized as inverse controllers. Thus, at a first glance, the impulse response of the
transfer system is a nonminimum phase system with delay.

Having in mind this significant observation, an FIR model of the transfer system
is identified on—line using the scheme of Fig. 12.2. Various FIR models are tested, us-
ing Gaussian white noise excitation of variance o = 0.05g as input, both unfiltered
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Fig. 12.9 Impulse response of the transfer system (on—line) a unfiltered data, FIR order 500, b
unfiltered data, FIR order 1000, ¢ filtered data, FIR order 500

and filtered with cut-off frequency equal to the Nyquist one (F, /2 =500Hz). It is
noted that, where applicable, the same filter (direct—form FIR transposed of 40th
order) is applied to the measured shaking table acceleration.

Figure 12.9 shows the estimated impulse responses for three distinct tests. The
first two impulse responses (Fig. 12.9a, b with filter lengths 500 and 1000, respec-
tively) retain the same form as the off-line estimate presented in Fig. 12.8, since
these two estimates where obtained using unfiltered input—output data. In addition,
it seems that an order of 500 taps is sufficient, as higher weights do not seem to con-
tribute with more significant information. On the contrary, the impulse response of
Fig. 12.9 has the same damped oscillating structure, but differs substantially both in
the leading and the trailing terms (observe that the delay has vanished). This is the
result of the filtering action to the data. However, during the subsequent tests for the
identification of the inverse controller, this estimate presented the best performance
among the three and it was thus chosen as the FIR filter that describes the transfer
system. It is noted that the selected FIR filter is also nonminimum phase.
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Fig. 12.10 Impulse response (/eft part) of the inverse controller and convolution (right part) with
the estimated FIR model of the transfer system (Fig. 12.8) a FIR order 500, delay A =10, b FIR
order 500, delay A =250

Due to time and safety reasons, the tests for the identification of the inverse
controller are carried out off-line, by realizing the scheme of Fig. 12.3b. Two delay
cases are investigated, namely a small delay of A =10 and a large delay of A =250
time steps, respectively, with the latter corresponding to half the FIR filter order
of the transfer system. Figure 12.10 presents the results of the adaptation process,
including the convolution between the estimated forward filter (impulse response
of the transfer system) and estimated inverse filter (adaptive inverse controller).
It is apparent that the controller with the large delay (Fig. 12.10b left) has many
leading terms close to zero, which can be discarded, leading to a controller with
much less delay. However, using the small delay controller in cascade with the
transfer system leads to insufficient performance, as shown by Fig. 12.10a (right),
where the convolution of these two controllers with the estimated FIR model of the
transfer system is displayed. The convolution of the large delay controller with the
estimated FIR model of the transfer system (Fig. 12.10b, right) leads to an impulse
that is close to unity.

Having estimated the inverse controller and the total delay of its cascade with the
transfer system (A = 250), the next step is to perform a waveform replication test.
Figure 12.11 illustrates the results of these tests. In the former (Fig. 12.11a), a pure
sinusoidal acceleration of amplitude 0.1g and frequency 2Hz is applied to the sys-
tem, forwarded at 250 time steps, and the achieved acceleration of the shaking table
is recorded. As indicated in the figure, the matching of the two signals (reference
and achieved, left) is quite good, except for some sharp spikes which are observed
at the achieved acceleration. These spikes are the result of some detected inefficien-
cies in the current hardware of the facility related to analog filtering, and they are
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Fig. 12.11 Results of the waveform replication tests a sinusoidal input, b Kalamata earthquake
(50% scale). Continuous black line: reference acceleration, dashed grey line: achieved acceleration

not inherent inconsistencies of the proposed method. In the latter case (Fig. 12.11b)
the procedure is repeated for the Kalamata earthquake (at 50% scale). Results are
again satisfying, yet the amplitude of the achieved acceleration does not coincide
to that of the reference and this is clearly reflected in the synchronization plot. This
observation necessitates the implementation of additional measures at the adapta-
tion process, as, for example, the realization of automatic gain controllers at both
the transfer system estimation and the inverse controller adaptation stages.

12.4 Conclusion

The main objective of this work was to develop a framework for accurate wave-
form replication in shaking tables, when the latter operate in acceleration mode. To
achieve this, the theory of adaptive signal processing was implemented. The main
features of the proposed design are summarized as follows:

 Identification of the transfer system is carried out either on—line, or off-line,
providing an estimate of its impulse response, as well as of the transfer delay.

* An adaptive inverse controller is subsequently identified either on—line, or off—
line (preferable). The result of this stage is a controller that filters the reference
signal in a way that cancels the dynamics of the transfer system.

» The process is designed to work in acceleration mode, dropping down the limita-
tions of operation under the displacement mode.
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The conducted tests on the specially design specimen were satisfying. Two issues
that must be further investigated pertain to (i) the adoption or exclusion of low—pass
filtering, as the latter may alter the adaptation process, and (ii) the introduction of
automatic gain controllers, so as to assure that the cascade of the estimated FIR fil-
ters is indeed a delayed version of the Kronecker’s delta function. Currently, more
sophisticated adaptive inverse control methods are investigated, as it seems that
advanced signal processing and data driven modeling are sufficient pathways, not
only for conventional shaking table testing, but also for more advanced experimen-
tal procedures, such as real-time hybrid testing.
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Chapter 13

Refined and Simplified Numerical

Models of an Isolated Old Highway Bridge
for PsD Testing

Fabrizio Paolacci, Luigi Di Sarno, Raffaele De Risi, Giuseppe Abbiati,
Arkam Mohammad Zeki Mohamad, Marialaura Malena
and Daniele Corritore

13.1 Introduction

The project RETRO deals with the assessment of the seismic vulnerability of an old
reinforced concrete viaduct with portal frame piers and studies the effectiveness of
different isolation systems through pseudo-dynamic tests on a large scale model.
The laboratory tests are carried out within the research program of the Seismic En-
gineering Research Infrastructures for European Synergies (SERIES), financially
supported by the Seventh Framework Programme of the European Commission.
The prototype structure is a 1:2.5 scale reinforced concrete (RC) existing bridge
system tested with hybrid sub-structuring techniques at the ELSA laboratory in Is-
pra, Italy.
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The present chapter, which is complementary to the companion chapter focus-
ing on the outcomes of a PsD test campaign on the Rio-Torto bridge, discusses the
non-linear response of the bridge in the “as-built” and “isolated” configurations
(Paolacci et al. 2014a). The seismic performance assessment is carried out by using
refined non-linear structural models implemented in an advanced and reliable com-
puter platform. The earthquake behaviour of the refined models used for the proto-
type structure accounts for non-linear phenomena of the viaduct, e.g. strain penetra-
tion of plain bars, shear deformation of transverse beams, flexural deformations
in columns and beams. The finite element models are calibrated on the basis of
the experimental tests results. The assessment of the seismic response system is
investigated in terms of local and global response parameters. In addition, the ef-
fectiveness of the isolation systems used as retrofitting is also investigated numeri-
cally. The outcomes of the comprehensive nonlinear analyses are used to simulate
the seismic response of the viaduct in the as-built and isolated configurations for
Pseudo-dynamic testing, which is illustrated in a companion chapter.

13.2 Description of the Case Study

The case study structure is the Rio-Torto viaduct, an old reinforced concrete (RC)
bridge consisting of a thirteen-span deck with two independent roadways sustained
by 12 couples of portal frame piers (Fig. 13.1). The piers comprise two solid or
hollow circular columns with diameters of either 120 or 160 cm, respectively. Such
piers are connected at the top by a cap-beam and at various heights by transverse
beams with rectangular cross-sections. The transverse beams may experience frag-
ile collapse under earthquake lateral loadings.

275

Fig. 13.2 a Cross-section of the deck b Gerber saddles view
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The height of the piers varies between 13.8 m, near the abutments, to 41 m, at
the center of the bridge. The deck includes two []-shaped 2.75 m high reinforced
concrete beams (Fig. 13.2a), which are interrupted by Gerber saddles (Fig. 13.2b)
placed at the second, seventh and twelfth span, respectively. The deck is connected
to the piers by two steel bars inserted in the concrete. The bearings at the abutments
consist of fixed devices.

The length of the spans varies between 33 and 29 m. The columns have two types
of cross-sections: a solid circular one with diameter of 120 cm and a hollow sec-
tion with external and internal diameters equal to 160 cm and 100 cm respectively.
Details of reinforcement of each portal frame and the geometry of all the piers can
be found in (Paolacci et al. 2014b).

The uniformly distributed weight of the deck is approximately 170 kN/m for each
road way. Thus, each pier has a vertical load varying between 5600 and 5300 kN.

13.3 Development of a Refined Nonlinear Model
in OpenSEES

13.3.1 Non-Linear Phenomena in the As-Built System

A preliminary investigation aimed at studying the cyclic behaviour of the piers was
carried out both numerically and experimentally. A test campaign performed at the
structural laboratory of Roma Tre University (Italy) consisted of quasi-static cyclic dis-
placements imposed to three 1:4 scale specimens of pier #12. Complete details on the
experimental results can be found in Paolacci and Giannini 2012 The outcomes of the
aforementioned experimental tests proved that the response of the pier is greatly af-
fected by the behaviour of local details such as non-linear shear deformability of the
transverse beam or strain-penetration of the plain steel bars. In Fig. 13.3a the numerical
and experimental cyclic force-deflection responses of pier #12 are shown, whereas in
Fig. 13.3b the experimental shear crack pattern of a transverse beam is shown.

= = = wio shear deformabiliy
— with shear deformabiliy

Force (kN)

Fig. 13.3 Pier #12: a Force-deflection cycle, b Shear damage in the transverse beam
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Fig. 13.4 Numerical model of pier #12

13.3.2 The FE Model of the “As Built” Viaduct

A non-linear finite element (FE) model of a single bridge lane was created in
OpenSEES, a well-known software for seismic analysis of structures (McKenna et
al. 2009). The model analyzed herein refers to the full scale system. The FE model
comprises fiber beam elements simulating the actual layout of the reinforcing bars
of beams and columns of the piers. The structural elements are modeled by nonlin-
ear beam elements with a flexibility formulation. All degrees of freedom are fixed
at the base of the finite element model. The section of each element is subdivided
into fibers, reproducing the exact position and dimension of the reinforcing bars and
their corresponding constitutive law.

For example, the cross sections of the pier #12 are shown in Fig. 13.4. The Kent-
Scott-Park model is adopted for the behavior of concrete. The constitutive law has a
first parabolic branch up to a compression peak stress of 26 MPa at a strain equal to
0.25%, and a decreasing linear branch to 22 MPa at a strain of 0.6 %. According to
results reported in the literature, especially from experimental tests, the contribution
of the concrete tensile strength in modeling structures with plain steel bars and poor
seismic details can be neglected (Arani et al. 2013).

The reinforcing steel bars are modeled according to the Menegotto-Pinto consti-
tutive law. A yield stress equal to 360 MPa is assumed here, along with a modulus of
elasticity equal to 205,000 MPa and a hardening parameter equal to 0.025.

Concerning the Gerber saddles, the saddles were modeled as hinges, with the
possibility of transferring shear in the longitudinal and transversal directions.

13.3.2.1 Strain Penetration Effect of Plain Steel Bars

It is of primary importance in the FE model to consider the bond slip effect taking
place at the bottom and top of the columns. This is due to the difference between the
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Fig. 13.5 Crack opening for
bar slippage

deformations of the bars and concrete, which yields the typical crack pattern shown
in Fig. 13.5. In literature, the bond-slip problem and its contribution to the lateral
flexibility of structures for horizontal forces has been widely investigated. Such
effect may be significant for plain bars due to the low bond between concrete and
steel. Following the approach proposed by Zhao and Sritharan (1996), the bond-slip
effect may be accounted as a concentrated rotation representing the slippage of the
bars in a section.

The bond-slip phenomenon was simulated by using a fiber zeroLengthSection
element with a unit length. As a result, the element deformations correspond to
section deformations and the moment-curvature is equivalent to the moment-rota-
tion relationship. The rotation due to bond slip may be accounted for by defining a
proper stress-slip relationship for steel, describing the interaction between concrete
and the steel bar. The bond-slip phenomenon is accounted for when modelling the
sections at the top and bottom of the columns and the end sections of the transverse
beam. The bond-slip parameters are chosen according to experimental results of
pull-out tests carried out in the laboratory of the Roma Tre University. The value
of the slip S, corresponding to yielding of the bars, is equal to 0.5 mm, whereas
the ultimate slip s, is assumed equal to 40sy. For further details see Paolacci and
Giannini (2012).

13.3.2.2 Modeling of Non-Linear Shear Behaviour

In order to calibrate the numerical model of the piers, shear behaviour of the trans-
verse beam should be implemented. Shear response plays an important role espe-
cially for existing structures that do not meet seismic engineering design criteria.
Several studies concerning the shear behaviour of RC beams or walls and their
interaction with flexural response can be found in literature (Ceresa et al. 2007;
Hidalgo et al. 2002).

Considering the formulations in the literature and the relatively scarce infor-
mation for experimental results dealing with shear behaviour in the presence of
plain longitudinal bars a phenomenological shear-strain hysteretic relationship for
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shear behaviour of the transverse beam was assumed in the present investigations.
It consists of a tri-linear envelope curve with stiffness and strength degradation
with pinching response which is always observable in the RC elements subjected
to shear forces. The model is similar to the one proposed by D’ Ambrisi and Filip-
pou (1999) and Lee et al. (2005) except for both the influence of axial force on the
shear relationship, here neglected, and the use of a tri-linear backbone curve. The
force deformation relationship for shear is implemented by using the OpenSEES
command “Section Aggregator”, which groups the behaviour of different materials
into a single section force-deformation model. The shear and flexural behaviour are
correlated by means of equilibrium equations, even though their mechanical formu-
lations are uncoupled. A uniaxial material is chosen to represent the sectional shear
behavior, defined through three points of the envelope curve (Fig. 13.6) (Paolacci
and Giannini 2012).

The first point (A), corresponds to the onset of shear cracking, the second one
(B) is referred to the maximum shear strength ¥, of the beam. The third point has
an ordinate V.=V, which implies that the overall shear force remains constant for
the last cycles. The force ¥, was obtained according to the formula proposed by
Priestly et al. 1988, and confirmed using the software Response 2000 (Bentz 2000),
based on the Modified Compression Field theory (Vecchio and Collins 1988). The
shear deformation corresponding to points A, B and C was obtained from the ex-
perimental data of Roma Tre test campaign on pier #12. In particular, points (A),
(B) and (C) were characterized respectively by a shear deformation y =3.5x107,
7,=1.0x107* and y =10y,.

13.3.3 The FE Model of the “Isolated” Viaduct

The three-dimensional (3D) FE model was developed to simulate accurately the
seismic response of the Rio Torto bridge. The numerical OpenSEES model is simi-
lar to the FE system used for the non-isolated case: nodes and elements numbering,
modeling of the piers (considering all nonlinear sources, such as shear behaviour
and fixed end rotation), deck simulated with elastic beam-elements, piers assumed
fixed at the base, with transverse beams at different heights. Two differences were,
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however, included for the base isolated system: the Gerber-saddles were removed
(i.e. a continuous beam was utilized) and isolation devices between the piers and the
deck were introduced, representing the seismic retrofitting scheme.

The 3D-FE model implemented in OpenSEES was used to verify the design of
the isolation system. In doing so, a simplified novel, yet robust procedure was de-
veloped for the design of the base isolators. Two assumptions were employed: the
system is assumed partially isolated (i.e. isolation devices at the top of piers and
pinned supports at the abutments), and nonlinear (bilinear) devices were used as
isolators. The design procedure adopted is illustrated in (Della Corte et al. 2013).

13.3.3.1 Non Linear Response of Isolators

Three basic types of friction pendulum (FP) devices are generally used for new and
existing constructions: (i) isolators with one spherical sliding surface, which may be
at the top or at the bottom of the device, connected to a spherical hinge (Fig. 13.7);
(i1) isolators with two main spherical surfaces and an interposed point rocker articu-
lation that allows relative rotations (Fenz and Costantinou 2006); (iii) devices with
two perpendicular cylindrical surfaces and two perpendicular cylindrical articula-
tions allowing relative rotations (Marin 2006). The choice of the type of FP device
depends on the structure to be retrofitted, and on the allowable displacement of the
structural system (Priestley et al. 1988). Such displacements generally control the
design of the isolators. FPs with two-spherical surfaces are often used to minimize

Load (kN)

Displacement (mm)

Fig. 13.7 Hysteretic behaviour obtained during dynamic tests on single concave surface sliding
pendulum
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the plan dimensions of the isolator and to limit the vertical load eccentricity caused
by the horizontal displacement. The third type of FP isolator is used when a differ-
ent behaviour is required in two perpendicular directions.

The first type of device is the most commonly adopted due to its simplicity; such
devices were adopted to seismically isolate the Rio Torto bridge, which is charac-
terized by relatively low displacements and similar response along the lateral and
transverse directions. The basic elements of the single-surface FP include: an upper
anchor plate, a sliding surface, a sliding material interface, a rotation element, a
rotation sliding surface and a lower anchor plate.

The dynamic response of FP devices can be simulated by a bilinear force-dis-
placement relationship:

N
VFPS:/Jf'N"'E'Aiso (13.1)

where ’ is the friction coefficient, N is the normal force, R is the device curvature
radius and A, is the sliding displacement in the isolator. Figure 13.7 provides a typ-
ical hysteretic behaviour obtained during dynamic tests on a sliding pendulum with
one sliding surface. The Figure also shows the variation of the friction coefficient

associated to the breakaway of the motion (a) and the change in sign of velocity (b).

13.4 Earthquake Response of the Bridge Structure

13.4.1 Performance Criteria

The structural performance of the bridge was assessed at different earthquake levels.
Elastic and inelastic response was considered in the analyses as discussed hereafter.

The Serviceability Limit State (SLS) can be identified with the formation of hair-
line cracks in the transverse beams and at the bottom sections of columns (Slight
damage condition). SLS corresponds to elastic behaviour of the members so that
the bridge system remains in service in the aftermath of the earthquake; structural
safety is not impaired.

According to this definition and to the results of experimental tests conducted at
Roma Tre University (Paolacci and Giannini 2012), it was possible to identify the
displacements at the top of piers #9 and #11 corresponding to slight damage condi-
tions. Threshold displacements for SLS can be assumed equal to about 7 cm and
4 cm, respectively. Figure 13.8 shows the shear-deformation cycle of the transverse
beams and the moment-curvature cycle of the bottom section of the columns of pier
#9 and #11.
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Fig. 13.8 Slight damage condition (SDC) for piers #9 (left) and #11 (right)

The performance at the ultimate limit state (ULS) is monitored through defor-
mation and resistance parameters. Interstorey drifts corresponding to 2% were
assumed as the maximum lateral drifts of the bridge piers (Paolacci and Giannini
2012). Significant drops, e.g. reduction larger than 20 %, in the force-deformation
curves were also assumed as structural response parameters used to check the ULS
condition. Bar buckling at the beam-to-column connections, rupture of the stirrups,
extensive shear failure and widespread concrete crushing were also used as perfor-
mance criteria. The latter damage pattern was monitored visually at each load step
during PsD testing. The load-deformation hysteretic curves were plotted during the
PsD tests, allowing for detection of stiffness deterioration and strength degradation.

13.4.2 Earthquake Record Selection

Given the geographical position of the bridge and the recent earthquake swarms oc-
curred in the region (especially the earthquake records of May 20™ and 29, 2012),
the strong motions of the 2012 Emilia (Italy) earthquakes were employed. The Mi-
randola records (MRN station) were used because of their significant seismological
characteristics, i.e. PGAs and duration of the accelerograms. The East-West May
29™ record was used for the SLS; the North-South component was used to assess
the seismic performance at the ULS.

Figure 13.9 shows the response spectrum of the record corresponding to the
North-South component of the May 29" seismic event, as recorded in Mirandola.
Values of spectral accelerations around 0.40 g are found in a period range 1-1.5 s,
i.e. similar to the important natural periods of the part of the “as built bridge” in
which pier #9 and #11 are located. The length of the signal was reduced assuming
an Arias intensity of 99.4%. The input was chosen to be compatible with the ULS
design spectra of Eurocode 8 (CEN 2005 (1994)). The filtered signal used for the
ULS case is shown in Fig 13.11.

Figure 13.10 shows the response spectrum of the East-West component. In this
case, values of PGA=0.2 g are attained within a range of periods 1-1.5 s, fully
compatible with the SLS condition (see Sect. 13.5).
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Table 13.1 Modal characteristics of the Rio-Torto viaduct in the transversal direction

Mode Frequency [Hz] Modal mass fraction Cumulated modal
mass fraction

1 0.67 0.0269 0.0269

2 0.71 0.4912 0.5181

3 0.78 0.1167 0.6348

4 1.24 0.2069 0.8417

5 1.27 0.0457 0.8874

13.4.3 Modal Analysis of the Viaduct

The reported modal characteristics of the FE model of the bridge refer to seismic
loading, applied in the transversal direction. Accordingly, Table 13.1 summarizes
frequencies, modal mass fractions and cumulated modal mass fractions up to Mode
#5 of the non-isolated bridge.

As shown in Table 13.1 the first five eigenmodes contain 88.74 % of the modal
mass in the transverse direction. Figure 13.12 shows deformed shapes of Modes #2
and #4 of the viaduct, which are characterized by the largest modal mass fractions
in that direction, i.e. 49.12 and 20.69 %, respectively.

The influence of the distributed mass of piers on the dynamic response of the
bridge is negligible, as confirmed by an additional model ran without the masses of
piers. The influence of the rotational mass of the deck on the seismic response of the
viaduct was also very limited. When the bridge is subjected to lateral displacements
the piers rotate, but the excited mass involved in this movement is very limited, re-
sulting in a variation of the normal forces in the pier columns that can be considered
to depend mainly on the horizontal force applied at the top of the piers. Moreover,
the elastic torsional modes of the deck are also negligible and therefore their contri-
bution can be disregarded. Few modifications were introduced on the present model
to simulate the isolated bridge. In greater detail, Gerber saddles were removed and
a pair of OpenSEES single surface FP bearing isolator elements -one per column-
were interposed between each pier portal frame and the deck.

a
Fig. 13.12 a 2nd Eigenmode, b 4th Eigenmode



184 F. Paolacci et al.

13.5 Numerical Analysis of the As-Built Model

13.5.1 Simulation of the Response for SLS

Figure 13.13a, b show the maximum lateral displacement and the maximum base
shear of each pier respectively. The maximum absolute displacement (lower than
20 cm) occurs in the taller pier (#7), whereas pier #9 and #11 present maximum
displacement of 65 and 55 mm, respectively. The SLS is thus fully satisfied for
pier #9, whereas for pier #11 is exceeded (by nearly 35%). Therefore, during the
PsD tests carried out at the ELSA laboratory in Ispra, it was suggested to increase
the PGA starting from a value of 50 % of the maximum PGA for SLS (0.25 g). The
maximum base shear was approximately equal to 8§70 kN for pier #9 and 1000 kN
for pier #11. These values are greater than the values predicted in the static cyclic
analysis. This is due to the dynamic amplification of the motion within the actual
modes of vibration of the test specimen.

The global and local cyclic response of the piers indicates that their behaviour
is primarily elastic, as shown in Fig. 13.14. Figure 13.15 and Fig. 13.16 show the
moment-curvature response at the bottom section of the right column of pier #9 and
#11 respectively.

The transverse beams also responded in the linear range, at least for shear ac-
tions, as shown in Figs. 13.17 and 13.18. This is also demonstrated by the maximum
drift level, below 0.6 %. The transverse beam shows non-negligible hysteresis loops
in flexure, even if the number of cycles is very limited to (~ 1) and the plastic excur-
sion is restricted to a maximum ductility of 2, and not for all piers.

It may thus be argued that the application of the input signal recorded during the
Emilia earthquake of 29 May 2011 (Component WE) may result into slight damage
conditions for the pier.

13.5.2 Simulation of the Seismic Test for ULS

The results are presented in terms of the maximum lateral displacement of piers,
maximum base shear of piers, and the cyclic response of each pier (Figs. 13.19 and
13.20).
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Fig. 13.15 Moment-curvature cycles at the bottom section of the right column of pier #9 (SLS)

Figure 13.19a shows that the maximum absolute displacement (<32 cm) occurs
in the taller pier #7, whereas pier #9 and #11 exhibit maximum displacements of
17 cm and 15 cm, respectively. The maximum base shear is about 1200 kN, both for
pier #9 and #11 (Fig. 13.19b).

The analysis of the cyclic response (Fig. 13.20) shows that plastic deformations
occur in all piers. A pronounced pinching effect can be noticed in several piers,
including pier #11. This is due to the effect of shear and bond. The expected level
of crack width at the column base due to bar slippage is on the order of 1.5-2 mm,
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Fig. 13.17 Shear force-deformation cycles of the transverse beam at the 1st level of pier #9 (SLS)

as confirmed by the numerical model. The slippage is not enough to avoid flexural
damage in the columns as shown by the moment-curvature cycles at the bottom sec-
tion of the left column of piers #9 and #11 (Figs. 13.21 and 13.22); the maximum
ductility is about 3.

The level of shear damage in the transverse beam is also high as confirmed by
the hysteretic behaviour shown in Figs. 13.23 and 13.24. The maximum shear de-
formation is 3 x 1073 and 6 x 1073 for pier #9 and #11 respectively, which correspond
to an extensive shear cracking pattern as already shown in (Paolacci and Giannini
2012). For pier #12, a 1% drift was obtained, corresponding to shear failure of the
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Fig. 13.22 Moment-curvature cycles at the bottom section of the left column of pier #11 (ULS)

transverse beam. Because the level of drift reached during the analysis is about 1 %
for pier #11 and 0.8 % for pier #9, extensive shear damage is expected, at least at
the 1% and 2" level of the piers. The plastic flexural deformation of the transverse
beam appears limited with a few number of cycles. Therefore, limited flexural dam-
age is expected.
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Fig. 13.24 Shear force-deformation cycles of the transverse beam at the st level of pier #11
(ULS)

13.6 Numerical Analysis of the Isolated Case

13.6.1 Simulation of the Response for Serviceability
Limit State

The maximum transversal displacement of deck and piers is displayed in red and
blue in Fig. 13.25, respectively. The maximum transverse displacement occurs at
pier #6 and is on the order of 18 cm. The maximum lateral displacement of all piers
is about 14 cm (pier #7). The deformed shape of the deck exhibits the maximum
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at mid-span, and the maximum relative displacements occur for the deck between
piers #4 and #9.

The difference between the displacements of the piers and the bridge deck is
due to the activation of the FP devices. The devices are activated for a first slid-
ing shear of about 100 kN, as expected from a simplified analysis (i.e. V" equal
to uN=0.04*2500=100 kN). It is also found that the highest energy dissipation
for the devices installed on the top of piers between piers #4 and #9 confirm the
maximum relative displacements of the deck. Additionally, the activation of the
device causes the limitation of the shear transferred from the deck to the piers; the
latter behaving elastically, thus inhibiting the onset of structural and non-structural
earthquake induced damage. Figure 13.26 illustrates the maximum base shear in the
piers. It was found in (De Risi et al. 2011) that the first yielding of the bridge system
is obtained for a base shear of about 500 kN. It is worth noting that Fig. 13.26 shows
that the maximum base shear is lower than 500 kN, thus preventing the occurrence
of inelasticity. As observed in (Di Sarno et al. 2011), the drift corresponding to shear
failure of the transverse beam and to failure of the beam column joints is about 1 %.
The values of drift in all piers are lower than 0.5 %, thus damage is prevented. It
is also found from the hysteretic response of the single piers that piers #9 and #11
behave linearly. The insignificant irregular response that can be observed in the be-
havior of pier #9 is caused primarily by the shear behaviour of the transverse beams.

13.6.2 Simulation of the Seismic Test for the Ultimate Limit State

Figure 13.27 shows the maximum transversal displacement of the deck and piers in
red and blue, respectively.
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The variation